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Dedication

The unexpected death of Vladimir Arkhipov on December 10, 2005 was a sad loss for the
scientific community and even more so for his young family. Shortly after returning from a
conference in Boston, he went to Moscow to visit his mother and while in his hometown he
suffered a heart attack. Strangely enough this happened when there was good reason to expect
that he could finally settle down in Leuven. However, his destiny was to go back to his Russian
roots. His family, friends and colleagues can only mourn the loss of a great personality and a
great scientist.

Vladimir Arkhipov was born on January 18, 1952. He studied physics at the Moscow In-
stitute of Physics and Engineering. For his PhD, completed in 1980, he joined the theoretical
group of Professor Alexander Rudenko who stimulated his interest in the properties of semi-
conductors, in particular disordered inorganic materials. Their joint work on dispersive charge
transport in amorphous semiconductors featuring an exponential distribution of trap states
was well received in the literature. It attracted the interest of the international community
and started the reputation of the young scientist. For a young, gifted scientist full of ideas,
success is, indeed, an important stimulant for expanding his range of interest. Energetic as he
was, he began exploring the fascinating world of charges diffusing, drifting, and recombining
in the rough energy landscape of amorphous semiconductors, such as chalcogenides. How-
ever, by interacting with a group working on polymers he became aware that his theoretical
methodologies could be applied to organic materials as well. A new door was opened to him.

In 1992, Vladimir Arkhipov, a professor at his home institution, received a scholarship from
the German Humboldt foundation for a two years’ visit to a research group in the Department
of Physical Chemistry in Marburg, Germany. This started a very fruitful collaboration. Like
chemical bonding, such an interaction does not simply involve addition of the expertise of two
individuals but it creates a new state in which exchange interaction plays an important and
stabilizing role. His input was his profound knowledge of the theory of hopping phenomena
in amorphous solids. He did not only use it to solve problems in the course of our work on
optoelectronic properties of organic solids but he set up a comprehensive conceptual framework
for hopping transport in organic glasses and polymers featuring a Gaussian distribution of states.
Highlights included experimental and theoretical investigations on injection of charge carriers
from an electrode into the dielectric layer of a light emitting diode, the intrinsic and extrinsic
optical generation of charge carriers in conjugated polymers, charge transport in neat and doped
conjugated polymers, and thermally stimulated luminescence caused by the recombination of
geminately bound electron hole pairs. One of the last topics he dealt with was photovoltaics. He
introduced a new concept for explaining efficient charge carrier generation in organic solar cells.

Altogether Vladimir spent more than five years in Marburg, both the members of my group
and I profited greatly from daily discussions. The cooperation continued when he moved to
the Catholic University of Leuven and, after 2001, as a senior researcher to IMEC.
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Over the years, Vladimir and I became personal friends. I liked his kind, gentle, warm-
hearted personality, his keen intellect and his intuition. He was an exceptionally good and
open-minded scientist with deep insight into the essence of a physical problem including
experiments and, above all, he was able to listen. This is one reason why the research groups
at IMEC, at the KU University of Leuven and in Marburg were so eager to interact with him,
get his advice and sit together and solve problems. It is sad that he is no longer among us. We
will miss him.

Heinz Bässler,
University of Marburg, Germany
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Series Preface

WILEY SERIES IN MATERIALS FOR ELECTRONIC
AND OPTOELECTRONIC APPLICATIONS

This book series is devoted to the rapidly developing class of materials used for electronic
and optoelectronic applications. It is designed to provide much needed information on the
fundamental scientific principles of these materials, together with how these are employed
in technological applications. The books are aimed at postgraduate students, researchers and
technologists, engaged in research, development and the study of materials in electronics
and photonics, and industrial scientists developing new materials, devices and circuits for the
electronic, optoelectronic and communications industries.

The development of new electronic and optoelectronic materials depends not only on ma-
terials engineering at a practical level, but also on a clear understanding of the properties
of materials, and the fundamental science behind these properties. It is the properties of a
material that eventually determine its usefulness in an application. The series therefore also
includes such topics as electrical conduction in solids, optical properties, thermal properties,
etc., all with applications and examples of materials in electronics and optoelectronics. The
characterization of materials is also covered within the series in as much as it is impossible
to develop new materials without the proper characterization of their structure and properties.
Structure–property relationships have always been fundamentally and intrinsically important
to materials science and engineering.

Materials science is well known for being one of the most interdisciplinary sciences. It is
the interdisciplinary aspect of materials science that has led to many exciting discoveries, new
materials and new applications. It is not unusual to find scientists with chemical engineering
backgrounds working on materials projects with applications in electronics. In selecting titles
for the series, we have tried to maintain the interdisciplinary aspect of the field, and hence its
excitement to researchers in this field.

Peter Capper
Safa Kasap

Arthur Willoughby
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Preface

P.1 STATUS OF PHOTOVOLTAICS AND THE ROLE OF THIN
FILM SOLAR CELLS

The large scale production of solar cells during the year 2004 surpassed the symbolic threshold
of 1 GWp [1] and the total cumulative worldwide PV capacity installed is above 3 GW.
Photovoltaic applications range from large scale stand alone/grid connected power stations to
low power electronics.

The photovoltaic (PV) sector has been growing with a compounded annual growth rate of
nearly 30 % over the last five years and in 2004 the growth rate even amounted to a breath-taking
60 % as can be seen in Figure P.1.
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Figure P.1 Evolution of the yearly produced PV modules in terms of MWp.

The production of solar cells was and is still based mainly on crystalline silicon (Si). More
specifically 36 % of the 2004 production is based on single crystal Si but the main part is based
on multicrystalline Si cells – substrates and ribbons (58 %). The remainder is based on thin

Thin Film Solar Cells Edited by J. Poortmans and V. Arkhipov
C© 2006 John Wiley & Sons, Ltd
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xviii PREFACE

film solar cell technologies and consists of 4 % based on thin film amorphous Si solar cells
and 2 % on polycrystalline compound solar cells based on CdTe and CuInSe2 (Figure P. 2).
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Figure P.2 Market share evolution taken by the different solar cell technologies over the last five years.

Despite tremendous progress in all aspects of production of Si based solar cells and the rapid
decrease of production cost for PV modules [2] from 5 $/Wp at the beginning of the nineties
to 2.5$/Wp in 2004, the cost/kWh is still too high to compete with other sources of electricity
generation. In the Northwestern European climate and taking into account the system costs,
one arrives at a cost of 0.7$/kWh, which is definitely still too high.

The single most important factor in determining the cost of production is the cost of the
250–300 μm thick Si wafer used for the fabrication of solar cells. It accounts for more than
50 % of the costs at the module level. The problem of the high cost of electronic grade Si was
recognized right from the beginning and a lot of effort is being put into developing a source
of polysilicon feedstock, which is suited for Si substrate production for solar cells. This solar
grade Si will have relaxed specifications in terms of impurities as compared with electronic
grade Si. Additionally, thinner wafers, a more efficient usage of Si and an increase of the module
efficiency from 13–15 % to 18–20 % will have to contribute to a further reduction by a factor of
two to three before 2020 [3]. At the time of publication of this book, there is a tendency for the
crystalline Si substrate costs to increase their contribution as there is a situation of scarcity for
the polysilicon feedstock material. This situation of scarcity is probably temporary according
to the editors’ opinion, but it is clear that, presently, there is a real window of opportunity
to introduce thin film solar cells on a larger scale onto the market and to set in motion the
necessary evolution towards module costs below 1$/Wp. This cost reduction will have to be
brought about by a combination of upscaling – that is why it is important for thin film solar
cells to increase their market share and to use the present opportunity – and intense R&D to
tackle the remaining weaknesses of the different thin film solar cell technologies.

Another major consideration when comparing different PV technologies is the energy pay-
back period, which refers to the number of years in which the electrical energy generated by the
devices will be equal to the energy required for production of these devices. On the module level
the thin film technologies perform better by at least a factor of two – less than one year - than
multicrystalline Si modules (2–3 years) in southern regions. The comparison of the payback
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time can be done at the level of the PV module should also include the other components [4] to
find which application field is most suited for the different technologies. In reference [4] it was
noted that for grid connected rooftop and array fields, thin film solar cell technology is the bet-
ter choice. On the other hand, the multicrystalline Si estimates point to its use in free standing
applications because of the higher balance of system (BOS) cost associated with these applica-
tions. The higher efficiency of multicrystalline Si modules reduces the impact of the higher BOS
costs.

P.2 THIN FILM MATERIALS FOR SOLAR CELLS

P.2.1 Thin film: definition

The reader might remark at this point that the term ‘thin film solar cell technology’ has not yet
been defined in the context of this book. The definition given by Chopra et al. [5] provides a good
starting point and also yields a criterion to discriminate the term ‘thin film’ from ‘thick film’.
They define a thin film as a material ‘created ab initio by the random nucleation and growth
processes of individually condensing/reacting atomic/ionic/molecular species on a substrate.
The structural, chemical, metallurgical and physical properties of such a material are strongly
dependent on a large number of deposition parameters and may also be thickness dependent.
Thin films may encompass a considerable thickness range, varying from a few nanometers to
tens of micrometers and thus are best defined in terms of the production processes rather than
by thickness. One may obtain a thin material (not a thin film) by a number of other methods
(normally called thick-film techniques) such as by thinning bulk material, or by depositing
clusters of microscopic species in such processes as screen-printing, electrophoresis, slurry
spray, plasma gun, ablation, etc.’ The given definition still leaves room for a broad field of
technologies to deposit the thin film (plasma, sputtering, evaporation, deposition from the liquid
phase, etc.) and to tailor its electrical and morphological properties (crystalline, amorphous
and intermediary forms). These techniques and their relation with the final morphology and the
photovoltaic performance will be discussed in the separate chapters dealing with the different
thin film solar cell technologies. For the inorganic non-crystalline Si materials and technologies
we will follow the approach of ref. 5.

P.2.2 Thin film absorber materials

Conventionally, photovoltaic materials use inorganic semiconductors. The semiconductors of
interest allow the formation of charge-carrier separating junctions. The junction can be either
a homojunction (like in Si) or a heterojunction with other materials to collect the excess
carriers when exposed to light. In principle, a large number of semiconductor materials are
eligible, but only a few of them are of sufficient interest. Ideally, the absorber material of an
efficient terrestrial solar cell should be a semiconductor with a bandgap of 1–1.5 eV with a high
solar optical absorption (104 − 105 cm−1) in the wavelength region of 350–1000 nm, a high
quantum yield for the excited carriers, a long diffusion length low recombination velocity. If
all these constraints are satisfied and the basic material is widely available, the material allows
in principle the manufacturing of a thin-film solar cell device.

From the point of view of processing, manufacturing and reproducibility, elemental semi-
conductors provide a simple and straightforward approach to manufacture thin-film solar cells.
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The first material at hand is the material which dominates the PV market nowadays: silicon.
Crystalline silicon is a semiconductor material with a bandgap of 1.1 eV. Because of the indi-
rect bandgap character of silicon for photons with energy lower than 3.4 eV, it is clearly not
an ideal material for thin-film solar cells. Nevertheless, there is a substantial R&D effort being
put into developing thin-film solar cells based on crystalline Si. The thin film of crystalline Si
can be grown either by low-temperature deposition techniques which yield microcrystalline
Si or by high-temperature techniques. In the latter case the material properties of the grown
crystalline Si film are similar to the properties of bulk crystalline Si solar material. Because
of its relatively low absorption coefficient, crystalline Si layers have to be at least 30 μm
thick to absorb sufficient light unless optical enhancement techniques are used to improve the
effective absorption. As a result of its high refractive index (4) crystalline Si allows efficient
optical confinement with optical pathlength enhancements up to a factor 50. It will come as no
surprise to the reader that optical enhancement is therefore a substantial part of the research in
the field of thin-film crystalline Si.

Si can also be deposited in its amorphous form. Amorphous Si as such is a material of
little use for photovoltaics because of the extremely high dangling bond density and intragap
state density in the material (>1019 cm−3), resulting in immediate recombination of photo-
excited excess carriers and pins the Fermi level, excluding controllable doing. The properties
of amorphous Si are drastically improved by alloying it with H, which passivates most of
the dangling bonds and reduces the intrap state density to 1016 cm−3 or less. The alloying
with H takes place in a natural way during the deposition of the film which is deposited by
cracking a Si precursor (most often SiH4) by means of a plasma and the material formed is
denoted as a-Si:H. In comparison with crystalline Si, a-Si:H has a number of properties which
make it attractive as an absorber layer for thin-film solar cells. The bandgap of a-Si:H, is to
some extent tailorable by the method and conditions of deposition. In addition, the material
is relatively easy to dope, which allows the manufacturing of homojunction devices and,
last but not least, it has a high optical absorption coefficient over the wavelength range of
interest. Under suitable deposition conditions and strong hydrogen dilution, nanocrystalline
and microcrystalline materials are obtained. While the crystallite size and volume fraction are
very small, these crystallites catalyze the crystallization of the remainder of the amorphous
matrix upon annealing. Microcrystalline materials deposited by this method are found to
have less defect density and are more stable against light degradation compared with a-Si.
Recently developed improved efficiency materials consist of this heterogeneous mixture of the
amorphous and an intermediate range order microcrystalline material.

a-Si:H has emerged as an attractive material which, for some time, was challenging the
supremacy of crystalline Si cells in the Eighties. Because of stability problems and the lower
efficiencies as compared with crystalline Si, the market share of a-Si:H based thin- film solar
cells remained limited. Nevertheless, the present shortage of crystalline Si and the develop-
ments around multijunction structures and micro/nanocrystalline Si extensions provide a new
opportunity for this technology to make it to the marketplace. Recently also carbon came into
the picture as a candidate material for thin-film solar cells, with first results being reported for
boron-doped diamond-like carbon [6] and fullerene films [7]. These approaches are not very
well developed and therefore do not appear within this book.

III–V compound materials like GaAs, InP and their derived alloys and compounds, which
most often have a direct bandgap character, are ideal for photovoltaic applications, but are far too
expensive for large-scale commercial applications, because of the high cost of the necessary
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precursors for the deposition and the deposition systems itself. The deposition systems for
these materials are either based on molecular beam epitaxy or metalorganic chemical vapour
deposition.

More appealing from the point of view of ease of processability and cost of material and
deposition are the “II–VI compound materials” like CdTe or variations on this like CuInSe2.
The interest in these materials for thin-film solar cell manufacturing is essentially based on
two elements. Because of the chemical structure of these materials the internal (grain bound-
aries, interfaces) and external surfaces are intrinsically well passivated and characterized by
a low recombination velocity for excess carriers. The low recombination activity at the grain
boundaries allows high solar cell efficiencies even when the material is polycrystalline with
grain sizes in the order of only a few μm. This is to be contrasted with crystalline Si where
grain boundaries are normally characterized by a high recombination velocity. Moreover, the
polycrystallinity allows a large number of substrates (glass, steel foil, . . . ) and is compatible
with low-cost temperature deposition techniques, as there is no need for epitaxial growth or
high temperatures to obtain large grain sizes. A second important property is the possibility to
tailor the bandgap e.g. replacing Se by S in CuInSe2 results in a material with a higher bandgap.
This property allows one to build in bandgap gradients aiding the collection of excess carriers
and, ultimately, could even be used to develop multijunction solar cells. With the increasing
number of components in ternaries and even quaternaries, the number of possible material
combinations increases.

An interesting alternative to inorganic semiconductor absorbers are organic semiconduc-
tors, which combine interesting optoelectronic properties with the excellent mechanical and
processing properties of polymeric/plastic materials. In organic semiconductors, absorption of
photons leads to the creation of bound electron–hole pairs (excitons) with a binding energy
of 0.5 eV rather than free charges. The excitons carry energy, but no net charge, and have
to diffuse to dissociation sites where their charges can be separated and transported to the
contacts. In most organic semiconductors, only a small portion (30 %) of the incident light is
absorbed because the majority of semiconducting polymers have bandgaps higher than 2.0 eV.
The typically low charge-carrier and exciton mobility require the active absorber layer thick-
ness to be less than 100 nm. This thickness is sufficient to absorb most of the incident solar
photons if light trapping is used, although the low refractive index calls for adapted approaches.
More importantly, organic semiconductors can be processed from solutions at or near room
temperature on flexible substrates using simple, cheap and low-energy deposition methods
such as spinning or printing thereby yielding cheaper devices. Even though the efficiency of
these devices is poor at present, they may find immediate applications for disposable solar cell
based small power applications. Among the major issues to be addressed before reasonable
market penetration of the organic devices takes place are the improvement of the stability of
conjugate polymers, and the matching of the bandgap of the organic materials with the solar
spectrum for higher conversion efficiency by using blended/composite polymers and suitable
dyes.

P.3 DIFFERENT THIN FILM SOLAR CELL TECHNOLOGIES

Based on the available semiconductor absorber materials discussed above one can go system-
atically over the different related thin film solar cell technologies.
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P.3.1 Crystalline silicon thin film solar cells

There are a large variety of crystalline Si thin film approaches. The one that is closest to the
classical crystalline Si solar cell structure is the ‘epitaxial solar cell approach’. The basic idea
behind this thin film approach, is the realization of a thin crystalline Si film of high electronic
quality on a low cost Si carrier substrate by means of epitaxial growth as shown in Figure P.3a.
The depicted structure strongly resembles the structure of a classical, self supporting bulk
crystalline Si solar cell and, as a result, the basic solar cell process to produce the solar cell
is very similar to the practices used within the photovoltaics (PV) industry nowadays. Its
structural similarity would result in a low acceptance threshold in the solar cell industry, which
is presently still dominated by crystalline Si. A special case is the ‘lift-off approach’ where,
by means of a crystalline Si template based on porous Si, a thin cell is realized which is lifted
off before or after the cell process.

The epitaxial cell approach relies on the use of a Si substrate. There are also attempts to
develop thin film crystalline Si solar cell structures on non-Si substrates. Because of the high
temperatures (>600 ◦C) used for the film deposition, glass is not suitable as a substrate. Rather,
low cost ceramic substrates and graphite are the substrates of choice. In case the substrate is
nonconductive, novel solar cell structures are needed to contact the solar cell as shown in
Figure P.3b. The Si layer, deposited on top of these substrates, will be micro or polycrystalline
with a grain size determined by the growth temperature and supersaturation conditions during
the silicon layer deposition. It turns out to be difficult to realize solar cells with proper energy
conversion efficiencies in material with a grain size of 1–10 μm, although substantial progress
has been made recently in this field. On ceramic substrates which withstand high temperatures,
liquid phase recrystallization is often applied to increase the final grain size, whereas laser
recrystallization and rapid thermal annealing is being developed for substrates which can only
withstand process temperatures >650 ◦C for a limited time.

a) 

 

 

 

 

 

 

 

 

b) 

Low cost Si 

epi p-Si 

n+ emitter ARC Ag contact 

Al contact 

  

Alumina

BSF layer (p+)

Absorber layer (p)

Base contacts
Emitter contacts

 n+ 

Interdigitated

contacts

Alumina

BSF layer (p+)

Absorber layer (p)

Base contacts
Emitter contacts

 n+ 

Interdigitated

contacts

Figure P.3 a) Schematic of a epitaxial cell on a highly doped low cost Si substrate (ARC stands for

anti-reflective coating; b) Novel solar cells with a noncoductive substrate.

P.3.2 Amorphous and microcrystalline silicon thin film solar cells

Because a-Si:H can be doped efficiently p- and n-type, the cell structure is based on a ho-
mojunction. As a result of the short carrier lifetime and the low carrier mobility collection
by pure diffusion of excess carriers is not very effective. Therefore a-Si:H solar cells also
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include a drift zone to improve the carrier collection. As a result the structure of the solar cell
device is a p-i-n-structure where an intrinsic a-Si:H layer is sandwiched between a thin n+ and
p+-type layer. Because of the low doping in the intrinsic part, the electrical field will extend
all over the intrinsic layer. As mentioned before, the properties of the material and the junction
device are severely affected by the light induced creation of metastable defects, known as the
Staebler–Wronski effect. Light induced degradation of a-Si:H devices and, as a consequence, a
reduction of the electrical field in the intrinsic part of the cell is tackled by reducing the a-Si:H
layer thickness so that the photogenerated carriers need to move only a short distance before
they reach the electrode. However, thinning down also results in lower light absorption and
thus optical confinement techniques employing diffusely reflecting front and back contacts
are required to increase the effective layer thickness in order to absorb the photons. Over a
period of time, extensive research and development work on deposition techniques and de-
vice structure have resulted in development of single junction and multijunction devices with
high efficiency and moderately good stability. A typical a-Si:H based multijunction solar cell
structure is shown in Figure P.4a.

As the cost of the Ge precursors is high and the electronic quality of the a-SiGe:H layers is
lower than for a-Si:H layers, a lot of effort is being done in replacing the a-SiGe:H part of the
cell by other solutions like microcrystalline Si. This leads to the ‘micromorph’ cell concept
combining an a-Si:H topcell with a microcrystalline Si bottomcell as shown in Figure P.4b.
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by a microcrystalline Si solar cell (taken from ref. 5).



OTE/SPH OTE/SPH

JWBK098-FM JWBK098-Poortmans July 21, 2006 15:43 Char Count= 0

xxiv PREFACE

P.3.3 Copper indium gallium selenide and cadmium telluride
solar cell structures

Both superstrate and substrate device structures are currently being pursued for copper indium
gallium selenide (CuIn(Ga)Se2, CIGS) device fabrication. The film growth and interdiffusion
and hence the device properties are dependent on the device structure. These CIGS solar
cells, based on the superstrate structure, are inferior to the substrate structure, because of the
interdiffusion of CdS during high temperature CIGS film growth. A best device efficiency of
10.2 % was reported for the superstrate structure. On the other hand, a substrate configuration
like the one shown in Figure P.5a with CdS buffer layer resulted in a 19.2 % efficiency device.

Cadmium telluride devices are fabricated preferably in the superstrate configuration because
the CdTe surface is exposed for contacting. In addition, the benign feature of CdS diffusion
during the processing reduces the lattice mismatch between CdTe and CdS. Cadmium telluride
solar cells use borosilicate glass for high temperature deposition (600 ◦C) and soda lime glass
for low temperature deposition (60–500 ◦C). Cadmium telluride has also been deposited on
thin metallic foils such as stainless steel, Mo, Ni and Cu. Molybdenum is best suited for CdTe
deposition, owing to better thermal matching.
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Figure P.5 a) Schematic view of the typical substrate structure of CIGS solar cells; b) Schematic view

of the typical superstrate structure of CdTe solar cells (taken from ref. 5).

P.3.4 Basic structure of thin film organic solar cells

The term ‘organic solar cell’ has to be correctly defined. The term covers those photovoltaic
devices where the organic layer is an essential part of the photovoltaic process. The basic
steps in photovoltaic conversion are light absorbance, charge carrier generation, charge carrier
transport and extraction/injection of charge carriers through externally accessible contacts.
More specifically, the term ‘organic solar cell’ is applicable whenever at least the two first
steps are being realized by means of an organic layer. By this definition, full organic devices
as well as hybrid devices are being covered.
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Organic solar cells have already been the subject of R&D efforts for a long time because
of the potentially very low cost of the active layer material. Originally, most of the attempts to
realize organic solar cell devices were based on essentially the same concepts as thin film p-n
or p-i-n devices. This resulted in energy conversion efficiencies of about 1 % with the main
limitation being the short exciton diffusion length and insufficient exciton dissociation. The
breakthrough for solar cells incorporating an organic part came with the advent of concepts that
radically deviated from the planar hetero- or homojunction solar cells. The generic idea behind
these concepts is the existence of a bulk distributed interface to capture the excited carrier and
to increase the exciton dissociation rate. The ‘Graetzel cell’ is a prominent example of this
generic idea belonging to the class of hybrid cells. Within the pores of a porous TiO2 layer
a monolayer of an organic sensitizer is adsorbed on the pore walls as shown in Figure P.6a.
After absorption of a photon, the excited electron within the sensitizer molecule is immediately
transferred to the conduction band of TiO2, after which the electron diffuses through the porous
network to the contact. The oxidized sensitizer molecule is reduced to the original state by
supplying electrons through a liquid electrolyte within the pores. Cells based on this hybrid
concept show confirmed energy conversion efficiencies up to 11 % for small area cells, whereas
upscaled modules exhibit efficiencies between 5 and 7 %. Standing issues of this type of hybrid
solar cells are the replacement of the sensitizer by a material with increased absorption in the
red and infrared part of the spectrum, the replacement of the liquid electrolyte by a solid state
hole conductor and the improvement of the cell stability.

The full organic counterpart of the hybrid cell is the bulk donor–acceptor heterojunction
concept (see Figure P.6b), which is based on blends of two organic compounds, one with
donor character, the other with acceptor properties. The excitons dissociate very efficiently at
the interfaces between donor and acceptor phases and flow through the percolated donor and
acceptor subnetworks to the contacts, which are carrier selective. Efficiencies up to 5 % were
reported for this type of cell based on the P3HT/PCBM donor–acceptor couple. This acceptor
(PCBM) is often used, because exciton dissociation turns out to be extremely efficient with
transfer times in the 100 fs range. Alternatives in which PCBM is replaced by a polymer with
acceptor characteristics were also reported (e.g. CN-PPV/MEH-PPV pair). For this type of
organic cell, standing issues are the extension of the active layer absorbance towards the red
and infrared range, the use of materials with higher mobilities (in this context also tests with
liquid crystal materials should be mentioned) and the critical issue of stability. In the framework
of improving the red and infrared sensitivity of the donors, the majority of the activities are
directed towards thiophenes, which could also improve stability.

For the sake of completeness it should be mentioned that there is also a nonorganic counter-
part of these three-dimensional junction devices. These are the ETA (extremely thin absorber)
structures, shown in Figure P.6c.

P.4 BASIC MODULE MANUFACTURING SCHEMES

One has to distinguish between two basic module concepts to interconnect the thin film solar
cell structures discussed in this book. The first module concept is similar to the modules made
with bulk crystalline Si solar cells. The same concept will apply to any thin film structure based
on a wafer equivalent, like the epitaxial cell approach or a thin film crystalline Si technology
on graphite. This concept is based on an interconnection by means of metallic tabs between
the front side of one cell and the back contact of the neighboring cell (see Figure P.7a).
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The second manufacturing concept results in a monolithic module, where the cell and the
module processing steps are no longer sharply distinguishable. The manufacturing of mono-
lithic photovoltaic modules involves the sequential deposition of different thin films on a large
area substrate. A typical polycrystalline superstrate module manufacturing process begins with
cleaning of the glass substrate followed by the TCO deposition, window layer and absorber
layer formation. Generally three laser or mechanical scribing steps are employed to define,
interconnect and isolate the cells. The metallization after the second scribe interconnects the
cells defined by the first scribe. The interconnection schemes vary from one module manufac-
ture to another. Modules are then completed by lamination, followed by attaching the current
leads. Figure P.7b shows the cross section of a typical monolithic photovoltaic module with a
few cells for clarity. The actual process, device structure and materials may vary for different
manufacturers. The schematic diagram reveals the advantage of monolithic integration of the
cells in the module manufacturing process with minimum area losses in the module. There
are several key costing issues such as yield, material cost and capital cost that critically af-
fect the manufacturing of large area photovoltaic modules. The production yield depends on
many factors, especially on the uniformity of the deposition process and laser scribing process
used to isolate and interconnect the individual cells. Device uniformity over a large area is
very critical because a faulty device can severely affect the performance of the entire module.
This is, at the same time, the strong and weak point of the monolithic module approach. The
monolithic module approach allows, in principle, an important cost saving as the number of
steps is reduced as compared with wafer based module manufacturing. However, this potential
cost reduction can only be realized with a very high areal yield for the processes to make the
modules.

P.5 SHORT OUTLINE OF THIS BOOK

This book provides an overview of the thin film solar cell technologies briefly introduced above.
The book aims at introducing the photovoltaic device concepts, to provide the reader with a
state-of-the-art overview on the performance of these devices, their characterization and the
insights gained in the morphology of the active layers and their optoelectronic characteristics.
In this respect it should be appealing to scientists and technologists wanting to acquire updated
insights as well as to the more general public wanting to learn more about the thin film solar
cell technologies which will conquer an increasing market share of the expanding PV market
in the coming decades.

When overviewing the book structure, the reader might remark that the ‘grain size’ of the
active layer decreases over the chapters. From grains with a size in the mm range in Chapters
1 and 2, one moves to grain sizes in the μm range in Chapters 3 and 4, whereas in Chapter
5 we are essentially dealing with an amorphous material. In Chapter 1 the ‘epitaxial cell’
approach in which an epitaxial thin film of Si is grown on a low cost Si substrate is dealt with.
The resulting structure is equivalent to a multicrystalline Si wafer, which is further processed
into a solar cell using the techniques commonly used in the PV industry. In this respect it is
a kind of ‘bridge’ between the existing PV industry and the thin film solar cell technologies.
In Chapter 2 this is extended to approaches where the crystalline Si layer is deposited on top
of a nonSi substrate. A high temperature treatment during which the Si layer is molten turns
the crystalline Si layer into a form which is similar to multicrystalline Si. If the substrate is
conductive, one ends up with a structure which is still equivalent to a Si wafer. If the substrate is
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Figure P.7 a) Module concept used for bulk crystalline Si solar cells and valid for any thin film

technology based on wafer equivalents. The figure on the left hand side describes the stringing of the

solar cells, whereas the right hand side describes the lamination of the cells, courtesy of ECN, the

Netherlands; b) typical module cross section for a thin film technology (taken from Reference [5]).

nonconductive, the final structure comes closer to the basic thin film module build-up as shown
in Figure P.7b. Because of the high temperature treatment, the nonSi substrates have to satisfy
stringent requirements in terms of thermal and mechanical stability whereas impurities have
to be contained to impede their diffusion into the active Si layer. This is relaxed in Chapter 3
where the state-of-the-art on polycrystalline Si solar cells on glass and ceramic is reviewed.
Because of the absence of any melting step, the grain size of the active layer is in the μm
range, but the basic collecting structure is still based on the p-n configuration. This is no longer
the case in Chapters 4 and 5, where microcrystalline Si and a-Si:H active layers are being
discussed. These active layers are deposited at temperatures <400 ◦C. The electronic quality
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of these layers is such that one cannot rely any longer on minority carrier diffusion for carrier
collection. Instead carrier collection is aided by a built-in field present throughout the active
layer. This built-in field is realized by means of a p-i-n configuration.

Whereas the first five chapters are still based on Si as the active material in a crystalline or
amorphous form, the next chapters, 6 and 7, deal with polycrystalline compound semiconduc-
tors with a grain size in the μm range. Chapters 6 and 7 deal with polycrystalline compound
solar cells. Cadmium telluride solar cells are discussed in Chapter 6 with special emphasis on
their characterization and modeling. In Chapter 7 the second type of polycrystalline compound
solar cell material, CuInSe2, is reviewed.

In Chapter 8 one is dealing with the fundamental difference between inorganic and organic
materials with respect to free carrier generation. This chapter deals with the theoretical in-
sights in exciton generation and dissociation. These insights provide the necessary base for
understanding the device concepts in Chapters 9 and 10. In these chapters one is dealing with
active layers where the typical domain size is in the nm range as encountered in fully organic
bulk donor–acceptor heterojunction solar cell or hybrid approaches like the ‘Graetzel cell’.
The device concepts of Chapters 9 and 10 are radically different from the concepts in the other
chapters in that collection takes place throughout the whole volume of the active layer and
that the concept of a ‘minority carrier’ essentially loses meaning. Chapter 11 is fundamentally
different from the other chapters in that it discusses the vision of how the thin film solar cell
technologies closest to industrial manufacturing will be introduced in a multi-GW scenario
and what the final cost structure will look like.
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1 Epitaxial Thin Film Crystalline
Silicon Solar Cells on low Cost
Silicon Carriers

Jef Poortmans
IMEC, Leuven, Belgium

1.1 INTRODUCTION

In order to substantially reduce the costs of present crystalline Si solar cells, the material
consumption of highly pure Si in a typical solar cell structure should be reduced. Most of
the crystalline Si material merely acts as a mechanical carrier for the solar cell device with
most of the optical absorption taking place in the upper 30 μm region. When special care
is taken to maximize optical confinement active layer thicknesses as low as 0.5 μm would
be sufficient [1] for reaching energy conversion efficiencies above 15 %. Moving to thinner
Si wafers to reduce Si consumption represents one option, but there are obvious concerns
about process yield, showing up when producing cells in Si-wafers with thicknesses below
200 μm. Special substrate types, specifically developed to avoid crack propagation, like the
tri-crystalline Si material [2] or thin edge film growth (EFG) ribbons [3], might alleviate this
problem.

A more ambitious approach to reduce solar cell costs consists of growing a thin active
crystalline Si layer onto a cheap carrier. This carrier can be a ceramic substrate or even a
glass substrate when the deposition and solar cell process are performed at low temperature.
The Si layer, deposited on top of these substrates, will be micro- or polycrystalline with a
grain size determined by the growth temperature and supersaturation conditions during the
silicon layer deposition. For microcrystalline Si solar cells on glass, exhibiting grain sizes
in the range 1–100 nm, energy conversion efficiencies1 up to 10 % are reported [4]. On the
other hand, it turns out to be difficult to realize solar cells with proper energy conversion
efficiencies in material with a grain size of 1–10 μm [5, 6], although substantial progress has
been made lately in this field [7]. On ceramic substrates, which withstand high temperatures,
liquid phase recrystallization [8, 9], is often applied to increase the final grain size, whereas
laser recrystallization and rapid thermal annealing is being developed for substrates which can
only withstand process temperatures >650 ◦C for a limited time [10, 11].

1 In the remainder of the chapter energy conversion efficiency will be named “efficiency”

Thin Film Solar Cells Edited by J. Poortmans and V. Arkhipov
C© 2006 John Wiley & Sons, Ltd
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Figure 1.1 a) Schematic cross-section of epitaxial solar cell structure; b) Comparison of generic indus-
trial process flows for epitaxial solar cells versus self-supporting crystalline Si solar cells; only the first
process step (the epitaxial deposition) would be added to the normal process flow for industrial crystalline
Si solar cells.

The basic idea behind the thin film approach discussed in this chapter, is the realization of
a thin crystalline Si film of high electronic quality [12, 13] on a low cost Si carrier substrate
by means of epitaxial growth. When discussing thin film solar cell technologies, thin film
crystalline Si solar cells, based on an epitaxially grown active layer on an inactive highly
doped low cost Si carrier substrate2 are often left untreated. This is readily understood when
looking at Figure 1.1a, showing the generic structure of the type of the solar cell being discussed
within this chapter. The depicted structure strongly resembles the structure of a classical, self
supporting bulk crystalline Si solar cell and, as a result, the basic solar cell process to produce
the solar cell is very similar to the practices used within the photovoltaics (PV) industry
nowadays. This is, at the same time, the strongest and weakest point of this technology. Its
structural similarity would result in a low acceptance threshold in the solar cell industry,
which is presently based at 95 % on crystalline Si. Indeed, the only major change required
to introduce this technology within the crystalline Si PV industry would be the introduction
of a high throughput epitaxial Si deposition reactor at the beginning of the production line as
shown in Figure 1.1b. In this way, additional investments and risks can be minimized, which
is a nonnegligible element in major investment decisions.3 In this context one sometimes uses
the term ‘wafer equivalents’ to emphasize the similarity aspect. Last, but not least, the ‘wafer
scale’ approach has the advantage that process yield can be kept at a high level using the in-line

2 In the remainder of the chapter the shorter term “epitaxial Si solar cells”, will be used, although this is not the only
thin-film crystalline technology in which an epitaxial Si layer is being deposited during the formation of the active
layer.
3 The large investment when building thin-film solar cell production lines is often mentioned as a major barrier.
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production quality monitoring tools available in crystalline Si production lines. For thin film
solar cell technologies which are depositing the active layers on large area substrates of more
than 1 m2, the uniformity and reproducibility requirements are much more severe to obtain a
similar yield.

The similarity of the basic epitaxial solar cell structure to classical crystalline Si solar cells
also creates the impression that the potential cost savings by using this epitaxial cell technology
would be marginal. A closer look reveals that this is not necessarily true. As mentioned in the
introductory chapter of this book, when analyzing the cost structure of multicrystalline Si solar
cell modules, one sees that more than 50 % of the module cost consists of costs related to the
crystalline Si substrate [14, 15]. At the time of redaction of this chapter there is a tendency for
the crystalline Si substrate costs to increase as one is facing a situation of scarcity of poly-Si
feedstock material. This is temporary in to the author’s opinion, because of major investments
in additional poly-Si feedstock production specifically tuned to the needs of the Si solar cell
industry [16]. Nevertheless, it remains that the cost projections for this specific ‘solar grade’
poly-Si feedstock material are mostly in the range 15–20 € /kg. Based on such a feedstock
cost and a further reduction in the amount of crystalline Si/Watt peak (Wp) in line with the
historical trend of 5 %/year [17] the cost of bulk crystalline Si solar cell modules would be
in the range of 1.2 $/Wp with industrial efficiencies near 20 % [15]. The epitaxial cell route is
based on metallurgical or upgraded metallurgical grade Si substrate material which would cost
less than 5 € /kg.4 In the situation of having a high throughput epitaxial Si deposition process
with costs below 10 € /m2, the final cost of the module would be in the range 0.9–1 $/Wp, even
with an cell efficiency of only 15 %. Besides this cost potential, the epitaxial cell approach
would also render the PV industry independent from any supply issues on the level of poly-Si
feedstock material.

The substrates of interest for epitaxial Si solar cells are low cost Si substrates which,
because of their doping and impurity levels, do not allow the realization of a solar cell with
sufficient efficiency within the substrate. The Si substrate can be a highly doped Si ribbon;
see e.g. [18] for chemical vapor deposition (CVD)-grown epitaxial cells on an ribbon growth
on substrate (RGS) ribbon or [19, 20] for an liquid phase epitaxy (LPE)-grown layer on
the same ribbon type. Also Si substrates from metallurgical grade Si (MG-Si) or upgraded
metallurgical grade Si (UMG-Si) ingots are an attractive option [13, 21, 22]. By growth of an
epitaxial layer with suitable doping and reduced impurity levels on top of this substrate, a better
performing solar cell can be realized on top of this substrate [21]. The secondary ion mass
spectrometry (SIMS) profile, shown in Figure 1.2, illustrates that the epitaxial layer on top of the
contaminated substrate does indeed contain a substantially lower content of impurities than the
substrate.

The objective of this chapter is to outline the different epitaxial cell approaches to the level
of deposition technology and epitaxial layer structure. The solar cell process developments will
only be discussed insofar as the solar cell results shed more light on the efficiency potential in
laboratory conditions or in an industrial environment. Specific attention will be given to those
aspects which have to be developed to make the epitaxial cell technology viable for industrial
production. The latter aspect does not only concern the concepts and development of high
throughput deposition technologies and adaptation of solar cell processes but also covers the

4 Si as such is not a rare material and the reduction of sand to metallurgical grade is consistent with a cost of
1–2 Euro/kg.
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Figure 1.2 SIMS profiles of the impurities O, C, Fe, Mo, Cu in epitaxial layer on a) highly doped
multicrystalline Si substrate (SILSO); and b) on a MG-Si substrate. Note the decreasing impurity con-
centrations in the epitaxial layer for Fe, O and C in both cases.

approaches to keeping the epitaxial layer thickness as low as possible. This can only be realized
by enhanced light absorption and/or optical confinement of light within the active volume of
the cell. Concerning optical confinement, the reader will immediately remark that this is a
difficult issue as the substrate and active material are both crystalline Si, which excludes major
reflection of light at the interface between the Si substrate and the active layer. To solve this
intrinsic problem innovative schemes based on a buried reflector are required. The different
approaches to realizing such a buried reflector will be discussed. Alloying with Ge is one other
possibility to enhance the cell’s absorbance.

1.2 DEPOSITION TECHNOLOGIES

The different deposition technologies by which epitaxial layers for solar cell applications can
be grown are discussed as a function of deposition temperature, starting from the technique
using the highest deposition temperature. This classification methodology also reflects the
amount of experimental results and the maturity of the respective techniques. This is not a
surprising finding since the epitaxial layers needed for epitaxial solar cells are quite thick in
comparison with the typical layer thickness needed for other electronic applications (with the
exception of epitaxial layers for power devices). The required epitaxial layer thickness which
is in the range 5–30 μm requires a high growth rate to avoid excessive deposition times. At
lower deposition temperatures the adatom surface mobility decreases resulting in an increasing
number of crystallographic defects because the adatoms do not have sufficient time to relax into
the lattice sites. As a result, at lower temperatures additional energy besides the thermal energy
has to be supplied to increase the surface mobility and to allow high-quality epitaxial growth.
This additional energy can supplied by means of accelerated ions or through plasma techniques.
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1.2.1 Thermally assisted chemical vapor deposition

The deposition technique, which has been and is still most widely studied in the context
of epitaxial solar cells, is based on thermally assisted heterogeneous decomposition of a Si
precursor and doping gases at a heated Si -surface. In the text it will be referred to as thermally
assisted chemical vapor deposition (TA-CVD). Since the seventies attempts have been made to
use this technique in the frame of solar cells [23] and nowadays it is still widely used in Europe
[15, 24] and Japan [25] for the realization of thin film crystalline Si solar cells. There are
numerous reactor types which have been used for TA-CVD. Batch type as well as single wafer
systems have been used. Single wafer systems are often horizontal flow reactors, where gases
are introduced at one end of a chamber and exit from the other end. The wafer either lies on a
silicon carbide coated graphite susceptor, or is thermally isolated and heated only by radiation.
In the latter case, extremely fast heating and cooling rates are achievable and the technique is
therefore often referred to as rapid thermal CVD (RT-CVD) [26]. The technique was pioneered
in the eighties [27] and the specific study of this technique for thin film crystalline Si solar
cells was conducted in the laboratory of the Institut d’Electronique du Solide et des Systèmes
(INESS, Strasbourg [26] (see Figure 1.3). It avoids unwanted Si deposition on the cool furnace
walls and reduces the time associated with heating and cooling of the substrates with all the
energy being used for heating of the substrate and not of the furnace periphery. Batch type
multiwafer reactors include pancake and barrel reactors, where rotation of the wafers on flat
or cylindrical substrate holders ensures the required uniformity and aerodynamic conditions,
and low pressure CVD reactors (LPCVD).

CVD takes advantage of the large process expertise available in the field of microelectron-
ics. The developed epitaxial deposition systems and processes allow highly reproducible and
uniform layers, both on the level of thickness and of dopant control. Doping and thickness
uniformity are typically in the range of a few % over areas as large as 200–300 mm. In fact, the
specifications for microelectronic applications are much more severe than what is being aimed
at in photovoltaic applications, where a uniformity requirement of about 10 % for thickness
and doping levels is probably sufficient. Nevertheless TA-CVD has a number of inherent dis-
advantages in the frame of thin film crystalline Si solar cells. First of all, it uses Si precursors
which are toxic and/or corrosive and these precursors represent obvious explosion risks. In
addition, the temperatures needed to obtain high growth rates in the order of a few μm/min are
in the range 1000–1200 ◦C.

The electronic quality of CVD-grown epitaxial layers has been studied by means of lifetime
measurements with typical lifetimes found in the order of a few μs on monocrystalline Si
reference substrates and in the order of 1 μs on multicrystalline substrates [28].

Figure 1.3 Schematic view of typical horizontal TA-CVD system (see reference [26]).
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1.2.2 Liquid phase epitaxy – electrodeposition

A technique which is basically different from CVD in that it uses a liquid medium instead of
a gaseous environment is solution growth (SG). The technique is also called liquid phase epi-
taxy (LPE) when this principle is used for the growth of epitaxial layers on a crystalline
substrate [29]. In SG the growth of Si proceeds from a molten metal solution, typically
Sn, In or sometimes Cu and Al [30, 31]. The molten metal is saturated with Si and after-
wards slowly cooled. When cooling down, the melt gets supersaturated and the crystalline
Si layer will be deposited from the melt onto a substrate by heterogeneous nucleation. The
typical temperatures used range between 700 and 900 ◦C with growth rates in the order of
1 μm/min.

Besides its conceptual simplicity, the main advantage of the LPE technique lies in the fact
that the growth system is close to thermal equilibrium and the Si atoms in the melt exhibit a
large diffusion coefficient. Both factors enhance the crystallographic quality of the grown Si
film. At the same time the close-to-equilibrium character also represents a serious drawback
since nucleation of the Si-layer on a non-Si substrate or along defects at a Si surface becomes
very difficult, which often results in non homogeneous and even nonconsistent Si layers on
substrates containing crystallographic defects. In case of non-Si substrates like graphite this
is often tackled by having a Si seed layer deposited by another technique. When growing
epitaxial layers by the LPE technique on RGS [19] or silicon sheets from powder (SSP)
ribbons [20] the epitaxial layer thickness in the region of the grain boundaries is often much
reduced as compared to the intragrain thickness because the higher energy associated with
the defects suppresses the layer growth near these defects, as schematically shown in Figure
1.4. In the regions where the epitaxial layer is much thinner, the n+-emitter diffusion and
p+-substrate are in direct contact, resulting in leaky junctions and low fill factors. Faster
cooling rates provide some improvement but the problem remains for uniform deposition over
large areas.

Because of the low supersaturation during LPE growth, the defect density and excess carrier
recombination activity in the LPE-grown epitaxial layers are lower as compared to CVD-
grown layers. Numerous studies [32, 33] give strong support for this view. Electron beam
induced current (EBIC) pictures of partially masked structures give unambiguous evidence of
the reduced recombination in the LPE layers as shown in [32]. This reduction is caused by
the tendancy to strive for the lowest energy configuration of the dislocation network in the
LPE-layer. In addition, impurities will be contained in the molten metal solution because of
the distribution coefficient between the liquid and solid phase. Minority-carrier lifetimes of
several μs up to 10 μs have been reported in epitaxial layers for solar cells (see e.g. [34]).

A variation of solution growth is the electrodeposition of Si from molten salts (see Figure
1.5), which also allows the growth of epitaxial layers [35].

LPE allows one to easily incorporate an in situ doping gradient in the active base layer.
The doping gradient will result in a positive electrical field in case of a decreasing dopant
incorporation during growth. This positive field aids the collection of minority carriers and
results in an increased effective diffusion length (Leff) [36].

1

Leff
= 1

2L

⎛⎝√(
E

Ec

)2

+ 4 − E

Ec

⎞⎠ (1.1)
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Figure 1.4 a) Picture and surface profile showing typical surface morphology of LPE-layer on defected
Si substrate (taken from reference [19], courtesy of WIP, Munich, Germany); b) Schematic illustration of
LPE growth topology problem in regions near crystallographic defects. It is obvious that during emitter
diffusion, these regions are more susceptible to shunting between the n+-emitter and the highly doped
substrate.

with L the minority carrier diffusion length in the absence of an electrical field and

Ec = kT

q
L (1.2)

whereas E is given by:

E = kT

qWB
ln

(
Nr

N f

)
(1.3)

where Nr represents the doping level at the substrate-epilayer interface and N f is the doping
level at the epilayer surface.

Intuitively one would expect a substantial performance increase by this effect. It was proven
in [36] that the enhancement in most cases remains very limited and is only relevant in the
absence of light trapping and with small minority-carrier diffusion lengths. It was recently
pointed out by Majumdar et al. [37] that a negative field (i.e. the incorporation of the doping
element increasing during the growth of the epitaxial layer) is a better approach. Although this
result is to some extent counterintuitive, this can be understood from the consideration that
the minority-carrier concentration gradient upon illumination is large anyway and is relatively
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Figure 1.5 Schematic drawing of the electrodeposition technique. Reproduced Figure 1 with permission
from J. T Moore, T. H. Wang, M. J. Heben, K. Douglas, T. F. Ciszek, ‘Fused-salt electrodeposition of
thin-layer silicon’, Conference Record of the 26th IEEE Photovoltaic Specialists Energy Conference,
Anaheim, 775, 1997. Copyright (1997) IEEE.

unaffected by the doping profile whereas the open circuit voltage is kept high because of the
high base doping level near the junction.

1.2.3 Close space vapor transport technique

An alternative technique which yields very high chemical efficiencies5 is based on so-called
close space vapor transport [38]. Although the technique has been known since the sixties [39],
it received renewed attention through research performed at the National Renewable Energy
Laboratory (NREL), USA. A schematic drawing of this technique is shown in Figure 1.6.
In this technique Si is transported from a source to a substrate. The driving force for the Si
transfer is the temperature difference between both. A small separation between source and
destination allows very high transfer efficiencies, because there is only limited loss of Si to the
side walls. By means of this technique, epitaxial layers were deposited on highly doped mono-
and multicrystalline Si substrates.

5 The chemical efficiency describes the ratio between the Si-containing species incorporated in the growing solid Si
film and the amount of Si supplied.
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Figure 1.6 a) Schematic drawing of CVST technique for Si-deposition; b) Application of CSVT prin-
ciple in the APIVT system presented in [38]. Reproduced Figure 1 with permission from T.H. Wang,
T.F. Ciszek, M. Page, Y. Yan, R. Bauer, Q. Wang, J. Casey, R. Reedy, R. Matson, R. Ahrenkiel and M.M.
Al-Jassim, ‘Material properties of polysilicon layers deposited by atomspheric pressure iodine vapor
transport’, Conference Record of the twenty-eight IEEE Photovoltaic Specialists Conference, Anchor-
age 15–22 September 2000, p.138–141. Copyright (2000) IEEE.

The electronic quality obtained was remarkably good as evidenced by laboratory solar
cells, made in these epitaxial atmospheric pressure iodine vapor transport (APIVT)-grown
layers, especially taking into account the elevated deposition rate at a relatively low substrate
temperature. The growth rate obtained at substrate temperatures in the range 650–850 ◦C (with
the source temperature kept at 1300 ◦C) was in the order of 1–3 μm/min and was relatively
insensitive to the substrate temperature. A model was constructed to explain this atypical
temperature dependence of growth rate. The model incorporates the arrival rate of SiI2, the
departure rate of SiI4 and surface migration and resulted in an expression for the growth rate
R in the form:

R ∝ (T − Tsource)
(
T 2

source − T 2) exp

(−Q

kT

)
(1.4)

with T being the substrate temperature and Q the activation energy for surface migration. The
insensitivity of the growth rate to the substrate temperature is caused by two opposing tenden-
cies. For classical CVD the T dependence of the surface migration increases the deposition
rate, but in APIVT this is counteracted by the lower temperature difference between source
and substrate (at constant source temperature), resulting in a lower arrival rate.

1.2.4 Ion assisted deposition

Ion assisted deposition (IAD) is based on electron-gun evaporation and subsequent partial
ionization of silicon [40]. An applied voltage accelerates silicon ions towards the substrate.
Typical acceleration voltages of 20 V are used. This yields the lowest etch-pit densities in
monocrystalline epitaxial layers [41]. The principle of the IAD technique is shown in Figure 1.7.

Because of the energy supplied by the accelerated ions, the surface adatom mobility is en-
hanced. As a result the IAD technique enables epitaxial growth at temperatures as low as 435 ◦C
with high deposition rates up to 0.5 μm/min. The Hall mobility of monocrystalline epitaxial
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Figure 1.7 Schematic of the ion-assisted deposition technique [after 42].

layers increases with deposition temperature and reaches values comparable to those of bulk
Si at T > 540 ◦C. The majority-carrier mobility in IAD boron-doped films almost reaches the
theoretical values obtained for crystalline bulk silicon over the doping range 1016 to 1020 cm−3.
The electronic properties of the films are strongly dependent on the substrate orientation. In
line with other findings valid for low-temperature epitaxial growth, the diffusion length is up
to an order of magnitude lower in (111)-oriented Si films as compared to (100)-oriented Si
films, resulting in inhomogeneous current collection in light-beam induced current measure-
ments on epitaxial cells on multicrystalline Si substrates [43]. Photoluminescence and deep
level transient spectroscopy revealed broad defect distributions for low deposition temperatures
<550 ◦C. The point defect densities are up to four orders of magnitude lower in (100)-oriented
Si epitaxial layers than in (111)-oriented Si films. Also temperature-dependent quantum effi-
ciency (TQE) measurements were used to investigate the recombination behaviour in epitaxial
silicon thin film solar cells grown by ion-assisted deposition [44]. The diffusion length in this
material is dominated by Shockley–Read–Hall recombination via relatively shallow defects
with activation energies of 70–110 and 160–210 meV, respectively. At a deposition tempera-
ture of 650– ◦C with a prebake at 810– ◦C [45], ion-assisted deposition produces epitaxial Si
films with a minority-carrier diffusion length of 40 μm.

1.2.5 Low energy plasma enhanced chemical vapor deposition/electron
cyclotron resonance chemical vapor deposition

Apart from accelerated ions, plasma techniques can also be used to provide additional energy
to increase surface mobility and by doing so to allow high-quality epitaxial growth from a
low-temperature deposition method.

Low energy plasma enhanced chemical vapor deposition is a technique in which a high
current plasma discharge composed of low-energy particles leads to a high deposition rate,
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while not damaging the wafer surface [46]. The main application for this technique is the
growth of compositionally graded relaxed SiGe buffer layers for high-speed advanced metal-
oxide-semiconductor (MOS) devices, but the technique is in principle also of great interest for
solar cells.

An ECR source can also be used to provide a dense plasma that greatly enhances surface
mobility and allows epitaxy at temperatures below 400 ◦C [47].

1.3 SILICON BASED EPITAXIAL LAYER STRUCTURES
FOR INCREASED ABSORBANCE

Since crystalline Si is an indirect bandgap material, its absorption coefficient at wavelengths
>900 nm becomes too small to absorb effectively incoming light at larger wavelengths in an
epitaxial layer of only 20 μm. In order to increase the absorbance, one can modify the epitaxial
layer by growing specific structures to increase the optical pathlength or through decreasing
the bandgap by alloying with Ge.

1.3.1 Epitaxial growth on textured substrates

A first approach consists of chemically texturing the substrate before epitaxial growth. How-
ever, this approach also has drawbacks. The textured surface structure tends to flatten during the
epitaxial process by facet formation, reducing the effectiveness of the texturing process. More-
over, due to the resulting surface roughness before epitaxy, the defect density in the epitaxial
layer will be high and as a result it will be difficult to reach high open circuit voltage (Voc) values.

The texturing can also be done by mechanical means, resulting in structures like the ones
shown in Figure 1.8. The approach followed here is straightforward: by grooving the Si substrate

 
a) b) 

Figure 1.8 a) Schematic of the optical enhancement effect when grooving the substrate before the
epitaxial growth assuming conformal growth; b) SEM picture illustrating the modification of the me-
chanically textured Si-surface after growth of an epitaxial layer when growing on a Si-substrate with
different grain orientations.
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before the epitaxial growth, the optical pathlength within the active layer is enhanced, as
shown in Figure 1.8a when conformal growth is assumed. A minimization of the reflectance
of the structure before and after grooving was studied [48]. When applying this technique to
multicrystalline Si substrates one has to take into account the facetted growth of the epitaxial
layer and the different growth rates on different crystallographic orientations. The consequence
of this effect is illustrated in Figure 1.8b, showing the cross-section of an epitaxial layer grown
on a mechanically textured surface. One can clearly observe the modified texture after epitaxial
growth. On grains with orientations near (100) the texture is well preserved, whereas on other
grain orientations the original texture has been modified by the development of different facets.

By means of this technique, large-area CVD-grown epitaxial cells (100 cm2) on UMG-Si
were realized. Using an industrial solar cell process with screenprinted contacts, efficiencies
between 12 and 13 % were obtained despite the limited thickness of the epitaxial layer which
was between 15 and 20 μm [21, 49].

1.3.2 Silicon–Germanium alloys

A straightforward approach to increase the short circuit current is based on increasing the
absorption coefficient of a crystalline Si by alloying it with Ge. The lower bandgap of the
SiGe alloy allows the increase of the infrared absorption of the cell, although at the expense
of a reduced solar cell open circuit voltage. In a bulk crystalline solar cell this loss will
outweigh the gain in short circuit current. Solar cells realized in bulk Si1−x Gex substrates with
x < 10 % solar cells were reported [50], confirming the predicted behaviour. However, in thin
film cells the reduction in open circuit voltage is, theoretically at least, less severe when surface
recombination dominates over bulk recombination. By using a Si/Si1−x Gex heterojunction back
surface field (BSF, see Figure 1.9a) most of the loss in open circuit voltage can theoretically be
recovered. Figure 1.9b shows the typical cross-hatch pattern of a relaxed SiGe layer, epitaxially
grown on a (100) Si substrate.

The experimental studies, conducted on relaxed Si1−x Gex epitaxial layers on Si for pho-
tovoltaic purposes were mostly restricted to alloys with Ge-content below 20 %, although
theoretical calculations indicate there might be (limited) benefit from impact ionization at
higher Ge-content [51, 52]. Thick relaxed Si1−x Gex layers with x ranging from 0 to 20 % were

 
a) b) 

p+ Si (substrate)

n+ Si emitter ARC Si capping layer

Al contact

p+ Si (substrate)p+ Si (substrate)

n+
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Figure 1.9 a) Basic structure of the SiGe thin film structure on Si; b) Optical micrograph of the typical
cross-hatch pattern of a relaxed Si.9Ge.1-layer on Si; the magnification is 500x



OTE/SPH OTE/SPH
JWBK098-01 JWBK098-Poortmans July 20, 2006 11:24 Char Count= 0

EPITAXIAL THIN FILM CRYSTALLINE SILICON SOLAR CELLS 13

grown epitaxially by CVD and LPE on highly doped monocrystalline Si substrates for solar
cell purposes. Epitaxial SiGe alloys were grown by means of CVD in a lamp-heated system
with graphite susceptor at reduced pressure (40 mTorr) and temperatures between 700 and
800 ◦C [53]. SiH2Cl2 and GeH4 were used as Si and Ge precursors, respectively. Because of
the relatively large thickness needed (in comparison with the strained layers needed for micro-
elecronic applications), the growth rate should be as high as possible. Increasing the growth rate
requires higher deposition temperature, but since the Ge-incorporation efficiency decreases at
higher temperatures, a trade-off has to be looked for. This can be seen in Figure 1.10. As a
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Figure 1.10 a) Growth rate of the epitaxial Si1−xGex-layers as a function of the mass flow of SiH2Cl2

(the 1 %GeH4 in H2 flow was kept constant at 200 sccm); b) Ge-incorporation a.f.o. SiH2Cl2 gasflow for
different temperatures (the GeH4/H2 flow was the same as for a.)
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a)
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Figure 1.11 a) Defect density a.f.o. depth as revealed by optical analysis of beveled relaxed Si.9Ge.1-
layers on Si; b) Cross-section TEM picture of dislocations confined within the buffer layer of the same
structure as in Figure 1.11a. One can observe the bending of the dislocation lines within the buffer layer.

result, growth rates between 0.15 and 0.2 μm/min were obtained for the layers studied within
the solar cells.

Because of the lattice mismatch between the Si1−x Gex -layer and the Si-substrate it is
necessary to incorporate a buffer layer in between the Si substrate and the active layer. When
the Si1−x Gex -thickness (10–15 μm) greatly exceeds the critical thickness [54] for growth on
Si (which will always be the case), misfit dislocations relax the lattice strain, resulting from the
lattice mismatch.6 The density of dislocations throughout a bevelled epitaxial Si1−x Gex -layer
on Si can be seen in Figure 1.11a. When grown under suitable conditions and at sufficiently
high temperature, the misfit dislocations will partially annihilate within the buffer layer. On
bevelled samples which were subjected to a defect etch, the evolution of the defect density as
a function of depth was determined. This is shown in Figure 1.11a where a strong reduction of
the dislocation density towards the upper surface is clearly seen. The defect density decreases
from 107 cm−2 in the buffer to 105 cm−2 at the top surface of the layer. The confinement of the
misfit dislocations was also verified by cross-section transmission electron microscopy (TEM)
(see Figure 1.11b).

By means of EBIC measurements on Schottky diodes on the as-deposited relaxed Si1−x Gex -
layers, the diffusion length was extracted [55]. Despite the defect density being in the order
of 105 cm−2 an effective diffusion length of 80 to more than 100 μm was extracted for CVD
layers as well as for LPE layers when a buffer layer was used. The term effective diffusion
length is used because the layer thickness is only 20 μm thick. It also proves that, at room
temperature at least, the dislocations in a CVD-grown layer are not necessarily more active
than in LPE-grown layers.

Solar cells were processed in these relaxed Si1−x Gex -layers on p+-Si by a laboratory process
comprising solid source diffusion, nitride surface passivation and evaporated contacts, the
details of which can be found in [56]. The short circuit current observed for the cells with
a relaxed Si1−x Gex layer was higher than for a Si thin film crystalline Si solar cell with
comparable active layer thickness and similar doping profile, but the enhancement of the short
circuit current saturates at Ge-content larger than 10 %. However, open circuit voltage and

6 The difference in lattice constant between Si and Ge is about 4 %. The lattice constant of the SiGe alloy varies
practically in a linear fashion between the lattice constant of Si and Ge (Vegard’s law).
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Figure 1.12 IQE-curve of epitaxial solar cell with relaxed SiGe-base ([Ge] = 10 %) and comparison
with response of an epitaxial Si solar cell with equal active layer thickness. Reproduced figure 10 with
permission from K. Said, J. Poortmans, M. Caymax, J. F Nijs, L. Debarge, E. Christoffel, A. Slaoui,
‘Design, fabrication, and analysis of crystalline Si-SiGe heterostructure thin-film solar cells’, IEEE Trans.
El. Dev. Vol.46, no:10; Oct.1999; p.2103–10. Copyright (1999) IEEE.

fill factor were substantially lower than for the Si reference cell. One of the important items
when using Si1−x Gex -alloys is the surface passivation. Although the use of plasma enhanced
chemical vapor deposition (PECVD)-nitride passivates the front surface to some degree, the
blue response of the cell is significantly lower than for a Si reference cell. The blue response
is improved by the use of a Si capping layer on top of the structure. The positioning of the Si–
Si1−x Gex transition relative to the junction is very important to avoid excessive recombination
near the interface between the Si capping layer in which the emitter is diffused and the Si1−x Gex

base layer. The Si on top relaxes in its turn resulting in a defect density in the Si layer of the
order of 107 cm−2. The internal quantum efficiency (IQE) curve in Figure 1.12 shows the effect
of enhanced red response in the base resulting from the alloying with Ge and the improved
blue response by the use of an optimized Si capping layer. But even under these circumstances
the voltage penalty is too high to get an improved efficiency as compared to the thin film
crystalline Si reference cell, as can be seen from Table 1.1.

1.3.3 Germanium–Silicon structures

In order to avoid crystallographic defect formation occurring upon relaxation of a SiGe layer
with a thickness larger than the critical thickness, other approaches have been proposed and
tested recently. One approach consists in growing Ge layers embedded in a Si matrix by forming
three-dimensional islands in the Stranski–Krastanov growth mode. The embedded Ge layers
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Table 1.1 AM1.5 illuminated I-V-characteristics of a thin film epitaxial Si.9Ge.1 solar cell on a p+-Si
substrate in comparison to thin film crystalline Si solar cell on the same substrate. The active layer
thickness was 15 μm with a Si capping layer of 1 μm

Active layer Short circuit Open circuit
material current [mA cm−2] voltage [mV] Fill factor [ %] Efficiency [ %]

Si.9Ge.1 28.8 575 77.5 12.8
Si 27.9 634 79.2 14.0

increase the infrared absorption in the base of the cell to achieve higher overall photocurrent
and to overcome the loss in open circuit voltage of the heterostructure. Usami et al. [57] report
on the performance of solar cells with stacked self-assembled Ge dots in the intrinsic region
of Si-based p-i-n diode. These dots were epitaxially grown on p-type Si(100) substrate via the
Stranski–Krastanov growth mode by gas-source molecular beam epitaxy. The layer stack is
shown in Figure 1.13a.

An enhanced external quantum efficiency (EQE) in the infrared region up to 1.45 μm
was observed for solar cells with stacked self-assembled Ge dots compared with the structure
without Ge dots, as can be seen from Figure 1.13b. Furthermore, the EQE was found to increase
with increasing number of stacked layers. Similar work was reported by Presting et al. [58].
In an ultra high vacuum molecular beam epitaxy (UHV-MBE) chamber up to 75 layers of Ge,
each about eight monolayers thick, separated by Si-spacer layers (9–16 nm) were grown on
each other using standard 10 �-cm p-type Si-substrates. The density of islands in the layers
was increased by the use of antimony as surfactant resulting in densities >1011cm−2. The
islands were covered by a 200 nm thick Si-layer (n-type) on top which is used as the emitter of

Figure 1.13 a) Cross-section of the Si-Ge layer structure grown in [57]; b) spectral photocurrent
extracted from the structure in [57]; Reused with permission from Arnold Alguno, Applied Physics
Letters, 83, 1258 (2003). Copyright 2003, American Institute of Physics.
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the cell. Photocurrent measurements confirmed the higher response of the fabricated solar cells
in the infrared region compared to standard Si-cells. It remains unclear whether the voltage
penalty can be overcome by this approach.

For the sake of completeness, it has to be noted that, within the frame of space solar cells,
the growth of GaAs layers on a Si-carrier has received a lot of attention. Very often, a Ge
template layer is grown between the Si substrate and GaAs active layer to accommodate the
lattice mismatch between Si and GaAs [59, 60]. The discussion of these advanced approaches
goes beyond the scope of this chapter.

1.3.4 Epitaxial layers on a buried backside reflector

Despite the clear experimental evidence of enhanced photocurrents, no group has been able to
prove experimentally that the current increase from including a Si1−x Gex alloy or embedded
Ge layers in the active layer structure of the solar cell is sufficient to overcome the voltage
penalty. As a result the photocurrent increase does not result in an enhanced efficiency as
compared to Si solar cells with equal active layer thickness. Therefore substantial effort is
being put into developing material systems which allow reflection at the interface between
the Si substrate and the Si epitaxial layer and thereby allow optical confinement. Reflection
can only occur by having a medium with a different refractive index in between the Si sub-
strate and the epitaxial layer. The main restriction within the context of this chapter is that
this medium should allow epitaxial growth. Grossly speaking, one can distinguish two basic
solutions, which are shown in Figure 1.14. The first one is based on the use of a porous Si
interlayer. By means of the porosity one can control the refractive index while at the same
time the porous Si acts a template for epitaxial growth by retaining the crystallographic in-
formation of the substrate beneath (at least when the porous Si is formed by anodization
in an HF-containing solution). The second solution relies on epitaxial overgrowth over a
dielectric or metallic layer with windows allowing a crystallographic connection to the Si
substrate.

a) b)

Figure 1.14 a) Schematic of porous Si interlayer approach; b) Schematic illustration of lateral epitaxial
overgrowth approach
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1.3.4.1 Epitaxial layers on buried porous Si interlayers

Electrochemical etching of porous silicon is an excellent technique to create multiple Bragg
reflectors that can be used, for instance, in optical cavities. The refractive index of the differ-
ent layers of the Bragg reflector are controlled by the porosity, which is determined by the
anodization conditions (current density, HF-concentration in the solution). As porous silicon
retains the crystallographic information of the original crystal it is etched into, the application
of a silicon deposition process can lead to ordered deposition defined by the original crystal
structure of the substrate. It therefore seems ideal for the purpose described above [61, 62].

Significant efforts have been made to model and optimize the reflectance of the porous Si
interlayer. Zettner et al. [61] and Abouelsaood et al. developed a model for light propagation
in porous silicon (PS) based on the theory of wave propagation in random media [63]. The
modeling in the latter is based on silicon being the host material in combination with randomly
distributed spherical voids as scattering particles. The specular and the diffuse part of the light
scattering were determined and treated separately.

The challenge in the experimental implementation of this concept is to maintain the reflector
properties during the silicon deposition process, which often takes place at high temperature,
where porous silicon is not stable. Porous silicon tends to reorganize itself towards a low energy
configuration with larger, spherical voids. Moreover, a phenomenon of pore filling can occur:
some of the deposited silicon enters and gets incorporated in the porous structure, lowering
the porosity. Two approaches can be followed. One can attempt to preserve the porous silicon
structure as much as possible by carrying out the deposition at low temperature, for instance
with LEPECVD [64]. This technique allows one to deposit a Si film with an epitaxial quality on
the top of PS without destroying its multilayer structure (as revealed by high-resolution X-ray
diffraction and cross-sectional transmission electron microscopy shown in Figure 1.15a). The
epilayers of 10 μm are grown at very high deposition rate (around 3 nm/s) at 590 ◦C. TEM-
analysis reveals that during the deposition a high density of defects forms at the interface
PS/epi-Si and spreads through the whole epilayer. The defect density is decreased when the
deposition temperature is increased to 645 ◦C. The second approach is to carry out epitaxy
at high temperature, and live with the reorganization that will inevitably occur. Remarkable

a) b)

500 nm Epi-Si

Si

20%

80%
20%
80%

Figure 1.15 Buried porous silicon reflectors: a) TEM-picture of epitaxial layer grown on top of a porous
Si layer structure at low temperature; b) SEM micrograph of an annealed porous Si reflector consisting
of multiple high-porosity/low-porosity bi-layers. The porous layer was subjected to an annealing at
T = 1150 ◦C.
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Figure 1.16 Curves of the back reflectance derived from reflectance measurements, achieved with
differerent PS reflectors (from reference [[67]).

results with this approach were recently reported [65]. Porous silicon multilayers consisting of
several low-porosity/high-porosity stacks were formed by electrochemical etching on highly
p-doped single crystalline silicon. The samples were then brought to high temperature and
underwent an epitaxial deposition process with thermal CVD. A scanning electron microscopy
(SEM) micrograph of the structure in Figure 1.15b clearly shows that the porous silicon, with
original pore size in the order of a few nanometers, has completely reorganized into layers with
large voids and wide pore walls. The overall structure with alternating high/low porosities is,
however, maintained. Strikingly, the structure after reorganization appears to function rather
well as a Bragg mirror. This can be seen in Figure 1.16, where the internal back reflectance (RB)
at the porous silicon/epitaxial layer interface, as calculated from the samples’ total reflectance,
is plotted as a function of the wavelength. The internal reflectance increases with the number
of porous silicon layers and reaches a top value around 80 % for a stack of 15 layers in a broad
wavelength range. Resistance measurements show that this type of buried reflector does not
significantly hinder the vertical flow of majority carriers. It therefore shows great promise for
high current epitaxial solar cells.

Liquid phase epitaxy has also been studied for growing Si epitaxial layers on porous Si. In
[66] the porous silicon formation by HF anodization on (100) or (111) Si wafers is realized
in the first step, followed by annealing in an H2 atmosphere, and finally LPE silicon growth
was made with different temperature profiles in order to obtain a silicon layer on the sacrificial
porous silicon (p-Si). Pyramidal growth was found on the surface of the (100) porous silicon but
the coalescence was difficult to obtain. However, on a p-Si(111) oriented wafer, homogeneous
layers were obtained.

Besides acting as a template for epitaxial growth, the porous Si buried layer can also act
as a gettering layer to prevent contaminants from diffusing from the Si carrier substrate into
the active epitaxial layer. The principle of using porous-silicon-gettered MG-Si as a low cost
epitaxial substrate for polycrystalline silicon thin film growth for solar cells has been proven
by Tsuo et al. [67].

1.3.4.2 Epitaxial lateral overgrowth

Epitaxial lateral overgrowth (see Figure 1.14b) is a well known technique which is often
based on selective epitaxial growth of Si through openings in a dielectricum. The dielectricum
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most often studied as a masking layer is thermal oxide. Selectivity in CVD is obtained by
controlling the balance between Si etching and growth in a Cl-containing atmosphere. In order
to overgrow the dielectricum, the lateral growth rate is preferentially enhanced as compared
to the vertical growth rate. As this is a difficult task, the only way to obtain closed Si layers
over the dielectricum is to keep the distance between the openings approximately two times
the desired layer thickness.

Because of its close-to-equilibrium character, it is most often easier to grow with a selectively
high horizontal to vertical growth by means of LPE. The growth is mostly done on (111) Si
substrates as this allows the growth of smooth layers [68] (see Figure 1.17a), although the in situ
texturing during LPE-growth on (100) Si substrates would be a valuable asset. An interesting
variation on this theme is the creation of a buried reflector by means of electrodeposition.
The proof-of-concept was done on patterned, metal-masked silicon substrates by a liquid-
phase electro-epitaxial lateral overgrowth process [69] (see Figure 1.17b). Silicon films were
grown from liquid metal solutions (molten bismuth saturated with silicon) by current-induced
crystallization on stripe-patterned, W-masked (111) silicon substrates. Tungsten was chosen
because it resists the high temperatures during the electrodeposition and is not chemically
attacked by the molten metal. Growth temperatures range from 800 to 1150 ◦C, and a current
density of 2–20 A/cm2 was imposed across the silicon/melt interface to enhance the lateral
growth. Continuous (over 1 cm2 areas) epitaxial layers of silicon were achieved on W-masked
substrates patterned with 10 μm wide stripe openings spaced 100 μm apart.

a) b)

Figure 1.17 a) Epitaxial lateral overgrowth by means of LPE through openings in a dielectricum layer
on top of a (111) Si substrate. The experimental aspect layer width/layer height ratio is 43, the picture
was taken from ref. [68]; Reused with permission from H. Raidt, Journal of Applied Physics, 80, 4101
(1996). Copyright 1996, American Institute of Physics.; b) Illustration of the electro-epitaxial lateral
overgrowth over a tungsten buried reflector (taken from ref. [69]). Silicon is growing from the stripe
opening in mask. The right side has been connected with the silicon overlayer seeded at the adjacent via,
but the left side is misaligned and interleaved with silicon at adjacent via. Reproduced with permission
from Journal of Crystal Growth, 225, M. G. Mauk and J. P. Curran, Electro-epitaxial lateral overgrowth
of silicon from liquid-metal solutions’, pp. 348–353. Copyright (2001) Elsevier.
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1.4 EPITAXIAL SOLAR CELL RESULTS AND ANALYSIS

1.4.1 Laboratory type epitaxial solar cells

Although the substrates of interest for epitaxial solar cells are low cost Si substrates, substan-
tial work has been reported on reference mono- and multicrystalline Si substrates. Epitaxial
cells on highly doped monocrystalline Si substrates were reported by several groups in the
early nineties to demonstrate the efficiency potential of the epitaxial solar cell approach (see
e.g. references [70] for CVD-grown cells and [71, 72] for LPE-grown Si layers). Table 1.2
provides an overview of the best efficiency results obtained in epitaxial layers grown by var-
ious techniques and processed according to different laboratory solar cell process schemes.
The experimental results obtained on monocrystalline highly doped substrates confirm the
large efficiency potential of thin film crystalline Si solar cells, especially when combined with
a suitable backside reflector (the intermediate oxide layer in case of the silicon-on-insulator
by implantation of oxygen (SIMOX substrate or by etching back the Si substrate to improve
the optical confinement properties of the structure). Some reports provide an indication that
crystallographic defects in the epitaxial layer are created by the lattice mismatch which exists
between the highly doped Si substrate and the epitaxial layer. This lattice mismatch is small
but in view of the large thickness of the epitaxial layer, strain relaxation occurs through the
introduction of misfit dislocations [73].

When epitaxial growth by means of CVD is performed on highly doped multicrystalline
substrates (ribbons, MG-Si, p+-multicrystalline Si), the efficiencies of laboratory type cells are
clearly lower as compared to the demonstration epitaxial cells on monocrystalline Si substrates.

Table 1.2 Overview of main results on laboratory type epitaxial cells

Growth Type of Thickness Cell area Solar cell process Efficiency [ %]
technique substrate [μm] [cm2]

CVD-grown epitaxial layers

CVD Mono (SIMOX) 46 4 High-efficiency interdigitated
process

Evaporated contacts

19.2 [8]

CVD p+-Mono 37 4 ISE high-efficiency process 17.6 [78, 79]
CVD p+–SILSO 20 4 Homogeneous etched-back

emitter
Evaporated contacts

13.8 [49]

CVD p+-EFG 20 4 Homogeneous etched-back
emitter

Evaporated contacts

13.2 [49]

LPE-grown epitaxial layers

LPE p+-mono 35 4 Evaporated contacts + back-etch
of substrate

18.1 [80]

LPE p+-mono 30 4 Evaporated contacts (drift-field
in epitaxial layer)

16.4 [76]

LPE p+-multi 15.4 [77]
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A process step during which H is introduced in the epitaxial layer, either by remote plasma
hydrogenation or a firing-through-nitride step has been proven to be crucial to passivate the
defects in the epitaxial layers [18, 21, 48, 49]. This has allowed solar cell efficiencies near to
14 % in epitaxial layers of only 20 μm for small-area cells.

Solar cells fabricated on LPE-grown epitaxial layers display open circuit voltages above
660 mV (air mass number (AM) l.5, 25 ◦C) [74], confirming the high electronic quality of the
epitaxial layer. As a result, the best solar cells made in LPE-grown layers have efficiencies
in the range 17–18 % [75]. An important step in obtaining these high cell efficiencies is the
removal of most of the heavily doped substrate on which the epitaxial layer is grown to boost
the backside reflectance. In this way the cell efficiency can be increased by nearly 25 % when
the cell is thinned to a thickness of 30 μm. As mentioned earlier, LPE allows the incorporation
of a doping profile in a straightforward fashion into the epitaxial layer. In reference [76] a Ga
doping gradient was intentionally introduced throughout the film to produce a drift field in
the base of the solar cell, thus enhancing the effective minority-carrier diffusion length and
increasing the long-wavelength response. An independently confirmed efficiency of 16.4 %
was achieved on an LPE drift-field thin film silicon solar cell.

The efficiency potential has been further confirmed by small-area LPE-grown epitaxial cells
on multicrystalline Si substrates. Such cells have displayed efficiencies up to 15.4 % [77].

1.4.2 Industrial epitaxial solar cells

Within the context of this chapter, ‘industrial solar cell’ is equivalent to large-area solar cell
(>20 cm2), made by a production process which is similar to the practices in the PV industry.
Although the generic process flow to produce a solar cell in an Si epitaxial layer is very similar
to the cell process for a classical Si solar cell, the subject deserves to be treated within a separate
chapter for two reasons. First of all, making large-area cells is an indication of the maturity of
a certain epitaxial deposition technology (homogeneity in thickness and doping over a larger
area). Second by, despite the generic resemblance to the solar cell process, steps like front
surface texturing have to be tuned for epitaxial cells. In the latter it does not make sense to
use the texturing techniques widely used for bulk crystalline Si solar cells as these techniques
would remove most of the epitaxial layer; typically, the texturing step removes 10–20 μm of Si.

The main reported results are summarized in Table 1.3. Efficiencies up to nearly 14 % on
Czochralski-silicon (Cz-Si) and 13 % on highly doped multicrystalline Si substrates have been
achieved by applying an industrial process scheme based on tube or in-line P diffusion, as
well as screen-printed front and back contacts fired through a SiNx anti-reflection coating
[81, 82]. Light-beam induced current measurements show that the diffusion length distribution
is quite inhomogeneous over the whole cell area. A maximum effective diffusion length of
about 25 μm and mean values around 15 μm were found in typical epitaxial solar cells [83].
Characterization of the solar cells by infrared lock-in thermography revealed local shunts as
shown in Figure 1.18. In some circumstances these local shunts were correlated with well
defined epitaxial defects [84].

To reduce the front surface reflectance and enhance the optical path length, the front surface
of the epitaxial cell should be textured. This is a common step in most industrial processes
for bulk crystalline Si solar cells, but the process has to be adapted for epitaxial solar cells.
The most crucial element is to minimize the amount of silicon removal to keep the starting
thickness of the epitaxal layer as low as possible. One process, already used in industrial solar
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Table 1.3 Main efficiency results obtained on epitaxial solar cells produced by industrial process flows

Growth Type of Thickness Cell area
technique substrate [μm] [cm2] Solar cell process Efficiency [ %]

CVD p+-Cz-Si
(reclaimed)

13.8[81]

CVD p+-SILSO 20 25 Screenprinting (firing
through nitride)

12.5 [21]

Epitaxial layer
on grooved
p+-SILSO

20 25 Screenprinting (firing
through nitride)

13.2 [21]

p+-SILSO 40 20 Laser-grooved buried
grid technology

11.9 [21]

CVD UMG-Si 25 20 Screenprinting (firing
through nitride)

12.9[82]

100 20 Screenprinting (firing
through nitride)

12.2[82]

LPE UMG-Si (melt-
back method)

Small area 30 Phosphorus diffusion
from pastes

10[86]

cell fabrication to texture multicrystalline silicon solar cells, is based on chemical isotexturing.
This wet chemical etching based on HF and HNO3 starts on the defects of the saw damaged
surface, and creates a textured surface with etch pits of 1 to 10 μm in diameter. However, on
epitaxially grown layers, this process does not start uniformly because the surface is essentially
damage free. Instead of obtaining a homogeneously textured surface, deep holes are formed
on the surface at defects in the epitaxial layer. Therefore, a new plasma texturing technique
was developed based on SF6 chemistry and plasma generation with microwave antennas and
specifically tuned for epitaxial solar cells. In particular, the amount of Si removal was minimized
while keeping the reflectance low. This texturing process removes only 2 μm of the epitaxial

Figure 1.18 Picture showing local shunting paths as revealed by IR-thermography . The fingerstructure
is shown in overlay (courtesy of FhG-ISE, Freiburg, Germany).
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layer. With this process, efficiencies near 13 % were obtained in CVD-grown epitaxial layers
on UMG-Si substrates.

The first modules based on epitaxial solar cells, grown on highly doped monocrystalline or
multicrystalline Si substrates, were recently reported [85]. The module based on monocrys-
talline substrates showed an efficiency of 12.2 % (cell aperture area was 368 cm2), whereas the
one based on multicrystalline Si gave an efficiency of 10.2 % (the aperture area in this case
was 576 cm2). Both results give evidence of the fastly progressing maturity of this solar cell
technology.

Industrial type solar cells have also been realized on LPE-grown layers. In comparison with
CVD-grown epitaxial layers where the difference between industrial and laboratory type solar
cell efficiencies is in the range of 1 % (for layers grown on highly doped multicrystalline Si
substrates), the efficiency gap is much larger between laboratory type and industrial LPE solar
cells. This is caused by the difficulty in obtaining LPE-layers with uniform topology over the
whole area. Solar cells, fabricated by a P paste diffusion, have shown efficiencies up to 10.0 %
[86].

1.4.3 Special epitaxial solar cell structures

Front grid contacted thin epitaxial silicon solar cells based on the growth of crystalline silicon
films on a substrate or superstrate have been reported for many years, as have wafer based solar
cells with alternative contact approaches. Integrating these two concepts into a single device
presents an opportunity for simultaneously reducing two major loss mechanisms associated
with crystalline silicon solar cells. A proof-of-concept thin epitaxial silicon solar cell with
an embedded semiconductor grid as an alternative to a conventional front metallic grid was
developed by Aiken et al. [87] by means of lateral epitaxial overgrowth (see Figure 1.19). It
resulted in a thin epitaxial silicon solar cell with a 7.8 % designated area conversion efficiency,
well isolated contacts, negligible series resistive power loss, and less than 1 % shading of the
designated area.

1.5 HIGH THROUGHPUT SILICON DEPOSITION

Despite its generic resemblance to a classical bulk crystalline Si solar cell process, the devel-
opment of a manufacturing technology based on epitaxial solar cells requires two additional
issues to be solved. The first is related to the commercial availability of a low cost Si substrate.

Figure 1.19 Schematic of the novel epitaxial cell structure as developed by Aiken et al.
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As shown in the previous chapters there is ample evidence that efficiencies near 14–15 % are
achievable in the short term with an epitaxial cell process using MG-Si substrates. The avail-
ability is mainly a matter of upscaling the infrastructure to produce this feedstock material as
well as finding companies willing to crystallize this material to produce large multicrystalline
Si ingots and to wafer them.

The second issue concerns the development of high throughput deposition equipment to
grow epitaxial layers at a rate of several m2/h for epitaxial layer thicknesses between 5 and
20 μm. This throughput is definitely higher than typically reached in commercial epitaxial
reactors as developed for the microelectronic sector, which are rather aimed at obtaining
a very high uniformity of thickness and doping (in the order of 1 %). The same upscaling
challenge exists obviously for other thin film technologies based on a-Si:H or μc-Si:H layers,
but in the case of epitaxial cells, the technical difficulties to be solved are considerable. In
order to achieve high growth rate in the order of a μm/min and high crystallographic quality
the temperature range of interest is between 800 ◦C and 1300 ◦C, which requires the use
of materials withstanding high temperatures. Despite the high temperature prevailing during
deposition, contamination of the crystalline Si layer during growth has to be prevented, putting
stringent requirements on the purity of the used materials. But both in CVD and LPE one
is confronted with potentially corrosive and aggressive gases or liquids. Finally there are
conflicting requirements concerning the chemical efficiency7 of the Si deposition process and
the thickness uniformity. A high uniformity normally does not go along with a high efficiency
since the latter points to a depletion in the gas phase. Even taking into account that the uniformity
requirement for thickness and doping is in the order of 10 %, it remains a considerable issue.

Even when these problems are satisfactorily solved, the reliability and safety of the de-
veloped deposition equipment over time as well as its low cost-of-ownership will have to be
proven. The allowable cost comprising the depreciation of the investment cost, and the cost
of consumables (gases, susceptors, . . . ) and maintenance depends obviously on the efficiency
reached, but in order to be compatible with 1 € /Wp this should not be higher than 20 € /m2,
assuming a module efficiency of 14 % [15].

Clearly, presently one has not yet reached this point. Rather one sees presently a number
of emerging high throughput deposition reactor concepts to tackle the main challenges. These
concepts are aimed essentially at upscaling the CVD and LPE methods and will be discussed in
the next sections. It should not come as a surprise that the upscaling efforts are mainly focusing
on CVD and LPE giving their relative maturity versus other solutions like IAD. It is expected
that the build-up of sufficient confidence in these reactor concepts will still require a number
of years before one can foresee their integration into existing solar cell production lines.

1.5.1 Chemical vapor deposition reactor upscaling

1.5.1.1 Continuous chemical vapor deposition reactor

The first reactor concept comes closest to the in-line solar cell processing concept which
one encounters in most present production facilities for bulk crystalline Si solar cells. It is

7 Chemical efficiency is defined as the ratio of the Si which ends up in the active layer versus the amount of Si
introduced in the gaseous or solid phase.
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Figure 1.20 Schematic view on the tube-in-tube concept for the continuous CVD system developed at
FhG-ISE, Freiburg; courtesy of FhG-ISE, Freiburg.

essentially based on continuous transport of the wafers through the hot reaction zone where
the epitaxial deposition takes place. In order to achieve a high conversion efficiency (Si(g)→
Si(s)) with only minor parasitic depositions, this reactor concept relies on a tube-in-tube concept
[88, 89]. The rectangular substrates form the side walls of the reaction chamber (the inner tube)
and constitute the largest part of its inner surface. The chamber is placed within the outer tube,
flooded by H2 or inert gas. The reactive gases, a mixture of SiHCl3 (TCS) and H2, are fed into
the chamber and deposition occurs. In the continuous CVD (Con-CVD) reactor two rows of
substrates slide continuously along the chamber, as shown in Figure 1.20. This also solves the
problem of lateral uniformity and gas depletion as all substrates pass through the same reaction
profile. To prevent, or at least reduce, the outdiffusion of reactive gases from the chamber into
the outer tube, a small overpressure is maintained.

A gas curtain system ensures the separation between the inner atmosphere in the reaction
zone and the outer atmosphere. This allows the substrates to be fed into and out of the reactor
in a continuous way without gas exchange between reactor and laboratory. It is based on the
behaviour of a gas diffusing against the flow of another gas. A small flow in the order of some
cm/s reduces the concentration of the diffusing gas after a few centimetres against the flow
direction to negligible values. Figure 1.21 shows the principle of the gas curtain systems which
are installed at both ends of the reactor tube.

FhG-ISE has built the first test reactors using this concept [88, 89]. The most important
features of the ConCVD reactor are shown in Figure 1.22.

Figure 1.21 Gas curtain system to separate inner reactor atmosphere from outer atmosphere in the
continuous CVD apparatus. See also [89].
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a)

Open system with gas curtains and two rows of

continuously moving substrates

Substrate temperature up to 1300 °C, resistively

heated

Reactor tube SiC, 30 cm Ø

Reaction chamber: graphite, 40 cm long

Two rows of graphite carriers for the substrates:

substrate width 10 or 20 cm, substrate length up to

40 cm; substrates of 10 cm width are placed in two

rows one upon the other on each carrier

Gas lines into the reaction chamber for H2, SiHCl3

and B2H6, for H2 or inert gas into the tube

Production rate at 5μm/min average deposition rate:

1.4 m_/h for Si layers of 30 μm thickness

b)

Figure 1.22 a) View on the ConCVD apparatus available at FhG-ISE, Freiburg; b) Summary of the
main features of the present ConCVD-reactor.

Using this reactor, epitaxial layers were grown at 1150 ◦C on highly doped multicrystalline
Si substrates at a deposition rate of about 1.5 μm/min and a throughput of 1.2 m2/h. Using a
relatively simple solar cell process, an efficiency of 12.5 % was reported [90].

First cost estimations have been made for this type of reactor. A production type ConCVD
system featuring a 2m long reaction chamber (instead of the present 0.4 m) at 200 mm width
would have a throughput of 150 000 m2/year which in the end results in an estimated cost
for silicon epitaxy of around 10 € /m2, which is compatible with the cost goal stated before.
The major cost share is H2 consumption, which can be further decreased by application of
state-of-the-art H2 recycling [88].

1.5.1.2 Convection assisted chemical vapor deposition

Convection assisted CVD (COCVD) is a recent development which actively uses thermal
convection to control the gas flow inside the reactor and to implement, in a natural manner,
recycling of the nonused gaseous precursor. The concept of COCVD is shown in Figure 1.23
[91]. The reactor is tilted by an angle α against the horizontal orientation. Cold gas is fed
into the reactor and flows downward along the cold wall that is positioned opposite to the
substrate. The gas moves upwards on the substrate side where it is heated, an effect which also
drives the convection. Part of the gas leaves the reactor through the outlet while the portion far
from the substrate stays in the convection roll for another turn. This corresponds to an internal
‘recirculation’ mechanism which reduces the amount of TCS that is required to grow a given
layer thickness. It is easily understood that the inclination of the substrate and the bottom wall
is crucial to the convection.
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1.5.1.3 Batch type epitaxial reactors

Despite the tremendous progress achieved with the ConCVD and COCVD reactors there is
still a long way to go before the reliability and safety of both concepts will be fully proven. In
the microelectronics sector large vertical batch type furnaces, based on SiH4 as Si-precursor,
have been developed for 200 and 300 mm wafers with throughputs in the order of 100 wafers/h,
which corresponds to 5 m2/h. Adapting the poly-Si deposition processes for thicker poly-Si
layers (like for power electronics applications) by using slightly higher temperatures (100–
200 ◦C higher) and reducing the uniformity specs to 10 %, the required cost goals might also
be attainable with such deposition systems.

The first indications that suitable epitaxial quality is reachable in such systems have been
obtained in a batch type LPCVD system [92]. The system consists of a resistively heated quartz
tube connected to a pump system at one end and closed with a quartz door at the other (the
thermal insulation between door and reaction volume is realized by a vacuum-pumped quartz
belljar). Si layers can be grown on 20 wafers simultaneously, using a system which allows
removal of the unwanted Si deposition on the reactor walls by using a quartz insert which
can be easily removed from the system. The wafers can be arranged in several configurations
as shown in Figure 1.24a and b. The horizontal set-up results in a thickness variation below
20 % for five 5 × 5 cm2 samples, which is acceptable for solar cell applications. High quality
epitaxial layers have been obtained, a fact illustrated by solar cells produced in layers grown on
p+-monocrystalline Si substrates [93]. For a process with a low deposition rate (between 20 and
50 nm/min) a defect density of 104 defects/cm2 can be obtained. This value is comparable with

Figure 1.23 a) The concept of convection-assisted chemical vapor deposition. The flow of feed gas is
enhanced and stabilized by thermal convection. The convection is governed by the reactor inclination
angle α. Reproduced with the permission from Proc. 19th Europ. PVSEC, Paris, (2004), p. 1241. Copy-
right (2004) Thomas Kunz, ZAE Bayern e.V; b) Photograph of the new CVD system. Reproduced with
the permission from Proc. PVSEC-15, Shanghai, (2005), p.190. Copyright (2005) Thomas Kunz, ZAE
Bayern e.V.



OTE/SPH OTE/SPH
JWBK098-01 JWBK098-Poortmans July 20, 2006 11:24 Char Count= 0

EPITAXIAL THIN FILM CRYSTALLINE SILICON SOLAR CELLS 29

Figure 1.24 a) and b) Basic configuration of the LPCVD system and wafers stacking used in Reference
[92] and [93] c) Dependence of the defect density on the deposition rate in the LPCVD-system.

the quality of the epitaxial layers on the same type of highly doped substrates grown in a
commercial reactor. By increasing the partial pressure of the SiH4 flow in the total gas flow,
an increase in growth rate can be obtained. The defect density of the grown layers increase
strongly as a function of the deposition rate as shown in Figure 1.24c.

An alternative batch type reactor concept is the so-called stacked epitaxial reactor [94]
(SER) which is based on densely packed resistively heated graphite susceptors as shown in
Figure 1.25a. The concept (shown in Figure 1.25b) is based on pioneering work in the eighties
[95]. The shown configuration results in highly efficient and homogeneous heating. Presently,
a prototype of this reactor is being built including a H2 recirculation system. The required H2

gas flow to the system is high to keep the temperature in the gas bulk sufficiently low as to avoid
dust formation. Without H2 recirculation, the economics of the approach would be endangered.
The system is foreseen to operate at atmospheric pressure in a mass transport controlled regime,
although in the prototype the possibility is foreseen to also operate at low pressure.

1.5.2 Liquid phase epitaxy reactor upscaling

For LPE reactor upscaling one can also make the same distinction between in-line concepts
and batch type concepts. In general, the concepts have not yet reached the same maturity as
the CVD concepts.
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Figure 1.25 a) Graphite susceptor configuration in the SER reactor and detail of the cross-section of
an interduct; b) Artists’ view of the SER-concept.

1.5.2.1 Temperature difference method

The temperature difference method (TDM) is a promising quasicontinuous technology for
the growth of thin film silicon from solution on large-area multicrystalline substrates (10 ×
10 cm2) [96, 97]. It was originally developed by Nishizawa [98] and has been used for the
deposition of III-V semiconductor layers for luminescent devices. The thermodynamic driving
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substrate
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heater x x
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Figure 1.26 Principle of the temperature difference method (taken from reference [97]); the heater
at the top ensures the temperature difference between source and substrate; Reproduced Figure 1 with
permission from B. Thomas, G. Muller, P.-m. Wilde, and H. Wawra, Properties of silicon thin films
grown by the temperature difference method (TDM), Conference Record of the 26th IEEE Photovoltaic
Specialists Energy Conference, Anaheim, 771–774, 1997. Copyright (1997) IEEE.

force for layer growth by TDM is generated by a temperature gradient perpendicular to the
substrate surface as shown in Figure 1.26. This temperature gradient results in a concentration
gradient over the melt. This gradient is the driving force for layer growth on the substrate.
Because the temperature remains constant during growth, the temperature dependence of the
solubility does not influence the layer composition.

Silicon thin films have been grown from In/Ga solutions with growth rates up to 0.3 μm/min.
Minority-carrier lifetimes of 5–10 μs were determined in 30 μm thick epitaxial layers both on
mono- and multicrystalline Si substrates, which is remarkably high taking into account the
absence of any H-passivation treatment

1.5.2.2 Batch type multiwafer liquid phase epitaxy system using melt-back

Standard LPE setups like the ‘sliding boat approach’ are not compatible with large batch type
processes because of the necessity to change the solvent after each epitaxial growth as the
amount of dissolved Si has diminished. The University of Konstanz is therefore developing
a system, based on dipping the substrates into an ‘infinite source’ [99, 100], the principle of
which is shown in Figure 1.27a. The present system (see Figure 1.27b) is capable of handling
16 substrates at a time, but there is no basic lemitation for further upscaling. An interesting
asset of the proposed approach is the melt-back step, carried out before each growth process
to supply silicon to the melt from the UMG-Si [100, 101] instead of adding electronic grade
silicon to the solution. The upgrading of the Si material, done in this way, is probably more
energy efficient than the purification of metallurgical grade Si. Small-area (3 cm2) solar cells
produced in these LPE layers by means of a solar cell process compatible with industrial
practice showed efficiencies around 10 %.
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Figure 1.27 a) Schematic view on the batch-type LPE system based on dipping the substrates in an
‘infinite source’. b) Present system. Courtesy of University of Konstonz.

1.6 CONCLUSIONS

Epitaxial thin film solar cells represent a technology that is very different from other thin
film technologies but is rather close to the dominant bulk silicon solar cells. As such it is an
appealing option in scenarios of gradual transition from wafer based solar cells to thin film
monolithic modules. The potential cost reduction, while not as dramatic as for some other
thin film technologies, is nevertheless substantial. Importantly, the technology would decrease
the dependency of the PV industry on poly-Si feedstock. Thin film epitaxial cells show a
high level of maturity, with industrial type solar cells reaching efficiencies of about 13 %.
To further increase performance, optical confinement is necessary. Recent developments on
buried porous silicon reflectors indicate that the path length enhancement necessary to reach
efficiencies similar to those of bulk solar cells is achievable. Several deposition techniques
have been investigated, but technologies based on thermal CVD are the most mature and give
the best results. However, a prerequisite for future commercialization of the technology is the
availability of a dedicated high throughput epitaxy system. This is therefore a very important
topic in current epitaxial solar cell research and development.
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[8] C. Hebling, S. Reber, K. Schmidt, R. Lüdemann and F. Lutz, ‘Oriented recrystallization of silicon
layers for silicon thin-film solar cells’, Conference Record of the Twenty-sixth IEEE Photovoltaic
Specialists Conference – 1997 (Cat. No.97CB36026). IEEE, New York, NY, USA; 1997; 1451
p.623–626 (1997).

[9] M. Pauli, T. Reindl, W. Krühler, F. Homberg and J. Müller, ‘A new fabrication method for multicrys-
talline silicon layers on graphite substrates suited for low-cost thin-film solar cells’, Proceedings
of the First World Conference on Photovoltaic Energy Conversion, Hawaii, p.1387–1390 (1994).

[10] G. Andra, J. Bergmann, F. Falk and E. Ose, ‘Laser-induced crystallization: a method for preparing
silicon thin solar cells’, Proceedings of the Twenty-sixth IEEE Photovoltaic Specialists Energy
Conference, Anaheim, p.639–642, (1997).

[11] M. J. Keevers, A. Turner, U. Schubert, P. A. Basore and M. A. Green, ‘Remarkably effective
hydrogenation of crystalline Si on glass modules’, to be published in Proceedings of the Twentieth
European Photovoltaic Solar Energy Conference, Barcelona, Spain, June 6–10 (2005).

[12] M. Stemmer, G. Wagner, S. Martinuzzi, D. Ginley, A. Catalano, H. W. Schock, C. Eberspacher,
T. M. Peterson and T. Wada, ‘Silicon films deposited by LPE on low cost multicrystalline sil-
icon substrates’, Proceedings of Thin Films for Photovoltaic and Related Device Applications
Symposium, p.123–128 (1996).

[13] E. Demesmaeker, M. Caymax, R. Mertens, Le Quang Nam and M. Rodot, ‘Solar cells in thin
epitaxial layers on metallurgical silicon substrates’, International Journal of Solar Energy, vol.11,
no.1–2; p.37–53 (1992).

[14] See **Preface?** of this book.
[15] J. Poortmans, S. Reber, S. Gall, C. Zahedi and J. Alonso, ‘European Cluster on High- and Inter-

mediate thin-film crystalline Si solar cells R & D: overview of running projects and underlying
roadmap’, Proceedings of the Nineteenth European Photovoltaic Conference, Paris, 7–11 June,
p.397–402 (2004).

[16] There is one company dedicated to the production of solar grade Si (SGS, USA) whereas several
other companies (Hemlock, USA; Wacker, Germany; Tokuyama, Japan) are developing specific
production lines for the production of solar grade Si (Fluidized bed reactors for Wacker, vapor
to liquid reactor for Tokuyama). Elkem, Norway is developing its own route based on upgrading
metallurgical Si see e.g. C. Zahedi, E. Enebakk, K. Friestad, M. G. Dolmen, J. Heide, T. Buseth,



OTE/SPH OTE/SPH
JWBK098-01 JWBK098-Poortmans July 20, 2006 11:24 Char Count= 0

34 THIN FILM SOLAR CELLS

R. Tronstad, C. Dethloff, K. Peter, R. Kopecek, I. Melnyk and P. Fath, ‘Solar Grade Silicon from
metallurgical route’, Technical Digest of the Fourteenth International Photovoltaic Science and
Engineering Conference (PVSEC-14), Bangkok, Thailand, January 26–February 1, p. 673–676,
(2004).

[17] H. A. Aulich, ‘Silicon supply for PV’, Technical Digest of the Fourteenth International Photovoltaic
Science and Engineering Conference (PVSEC-14), Bangkok, Thailand, January 26–February 1,
p. 677, (2004).

[18] T. Vermeulen, O. Evrard, W. Laureys, J. Poortmans, M. Caymax, J. Nijs and R. Mertens, ‘Realisa-
tion of thin film solar cells in epitaxial layers grown on highly doped RGS-ribbons’, Proceedings
of the Thirteenth European Photovoltaic Solar Energy Conference, Nice, p.1501–1504 (1995).

[19] G. Wagner, G. Steiner, B. Winter, W. Dorsch, A. Voigt, H. P. Strunk, R. Brendel, M. Wolf and J. H.
Werner, ‘Polycrystalline silicon layers on low cost silicon ribbons for photovoltaic cell application’,
Proceedings of the Thirteenth European Photovoltaic Solar Energy Conference, Nice, p.461–464
(1995).

[20] K. J. Weber, A. Stephens and A. W. Blakers, ‘Investigation of the effect of various process param-
eters during liquid phase epitaxy of silicon on silicon substrates’, Proceedings of the Thirteenth
European Photovoltaic Solar Energy Conference, Nice, p. 1590–1593 (1995).

[21] see e.g. T. Vermeulen, J. Poortmans, M. Caymax, F. Duerinckx, S. Maene, J. Szlufcik, J. Nijs,
R. Mertens, N. B. Mason and T. M. Bruton, ‘Application of industrial processing techniques to
thin-film crystalline solar cells on highly doped defected silicon substrates’, ‘Proceedings of the
Second World Conference on PV Solar Energy Conversion’, p.1209–1214 (1998) and J. Poortmans,
J., F. Duerinckx, F, J. Nijs, J., N. Mason, N., T. Bruton, B. Garrard, B., T. Ulset and W. Warta,
‘Large-area epitaxial thin-film solar cells on metallurgical-grade Si substrates’. Proceedings of the
Sixteenth European Photovoltaic Solar Energy Conference and Exhibition; May 2000; Glasgow,
Scotland, p. 1549–1552 (2000).

[22] C. Zahedi, F. Ferrazza, A. Eyer, W. Warta, H. Riemann, n. V. Abrasimov, K. Peter and J. Hötzel,
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2.1 MOTIVATION AND INTRODUCTION TO SOLAR
CELL CONCEPT

The idea of using foreign substrates, i.e. nonsilicon materials or coated silicon for the sub-
sequent deposition and processing of a thin film silicon solar cell has been in the minds of
scientists for several decades. This concept has some major principal advantages: consump-
tion of expensive solar grade silicon can be dramatically decreased, and wafer formation
by sawing can be omitted completely. The consequence is an inherent potential for large
cost savings compared to a ‘conventional’ module manufactured from silicon wafer solar
cells.

To realize the idea, approx. 30 years ago research started on amorphous silicon films (a-Si),
usually using glass sheets as substrates. Glass substrates have many advantages, such as low
cost, abundance and transparency, to name just a few. However with ongoing research, the
solar cell efficiency of a-Si solar cells reached a kind of saturation, with a limit on typical
module conversion efficiency at around 6–8 %. This efficiency is too low to let the inherent
cost reduction potential of thin film silicon solar cells become visible, due to high area-related
costs. Efficiency was then increased by the introduction of a new cell concept involving two or
three pn-junctions stacked monolithically upon each other to separate light-generated charge
carriers more effectively [1]. Hydrogenated microcrystalline silicon (μc-Si:H) was, in addi-
tion, found as a new material to exhibit beneficial properties for this purpose. It consists of
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silicon crystallites of submicrometer grain size, with its numerous dangling silicon bonds be-
ing passivated by hydrogen. The optical and electrical properties of μc-Si:H are similar to
large-grained crystalline silicon (c-Si). Two-junction (“tandem”) solar cells were fabricated
using a-Si cells as the top cells (faced to the illuminating light) and μc-Si:H as the bottom cells.
Thus efficiency could be increased to higher than 13 % before light-soaking, for large labora-
tory modules [2], with stable efficiencies in the range of 10 % [3]. However this improvement
also did not lead to a deep market penetration until now. Still and without a decreasing trend
conventional silicon wafers dominate the photovoltaics (PV) market at a share higher than
93 % [4]. One of the important reasons leading to this situation surely is the possibility for
reliable manufacturing of silicon wafers, as well as their potential for stable and predictable
high efficiency due to the underlying material, crystalline silicon. The obvious thing to do
in order to exploit the cost potential for thin silicon solar cells on foreign substrates would
consequently be the combination of ‘crystalline silicon’ and ‘thin film’. Crystalline silicon
thin film (CSiTF) solar cells would combine the principal advantages discussed above and
the high solar cell efficiency potential of crystalline silicon. Intense research on CSiTF so-
lar cells started about 10 to 15 years ago. Soon research showed that – as for ‘thick’ wafer
solar cells – the diffusion length of minority carriers of the active silicon layer has to ex-
ceed the silicon layer thickness about a factor two to three, if solar cell efficiency is not to
be limited by the layer quality (see e.g. Ref. [5]). Bergmann and Werner have calculated
a quantitative correlation between solar cell conversion efficiency potential and grain size
of the multicrystalline silicon layer, taking into account the detrimental influence of grain
boundaries [6, 7]. According to these calculations, in order to achieve e.g. conversion ef-
ficiencies exceeding 15 %, the size of the silicon grains has to be at least in the order of
100 μm.

Direct deposition of silicon on a foreign substrate, however, yields crystal grains smaller
than approx. 5 μm, independent of deposition method and temperature used. Therefore, the
key issue in all research activities on CSiTF solar cells on foreign substrates is to increase
the grain size of the as-deposited silicon layer, also called ‘recrystallization’. All approaches
to realize recrystallized CSiTF solar cells use some kind of heat treatment to achieve this
aim. Depending on the substrate type used, process temperatures can be limited. In the so-
called ‘low-temperature approach’ the use of glass substrates prohibits temperatures exceeding
approx. 550 ◦C. Maximum grain size achieved is therefore in the 10 μm range and respective
solar cell efficiencies are limited to approx. 8 % up to now [8]. More information on this topic
is found in Chapter 3.

In the ‘high temperature approach’, the substrate does, by definition, not limit process
temperature. It is allowed to even exceed the melting point of silicon at 1420 ◦C, which gives
room for the most effective method to create grains exceeding 100 μm from a microcrystalline
layer: liquid phase recrystallization.

This chapter deals with issues regarding preparation of CSiTF solar cells on foreign sub-
strates following the high temperature approach. Key issues for the discussed technology are:
(i) availability of a suitable substrate material, (ii) development of an in-line silicon depo-
sition method and (iii) progress in high-speed recrystallization. In this section we will give
an overview of the requirements for materials, layers and processes, of the current research
work and of the challenges and problems which have emerged. The most important topics are
treated in separate sections in detail. We will often use examples to spot-light typical effects
and results encountered during experimental work, in order to achieve a more vivid description
of the research results.
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Figure 2.1 Generic structure of a CSiTF solar cell on foreign substrate.

In the following pages, the layers and key processes to prepare a CSiTF solar cell on a
foreign substrate using high temperatures shall be introduced. A typical (‘generic’) device
structure is shown in Figure 2.1.

The CSiTF solar cell can be based on any suitable high temperature stable substrate, e.g.
ceramics or low-cost silicon ribbons. The substrate is coated by an intermediate layer (IL),
which is mainly needed to suppress diffusion of impurities from the substrate into the silicon
layer. Requirements for the substrate and intermediate layer, as well as current achievements,
are discussed in detail in Section 2.2.

A process consisting of three major steps is usually applied to form the silicon layer. In the
first step, a highly boron doped (∼1019at/cm3) silicon layer is deposited onto the intermediate
layer. Section 2.4 discusses basics and results achieved for the most commonly used silicon
deposition technique for this purpose, thermal atmospheric-pressure chemical vapor deposition
(APCVD).

Since the as-deposited silicon layer is microcrystalline, it is recrystallized in the second step.
Large-area melting [9] and zone-melting recrystallization (ZMR) are possible methods. The
latter is more commonly used, therefore we will focus only on the ZMR method in this chapter.
Details of the ZMR principle, ZMR silicon film features and ZMR processor development are
given in Section 2.3.

The recrystallized silicon layer (also called ‘seeding layer’) serves as ‘seed’ for a subsequent
epitaxial deposition of a (∼1017 at/cm3) normal boron doped silicon layer, which forms the
active solar cell absorber. Challenges and achievements concerning this processing step, as
well as current work on CVD processor development are also described in Section 2.4.

The three-step process to create the silicon layers enables the formation of a p+/p high-low
junction at the interface between the seeding and epitaxial absorber layers, where it acts as a
back surface field (BSF) and thus reduces the effective surface recombination at the rear of the
epitaxial layer.

There are, in principle, two ways to process a solar cell using the layer stack as described up
until now. If the substrate and/or intermediate layer are nonconductive, both metal contacts for
base and emitter have to be applied to the front side. This allows manufacturing of an integrated
module on one large-area substrate by interconnection of (e.g. laser) isolated solar cell stripes.
If both the substrate and the intermediate layer are conductive, a conventional metallization
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structure can be realized for contacting base and emitter, as sketched in Figure 2.1. Base
contacting is done on the rear side of the substrate, and emitter contacts are formed on the
front side of the stack. If this processing is possible, the layer stack (i.e. substrate, IL and
silicon layers) may be called ‘recrystallized wafer equivalent’ [10], since in principle it can
be processed to a solar cell and module like a standard wafer. It has the potential to replace a
conventional wafer in a typical silicon wafer solar cell production, therefore the term ‘wafer
equivalent’ applies. Section 5 deals in detail with solar cell results and challenges in processing
recrystallized wafer equivalents.

2.2 SUBSTRATE AND INTERMEDIATE LAYER

Nearly all thin film concepts are based on the deposition of the electrically active absorber
film onto substrates. In most cases, intermediate layers between the substrate and film are used
in order to avoid the diffusion of impurities which are detrimental to solar cell performance.
Requirements of both the substrate and IL are especially high for the high temperature concept
for CSiTF solar cells to be realized. They will be discussed, together with an overview of the
respective state of the art in R&D in the following two sections.

2.2.1 Substrate

2.2.1.1 Material requirements

The high temperature concept described in this work enables high silicon deposition rates,
grain enlargement by recrystallization and low defect epitaxial growth. However, the neces-
sary temperature stability restricts the choice of potential substrate materials. The following
requirements have to be satisfied:

� Mechanical and chemical stability. A basic requirement of the substrate is its mechanical
stability during all high temperature processes. Screen-printing and lamination demand a
bending strength of ∼150 MPa [11]. As to chemical stability, the substrate material has to be
inert to any interaction with liquid silicon during ZMR. Diffusion of harmful impurities from
the substrate into the active silicon film is also not tolerable. In both cases the introduction
of an intermediate barrier layer may lower requirements on the substrate. As a last point,
the substrate has to withstand different chemicals used for solar cell processing. Replacing
standard wet processes by dry processing can make this issue less critical [12].� Flatness and thickness uniformity. For ZMR to be successful a certain degree of substrate
flatness is necessary to keep the focal line in a fixed plane. The maximum acceptable bow is in
the range 0.5 mm to 1.0 mm for a 150 × 150 mm2 wafer. Substrates with a bow exceeding this
value would not only be problematic for ZMR but also could not be processed into solar cells
with today’s standard solar cell manufacturing equipment. Thickness uniformity is important
for various processes and again especially for ZMR, where uniformity is a prerequisite in
order to achieve a homogeneous temperature and therefore stable recrystallization.
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� Small surface roughness. Small surface roughness and small surface pores are necessary to
ensure the formation of a closed film during Silicon (Si) deposition and recrystallization. As a
rule of thumb, the maximum roughness should be less than one third of the seed film thickness
[13].� Matched thermal expansion coefficient (TEC). During Si deposition the substrate is heated up
to around 1200 ◦C, and during recrystallization to even more than 1400 ◦C locally. The sub-
strate’s thermal expansion has to match that of Si (for experimental data see e.g. Ref. [14]) in
order to avoid the formation of cracks in the cooling phase after high temperature processing.� Another thermal property to be mentioned is the material’s ‘thermoshock resistance’, which
must be compatible with the heat up and cool down ramps applied during the high temperature
processes.� Low costs. The cost of the substrate plus the active Si thin film must be substantially lower
than that of standard multicrystalline wafers, otherwise the CSiTF solar cell cannot be cost
effective. Cost calculations conclude that the upper cost limit is in the range of 50 to 70 €/m2,
assuming a conversion efficiency around 12 % [15]. For high volume production, substrate
costs of 20 € /m2 to 50 € /m2 have been projected [15, 16]1. If ceramics are chosen as
a substrate material, the ability to produce it by tape casting2 is a prerequisite since other
forming techniques like hot pressing are rather cost intensive.

2.2.1.2 Low cost and ‘Model’ substrates

For the research on CSiTF solar cells two different types of substrates were used. On one hand
Silicon ribbon and ceramic materials with low cost potential were tested. On the other hand
standard mono- and multicrystalline Si wafers were employed as ‘model’ substrates for Si thin
film optimization.

Examined materials belonging to the first group were silicon nitride (Si3N4) [19, 20],
zirconium silicate (ZrSiO4) [21], silicon infiltrated silicon carbide (SiSiC) [22] and reaction
bonded silicon carbide (RBSiC) [23] ceramics, aluminum oxide based ceramics like Al2O3

[24], Mullite [25, 26], SiAlON [27, 28], graphite [12, 29], and silicon sheets from powder
(SSP) ribbons [28, 30]. Not all of these materials match the criteria listed in the previous
section. Al2O3, for example, has a large difference in TEC to silicon, therefore it was only
used in direct deposition of silicon, not for ZMR purposes. For a better understanding of the
following sections, it is necessary to describe some of the more promising materials in more
detail. All of them were used in the work reported in the respective references cited above.

Silicon nitride ceramics were produced by two different methods: sintering of silicon ni-
tride powder (sintered silicon nitride, SSN) and reaction bonding through nitridation (reaction
bonded silicon nitride, RBSN). A benefit of SSN material is its higher material density com-
pared to that of RBSN (see e.g. Ref. [18], p. 215 ff). However, for possible application as
thin film solar cell substrate, RBSN material is preferred for cost reasons. Both silicon nitride

1 Pursuing a similar concept AstroPower Inc. (now taken over by GE Energy) calculated with 9 $/m2 for substrate
costs [17].
2 For details on this technique see, e.g. [18], p. 41ff.
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materials are characterized by a TEC slightly smaller than that of silicon and a very good
thermal shock resistance. Both the SSN and warm pressed RBSN materials were produced
by Ceramic for Industries (CFI), Germany3. Tape cast SSN ceramics were produced by the
Energy Research Centre of the Netherlands (ECN) [20].

Zirconium silicate (ZrSiO4) occurs as the natural mineral zircon and is mined as sand.
This raw material is especially well suited to meet the cost goals. The resulting substrates
are nonconductive, and their white color makes optical confinement issues easier. The ZrSiO4

substrates reported were uniaxially pressed, however it is possible to tape cast the material.
One of the most important nonoxide ceramics is SiSiC. The pores of the SiC ceramic

matrix are filled with liquid silicon and yield a very dense material without open pores. A
high temperature stability and good thermal and electrical conductivity characterize SiSiC.
Basic information on these ceramic types can be found, e.g., in [18], p. 210 ff. Usually SiSiC
ceramics are manufactured by isostatic hot pressing, thus yielding a substrate cost which would
probably be too high. A more economic approach is the tape casting and reaction bonding of
SiC based ceramics [23]. Here, a slurry containing silicon, carbon, silicon carbide particles and
binder is tape cast to up to 40 cm wide tapes, shaped, debindered and sintered at temperatures
exceeding 1500 ◦C.4 During the sintering step, silicon and carbon react to create SiC, thus
binding the already present SiC particles together. The resulting RBSiC tape has the potential
to be cost effective for PV purposes. In contrast to SiSiC, it contains open pores which make
wet chemical processing difficult.

The SSP ribbon growth process was developed by Fraunhofer Institute for Solar Energy
Systems (Fraunhofer ISE) and Siemens AG [31, 32]. Originally it featured a surface melting as
well as a zone melting step. Later the process was modified to yield substrates for thin film solar
cells, employing surface melting only [30]. Substrates made of SSP ribbons had a thickness
around 600 μm and were used without any mechanical or chemical leveling of the surface.

All the ceramic and silicon ribbon substrates mentioned above have been developed in
research projects on CSiTF solar cells. Substrate compositions and fabrication methods are still
under investigation, and they can therefore not yet be fabricated with the same reproducibility
as that of routinely manufactured products. In addition, more often than not the available
quantity of such substrates is not sufficient for silicon thin film optimization. At the moment,
no substrate is available on the market which is really suitable for high temperature CSiTF
solar cells. However their development is continuing with good progress.

Oxidized or SiC coated standard Czochralski silicon (Cz-Si) and multicrystalline silicon
(mc-Si) are commonly used as ‘model’ substrates for ZMR, silicon deposition and solar cell
optimization. Both monocrystalline Cz-Si semiconductor industry monitor wafers, and wire-
sawn and damaged etched mc-Si wafer are employed for this purpose.

2.2.2 Intermediate layer

Low costs and chemical purity of the substrate material cannot usually be achieved simulta-
neously. Metals which are especially harmful are those which are present in free form, while
those bound in the form of oxides are less detrimental [33]. However, the required purity cannot

3 Now H.C. Starck Ceramics, Germany.
4 This process to produce RBSiC was developed for PV by H.C. Starck Ceramics, Germany.
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normally be achieved without an intermediate barrier layer. A good intermediate layer has to
meet the following requirements:

� The most important requirement is mechanical and chemical stability at process temperatures
as high as 1450 ◦C, including in the zone melting process. If not met, it leads to either nonideal
silicon seeding layer deposition, to inhomogeneous ZMR up to complete destruction of the
seeding layer structure, or to the contamination of the silicon layer by substrate impurities.� The intermediate layer has to act as an effective diffusion barrier for electrically active
impurities from the substrate. It also may not serve as a source of impurities by itself.
Considering the high temperatures of the ZMR process, these requirements are extremely
demanding and narrow the range of possible materials extremely.� Good wetability of both the substrate and the silicon layer makes ZMR processing more
reliable. However, most publications report the use of SiO2 as an intermediate layer, which
has a comparatively bad wetting behavior with respect to liquid silicon.

Besides the barrier properties an intermediate layer can serve two other purposes: firstly,
it may be a functional part of an advanced contacting scheme like an integrated series inter-
connection; secondly, the intermediate layer can act as a back reflector and be part of a light
trapping structure.

On the mc-Si and Cz-Si wafers which are used as model substrates, an intermediate layer
(IL) is not necessary to create a barrier, however it serves other purposes. Here the intermediate
layer assures the same Si seed film growth as on coated ceramics. Further it provides electrical
separation of the active Si thin film from the substrate if needed.

In principle, all carbides, nitrides and oxides could be investigated for IL purposes. Also
other compounds (e.g. silicates) or even elemental layers (e.g. from pyrocarbon) could be
suitable. Of course transition metals and other harmful elements should be avoided both as
anions in those compounds and for applications as bare metal IL, since they would probably
be dissolved by liquid silicon and thus contaminate it.

At the moment, however, only silicon dioxide (SiO2), silicon nitride (SiNx) and silicon
carbide layers have been tested as intermediate layers. Silicon dioxide was either deposited by
PECVD or by the spin-on coating of a commercial spin-on dopant (SOG). Thermal oxidation
has also been applied to form SiO2 layers. For the preparation of SiNx layers PECVD was the
only deposition method used. Stacks of SiO2 and SiNx (e.g. the combination SiO2/SiNx/SiO2,
‘ONO’) have also been examined [22, 26, 34].

Both SiO2 and SiNx layers are nonconductive. Their conductive counterpart are SiC layers,
which were prepared either at low temperature by PECVD, or by atmospheric pressure CVD
at high temperature [35, 36]. Thickness of the intermediate layers ranged from 0.5 μm to 4 μm
for the low temperature deposited layers, and up to several 10 μm for the high temperature SiC
layers.

2.2.2.1 Light trapping

Since crystalline Si is an indirect semiconductor, light trapping must play a major role if
thin film solar cells with high conversion efficiency are to be realized. Without light path
enhancement it is not possible to profit from the advantages of thin cells compared to thick
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Figure 2.2 Different options for light trapping. The change in refraction at the interface of Si and the
intermediate layer (IL) results in total reflection for rays with angles greater than θc. (a) Diffuse back
reflector. (b) Structured front and planar back side. (c) Front and back side both structured. (Note: in
reality this is a three dimensional pyramidal structure). (d) Structured surface and diffuse back side.

cells, i.e. the potential for a high open circuit voltage Voc with reduced requirements regarding
material quality. Indeed, companies with low temperature concepts close to commercialization
like Kaneka [37] and CSG Solar5 [8, 38] put a lot of emphasis on light trapping technology.

Using an analytical approach, Goetzberger demonstrated that the combination of a planar
surface with an ideal diffuse reflector (Figure 2.2a) provides a very effective light trapping
structure [39]. The key to this concept is the Lambertian reflector – defined as a reflector with
uniform radiance (brightness) in all directions, regardless of the angle of incidence. Using such
a reflector, only a small fraction of scattered rays can escape at the front surface while all rays
with an angle θ greater than the critical angle θc experience total reflection.

In the wavelength region between 800 nm and 1200 nm, the critical angle θc is approx. 16 ◦

for silicon and air, and approx. 24 ◦ for silicon and SiO2.
6

Yablonovitch and Cody have calculated a maximum light path enhancement of 4 n2
21 for

such a randomizing structure, where n21 is the ratio of the refractive index of silicon to that of
the adjacent material [41, 42]. For silicon and air the enhancement factor has a value of around
50. Numerical simulations show that even with more elaborate structures it is difficult to exceed
the performance of the ideal diffuse reflector structure described above [5, 43]. However, in
practice, this ideal Lambertian behavior cannot be achieved [44] and more realistic simulations
of diffuse reflection use the Phong model [5, 45]. In addition, the IL at the rear surface of the
silicon layer is in all cases reported to be not ideally reflecting, but represents a dielectric mirror.
This dielectric mirror of course also has a loss cone, with a θc depending on its refractive index
n. For IL made from material of high refractive index (e.g. SiC: n ≈ 2.5), the loss cone can
become a significant drawback.

The numerical investigations cited above show that the most efficient structure is one with
pyramids on both sides (Figure 2.2c) or one with a pyramidal structured surface in combination
with a diffuse back reflector (Figure 2.2d). Slightly less efficient is a combination of a pyramidal
structured front side and a planar back reflector (Figure 2.2b).

The structure used in various publications often corresponds to Figure 2.2b for the case of
model substrates. Damage etched mc-Si wafers and ceramic substrates provide some surface
roughness and the structure corresponds to an intermediate state between Figure 2.2b and d.

5 Former Pacific Solar Ltd.
6 Calculated from the data given in Ref. [40].
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Since ZMR yields crystal grains which are preferentially (100) oriented, texturing of the silicon
surface is easily possible by applying a standard wet chemical anisotropic alkaline texture
(e.g. by a KOH isopropanol solution). This way a randomized pyramid surface is achieved as
sketched in Figure 2.2b.

2.2.2.2 Diffusion of impurities

In principle nearly every chemical element is unwelcome in the silicon layer of CSiTF solar
cells. Transition metals like iron, nickel or titanium as well as other elements like aluminium
can be found in metallurgical silicon and silicon based ceramics [46]. Their concentrations can
reach up to 1020 at/cm3, and a large part can be mobile in the substrate at high temperatures.
Even if only a small fraction is transported to the active silicon layer, it can have a dramatic
negative influence on the solar cell’s performance. Elements from the group of transition metals
are especially harmful, as they seriously degrade the solar cell’s efficiency [47, 48]. In the case
of CSiTF solar cells, the diffusion velocity of the respective elements in silicon during the high
temperature treatments also has to be considered. Compared to other elements, the transition
metals diffuse very fast in silicon at high temperatures. Among these, iron, chromium and
vanadium are the elements with extraordinarily high diffusion coefficients [49]. If they can
penetrate the IL, they are expected to be distributed nearly homogeneously throughout the thin
silicon layer at high temperatures in a short amount of time. Titanium also has a high diffusion
coefficient, but tends to segregate at the silicon surface and is therefore not as mobile as iron,
chromium and vanadium [50].

Considering these three criteria, the transition metals iron, chromium and vanadium are the
most critical ones for CSiTF solar cells. Consequently, intermediate layers have to be especially
effective as a diffusion barrier against these metals. Systematic studies yielding quantitative
parameters of diffusion barrier properties of SiO2, SiNx and SiC layers with respect to iron,
chromium and vanadium are very rare, especially in the temperature range of interest for
CSiTF solar cells. In Ref. [51] diffusion barrier data from non-PV work is reviewed, and
detailed information on experiments yielding temperature dependent diffusion coefficients for
iron chromium and vanadium in PECVD SiO2 and SiNx layers is given. Simulations created
in this work predict that SiO2 and SiNx can effectively prevent the diffusion of impurities in a
generic process for the preparation of CSiTF solar cells as described in Section 2.1. Referring
to PECVD layers it has been shown that SiNx is a more effective barrier than SiO2 [52].

A more practical method to evaluate the effectiveness of diffusion barriers is the compo-
sitional analysis of silicon layers on foreign substrates after all processing steps have been
completed. In Ref. [20], the use of glow discharge mass spectrometry (GDMS) is described
in the case of a SiSiC substrate coated with a 2 μm thick PECVD SiO2 intermediate layer.
Figure 2.3 shows the respective impurity concentration profile of the layer stack after ZMR
and epitaxy.

The measurement reveals a large contamination of the ceramic substrate by boron and var-
ious transition metals like iron, titanium, vanadium, chromium, manganese and nickel. Within
the barrier and BSF layer (labeled ‘p+-Si’ in the figure) the concentration of all impurity
elements decreases substantially, and in the base layer only iron and nickel are detected in con-
centrations exceeding 0.01 ppma. Compared to the substrate concentration, this corresponds to
a reduction of three and two orders of magnitude, respectively. The author also reports that the
application of an ONO intermediate layer stack similarly leads to a decrease in transition metal
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Figure 2.3 GDMS impurity profile of a silicon film prepared on a SiO2 encapsulated SiSiC ceramic
substrate. Hollow symbols denote measurement signals below the detection limit.

contamination in the p+-region, but the impurity concentration drops below the detection limit
within the epitaxial layer.

Compositional analysis of CSiTF structures can be a very efficient way of evaluating the
effectiveness of diffusion barriers. The analysis showed that SiO2 and SiNx layers can be effec-
tive diffusion barrier layers even when applying them to very impure ceramics and to extreme
process temperatures up to 1450 ◦C. This proof is still missing for SiC intermediate layers.

2.3 ZONE MELTING RECRYSTALLIZATION

For the thin film concept presented in this chapter, ZMR is a key technology. This process
largely determines the crystallographic and electronic quality of the silicon thin film. This
section starts with a short historical introduction to ZMR and then describes characteristics of
ZMR film growth. Subsequently, typical features of ZMR thin films are discussed. A central
aspect concerns the effect of scan speed on film quality, since this parameter mainly determines
process costs. Further, concrete realizations of ZMR systems are presented. In situ process
control is an important feature for automated high speed processing. The section concludes
with the discussion of ZMR results on ceramic substrates.

2.3.1 Introduction

Typically, the crystallite or ‘grain’ size of Si films deposited on foreign substrates by high
temperature CVD is in the micron range. So far, using conventional solar cell processes with
p-n structure, the maximum conversion efficiency obtained on such thin films has been below
6 % [26, 53, 54]. Through solid or liquid phase recrystallization, grain size can be increased
by several orders of magnitude, allowing much higher solar cell conversion efficiencies to be
reached.



OTE/SPH OTE/SPH
JWBK098-02 JWBK098-Poortmans July 20, 2006 11:40 Char Count= 0

THIN FILM SOLAR CELLS ON FOREIGN SUBSTRATES 49

Lower heater

Scan

Elliptical

reflector

Si film

Substrate

Sample support

μc mc

Molten zone

Linear lamp

Figure 2.4 Principle of ZMR using linear halogen lamp heaters.

A recrystallization technique for PV has to fulfil the following requirements:

� Costs for this process step have to be lower than ∼20 €/m2.� The throughput of a respective processor needs to be at least 5 m2/h.� A processor for recrystallization needs to be uncomplicated and reliable; the process should
be controlled automatically.� Grain sizes larger than 100 μm should be achieved.

Zone melting recrystallization is one of the few techniques able to meet these requirements.
The principle of this technique is shown in Figure 2.4, where halogen lamps are used as heat
sources. Common to all ZMR methods is the creation of a narrow molten zone that is scanned
across the thin film. Behind the focal line, the melt cools below the melting point and hetero-
geneous nucleation starts. Stable crystallites develop and act as seeds for further growth. Due
to the anisotropic crystal growth speed (see, e.g. [55]) grains with a particular crystal direction
soon prevail. This kind of geometric selection is well known from the Bridgman technique [56],
one of the preferred methods for multicrystalline ingot growth in photovoltaics [57]. Grains
grown by ZMR reach up to several millimeters in width and several centimeters in length.

A pioneer of ZMR was Leitz who, in 1950, patented a technique for growing single-crystal
films of luminescent materials [58]. In the 1960s ZMR was investigated for the growth of low
melting point semiconductors like germanium or InSb [59]. At this time initial experiments with
silicon failed, but interest in ZMR was renewed in the 1980s when research into technologies
able to produce silicon on insulator (SOI) films became of interest. Such films were desirable
for high-speed integrated complementary metal oxide semiconductor (CMOS) circuits realized
with small structures, little capacitance and avoidance of parasitic transistors, as well as for
high power devices built up on insulators. A comprehensive review on activities and results
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Table 2.1 Characteristics of different ZMR film growth methods

Heat source Electron beam Laser Graphite stripe Incoherent lamp

Temp. gradient high high low low
Grain size μm–mm μm–mm mm–cm mm–cm
Defect density high high medium medium
Substrate requirements medium medium high high
Film contamination oxygen oxygen carbon, oxygen oxygen
Investment costs very high high low low

during this period is given by Givargizov [60]. An overview with focus on modeling is provided
by Miaoulis et al. [61].

For use in SOI technology ZMR wafers could not carry through in the face of other tech-
nologies like separation by implantation of oxygen (SIMOX) or wafer bonding. However,
several research groups have examined the ZMR technique for an application in photovoltaics.
As listed in Table 2.1, four different methods to generate the molten zone are being invest-
igated:

� Electron beam ZMR An electron beam is generated in a vacuum environment and very
rapidly melts a thin silicon layer [62]. Scan speed is very high (up to several cm/s), therefore
the thermal load of the substrate can be kept low. Defect density in grains is comparatively
high, but due to the low substrate temperature this method is especially useful for glass
substrates.� Laser ZMR A laser beam is scanned two-dimensionally across the silicon layer generating
a zone of molten silicon [63]. Throughput is limited since the laser spots have to overlap
and the resulting scan speed is comparatively low. Similar to electron beam melting, the
thermal load of the substrate is also low due to extremely fast heating up and cooling down
ramps, leading to highly defective crystals. Laser melting is preferentially used with glass
as a substrate.� Graphite stripe melting A graphite stripe located very close to the silicon surface is heated
by an electrical current in a vacuum or inert gas environment [64]. The thermal load of the
substrate is high, but temperature gradients are small and cooling ramps are smooth. As a
result of this, crystal quality can be very high.� Incoherent lamp heating Usually linear halogen lamps focused by an optical system, as
shown in Figure 2.4, are used as energy sources to generate the molten zone. Layer prop-
erties are similar to those of strip heater ZMR, however, a higher reliability and a better
process control can be achieved. In addition, contamination of the silicon layer by carbon is
completely avoided.

The following sections focus on ZMR using linear halogen lamps.
Regarding this technique, it is especially worth mentioning the work of a group at Mitsubishi

Electric Corp. [65]. Following the high temperature route using strip and lamp heater ZMR,
this group reported remarkable conversion efficiencies of 16.45 % and16 % for 1 × 1 cm2 [66]
and 10 × 10 cm2 thin film solar cells [67], respectively.



OTE/SPH OTE/SPH
JWBK098-02 JWBK098-Poortmans July 20, 2006 11:40 Char Count= 0

THIN FILM SOLAR CELLS ON FOREIGN SUBSTRATES 51

Subgrain
boundaries

Supercooled region

Wsc

〈100〉

Scan

A B

{111} -Planes

λsgb

Liquid

Solid

(a) (b)

Figure 2.5 (a) Structure of Subboundaries in an epitaxially thickened ZMR Si film revealed by etching
and optical microscopy [76]. (b) Scheme of crystallization front morphology and subboundary formation.
For faceted growth there is a direct relationship between subboundary spacing λsgb and the depth of the
supercooled region Wsc.

In the last decade progress in ZMR technology has mainly been made in three fields: (i)
equipment development, (ii) process control and (iii) numerical modeling, the latter being
enabled by the advances in computer technology. References and details regarding these de-
velopments are given in Sections 2.3.4.1, 2.3.4.2 and 2.3.2.

2.3.2 Zone melting recrystallization film growth

When ZMR grown thin films are preferentially etched (e.g. with a Secco7 solution) they
typically exhibit a defect structure as shown in Figure 2.5a. The defects visible as dark lines
are caused by low angle grain boundaries. They run nearly parallel to the scan direction and
most of the time they are regularly spaced. Other typical features are the development of new
boundaries and the coalescence in a Y-shaped connection. Since these boundaries are found
within a single grain they are called subgrain boundaries, or short subboundaries. Their origin
has been the subject of various experimental and theoretical studies [69–75]. A historical
overview with detailed discussion on the different models is given in the above mentioned
book by Givargizov (see Ref. [60] p. 168ff).

Important progress in the understanding of subboundary formation was made with the
analysis of crystallization front morphology. First hints on the structure were obtained by
quenching experiments [70, 73]. The structure resulting from very rapid cooling was interpreted
as an instant image of the crystallization front. Not a planar, but a faceted morphology was
found, as sketched in Figure 2.5b. Further knowledge was gained from in situ observations
using charge coupled device (CCD) cameras. These techniques were first developed for laser
[77, 78] and electron beam ZMR [79]. Later they were also implemented for strip [74] and lamp
heater sources [80]. Unlike the quenching results, in situ observations additionally yielded

7 Mixture of HF (48 %) and K2Cr2O7 (0.15 molar solution) in the ratio 2:1 [68].
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information on temporal development and the stability of the crystallization front. In situ
observations are also the base for advanced process control, as discussed in Section 2.3.4.2.

Today, it is generally agreed that subboundary formation and the particular crystallization
front morphology are caused by an instability of the solid–liquid interface due to supercooling.

Leamy et al. [81] and Lemons et al. [82] attributed subboundary formation to constitutional
supercooling, i.e. supercooling due to the segregation of impurities ahead of the crystallization
front. This mechanism is well known to be responsible for microcellular morphologies in other
growth techniques like the Czochralski method [83, 84].

However, nonplanar morphologies have also been observed for stationary heating where
constitutional supercooling is not present. By careful microscopic in situ observations Im
and coworkers verified the development of nonplanar solidification front morphologies for
stationary strip heater ZMR [74]. Im et al. attributed the observed morphologies to a ‘radiative’
supercooling. In this model, supercooling is explained by the difference in reflectivity between
the solid and liquid phase. The reflectivity of liquid Si [Rl(0.6 μm) = 0.7] is much higher than
that of solid Si [Rs(0.6 μm) = 0.3].8 Therefore, in the liquid state it absorbs less radiation than
in the solid state. The effect is a supercooling of the liquid Si and a superheating of the solid
Si near the solid–liquid interface.

Although constitutional and radiative supercooling are caused by different processes, both
lead to the same effect and result in a fundamental relationship between the temperature
gradient at the solid–liquid interface and the depth of the supercooled region. This connection
is explained with reference to Figure 2.5b. Assuming an initially planar solid–liquid interface,
this interface is located at line A. The supercooled region extends up to line B with a depth
Wsc. This configuration is highly unstable. Small perturbations can cause the development of
protrusions that extend up to the front given by line B.

This way the solid–liquid interface may self-adjust into a form that is more stable. For the
cellular structure shown in Figure 2.5b, within the supercooled region, close to the solidification
front (line A) most of the Si, on average, is solid while at the opposite site (line B) most of the
Si is liquid. The experimentally observed maximum distance between tips and inner corners
of the growth cells is a measure of the depth of the supercooled region Wsc.

In both cases, constitutional or radiative supercooling, the depth of the supercooled region
depends on the temperature gradient at the solid–liquid interface. The smaller the gradient,
the deeper the supercooled region. With the increase in temperature a transition of interface
morphology has been observed, from dendritic, to cellular,9 to planar [74, 87]. For the faceted
cellular interface as shown in Figure 2.4b there is a direct relationship between subboundary
spacing λsgb and the depth of the supercooled region Wsc. This configuration yields the lowest
defect density, which is confirmed by experimental results [61, 87, 88]. Films grown with a
dendritic or planar interface are much more defective.

The choice of heat source significantly effects the temperature gradient and therefore the film
quality (Table 2.3.1). Strip or lamp heater sources produce much lower temperature gradients

8 Reflection values for liquid silicon calculated from refractive index and extinction coefficient at λ = 0.6 μm given
in Ref. [85]. For solid silicon and wavelengths ≥0.6 μm the extinction coefficient is negligible [40]. A more detailed
analysis additionally has to take into account the corresponding emissivity values. They differ from the former ones
since temperatures of silicon film and lamp filament are not the same [86].
9 The nomenclature for this growth morphology is not consistent. Some authors distinguish between cellular and
faceted growth (e.g. see Ref. [80]). Here we follow the naming in Ref. [60], where cellular is the main category
divided into the subcategories of rounded and faceted cellular growth.
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than laser or electron beam heat sources. This explains why lamp or strip heater ZMR produce
better crystallographic quality than laser or electron beam ZMR [89].

Another aspect discussed in Table 2.3 is common impurities. During ZMR processing the
silicon film is typically in contact with at least one SiO2 layer: (i) eventually an SiO2 inter-
mediate layer and (ii) a SiO2 or SiO2/SiN capping layer to prevent agglomeration of molten
Si (balling-up effect). Therefore oxygen concentrations up to the solubility limit are found
in recrystallized layers [71, 90]. For strip heater ZMR an additional source of contamina-
tion is the graphite stripe, which is thought to be responsible for high carbon concentrations
[69].

As discussed before, the most stable ZMR growth and the lowest defect density is observed
for cellular interface morphologies. In the case of faceted cells, the interface is composed
of {111} planes, which for silicon are the slowest growing faces. Both scan direction and
surface normal are then in a 〈100〉 direction. The phenomenon of preferred orientation of the
crystallites in a polycrystalline solid is referred to as texture.

Experimental investigations showed that the percentage of {100} oriented grains depends
on the silicon film thickness and the scan speed [91]. It was determined that critical thicknesses
below which the 〈100〉 orientation dominates range from 2 μm to 5 μm [77, 92]. Biegelsen et al.
have given an explanation for the preferential orientation based on the anisotropic interfacial
free energy between crystalline silicon and SiO2 [93]. The 〈100〉 texture is especially useful
for the implementation of a light trapping structure since it allows an easy to apply surface
texturization by anisotropic etching.

2.3.3 Features of silicon layers recrystallized by zone
melting recrystallization

2.3.3.1 Grain size enhancement

The most prominent effect of ZMR is the enlargement of silicon grains, by the mechanism
explained in Section 2.3.2. Figure 2.6 shows Secco etched cross-sections illustrating the effect:
(a) is a typical view of an as-deposited silicon layer, grain size is in the micron range. The

Figure 2.6 Cross-sectional Nomarski photographs of a silicon layer on top of a SiO2 coated Cz-
Si substrate before (a) and after (b) ZMR. Images taken from C. Hebling, Die kristalline Silicium-
Dünnschichtsolarzelle auf isolierenden Substraten, Ph.D thesis, Universität Konstanz (1998).
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first 5 μm deposited consist of even smaller grains of submicron size; (b) shows the result
after ZMR, where the cross-section was taken perpendicular to the scanning direction. In the
selected area one grain boundary is visible. The microcrystalline structure has been replaced
by a coarse grained structure with grain widths usually significantly larger than 100 μm.

ZMR works extraordinarily well for 1–5 μm thick silicon layers on polished and SiO2

coated Cz-Si substrates. For optimized ZMR conditions (i.e. extremely homogeneous power
distribution in the melt zone, very homogeneous thickness of substrate and all functional
layers, and a very stable capping layer – sometimes even the use of a combined SiO2/SiNx

layer is reported) the resulting layer can be nearly monocrystalline. The more imperfections
present (e.g. variation in layer thickness or in temperature/radiation distribution), the higher the
deviations from this ideal result. For minor imperfections, the resulting grain width decreases
to a value of approximately 1 cm. Still, grains have substrate length, with crystal orientations
slightly deviating from the ideal <100> direction. The grain area enhancement is from ∼1 μm2

to ∼10 cm2, i.e. a factor of 109. If the sample and ZMR processor setup exhibit more severe
imperfections, the grain size decreases further. For applications in PV, the very stringent cost
requirements lead to non-ideal (e.g. ceramics) substrates, less homogeneous layers and less
sophisticated ZMR processors. In consequence, processing with these conditions typically
yields a state as shown in Figure 2.7. Grain width usually ranges between 0.5 mm and 5 mm,
and grain length is in the order of several 10 mm, which is still a increase in grain area by a
factor of 107 to 108. The grains do not run perfectly parallel anymore, but they are tilted against
the scanning direction. This leads to the formation of new grains at the intersection of two tilted
grains, so grains generally become shorter than the substrate length. At the edges of the sample
in Figure 2.7 the silicon layer is non-recrystallized and the surface appears homogeneously
grayish, clearly illustrating the grain enlargement effect of ZMR.

Figure 2.7 Top view of a ZMR recrystallized layer on a 50 × 50 mm2 SiO2 coated mc-silicon substrate.
Scan direction was from bottom to top, the molten zone was in the horizontal direction. Images taken
from C. Hebling, Die kristalline Silicium-Dünnschichtsolarzelle auf isolierenden Substraten, Ph.D thesis,
Universität Konstanz (1998).
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Figure 2.8 Polished and Secco-etched surface of a ZMR seed film thickened by epitaxy (optical mi-
crograph). Subgrain boundaries in the seed film yield stripes with high dislocation density.

2.3.3.2 Microstructure and origin of defects

In Section 2.3.2 it was discussed how defects – namely subgrain boundaries – are created
during the ZMR process. After the recrystallization process, however, the highly doped silicon
films are usually thickened by epitaxial growth with normally doped Si. At this stage the films
are used for solar cell processing. Therefore, the relationship between defects in the ZMR
seed film and the epitaxially grown film is of importance. The surface of such a film after
polishing and treatment with Secco etch [68] is shown in Figure 2.8. Areas with dislocation
density (macroscopically detectable as etch pit density, EPD) much higher than the background
are visible as characteristic dark stripes. Two typical grains are labeled: grain B, where the
direction of subgrain boundaries was nearly parallel to the scanning direction; and grain A, with
subgrain direction tilted significantly to the scanning direction. In the two grains the value of the
EPD varies strongly. The ‘background’ value e.g. in grain B is around 1×106 cm−2, whereas
the EPD in the areas with higher dislocation density in this grain is seven times higher. The
background EPD value in grain A is very similar to that of grain B. The areas with higher
dislocation density, however, are both more frequent, i.e. they take a larger area fraction, and
their EPD values are about ten times higher than those areas with higher dislocation density
of grain B. This example shows a typical feature of the microstructure of ZMR films for PV:
the defect density, i.e. the quality of neighboring grains can differ dramatically.

The origin of the high dislocation stripes are subgrain boundaries in the ZMR seed film,
as can be deduced from Figure 2.9. This figure shows a beveled section of an epitaxially
thickened ZMR silicon film. It proves that the defects visible in Figure 2.8 originate at the
subgrain boundaries.

Figure 2.10a–c show details of the beveled section of Figure 2.9. The images show a clear
correlation between dislocation density in the seed film and the epitaxial film. Three different
types of structures can be distinguished. In Figure 2.10a the dislocation density in the area
between the two subgrains is higher than that in the surrounding area, but no explicit boundary
is visible. Compared to Figure 2.10a, dislocation density in Figure 2.10b is much higher. Etch
pits overlap and form clusters. The dislocation density in the epitaxial film is also much higher
than in the former case. Figure 2.10c differs from the other two images by a straight subgrain
boundary line. Here the dislocation density in the epitaxial film is at its highest.
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Figure 2.9 Beveled section of a ZMR Si film thickened by epitaxy. The vertical scale drawn is a
projection of the Z-scale on the beveled surface which is declined 2 ◦52’ relative to the sample’s surface.

Figure 2.10a–c further show that dislocation density is generally higher in the epitaxial film
compared to the seed film.

The following can be deduced from these observations about ZMR of layers for PV: if the
seed layer concept is used for CSiTF, i.e. an epitaxy is done to thicken the seed layer, the key
to high quality layers is an optimum ZMR process, with uniform layers on uniform substrates.
Therefore, very strong R&D efforts are needed to attain these requirements, whilst remaining
within the cost constrains.

2.3.3.3 High speed recrystallized silicon layers

Remaining within the maximum allowable processing costs directly translates into increasing
the ZMR scan speed. In principle ZMR is not a consumable intensive process, so investment
costs per processed area dominate the overall processing costs. Detailed calculations show that
in order to achieve a ZMR cost below 10 € /m2, the process scan speed must be higher than

a) b) c)

Figure 2.10 Details of the beveled section shown in Figure 2.9 exhibiting a different number and
structure of dislocations at the boundary between neighboring subgrains in the seed film. To enhance the
contrast the dark background in the seed film region was removed by image processing.
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100 mm/min and the throughput per processor must be higher than 10 000 m2/a [95]. Most
publications report the use of a scan speed in the range 10–20 mm/min. Investigations into
the influence of a higher scan speed on crystal structures and defect density were done in the
early 90s by the group at Mitsubishi Corp. [64, 91, 96]. Their focus was on comparatively thin
seeding layers of up to 1 μm thickness. Scan speeds up to 360 mm/min were investigated. The
main results of their work can be summarized as follows:� For thick layers (1μm and above), an increase in the scan speed is quite detrimental, since

defect density already increases dramatically even at moderate speed.� The thinner the seeding layer, the less pronounced is the increase in defect density. With
thin layers (∼0.3 μm) defect densities below 106 cm−2 could be achieved even at very high
scanning velocities.

These results, which apply to ideal substrates, clearly suggest using very thin layers, if high
crystal qualities are to be achieved. Unfortunately, this conclusion cannot be adapted to CSiTF
layers for PV where low cost substrates have to be used. Very thin seeding layers are not
compatible with ZMR silicon layers on low cost substrates due to the prevelant high surface
roughness. Typical values for average surface roughness are in the range of 2–5 μm, exceeding
the optimum layer thickness used in the Mitsubishi experiments roughly by a factor of ten. At
Fraunhofer ISE an experiment similar to that of the Mitsubishi group was performed, using
2 μm and 8 μm thick films, and scan speeds in the range of 10–100 mm/min [97]. Although
the relationship between scan speed and EPD was in accordance with the Mitsubishi results,
the behavior concerning thickness was contradictory: 8 μm thick layers resulted in better
quality than 2 μm layers. New experiments by the Fraunhofer ISE group did not focus on layer
thickness (8 μm and 12 μm thick layers were used) but on scan speed (20–400 mm/min), and
the difference in EPD before and after epitaxy [98].

Shape of the melting zone
Melting zone morphology shows significant differences in three criteria when using low or
high scan speeds, respectively. Illustrated in Figure 2.11 is an example of each of those two
scanning conditions. The first criterion is the width of the melting zone: the higher the speed
the wider the melting zone has to be to achieve complete melting and faceted growth. A typical
melt zone width at scan speed vs = 200 mm/min is more than three times higher than the width
at vs = 20 mm/min (1.1 mm). Secondly, the average size of faceted growth cells increases with
higher scan speed. According to Section 2.3.2 the size of the growth cells is directly related
to the subgrain boundary spacing and the generated defect density can therefore be expected
to be lower. A possible explanation for the larger size of growth cells is a lower temperature
gradient at the solidification front, also proposed in the models of constitutional and radative
supercooling described in Section 2.3.2. In fact, since at high scan speeds the solidification front
is no longer directly heated by the focus lamp, it seems plausible that the temperature gradient
between liquid and solid silicon is more gentle than at lower speeds. The third observation is
a higher geometric instability of the facets in time. They move laterally, vanish and emerge
much more frequently at higher speeds than at lower speeds. Translated to subgrain boundaries
this means that at high speeds they do not run parallel any more, but they combine and
split up frequently. Consequently, the gain in size of subgrains due to larger growth cells,
and with that a possibly lower defect density, is probably compensated or maybe even over-
compensated.
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Figure 2.11 Snapshot of a typical melting zone at 20 mm/min (top) and 200 mm/min (bottom) recrys-
tallization speeds. Note the different scale of the two images. Reprinted from Journal of Crystal Growth,
287, S. Reber, A. Eyer, and F. Haas, High-throughput zone-melting recrystallization, 391–398. Copyright
(2005), with permission from Elsevier.

Grain shape
Figure 2.12 shows photographs of seeding layers (12 μm thick) recrystallized at low
(20 mm/min, left) and high speed (300 mm/min, right). Obviously, the structure of the low
speed sample is much more regular. This reflects the stability of the crystallization front de-
scribed above.

Grain width of the low speed sample is in a typical range of 1–3 mm, with single grains
achieving widths up to 13 mm. The typical grain length is several centimeters. The number of
small grains with a size of less than 1 mm is very rare. The situation is different for the high
speed sample. Grain size is limited to only a few millimeters in width. Within large grains
small grains visible as little dark spots or line shaped areas in Figure 2.12 (right) are included,
the difference in color indicates a different crystal orientation. A closer look shows that the
size of these grains is still in the order of several hundred micrometers, therefore their size
does not necessarily limit the solar cell’s performance.

Defect density
Intragrain defects are the crystal features influencing CSiTF solar cell performance most
severely, as shown above. Counting of EPD is very useful for characterizing the defect density
of silicon layers. However the method has its limitations. Since the typical diameter of etch
pits used for this investigation is in the range of 0.3 μm, etch pits start overlapping at an EPD
of around 3×107 cm−2. EPD values higher than this value therefore have to be regarded as a
lower limit of the true EPD value (which of course remains unknown).

Figure 2.13 summarizes the results of an experiment which examined the EPD of layers
recrystallized at different speeds [98], either with (graph b) or without10 (graph a) additional

10 In the following also called “bare ZMR layer”.
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Figure 2.12 Photograph of silicon layers after recrystallization at a scan speed of 20 mm/min (left)
and 300 mm/min (right). Reprinted from Journal of Crystal Growth, 287, S. Reber, A. Eyer, and F.
Haas, High-throughput zone-melting recrystallization, 391–398. Copyright (2005), with permission from
Elsevier.

epitaxial layer. The limitations of the EPD method affect only graph b, the curve for the
epitaxially thickened ZMR layers: the curve shapes for EPD values exceeding 107 cm−2 as
well as the calculated mean values only denote a lower limit of the EPD.

Mean values of EPD for bare ZMR layers do not vary significantly with scan speed for
the range of 50–350 mm/min. Their values of 3–5 × 106 cm−2 are still moderate and can be
acceptable for CSiTF solar cells. The lower limit of the mean EPD for epitaxial layers, as
calculated from the curves shown in Figure 2.13 (bottom), is around 3 × 107 cm−2, nearly
one order of magnitude larger than that for bare ZMR layers. This result is in good accor-
dance with the data given by the Mitsubishi group [99]. In addition it reflects the qualitative
observations of an increasing defect density with thicker epitaxial layers, as described in
Section 2.3.3.2.

In terms of EPD the bare ZMR layers are therefore clearly superior to those with an addi-
tional epitaxial layer. This finding extends the conclusion drawn at the end of Section 2.3.3.2:
concerning defect density, an alternative way to achieve high quality ZMR layers at high speed,
is to skip the seeding layer concept and just use the ZMR layer as the active solar cell base. Of
course this recommendation raises further questions, like the performance of bare ZMR layers
in thin film solar cells, or the realization of low surface recombination velocity at the rear side,
which is of utmost importance for the high conversion efficiency of thin film solar cells.

2.3.4 Development of lamp heated zone melting
recrystallization processors

As described above, lamp heated ZMR processors are the ones which deliver the best layer
quality concerning grain structure, defect density and process related contamination. Conse-
quently, the best solar cell results have also been achieved using lamp heated ZMR processors,
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Figure 2.13 Distribution of etch pit density measured at the surface of ZMR silicon layers a) without
and b) with an additional epitaxial silicon layer. Sample size was 8 × 8 mm2. Reprinted from Journal
of Crystal Growth, 287, S. Reber, A. Eyer, and F. Haas, High-throughput zone-melting recrystallization,
391–398. Copyright (2005), with permission from Elsevier.

and they are now routinely used in several R&D groups. The main issue concerning ZMR
processor development is increasing the throughput by scaling up the width, reducing the
sample loading/unloading time, increasing the ZMR speed and improving the automated pro-
cess control. Probably the most advanced ZMR processor with respect to this main issue is
currently operative at the Fraunhofer Institute for Solar Energy Systems [98, 100]. Therefore,
the following description focuses on this high throughput processor.
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2.3.4.1 System setup

Lamp heated processors for ZMR of thin silicon films were already reported in the early 80s
for SOI applications in microelectronics [101]. Their application for PV was published more
than one decade later, by the Mitsubishi group in 1996 [102] and by the Fraunhofer ISE in
1998 [94]. An advanced version was reported by the Fraunhofer ISE in 2001 [103]. The setups
of the first and the latter ZMR processors already featured the core part of the setup used today
(see Figure 2.4): a linear halogen lamp is located in the first focal line of a reflecting cylindrical
ellipse (‘focus mirror’); the second focal line lies in the plane of the silicon film of the sample.
The sample is moved perpendicular to the focal line for ZMR. It is homogeneously preheated
by the base heater located below the sample, consisting of an array of linear halogen lamps. The
molten zone generated by the focus heater can be observed by CCD cameras; the images are
analyzed to extract its width. The Mitsubishi group uses a hardware analyzer for this purpose,
Fraunhofer ISE applies vision software (see Section 2.3.4.2). The respective sample size which
can be homogeneously recrystallized is 6” (round) for the Mitsubishi processor and 100 mm
for the Fraunhofer ISE processor.

A scaled up processor for up to 400 mm wide substrates was reported in Ref. [100]. This
processor, called ‘ZMR400’, had a larger furnace body with accordingly larger lamps, a load
lock at the loading side and a sealed feedthrough for sample transportation, but has left the
principle used in the smaller sized processors otherwise unchanged. Homogeneous recrystal-
lization was feasible for samples larger than 300 mm in width, however throughput of the
ZMR400 was limited.

Therefore the ZMR400 was extended to a fully in-line, continuous ZMR processor named
‘ZMR400con’ (see Ref. [98]). Figure 2.14 sketches the principle of this processor: the load lock
is replaced by gas curtain sections on the front and rear side of the furnace body, the sample
is transported from loading station to unloading station by a walking beam mechanism. A
crossed lamp array was realized which allows control of the power density, both in the transport
direction and perpendicular to it, in order to improve the lateral homogeneity of the molten
zone. This setup of the base heater had already proved to be effective in the ZMR processor
of the Mitsubishi group.

Transport
direction

Focus mirror

Melt zone

Focus lamp

Loading section /
gas curtain

Mirrored
furnace body

Crossed lamp array
(base heater)

Unloading section /
gas curtain

ArN2 N2

Figure 2.14 Sketch of a section of the ZMR400con. Reprinted from Journal of Crystal Growth, 287,
S. Reber, A. Eyer, and F. Haas, High-throughput zone-melting recrystallization, 391–398. Copyright
(2005), with permission from Elsevier.
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The modified sample loading and transport system increased the throughput of the
ZMR400con to a maximum value of approx. 10 m2/h.

The authors reported homogeneous recrystallization of four 100 × 100 mm2 large silicon
coated substrates, placed next to each other to form a 400 mm wide substrate array. Good
results also have been achieved when using 200 × 200 mm2 large silicon or ceramic substrates
with a silicon layer (see also Section 2.3.5) [95].

2.3.4.2 Process control

The connection between temperature gradient, growth morphology and defect density has
already been discussed in detail. According to this discussion, the precise control of the tem-
perature gradient at the crystallization front is of immense importance for the growth of high
quality ZMR thin films.

Unfortunately, the value of the temperature gradient is not easily determined by direct
measurements. However, the good visibility of molten Si, due to the change in reflectivity,
can be utilized for an indirect measurement. The width of the molten zone is connected to the
thermal gradient at the crystallization front as demonstrated by Robinson and Miaoulis using
numerical modeling [86]. The smaller the molten zone, the lower the thermal gradient. This
result is consistent with experimental observations of the crystallization front morphology [87,
104]. Therefore image analysis can be used to detect the width of the molten zone and to
implement a ZMR process control.

Wong and Miaoulis were the first to report such a control for the recrystallization of gallium
films [105]. Their system implemented two control parameters: (i) crystallization front position
and (ii) crystallization front pattern. A successful control of the crystallization front position
was demonstrated. However, the system suffered from unstable lighting conditions and a
relatively long sampling time.

Kawama and coworkers at Mitsubishi Electric Corp. implemented a process control for
ZMR of silicon films, employing a CCD camera with a subsequent commercial width analyzer
[102]. Their experiments confirmed that the width of the molten zone is a useful parameter to
control crystallization front morphology. The authors claimed to keep the width of the molten
zone constant within ±10 % relative (usually approx. 0.1 mm) [64].

An advanced ZMR process control realized in the processor described in Section 2.3.4.1 was
developed originally by one of the authors [76]. Image acquisition is done by several miniature
CCD cameras. A software application realizes the process control, including analyzing the
width of the molten zone and implementing closed-loop feedback using this parameter to
control the focused lamp (Figure 2.15):

For standard substrates, this automatic control is able to keep the width of the molten zone
within a range of ±5 % from the desired value. Successful ZMR process control for scan speeds
up to 400 mm/min has been demonstrated [98], the ZMR results having already described in
the previous section. At such speed manual control would cancel out.

As an example, Figure 2.16 shows data recorded during an automatically controlled ZMR
process of a 50 mm long sample. The actual width of the molten zone only deviates slightly
from the desired value of 1.0 mm. Noticeably, the power of the focus lamp is significantly
lower in the center than at the start, a behavior also reported by the Mitsubishi group [102].
This finding can be explained by an effect well known from rapid thermal processing: wafers
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Thyristors
PID controller

CCD cameraFocused lamp
(Upper heater)
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Figure 2.15 Closed-loop control implemented in the ZMR 100 system.

homogeneously irradiated from top or bottom are colder at the edges than at the center due to
radiation losses at the unheated sides. This effect is often diminished by the use of so called
‘guard rings’ that artificially extend the wafer area [106]. Analogously, in the ZMR reactor
‘guard stripe’ wafers are placed parallel to the sample (Figure 2.15). Without guard wafers the
width of the molten zone would decrease at the wafer edges, yielding a cigar like form.
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Figure 2.16 Upper heater power (focused lamp) and width of the molten zone as a function of the zone
position for an automatically controlled ZMR process. The thick gray line indicates the desired value, the
lower thin line the actual width. The PID controller adjusts the lamp power (upper thin line) to minimize
the difference between desired and actual width.
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2.3.5 Zone melting recrystallization on ceramic substrates

The discussions in the previous sections show that the quality of a ZMR silicon layer depends
on many parameters, even if model substrates are used. The situation gets much more difficult
if not ‘ideal’ but ceramic substrates are used. Usually a ceramic differs from a silicon substrate
in the following most prominent ‘material intrinsic’ properties important for ZMR behavior:� Surface roughness A silicon substrate can be made quite smooth on a microscopic scale by

simple isotropic etching, e.g. by a CP13311 chemical polish etch. However, the surface of
a ceramic substrate usually cannot be altered by chemical etching, and remains in the state
achieved after sintering. Depending on the substrate material and manufacturing processes,
the average roughness can be in the range of 0.1–10 μm, usually being higher than 2 μm
for cost effective ceramics. The minimum thickness of the seeding layer should exceed this
value roughly by a factor of three.� Open porosity and pore diameter Some ceramic types, especially tape cast ceramics, feature
an ‘open porosity’ of 30 % and higher. The term “open porosity” means that pores agglomer-
ate to form open paths throughout the whole ceramic. If the intermediate layer is not dense,
liquid silicon can vanish through those open pores into the bulk of the substrate during ZMR,
i.e. the silicon from the seeding layer is soaked up by the substrate. More important than
the open porosity itself is the average diameter of the pores. Due to the high surface tension
of liquid silicon, the tendency to vanish in the bulk of the substrate decreases with smaller
pores. In any case, a well suited intermediate layer closing all open pores of the substrate
surface makes ZMR much more reliable.� TEC The TEC for a ceramic usually differs from that of silicon. Depending on the type of
ceramic, the difference can be up to a factor of two e.g. for Al2O3 ceramics. Even better
matched material relevant for PV substrates like SiC based ceramics or Si3N4 can deviate
significantly in TEC. To avoid cracks or blisters, length difference between the silicon layer
and substrate due to different TEC’s has to be lower than 0.1 % of the total length in the
whole temperature range.� Thermal conductivity Due to compositional variation (pores e.g. are the most severe ones),
thermal conductivity of the ceramics can vary locally. This leads to temperature variations
in the recrystallization front during ZMR and consequently to nonideal ZMR behavior.

In addition to these material intrinsic effects, geometrical issues can also limit the ZMR
success: substrate warpage can occur before or during ZMR, the seeding layer then gets locally
out of the focus of the focal lamp, changing the power distribution and lateral homogeneity.
In addition, thickness variations of the substrate can lead to the same effects as the locally
varying thermal conductivity mentioned above.

In the following few pages some exemplary results on suited and nonsuited ceramic sub-
strates are given.

Figure 2.17 shows a silicon layer on top of a PECVD-SiC coated RBSiC ceramic success-
fully recrystallized using the ZMR400con [95]. The grains are up to several millimeters wide,
and partially nearly as long as the substrate itself. In this case, TEC matched well, and warping

11 CP 133: Chemical Polish consisting of HF (50 %), HNO3, CH3COOH in the ratio 1:3:3.
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Figure 2.17 ZMR silicon layer on top of a SiC coated tape cast RBSiC substrate. Scanning direction
was from top to bottom. Reproduced with permission from S. Reber et al., Progress in crystalline silicon
thin-film solar cell work at Fraunhofer ISE. In Proc. 20th European Photovoltaic Solar Energy Conference
and Exhibition, edited by H. O. W. Palz and P. Helm. pp 694–697. Copyright (2005) WIP-Renewable
Energies, Minuch, Germany.

was below a critical value and hence did not influence ZMR too severely. Only approx. 1 cm
of the edges width were affected and they were cut away after ZMR.

At first sight, ∼1 mm thick hot pressed RBSiN substrates as shown in Figure 2.18 seem
to exhibit perfect properties for ZMR: the resulting grains are very large with nearly ideal
structures (left part of the picture). A closer look at the epitaxially thickened silicon layer
reveals that a network of cracks has affected its integrity. The obvious reason for this negative
effect is the small difference in TEC between ceramics and the silicon layer. Although the

Figure 2.18 Silicon layer on hot pressed RBSiN ceramic substrate after ZMR and epitaxy (Ref. [19]).
Left: photograph of the whole sample. Right: close-up after solar cell processing. From S. Reber et al.,
Crystalline silicon thin-film solar cells on silicon nitride ceramics, in Proc. 16th European Photovoltaic
Solar Energy Conference, B.M.H. Scheer, W. Palz, H.A. Ossenbrink, and P. Helm (Eds.), James & James
Publishers Ltd., 2000.
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Figure 2.19 Silicon layer on top of a ONO coated tape-cast Si3N4 ceramic substrate after ZMR and
epitaxy. The white line was drawn to highlight the badly recrystallized area of the sample.

cracks are quite small, their detrimental influence on the solar cell performance is dramatic,
as shown later in Section 2.5.3.

An inhomogeneous width of the molten zone characterized the recrystallization process
on ONO capped, 250 μm thin tape cast Si3N4 ceramics, with the results being shown in
Figure 2.19. In some areas, encircled by the white line in Figure 2.19, the power intensity was
high enough to melt even parasitic silicon depositions on the rear surface of the sample. Due
to the resulting low temperature gradient, the crystal structure of the recrystallized silicon film
was characterized by small grains in these regions. A faceted growth front was observed on part
of the samples, indicating oriented crystal growth. In this case, large grains several millimeters
in width and centimeters in length were developed. Inhomogeneous thermal properties, which
are the reason for the inhomogeneous ZMR results, could have influenced this case in two
ways: firstly, incomplete mixing of the starting powders or nonuniform sintering conditions
may have caused inhomogeneous Si3N4 tapes; secondly, severe warpage was the reason that
the sample’s back side was only in local contact with the carrier quartz plate during ZMR, thus
generating ‘hot spots’ where the parasitic rear deposits were molten.

To summarize, for successful ZMR on ceramics the substrate/intermediate layer system
has to be chosen very well. If so, ZMR can yield silicon layers with grain size and defect
density of a sufficient quality to realize solar cells with a conversion efficiency significantly
exceeding 10 %.

2.4 SILICON DEPOSITION

The basic step in any CSiTF solar cell concept is the deposition of the silicon layer. For
the concept presented in this chapter, thermal CVD from chlorosilanes turned out to be the
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optimum method. After discussing the reasons why this method is the best choice in the first
section, some basics on the chemistry of thermal CVD from chlorosilanes will be given. The
chapter continues with an overview of real life reactor and process developments. Finally, the
application of the processes to ceramic substrates and zone melted silicon layers is given, with
a focus on the effect of non-suited substrates on deposition quality.

2.4.1 Requirements of silicon deposition for photovoltaics

Nearly all R&D efforts in PV are related to the reduction of cost per Wp (watt peak). Cost
effectiveness is also the most important requirement on a future silicon deposition processor
and process. Simple calculations give an upper limit of about 30 €/m2 for the deposition of a
silicon layer suitable for c-Si thin film solar cells. The term ‘suitable’ here relates to the quality
of the layer, which has to be sufficiently high depending on the application, as described in
Section 2.4.3. Some general basic requirements of a silicon deposition tool and process can be
specified:

� High throughput (5–10 m2/h).� High growth rates (≥5 μm/min).� High chemical yield of silicon precursor.� Possibility to process rectangular or square wafers.� Deposition possible on rough and porous ceramic substrates.� Sufficient layer quality (diffusion length in epitaxial layers exceeding 2–3 times layer thick-
ness).� Controllable doping profiles.� Simple setup with limited complexity.

Of all deposition methods (for an overview see e.g. [20]), thermal atmospheric pressure
chemical vapor deposition (APCVD) from chlorosilanes at high temperatures is probably the
most promising method capable of meeting all of these demands. Thermal CVD is based
on the decomposition of silicon containing source gases at the heated sample surface and
the subsequent incorporation of silicon atoms into the growing film. It can be carried out
under different operational regimes depending on the process temperature and pressure. At
high deposition temperatures up to 1300 ◦C, APCVD operates in the mass transport limited
regime. Under these operating conditions, deposition rates up to 10 μm/min can be achieved.
Trichlorosilane (SiHCl3, TCS) highly diluted in hydrogen is typically used as a silicon source
gas. In -situ layer doping is achieved by adding suitable dopant gases, e.g. diborane (B2H6) and
phosphine (PH3) diluted in hydrogen for p-type and n-type doping respectively. The APCVD
process is better suited to epitaxial depositions because the high process temperature enables
an optimal arrangement of deposited atoms in the silicon crystal matrix, and hence crystals
with extremely low defect densities can be grown. Typically, silicon epitaxy by APCVD is
carried out in a temperature range of 950–1250 ◦C. Compared to other deposition techniques,
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which use high vacuums and complex systems, little technological effort is needed for CVD
at atmospheric pressure and continuous systems are feasible.

In the microelectronic industry, CVD is a key technology which is commonly used for
silicon epitaxial deposition. In this area, excellent crystallographic quality, thickness and doping
uniformity in the 2 % range, and high purity are absolutely necessary [107]. Batch type systems
(barrel reactors) or single wafer reactors are traditionally used. Operation at high gas flow rates
enables one to achieve the required thickness and doping homogeneity, at the expense, however,
of low chemical yield, low throughput and a therefore high cost per m2. Regarding the total
cost for the final microelectronic device, silicon deposition makes up only a small fraction even
if cost intensive deposition techniques are used. From this point of view, the development of
high throughput, low cost silicon deposition reactors is of no interest to the microelectronics
industry. In contrast to that, the silicon deposition process constitutes a large fraction of the
final cost for a silicon thin film solar cell, making the development of a cost effective silicon
deposition reactor the most important subject of research. The most commonly used technique
in CSiTF solar cell research is currently APCVD of silicon from chlorosilanes. In the following
sections, the focus is only on work where APCVD deposition was applied for layer formation.

2.4.2 Some basics on thermal silicon atmospheric pressure chemical
vapor deposition from chlorosilanes

The description of the silicon growth process in CVD is a complex issue where gas transport
phenomena have to be coupled to chemical reactions on the substrate surface and in the gas
phase. A general model describing the entire deposition process therefore involves the solution
of many coupled partial differential equations. Because of the large complexity of the problem
many authors restrict their analysis to a simplified model at specific operating regimes e.g. by
neglecting gas flow dynamics. The development of improved models and simulation tools is still
a current topic of research, the interested reader is referred to the literature, e.g. Refs. [108–110].

There are two key parameters for silicon deposition for PV which influence the throughput
and cost of the deposition process: growth rate and chemical yield. Some important basic
information shall be given for these two parameters.

2.4.2.1 Silicon growth rate in a SiHCl3-H2 system

Growth rate (also called deposition rate) in a TCS/H2 precursor system is influenced by de-
position temperature, gas phase composition and total pressure, as can be shown easily in
experiments. For the definition of an optimum working point as well as an optimum reac-
tor geometry, modeling of the deposition reaction is unavoidable. In Ref. [111] a theoretical
growth model is presented and experimentally verified for a silicon deposition process based
on the decomposition of TCS in a horizontal atmospheric pressure reactor at high tempera-
tures. The chemical reaction leading to silicon deposition is assumed to be a two step reaction:
firstly, SiHCl3 molecules impinging on the substrate surface are chemisorbed to yield SiCl2
and volatile HCl; in a further step, the SiCl2 molecule reacts with H2 to form HCl and solid
silicon, the latter being incorporated into the crystal.
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Figure 2.20 Growth rate depending on the temperature and the Cl/H ratio calculated according to the
model of Habuka [112].

In a simplified form, the overall chemical reaction can be described by:

SiHCl3 + H2 → Si + 3HCl

A simple calculation yields an expression for the growth rate, which is dependent on the SiHCl3
and H2 concentrations, as well as on reaction rates for chemisorption and decomposition. The
main parameter describing the reaction is the Cl/H ratio, which is given by the composition of
those process gases and which does not alter throughout the reaction.

Figure 2.20 illustrates the effect of the temperature and the Cl/H ratio on the growth rate
deduced by this calculation.

Depending on the Cl/H ratio, the growth rate curve can be characterized by three regimes.
At Cl/H ratios below 0.5 % the growth rate increases strongly with rising Cl/H ratio. Small
changes in gas composition result in large changes in growth rate. With a further increase of
the Cl/H ratio a saturation level is reached, where the growth rate changes only slightly with
increasing Cl/H ratio and eventually the growth rate even decreases with increasing Cl/H ratio.
In this regime the growth rate is comparatively insensitive to the Cl/H ratio.

The validity of the presented model was proven by Habuka in a wide temperature range
of 800–1120 ◦C and gas compositions with molecular weights between 2.7 × 10−3 and 11 ×
10−3 kg/mol, covering the operating regimes typically used for industrial APCVD processes.

In Ref. [107] a similar model is presented to describe the growth rate in a horizontal single
wafer reactor with TCS as a precursor gas. The predicted growth rates were also successfully
verified by experiments.

The combined results for CVD in the PV industry and the modeling of growth rates leads to
the conclusion that when using TCS as silicon precursor gas, the Cl/H ratio should be higher
than approximately 2 % to achieve a deposition process with high growth rates and good
tolerance towards parameter fluctuations. It also shows that a temperature of at least 1150 ◦C
is necessary to achieve mean deposition rates exceeding 5 μm/min.
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Figure 2.21 Dependence of chemical yield on temperature and Cl/H ratio in thermal equilibrium [113].

2.4.2.2 Chemical yield

The chemical yield (or silicon conversion efficiency) is defined as the efficiency to convert
silicon contained in the initial gas phase into solid silicon. Comparing the initial Si/Cl mole
ratio in the gas to the final Si/Cl ratio at deposition temperature under thermal equilibrium gives
information about the amount of TCS which is theoretically consumed in reactions leading
to silicon deposition. Using TCS as a precursor gas the initial Si/Cl ratio is 0.33. If the final
Si/Cl ratio exceeds this value, etching of silicon dominates the process instead of deposition.
For Si/Cl ratios lower than 0.33, silicon deposition occurs. The final Si/Cl ratio depends on
the process temperature and the initial gas composition i.e. Cl/H ratio. The chemical yield is
defined by:

μSi = 1 − (Si/Cl)

(Si/Cl)i

Assuming thermal equilibrium, the chemical yield can be calculated from the partial pressures
of silicon and chlorine containing species as a function of temperature and the Cl/H ratio.
In Ref. [113] the effect of the temperature and the Cl/H ratio on the chemical yield has been
evaluated by means of thermal equilibrium calculations. The results are depicted in Figure 2.21.

The Cl/H ratio and the temperature determine the maximum chemical yield which can be
reached at the chemical equilibrium. The lower the Cl/H ratio, the larger the chemical yield at
a given temperature. With increasing temperature the chemical yield rises due to the enhanced
reactivity. The largest yields can be achieved at high process temperatures and low Cl/H ratios.
Given that the lower limit for the Cl/H ratio is 2 % due to growth rate, maximum chemical
yield for a CVD process would be around 70 %.12 The choice of the actual set of parameters
for the production of silicon layers also depends, however, on economic data like the cost of
silicon precursors and hydrogen.

12 This is of course only true if a chemical equilibrium is reached at some stage in the deposition process.
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2.4.3 R&D trends in silicon atmospheric pressure chemical vapor
deposition for photovoltaics

2.4.3.1 Reactor development

As already pointed out in Section 2.4.2, the epitaxy reactors used in microelectronics are not
suitable for PV for cost reasons. Research in PV therefore focuses either on large area batch
reactors, or on high throughput continuous reactors. Reactor development for PV has been
started by several groups in order to fulfil the requirements stated in Section 2.4.1. All studies
are based on the well known TCS/H2 APCVD reaction.

Kunz et al. [114] reported the development of an optically heated silicon epitaxy reactor
for 40 × 40 cm2 wafer deposition area per batch. The substrates are mounted face down in
the inner side of a tilted stainless steel cuboid, parallel to one large face. A reaction chamber
is formed by quartz windows on both sides of the substrate carrier, some distance apart from
the substrates. Heating is enabled by halogen lamps. The process gas enters near the lower
quartz window parallel to the substrate surface and flows downwards following this quartz
window. As the gas stream heats up, it revolves at the lower end of the reaction chamber and
flows back towards the gas outlet, which is located above the gas inlet at the same face of the
cuboid. Due to convection, the gas stream now moves directly beneath the substrate surface.
During this travel to the outlet, silicon deposition occurs on the substrate surface. Due to the
tilting of the stainless steel cube, gas depletion effects can, in principle, be avoided. The whole
principle is called ‘convection roll’. Up to now, no further experimental results have been
published.

Rodriguez et al. [115] are working on a batch APCVD reactor for deposition of 60 10 ×
10 cm2 substrates per run. The substrates are mounted on the tilted vertical walls of 50 cm long
graphite cuboids serving as susceptors. Six of these susceptors are mounted in the form of an
array parallel to each other. Heating is realized by direct electrical heating of the susceptors.
The process gas enters the reactor below the susceptor array, flows upwards perpendicular to
the array area through slits between the single susceptors, passing the substrates and leaving
the reactor through its ceiling. Depletion and temperature effects should be equalized by the
setup, especially the tilting of the susceptor walls. To decrease process costs, reuse of process
gas by a feedback loop is planned. For this reactor development, no experimental data has yet
been published.

The third and final published development of a high throughput reactor was done at the
Fraunhofer ISE. Hurrle et al. [116] reported the development of a high throughput silicon CVD
reactor in cooperation with the company Centrotherm, which features continuous movement for
higher throughput by using gas curtains for separation of reactor atmosphere from laboratory
environment, resistance heating for high temperature uniformity and optimum electrical power
utilization as well as operation in a depletion regime to increase chemical yield. The reactor
(called ConCVD due to its capability for continuous in-line deposition) is an open system
where sample carriers are continuously fed into the reactor. Nitrogen gas curtains located at
both ends of the machine separate the interior atmosphere of the reactor from the laboratory
environment. Figure 2.22 shows a schematic of the reactor tube and reaction chamber. The
reaction chamber, where the deposition takes place, consists of a frame with the front and back
plate being connected by rods. Together with the moving samples, a closed volume is generated
into which the process gases are injected. After deposition the samples enter the cooling zone,
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Figure 2.22 Schematic of the reactor tube and deposition chamber of the ConCVD.

where they are cooled down before they leave the reactor. Samples with a maximum width
of 200 mm can be processed and by adjusting the transport speed, layers of nearly arbitrary
thickness can be grown.

The sample movement allows the deposition process to be run under depletion conditions,
i.e. with a high chemical yield, and a high homogeneity in layer thickness is still being achieved.
The manual design components of the reactor are: an average deposition rate of 5 μm/min, a
reaction chamber length of 400 mm and a substrate width of 200 mm, yielding a calculated
throughput of 2.1 m2/h for a 20 μm silicon layer.

Among the three concepts described, experimental data for silicon layers were reported
only for the ConCVD [116]. The best chemical yield achieved was 30 % (nearly 90 % of
the theoretical limit for the Cl/H ratio used), homogeneity in transport direction was close
to 100 %, and deviation in layer thickness across the substrate width perpendicular to the
transport direction was lower than 20 %. An average deposition rate of 3.3 μm/min was reported
for these conditions. Solar cells on highly doped mc-Si substrates with 20 μm thick silicon
layers deposited epitaxially in the ConCVD achieved solar cell conversion efficiencies up
to 12.5 % [95].

2.4.3.2 Process development

The seeding layer concept for CSiTF on foreign substrates creates the need for two dif-
ferent types of silicon layer depositions. The first deposition takes place onto the sub-
strate/intermediate layer and results in polycrystalline silicon films with a typical grain size
in the micron range. The subsequent ZMR process requires layers of 1–5 μm thickness, with
homogeneity of 90–95 % and very good structural integrity, i.e. no whiskers or holes can be
present. Usually a high doping concentration of larger than 1019 at/cm3 is needed to realize a
back surface field layer in the CSiTF solar cell. If SiO2 deposited by PECVD is used as an
intermediate layer material, silicon growth has to be performed at temperatures below 1000 ◦C
in order to prevent a decomposition of the silicon dioxide by hydrogen, therefore damaging the
dielectric layer. Silicon deposition at low temperatures is determined by reaction kinetics, and
consequently growth rates using TCS are comparatively low (around 1 μm/min). Depletion of
process gas can therefore already be avoided with low precursor gas flows, and higher thickness
homogeneity can be achieved, especially in reactors with a stationary sample setup.
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After ZMR, the now coarse grained silicon seeding layer has to be thickened epitaxially
at a lower doping level, in order to produce the electrically active solar cell absorber layer.
The resulting high-low junction at the rear surface of this epitaxial layer reduces the effective
rear surface recombination for light generated electron hole pairs. Since the epitaxial layer
determines the performance of the solar cell, it’s electrical and crystallographic quality is of
major importance.

The crystal quality of epitaxial layers depends on the substrate material, preepitaxial clean-
ing and the process conditions [117]. Epitaxial layers are known to have larger defect densities
compared to standard wafers but the oxygen concentration is typically lower compared to
Cz-Si [118]. Epitaxial defects can be categorized according to their origin in substrate related
defects (i.e. for the setup of Figure 2.1: defects in the seeding layer) and defects related to
process conditions. Grain boundaries or other crystal imperfections intersecting the substrate
surface are continued in the epitaxial layer and therefore belong to the first category. Stacking
faults and spikes are the most common epitaxial defect type belonging to the second category.
Stacking faults are reported to have the most detrimental effect on the electrical quality of
epitaxial wafers of all defect types [119]. They are generally attributed to the presence of
impurities (organic or metallic) on the substrate surface [120]. Contamination of the sample
surface can be caused by incomplete cleaning prior to epitaxy and unclean process conditions
(wafer handling, laboratory cleanliness, purity of the process gases etc).

Process development for epilayers has to focus on both the economic issues of deposition
(chemical yield, throughput etc.), and the electrical excellence of the layers. Usually a trade-off
between those two demands is necessary. Wet chemical precleaning of the samples is a good
example of this trade-off: comparatively time consuming standard RCA (three step) cleaned
surfaces yield the lowest defect density layers on monocrystalline substrates. However, one step
cleaning like KOH or CP etching yield only slightly worse crystallographic results, and results
which are nearly as good after solar cell processing [121]. A similar result was described for
the influence of epilayer growth rates on a solar cell’s performance in Ref. [20]. Two processes
with growth rates of 5 μm/min and 9 μm/min, were compared. Although the 9 μm/min process
yielded a higher defect density, the respective solar cell conversion efficiency was only 5 %
worse, relatively. An economic evaluation would probably be in favor of this nearly two-fold
higher throughput process. These two examples show that in many cases, reasonable trade-offs
are feasible. In addition, for foreign substrate based solar cells, the quality of the epilayer is
strongly related to the quality of the seeding layer, therefore the main R&D effort has to be
focused on the recrystallization process.

2.4.4 Silicon chemical vapor deposition on ceramic substrates

The deposition of polycrystalline silicon by APCVD using chlorosilanes on SiO2 or other
layers is a routine process in microelectronics. The adapted reactors and principles described
in Section 2.4.3 can also be applied in PV processes to deposit polycrystalline silicon layers on
SiO2 coated silicon substrates, which are later used as seeding layers. Figure 2.6 (left) shows
a cross-section of such a layer after preferential defect etching. Nucleation took place on the
SiO2 layer every 0.5 μm or even more frequently and the columnar grains get larger the thicker
the layer becomes. The seeding layer thickness was only chosen to be extraordinarily high for
demonstration purposes. It is important to mention that the SiO2 layer is closed and smooth
and that the APCVD grown seeding layer does not exhibit any holes or other irregularities.
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Figure 2.23 Cross-section of a polycrystalline silicon seeding layer on SiSiC ceramic substrate coated
with a stack of SiO2, SiNx, SiO2 (ONO).

This result can also be transferred to suitable ceramic substrates. Figure 2.23 shows a smooth
SiSiC ceramic substrate surface covered by undamaged and equally smooth intermediate and
silicon seeding layers. Important parameters to guarantee a successful seeding layer deposition
are:

� Intermediate layer surface may not be contaminated by (metallic) impurities. These can
cause whisker growth by generating a local eutectic of metal silicide [122].� The intermediate layer has to have a homogeneous surface without holes. Otherwise selective
growth rates can lead to local inhomogeneity of layer thickness, or whisker growth due to
substrate impurities can occur.

Figure 2.24 shows an example where silicon was deposited onto an unsuitable substrate.
The rough, porous SiAlON substrate surface chemically reacted with the ONO intermediate

p+-Si

Crack

SiO2

SiO2

SiNx

SiAlON substrate

Figure 2.24 SEM pictures of surface (left) and cross-section (right) of a CVD silicon layer on unsuit-
able SiAlON ceramic substrate. From S. Bau et al., Chemical vapour deposition of silicon on ceramic
substrates for crystalline silicon thion-film solar cells, in Proc. 17th European Photovoltaic Solar Energy
Conference, 2001.
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Figure 2.25 Cross-sections of silicon epitaxy exhibiting major failures. Left: Nomarski micrograph of
a polycrystalline silicon region. Right: Crack due to unmatched TEC.

layer thus destroying its structural integrity and forming cracks (left). As a result, whiskers
have developed during silicon deposition (right).

The situation is similar for epitaxy on recrystallized silicon layers. Any major deviation
from the ideal state, i.e. a closed, low defective, clean silicon surface, leads to nonideal epi-
taxy. Cleaning of silicon layers on ceramics prior to epitaxy is a difficult task, as ceramics
often consist of metallurgical raw material. Cross contamination of the seeding layer surface
can therefore occur during wet chemical sample cleaning, leading to whisker growth or en-
hanced defect density during epitaxy. If the substrates are porous, wet chemical cleaning is
sometimes even harder due to safety reasons. Cross contamination can also occur during the
high temperature epitaxy process itself, when impurities out-diffused from the substrate are
transported via gas phase to the growing silicon layer.

These effects can still be minor effects, i.e. the epitaxy can be still of decent quality. Major
failure of the grown layer happens when the seeding layer is no longer closed, or if the thermal
expansion coefficients of the substrate and the silicon do not fit well together. Figure 2.25 shows
two respective examples. In the left picture a region of polycrystalline silicon neighbored by
regular epitaxial layers is highlighted. Here, the IL is not covered by the recrystallized seeding
layer any more, leading to the growth of a fine grained silicon layer during epitaxy. In the
sample shown in the picture on the right, a crack already present in the recrystallized seeding
layer was carried through into the epitaxial layer. Such cracks break up lateral conductivity in
the epitaxial layer, and can initiate short cuts between the emitter metallization and the base
during solar cell processing.

To summarize, silicon deposition on ceramics can, in principle, be done using the standard
CVD technique, well known for its application in the microelectronics industry. The quality
of the silicon layer is, however, directly related to the quality of the substrate: imperfect
substrates lead to poor quality of the deposited silicon layer. Impurities and holes or cracks in
the intermediate layer and seeding layer catalyze cracks, whiskers and other growth defects up
to polycrystalline growth during epitaxy.

2.5 SOLAR CELLS ON FOREIGN SUBSTRATES

Solar cell processing of silicon layers prepared at temperatures up to 1400 ◦C should, in
principle, be straightforward: all known technologies used to process silicon wafer solar cells
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Figure 2.26 Solar cell scheme and processing sequence for one side contacted solar cells on insulating
substrates (after Ref. [20]). ‘RPHP’: Remote plasma hydrogen passivation.

should be applicable. The use of foreign substrates, however, makes some processing options
unsuitable. In the first part of this section, the principle requirements for a suitable cell process,
as well as the resulting cell and processing options are discussed. The subsequent segment
summarizes work done on model substrates to investigate the influence of hydrogen passivation
and ZMR scan speed on the open circuit voltage of the cell. In addition, some work to check
the feasibility of the concept for large area solar cells is presented. The section closes with
a description of some selected CSiTF solar cells on ceramic substrates, which illustrate very
nicely the influence of the substrate/layer system on the solar cell’s performance.

2.5.1 Options for solar cell fabrication

The big advantage of c-Si thin films prepared at a high temperature is their compatibility to
conventional solar cell processing, since the active layer consists of multicrystalline silicon just
like a conventional mc-Si wafer. A processing scheme including the typical steps for processing
CSiTF on nonconductive ceramics is shown in Figure 2.26. For the special case shown in this
figure, both emitter and base contacts are applied at the front of the solar cell, which is necessary
if intermediate layers and/or ceramics are nonconductive. As for standard silicon wafer solar
cells, an emitter is formed by diffusion, an antireflection coating13 is deposited to reduce
reflective losses, and metal contacts enable the extraction of current from the cell. However the
following features of the cell are more important for thin films than for wafer based devices:

� A textured surface In combination with a difference in refractive index at the rear side of the
silicon layer, a surface texture realizes the light trapping described in Section 2.2.2.1. Using
conventional wet chemical alkaline anisotropic etching, very well shaped random pyramids
can be formed on the silicon surface, a feature which is also used in high efficiency cell
processing. The resulting internal reflection exceeds 90 % easily [76]. However, texturing

13 Labeled “DLAR” for “double layer anti reflection coating” in the figure.
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by KOH/isopropanol removes up to 10 μm of the silicon layer. The amount of silicon lost
during texturing can consist of up to more than one third of the total deposited silicon, which
increases the overall cost of the CSiTF system. An alternative is plasma texturing, which is
described below in more detail.� Front surface passivation Recombination at front and rear surfaces affects CSiTF solar cell
performance more severely than in the case of “thick” wafer solar cells. This is due to the
higher ratio of bulk volume (approx. depth of one diffusion length), which is influenced
more negatively by high recombination activity at the surface when compared to a thick
silicon wafer. Effective rear surface recombination is lowered in the seed layer concept by
the BSF high-low junction. In principle, passivation of the front surface can be done either
by thermal oxidation, or by the deposition of SiNx. However for CSiTF on ceramics, no
systematic work concerning front surface passivation has been reported thus far.� Bulk passivation As will be shown in Section 2.5.2.1, passivation of bulk defects by hy-
drogenation is very beneficial for the solar cell performance of ZMR silicon layers. There
are two principal ways to create the atomic hydrogen required for PV passivation: either
through the formation of a hydrogen plasma in a furnace in which the samples are loaded, or
by offering atomic hydrogen from the SiNx:H antireflection coating directly. In the literature,
only the first method has been reported for CSiTF on ceramics substrates.

Although, in principle, nearly every conventional technology for solar processing can be
applied to CSiTF solar cells, the use of ceramic substrates can impose severe problems. Porosity
is surely the most important issue to be listed here: if the ceramics have open pores, wet chemical
processing can be difficult, sometimes even dangerous. Chemicals used during etching or
plating fill the pores, and due to the large inner surface area proper cleaning of the wafer
by water rinsing is sometimes virtually impossible. The dispersal of hazardous chemicals
and the detrimental influence on subsequent process steps can be the result. For this reason,
solar cell processes adapted to this special situation have to be developed. Two strategies
are available: firstly, one can hermetically seal any open pores, e.g. by deposition of a thick
intermediate layer, or by coating with resins which are resistant against all chemicals used in
the process. In fact, this strategy was reported e.g. in Ref. [12], where a graphite substrate was
coated with an SiC intermediate layer to close all open pores of the graphite substrate. The
drawback of the hermetic sealing, however, is its cost, as additional layers or layer thickness,
and/or resins can be quite expensive when applied over a large area. Therefore the second
strategy involves dry process technologies. Most prominently the use of plasma etching has to
be mentioned here. Plasma etching is a well known technique, whose application for silicon
wafer solar cells is currently of great interest (see e.g. Ref. [123]). There are groups trying to
adapt the plasma etching processes to c-Si films on ceramics. Using a fluorine based plasma,
all problematic wet chemical etching steps can be replaced: removal of the capping layer after
ZMR, surface preparation before epitaxy, sample cleaning prior to emitter diffusion, texturing
featuring a small amount of silicon removal, phosphosilicate glass removal and silicon etching
(for example trench formation), see e.g. Refs. [124–126]. Applying a completely ‘dry’ process
to manufacture CSiTF solar cells on low cost ceramics is however not yet routine.

Even more sophisticated solar cell processes are necessary if substrate and/or intermediate
layers are electrically insulating. Trenches have to be cut or etched into the silicon layer to
realize one-side contacting (i.e. both metal contacts are located on the illuminated front side of
the solar cell), or an integrated interconnection of cell stripes. While the first technique is applied
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by several groups routinely, only a few authors have reported on an integrated interconnection
(e.g. Refs. [127–130]). Challenges in realizing an error free interconnection arise from the
comparatively rough surface of an epitaxially thickened ZMR layer due to the different grain
orientations with subsequently different growth rates. Rentsch et al. reported on the difficulties
faced when trying to realize a metallization by screen printing for integrated interconnection
on epitaxially thickened ZMR layers due to shunting caused by such surface steps [127]. Other
concepts involve either photolithography [129], trench dicing and metal dispensing [128],
shadow mask evaporation [130] or wire bonding [131]. Brendel et al. presented a concept to
create a metal free interconnection through the use of a special shadow-mask epitaxy of the
base and the emitter [132]. None of these concepts, however, are well suited for cost effective,
large scale production, except probably the one reported by Sims et al. using trench dicing and
metal dispensing [128]. Remarkably, these authors reported the best conversion efficiency of
an integrated interconnection of solar cells on a ceramic substrate: a four segment integrated
module of 5.6 cm2 achieved a conversion efficiency of 5.6 % and a Voc of 2.2 V.

The maximum solar cell efficiency on ZMR silicon layers on model substrates was published
by Gazuz et al. [130]. This group prepared an 86 cm2 large module consisting of nine cell
stripes, with a maximum solar cell efficiency of 6.3 % at a mean Voc per cell of 544 mV.

In conclusion, wet chemicals are the cause of many problems in the solar cell processing of
CSiTF on ceramics, due to the common porous structure of the substrate. For high throughput
solar cell production, only dry processing techniques like plasma etching seem to be able to
offer a satisfying solution to this issue.

2.5.2 Solar cells on model substrates

2.5.2.1 Zone melting recrystallization scan speed and hydrogen passivation

Most results published for ZMR silicon thin film solar cells were achieved on model substrates
as defined in Section 2.2.1.2. They give important information about principle performance
issues of ZMR layers. The best cell efficiency using ZMR layers on oxidized silicon wafers
was reported by the Mitsubishi group (see Section 2.3.1): 16.45 % for a 1 × 1 cm2 [66], and
16 % for a 10 × 10 cm2 large thin film solar cell [67]. The solar cell process applied for both
cells was very sophisticated, but the result demonstrates the potential for ZMR silicon to be
used on foreign substrates.

In order to understand how to achieve such results on more cost effective substrates, various
parameters involved in the preparation process of ZMR layers were studied systematically.
Where a low cost silicon substrate is used (e.g. an SSP ribbon), promising results can be
transferred fairly easily, whereas in the case of ceramics this is often still a difficult task.

In the following pages, two of the parameters influencing the solar cell performance of
ZMR silicon layers shall be treated in more detail: ZMR scan speed and hydrogen passivation.

As already described in Section 2.3.3.3, scan speed is the most important cost parameter
for the ZMR process. The experiments on defect density reported in this section have already
raised the question of how much defect density can influence a solar cell’s performance. The
Mitsubishi group observed a strong decrease in solar cell performance (mainly Voc) with
increasing scan speed and defect density [64, 91, 96]. In Ref. [97], the Fraunhofer ISE group
confirmed these results concerning scan speed. However, the Fraunhofer ISE group also showed
that a remote plasma hydrogen passivation (RPHP) treatment can increase Voc of samples
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Figure 2.27 Solar cell parameters of ZMR recrystallized cells with epitaxial layers before and after
hydrogen passivation. After T. Kieliba et al., Optimization of c-Si films formed by zone-melting recrystal-
lization for thin-film solar cells, in Proc. 3rd World Conference on Photovoltaic Solar Energy Conversion,
L.L.K.K. Kurokawa, B. McNelis, M. Yamaguchi, C. Wronski, and W.C. Sinke (Eds.), WCPEC-3 Orga-
nizing Committee, 2003 ( c© 2003 IEEE).

recrystallized at a higher speed more than that of samples recrystallized at a lower speed, as
presented in Figure 2.27 (after Ref. [97]). Consequently, large differences in Voc and efficiency
are more or less cancelled out by hydrogenation.

As a follow-up to this experiment, a comparison was done on two sets of solar cells,
prepared from the layers described in Section 2.3.3.3 [133]. The first set used the normally
doped ZMR silicon layer without any further treatment, the second set was made from highly
doped ZMR samples thickened with a normally doped epitaxial layer before cell processing.
The effectiveness of remote plasma hydrogen passivation was evaluated by measuring the solar
cell parameters before and after this step. Figure 2.28 graphically presents the Voc values of the
first set before and after hydrogen passivation. Voc is increased by about ∼30 mV independent
of ZMR speed, so the shape of the curve remains the same and just shifts to higher values. For
higher scan speed samples, hydrogen passivation seems to lower the Voc scattering of layers
recrystallized at the same speed. The hydrogen passivation result is in good accordance with
the result of EPD measurements described in the above mentioned section, showing that at all
ZMR speeds basically the same amount of defects is present, which can be passivated. The
trend in Voc also correlates well with the defect density: Voc does not change very much with
ZMR speed, only a slight decrease of ∼15 mV in mean value is found when increasing the
speed by about 20 times from 20 mm/min to 350 mm/min. This result is very promising, since
it leads to the conclusion that highly efficient solar cells can be processed even from layers
prepared at very high ZMR speed.
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Figure 2.28 Open circuit voltage Voc of solar cells without an additional epitaxial silicon layer. The
lines are least squares fits and are only a guide.

A comparison of Voc for cells with and without epitaxial layers is presented in Figure 2.29.
It shows two significant differences of the Voc curves:

Firstly, the overall level of Voc shown in this figure is significantly lower for epitaxial cells
at all scan speeds. The overproportional improvement of the Voc by hydrogen passivation for
scan speeds up to 100 mm/min found in [97] could not be reproduced. This result correlates
to the difference in absolute values of EPD of at least one order of magnitude described in
Section 2.3.3.3.

Figure 2.29 Comparison of mean values of the open circuit voltage Voc of solar cells after hydrogen
passivation with and without additional epitaxial silicon layer.
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Secondly, the shape of the curves of Voc vs. scan speed are significantly different: while
the Voc of solar cells from bare ZMR layers saturates at a high level, the Voc for epitaxial cells
decreases dramatically with scan speed.

The findings reported in this section support the conclusion drawn in Section 2.3.3.3.: to
achieve the best recrystallized CSiTF solar cells, the seeding layer concept which involves an
epitaxy to realize the base layer is probably not the best choice, especially if a high ZMR scan
speed is involved. Hydrogen passivation helps to boost the cell efficiency by about 5–10 %
relative, but it is not capable of cancelling out the detrimental effect of larger defect density
when epitaxial layers are used.

2.5.2.2 Largearea recrystallized wafer equivalents

Large area (>50 cm2) solar cells on ZMR silicon layers were first processed by the Mitsubishi
group mentioned already several times in this text. They used a cell process in which the whole
silicon layer is detached from the substrate by removing the SiO2 intermediate layer wet
chemically. This process is called ‘VEST’ (via-hole etching for the separation of thin films),
and is usually applied to approx. 80 μm thick silicon layers [99]. The best result achieved was
16.0 %, as already mentioned in the previous section. An attempt to produce recrystallized
wafer equivalents (i.e. the layer is still attached to the substrate) of large areas was recently
published by Reber et al. [95]. A process called ‘laser-fired rear access’ (LFA) enables the
epitaxially deposited base layer to contact the substrate wafer through laser via-holes fired into
the intermediate layer. A ‘standard’ solar cell process with emitter metallization at the front
surface and base metallization at the rear surface was used to prepare LFA solar cells. The best
cell parameters reported were Voc = 556 mV, short circuit current density Jsc = 25.0 mA/cm2,
fill factor FF = 60.7 % and energy conversion efficiency η = 8.4 % for an area of 86 cm2. The
solar cell efficiency was mainly limited by high series resistance due to an improper design of
the via-hole pattern. These results clearly prove the feasibility of the wafer equivalent concept
(see also the left image of Figure 2.30). A further proof of this concept was achieved by series

Figure 2.30 Left: Photograph of a 92 cm2 LFA recrystallized wafer equivalent solar cell processed
on a 100 × 100 mm2 silicon wafer substrate. Right: Mini module of six series connected LFA cells.
Reproduced with permission from S. Reber et al., Progress in crystalline silicon thin-film solar cell work at
Fraunhofer ISE. In Proc. 20th European Photovoltaic Solar Energy Conference and Exhibition, edited by
H. O. W. Palz and P. Helm. pp 694–697. Copyright (2005) WIP-Renewable Energies, Minuch, Germany.
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Table 2.2 Overview of best solar cell results on ceramic substrate where ZMR was involved

Substrate Intermediate Thickness of active Conversion Reference
layer Si layer, approx. efficiency

SSP-Si PECVD-SiO2 30 μm 11.3 % [134]
SiSiC ceramics PECVD-SiO2/SiNx 25 μm 10.7 % [20]
Si3N4 ceramics PECVD-SiO2/SiNx 30 μm 9.4 % [19]
ZrSiO4 ceramics PECVD-SiO2/SiNx 30 μm 8.3 % [21]
Mullite (tape cast) ceramics none 51 μm 8.2 % [25]
Graphite SiC 11.0 % [12]
unknown none 30–35 μm 9.2 % [128]

interconnection via the soldering of tabs (‘stringing’) and lamination the of six LFA cells into
a minimodule by using conventional technologies. The module shown in Figure 2.30 (right)
exhibited an Voc of 3.2 V, which is nearly equal to the sum of the single cell voltages.

2.5.3 Solar cells on low cost substrates

So far not many groups have reported solar cell results on ceramics or low cost silicon.
Table 2.2 gives an overview of the best efficiencies published for solar cells where lamp or strip
heater ZMR was involved. The highest confirmed value of 11.3 % has been achieved on an elec-
tronically pure, but SiO2 capped, SSP ribbon substrate. Where metallurgical raw material was
used, the SiSiC based solar cell with 10.7 % efficiency is leading the list. However all results re-
ported were based on small batches of solar cells, in most cases only ∼20 cells were produced.
Therefore this table cannot give information on the suitability of the respective substrates.

Three of the cell types listed in the table shall be evaluated in more detail below: the cell
on mullite ceramics because it is interesting from the viewpoint of light trapping, a cell on
Si3N4 ceramics to show the detrimental effect of cracks due to unmatched TEC, and the cell
on SiSiC ceramics as the best one.

2.5.3.1 Effect of light trapping: solar cells on mullite ceramics

In Ref. [25], Bourdais et al. reported on 1 cm2 large solar cells on tape cast mullite substrates
fabricated with the same cell process as described in Figure 2.26. The mullite used is of bright
white in color, and scatters light diffusely at the small crystallites in its bulk. Three selected
samples of the solar cell batch demonstrate how the effectiveness of light trapping properties
can be influenced by layer engineering. The different layer setups are summarized in Table
2.3, Figure 2.31 shows the corresponding external quantum efficiency(EQE) curves. Cell B,
made from a 20 μm silicon layer on a bare mullite substrate, has the highest current density of
26.1 mA/cm2. The EQE value of 50 % at 1000 nm wavelength of this cell is relatively high. The
light trapping by a textured front surface and a diffuse reflection from the substrate probably
realizes the best possible light trapping scheme sketched in Figure 2.2d very well. However
due to the lack of an intermediate layer, the bulk of this cell was contaminated by impurities,
as is reflected by the low Voc value of 351 mV. The EQE of cells A and C is similar at long
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Table 2.3 Layer and solar cell parameters of the cells on mullite substrate

Cell Intermediate Thickness of active Jsc (mA/cm2) Voc (mV)
layer Si layer (μm)

A None 50 23.8 525
B None 20 26.1 351
C ONO 20 20.3 534

wavelengths, but completely different to cell B: only a small hump can be seen in the EQE start-
ing from 900 nm wavelength, so the EQE values of 21 % at 1000 nm are much lower than for
cell B. The thickness of cell A is too high to make the diffuse scattering at the rear surface effec-
tive, so the short circuit current density (Jsc) value of 23.8 mA/cm2 is significantly lower than
that of cell B. The setup of cell C is, in principle, similar to the light trapping structure of Figure
2.2b, which should theoretically also be quite effective: for a similar structure on a model sub-
strate, Kieliba et al. reported a conversion efficiency of 13.5 % and a Jsc of 30.9 mA/cm2 [97].
However, cell C exhibits the lowest current of all three cells. Obviously light trapping did not
work as expected – one possible reason could be that the silicon grains were not (100) oriented,
resulting in a worse random pyramid coverage. In the case of a diffusely scattering substrate
this does not affect light trapping too badly (it would be described by the case of Figure 2.2a),
however, with a smooth ONO intermediate layer, a lot of light would be lost due to the missing
texture and with that the missing internal reflection.

This example demonstrates that intelligent light trapping schemes are also very important
on ceramic substrates, if high currents are to be achieved. However, methods to improve light
trapping can, on the other side, lead to a decrease in the electronic quality of the layer, which
is much more severe than a lack of collected electrons. In conclusion, any attempt to increase

Figure 2.31 External quantum efficiency of CSiTF solar cells on mullite substrate. Case A: ∼50 μm
Si on bare mullite. Case B: ∼20 μm Si on bare mullite, Case C: ∼20 μm Si on coated mullite. From
S. Boursais et al., Recrystallized silicon thin film solar cells on mullite ceramic substrates, in Proc.
16th European Photovoltaic Solar Energy Conference, B.M.H. Scheer, W. Palz, H.A. Ossenbrink, and
P. Helm, James & James Scientific Publishers Ltd, 2000.
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the efficiency of a CSiTF solar cell on ceramics has to be cross-examined for its detrimental
influence on other properties of the layer(s) and solar cells.

2.5.3.2 Effect of the thermal expansion coefficient: solar cells on Si3N4 substrate

The second example in this section deals with the detrimental effects of nonmatched TEC on a
solar cell’s performance [20]. Bau reported one very illustrative cell processed from a cracked
silicon layer on top of an ONO coated hot pressed sintered Si3N4 ceramic substrate. The solar
cell process was identical to the one used for the cell presented in the previous section. The
corresponding effective diffusion length map (Figure 2.32) reveals two interesting features:
firstly and most obviously, rectangular regions of very low lifetime are located at the corners
of an otherwise undisturbed ZMR silicon layer. These regions are attributed to deep cracks,
where the base current cannot flow to the frame-like base contact surrounding the active cell
area any more. Quantum efficiency is zero in these regions. Secondly, detectable by a thorough
examination, one can identify lines of increased effective short circuit current (visible also in
Figure 2.32, e.g. starting from the bottom edge of the picture at x = 6 mm to the left edge
at an angle of approx. −45 ◦). These lines are also cracks, but they do not separate the base
regions they cross electrically. At the side walls of these cracks, a vertical emitter forms during
normal emitter diffusion, which can effectively collect carriers generated within a distance
of approximately one diffusion length from the crack. In such areas quantum efficiency is
enhanced compared to the rest of the layer. Unfortunately, the loss of collecting area due to
the cracks is more severe than the gain due to vertical emitter channels, so the overall cell
performance turns out to be worse.

Geometrical integrity of the silicon layer is consequently of basic and utmost importance to
develop high quality CSiTF solar cells. Efforts must start with the proper choice of ceramics.

0
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Figure 2.32 Map of effective diffusion length of a CSiTF solar cell on hot pressed Si3N4 substrate.
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Figure 2.33 a) Internal quantum efficiency and b) histogram of a map of Leff for the best silicon thin
film solar cell on a SiSiC ceramic substrate. From S. Boursais et al., Recrystallized silicon thin film
solar cells on mullite ceramic substrates. In Proc. 16th European Photovoltaic Solar Energy Conference,
B.M.H. Scheer, W. Palz, H.A. Ossenbrink, and P. Helm, James & James Scientific Publishers Ltd, 2000.

2.5.3.3 Suitable substrate: solar cells on SiSiC ceramic

The final solar cell presented, on SiSiC ceramic, is a good example of the potential of CSiTF
solar cells if suitable substrates are used. The SiSiC ceramic is a material with practically no
pores and its surface is ideally closed and flat. Subsequently, standard processing involving
wet chemical etching could also be applied to fabricate solar cells of 1 cm2 area. The cell
process was similar to the one sketched in Figure 2.26, however, an additional thermal oxide
was grown to passivate the front surface. Solar cell parameters of the best cell reported in
Ref. [20] are: Voc = 554 mV, Jsc = 28.9 mA/cm2, FF = 66.8 % and η = 10.7 %. The internal
quantum efficiency (IQE) curve of this cell (see Figure 2.33a) gives more information about
bulk and process quality: the comparatively high value at 400 nm indicates the effectiveness
of the thermal oxide layer as a front surface passivation technique. The fact that the IQE
already starts decreasing at 600 nm hints at a non optimum layer quality e.g. due to impurity
contamination. A little hump at around 900 nm indicates some degree of optical confinement,
reflected also in a comparatively good Jsc value.

The histogram of a map of the effective minority carrier diffusion length (Leff) (see Figure
2.33b) shows a broad Leff distribution, ranging from ∼5 μm to 60 μm. Only a small part of
the measured Leff values exceeds the base layer thickness of 25 μm by about two times, but
the average Leff of 34 μm is still higher than the base layer thickness. This again confirms the
effectiveness of surface passivation as well as the comparatively good crystal quality of the
epitaxial layer.

A strategy to further increase efficiency of such a cell would have to involve: lowering
layer thickness (to achieve a ratio of average diffusion length/thickness of about two), further
improving front surface passivation (thermal oxide, or SiNx) and BSF (higher doping of BSF
layer), and using microrough rear surfaces to improve optical confinement.

2.6 SUMMARY AND OUTLOOK

A detailed overview on research activities in the field of recrystallized silicon thin film solar
cells on foreign substrates has been presented. Only a few groups worldwide have taken
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on the challenge of working on CSiTF solar cells on low cost foreign substrates. The high
temperature path, which was the topic of this chapter, has an enormous potential to achieve
both high solar cell efficiencies and low cell and module costs. The generic manufacturing
process for such a cell starts from a suitable high temperature (>1400 ◦C) stable substrate onto
which an intermediate layer (SiO2, SiNx or SiC) is deposited. A silicon layer is formed on top
of this stack, and after confining this layer by a top SiO2 capping layer, it is processed by ZMR.
This step is a key process characterizing the investigated technology. It increases the area of
single grains of the deposited silicon layer dramatically, up to nine orders of magnitude. After
the removal of the capping layer, the ZMR silicon layer (‘seeding layer’) can be epitaxially
thickened to form the solar cell absorber layer. The main advantage of the finished stack is
its temperature stability and the crystallinity of the silicon layer, which is very similar to a
conventional multicrystalline silicon wafer.

Most of the work on ZMR silicon layers has been done using model substrates, i.e. sil-
icon wafers which have beene coated with SiO2. These substrates are especially useful for
parameter studies, since they can easily be reproduced. Progress has been achieved mainly
in understanding the response of the sample system to high-speed recrystallization and hy-
drogenation. Crystalline silicon thin film solar cells with a ZMR layer yield a Voc higher
only than cells with an epitaxially deposited active layer. The curve of Voc versus ZMR
scan speed for the first cell type is a very important result: Voc tends to saturate for scan
speeds higher than approx. 150 mm/min, up to at least 400 mm/min. Future high through-
put production of ZMR layers with a layer quality which is still high seems therefore quite
realistic.

In addition to the work on model substrates, in the last few years a wide variety of ceramics
have been tested as foreign substrates. The experiments have shown that efficiencies higher
than 10 % can be achieved (on ‘realistic’ ceramics the top value is 10.7 %), if suitable sub-
strates and intermediate layers are chosen. However substrates which do not fully meet the
requirements demanded can completely prevent any success in layer formation. A significantly
better understanding of the processes involved has been gained through experiments which
used such ‘unsuited’ substrates.

This has led to a narrowing of the parameter field defining a suitable ceramic material,
enabling substrate manufacturers to focus their R&D work. There is still however no ceramic
type which can be regarded as fully developed and which is available in large quantities as a
substrate on the market.

Silicon deposition on ceramics has become nearly a standard process over the years. The
best approach turned out to be thermal chemical vapor deposition using chlorosilanes as pre-
cursor gases. Atmospheric pressure was essentially applied to the deposition processes due
to the relative simplicity of the respective processors. Microcrystalline silicon layers with a
sufficient quality (so that very good ZMR results can be achieved) can be deposited on suitable
ceramics and of course also on model substrates. The deposition of epitaxial layers is also
feasible on well recrystallized silicon layers. The defect density of the resulting layers can now
be low enough to enable the processing of solar cells exceeding 16 % conversion efficiency on
model substrates. Epitaxial quality can be high on ZMR seeding layers on ceramic substrates
as well. However as already mentioned above, the suitability of the sandwich ‘ceramic sub-
strate, intermediate layer and seeding layer’ is a prerequisite for successful silicon deposition.
Research has shown that there is no parameter present in this process step to ensure growth
of high quality microcrystalline or epitaxial silicon layers on top of low quality substrates or
seeding layers.
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Significant progress has also been achieved in the field of processor development for ZMR
and silicon deposition. These two processes require tools specially developed for PV. This is
one reason why progress in sample processing issues seemed to be comparatively slow: the
necessary processors just had not been built yet. However, with the development of a ZMR
processor for 400 mm wide samples at Fraunhofer ISE this issue can hopefully be overcome.
In the area of fast and low cost silicon deposition for CSiTF solar cells on foreign substrates
significant progress has also been made by several groups. All of them have focused on thermal
APCVD using trichlorosilane. Prototype silicon deposition processors have been built, and first
results confirm the principal expectation that these processors can deposit high quality epitaxial
layers at high throughput. The latter two developments will make preparation of samples faster
and easier, and thus enable better research work on ZMR silicon layers.

The similarity of the ZMR silicon layer to a conventional multicrystalline silicon wafer
enables, in principle, the usage of nearly all process technology applied for wafer solar cells.
However if porous ceramics are used as substrates, process technology has to be adapted, since
the porosity can make processing by dangerous wet chemicals quite complex. Dry process
technologies could be an answer to this problem in the future. The current developments in
wafer solar cell processing, where large scale plasma processors for deposition and etching
have been developed and commercialized, are also beneficial for CSiTF on ceramics: it is
expected that process parameters will not deviate too much from standard processes.

Regarding the progress in the past as well as the efficiency potential, the chances that a
high temperature recrystallized c-Si thin film solar cell on a foreign substrate will at some
stage achieve maturity at a production scale are very high. To reach this nevertheless ambitious
aim, research has to focus on suitable dry solar cell processing, reliable layer preparation on
improved substrates, and on scaling the cell size from the current 1 cm2 to at least 100 cm2 in
a medium timescale.
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3.1 INTRODUCTION

As the world energy needs continue to rise and concerns about the environmental impact of
traditional energy technologies become more pressing, photovoltaics increasingly appears as
a key technology for mankind. At present the wafer based crystalline Si technology dominates
the market, with a share of more than 90 %. Several thin film technologies have been proposed,
the main ones being amorphous silicon (a-Si), cadmium telluride (CdTe) and copper indium
gallium selenide (CIGS) but so far none of these have been able to challenge the supremacy
of bulk crystalline silicon, which combines an impressive number of advantages such as high
performance, stability, abundance and nontoxicity. This chapter deals with an alternative thin
film technology that aims to combine these advantages by sticking to crystalline Si as active
material, with the low cost that thin film technology in principle enables. This is the thin film
polycrystalline silicon solar cells technology.

3.1.1 Definition

There is unfortunately no consensus on the terminology used to classify Si materials, and
this has resulted in a somewhat confusing situation today. Polysilicon is nowadays defined
as having a grain size between 1 μm and 1 mm [1]. We extend this range a little, by taking
0.1 μm as the lower bound, because many relevant examples have grain sizes not quite reaching
1 μm. In any case, this type of material has much smaller grains than standard material used
for solar cells, namely multicrystalline silicon, which confusingly is still often referred to as
‘polycrystalline’. The grain size is however much larger than for the material commonly called
‘microcrystalline silicon’, but also ‘nanocrystalline silicon’, a material typically obtained by
plasma enhanced chemical vapor deposition (PECVD) at very low temperature (∼200 ◦C).
This material has a typical grain size of a few tens of nanometers, still contains a substantial
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fraction of amorphous silicon, and in fact has the best quality in the transition region between
amorphous and microcrystalline [2]. In contrast, polysilicon has a crystalline fraction close
to 100 %, the disordered regions being confined to the very thin and relatively sparse grain
boundaries. By ‘thin film’, we refer to layers that have been deposited rather than cast, pulled
from a melt or obtained through a layer transfer process. In general the thickness of the silicon
film is lower than 30 μm, typically between 3 and 10 μm.

3.1.2 Why polycrystalline thin film silicon solar cells?

As mentioned earlier, thin film polycrystalline Si (pc-Si) solar cells want to capitalize on the
known advantages of traditional bulk Si solar cells. The material is one of the most abundant
elements on Earth and the technology is therefore compatible with very large volume scenarios.
Toxicity (real or perceived) has proved to be a major hurdle for some thin film technologies
(e.g. CdTe solar cells), but is just not an issue for Si. The stability and reliability of crystalline
Si modules has probably been so far the most decisive advantage, contrasting with many thin
film products plagued with reliability problems in the infancy stage of the technology. The
potential for high efficiency remains, in principle, even for very thin layers, as will be discussed
in the next section.

The next question is then, why choose thin film poly crystalline silicon, rather than mi-
crocrystalline, multicrystalline silicon (as can for instance be obtained by recrystallization
through the melt, see e.g. Chapter 2 in this book) or monocrystalline silicon (obtained for
instance through a layer transfer technique, see e.g. Reference [4])? The jury is still out on the
question of which Si thin film material is best for the purpose, and research is taking place in
parallel, none of the approaches having been validated as ‘the’ solution. Among the various
options polycrystalline silicon is less known and may appear a bad choice at first sight. Film
formation takes place at temperatures substantially higher than for microcrystalline silicon,
and generally, the more heat resistant the substrate, the more expensive they are. Yet, the crys-
talline quality of these layers is far below that of thin film multi or monocrystalline layers.
More importantly, some experts have raised doubts in the literature as to whether efficient
solar cells could ever be made in this grain size range, refering to an absence of good results.
In some high profile presentations, this grain size range was named ‘the Valley of Suffering’
[3], situated between the ‘mountains’ of thin film multi and mono, and of microcrystalline.
According to the authors, this is a mistaken interpretation of the data. There are in fact several
examples giving a lot of hope for thin film polysilicon, and there is a good chance that it will
be the first thin film technology able to challenge the supremacy of bulk Si.

3.2 POTENTIAL OF POLYSILICON SOLAR CELLS

3.2.1 Light confinement

Although Si is an indirect bandgap semiconductor and therefore a relatively poor light absorber,
efficient solar cells with reasonable currents can, in principle, be achieved even in thin layers
of only a few microns thickness. This is because light confinement can be applied to obtain a
high absorbance of the impinging light [4 (Chapter 2)], [5].

Light confinement can be realized by texturing the front side of the active Si layer to
obliquely couple the light into the layer, combined with a back reflector. In theory, close
to optimal optical confinement can be obtained by a Lambertian scheme, with one of the
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Figure 3.1 Maximum current density Imax as a function of silicon film thickness of cells with different
configurations: flat surface (solid line); with no ARC but 80 % back diffuse (open triangle) or diffuse
(full triangle) reflectance; with double ARC MgF2/ZnS and 80 % back diffuse (open circle) or diffuse
(full circle).

two film surfaces displaying a perfectly diffusing behaviour. In practice however, best results
are obtained if both surfaces have a diffused reflection. Optical confinement is particularly
important for wavelengths larger than 800 nm, which are weakly absorbed in silicon.

The efficiency of light absorption can be monitored through the theoretical maximal short
circuit current density of an illuminated silicon cell under normalized solar spectrum. The
maximum current that can be calculated assuming an infinite silicon thickness and total pho-
tocarriers collection is about 47 mA/cm2. Similarly, it is possible to calculate the maximum
current density that can be extracted from a thin silicon film versus its thickness. The results
are plotted in Figure 3.1. Even for 2 μm thick films, currents above 30 mA/cm2 are achievable
if a good reflector and light diffusion is used. Note that a back reflectance of 80 % is lower
than can be achieved with Si on low refractive index materials such glass or ceramic (typical
values above 90 %), so the potential current is in fact even larger.

These calculations assume that 100 % of the photogenerated carriers are collected. In prac-
tice of course the number of collected carrier will be lower and will primarily depend on
minority carrier properties.

3.2.2 Diffusion length

Minority carrier transport is conveniently described by a ‘diffusion length’. In polysilicon, the
diffusion length is not a fundamental material property, but is the result of different diffusion
and recombination processes in the various areas of the device. A lumped effective diffusion
length (Leff) has to be defined. Among the various existing models [6, 7], [4 (Chapter 3)], the
one based on Shockley’s filament theory is probably the most useful as it is both fairly accurate
and simple. It considers the material as an array of identical grains with square cross-section.
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with a the grain size, Sgb the recombination velocity at the grain boundary and Dn the intra-
grain electron diffusion coefficient. For small grain size, and moderate recombination velocity
(Sgb a/D � 4), and relatively high intragrain lifetime the equation simplifies to:

Leff =
√

Dna
2Sgb

For an efficient solar cell, the effective diffusion length must be well above the thickness
of the active layer, while at the same time the rear surface recombination velocity should be
moderate. Since the active layer is only a few microns thick, the requirements on the effective
diffusion length are quite relaxed compared to bulk Si solar cells, 10 μm being sufficient to
reach high efficiencies.

3.2.3 Modeling

Different theoretical papers have been dedicated to the topic of modeling thin film polysilicon
solar cells, reporting, in particular, the effects of grain size, grain boundary recombination
velocity and dislocation density [8–12]. Recently, some papers addressed simulations of the
pc-Si based solar cells taking into account the doping spikes due to preferential diffusion of
dopants along grain boundaries during the emitter formation (see Section 3.5.2). In columnar
structures, the dopant spikes extend deep, over a part or the whole depth of the active layer, along
the grain boundaries. Such a structure is called a TREBLE (ThRee-dimensional Emitter Based
on Locally Enhanced diffusion) cell [13]. A scheme of the TREBLE cell is shown in Figure 3.2a.
The vertical junctions created by this preferential diffusion can enhance collection in materials
with low minority carrier diffusion length and therefore increase the cell efficiency. This is
clearly shown in Figure 3.2b which reports the calculated efficiency as a function of the dopant
diffusion depth along the grain boundary Xgb for a 10 μm thick Si based cell with an average
grain size of 3 μm. The analysis was done using ISE-DESSIS, a commercial two-dimensional
semiconductor device simulator. A conversion efficiency of ∼12 % can be expected with
Sgb = 104 cm/s and Xgb = 2.5 μm. With well passivated grain boundaries (Sgb = 103 cm/s),
the effect of preferential doping is less significant and efficiencies above 13 % can be reached
regardless of Xgb.
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Figure 3.2 (a) Scheme of a TREBLE cell; (b) computed efficiency versus diffusion depth along grain
boundary (Xgb) and for different surface recombination velocity at grain boundary (Sgb). The Si base cell
is 8 μm thick, doped at Na = 1017 cm−3, a grain size of 3 μm and a lifetime of 0.5 μsec; the Si-BSF is
2 μm thick and doped at 1019 cm−3.

3.3 SUBSTRATES FOR POLYSILICON CELLS

In contrast to bulk crystalline Si solar cells, thin film Si solar cells rely on a foreign material
for the mechanical strength. If this material is an insulator and can be produced in the form of
large sheets, a monolithic interconnection scheme can be implemented, which potentially can
lead to lower processing and module manufacturing costs.

The choice of substrate depends on several criteria. As thin film solar cells aim at cost
reduction, the primary criterion is low cost. A second important criterion is the temperature
the substrate can withstand, which has to be higher than the maximum temperature in the
cell production process. Another crucial parameter is the thermal expansion coefficient (TEC)
of the substrate, which should preferably be close to that of crystalline Si (∼4×10−6 K−1).
Mismatch can lead to excessive stress, breakage and/or cracks, as a result of differential
extension or contraction while ramping the temperature up or down. This requirement can be
more or less stringent according to the maximum process temperature. Transparency is also
required if a superstrate configuration is chosen (where light enters the device through the
supporting substrate).

In Table 3.1, we list the properties of a few substrate materials considered for polysilicon
solar cells. Soda lime glass is an attractive option as this is mass-produced with a large volume
float process that delivers very low cost per unit area. Soda lime glass is already used as a
standard material in photovoltaic module production, for the front cover and, in glass–glass
modules also as back sheet. Front cover glass most often has a low metallic impurities content
(‘extra white’ glass) and is hardened. Standard soda-lime glass has a softening point of around
580 ◦C and therefore cannot withstand temperatures above this value for an extended period
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Table 3.1 Properties of substrate materials for thin film polysilicon solar cells

Material High
Soda-lime Borosilicate temperature Stainless Mullite

glass glass glass steel ceramic

Price of substrate
(€ /m2)

3–7 20–40 Unknown for large
volumes

4–10 30–40 (estimate for
large volumes)

Softening point
(◦C)

∼580 ∼820 ∼1000 >1000 >1460

Coefficient of
thermal
expansion
(10−6 K−1)

80 3 3.8 12 3.5

Transparent yes yes yes no no

of time. The TEC of soda-lime glass is much larger than that of Si, which can lead to problems
for large polysilicon devices.

Metal substrates can, in principle, be very cost effective. An obvious choice is a steel foil or
substrate, as used in some amorphous Si technologies. The TEC, which for metals is usually
much larger than that of Si, can here also create problems of cracks and breakage. The fact
that the substrate is conductive can be seen as an advantage (easier cell manufacturing with
contacts on either side), however it prevents a monolithic module concept and the associated
potential cost reduction in module manufacturing. A potential way around this problem is to
coat the substrate with an insulating layer. This was suggested in reference [14] for amorphous
and microcrystalline Si solar cells, but has not yet been applied for polysilicon cells.

Borosilicate glass is in many cases a more suitable substrate as it has a TEC closer to that
of Si, while it can withstand temperatures up to 800 ◦C. For short times, this type of glass
can even withstand temperatures above 900 ◦C, as, for instance, in the defect anneal step used
at CSG Solar [15]. For processes that require even higher temperatures, up to 1000 ◦C, some
special glasses could be used, so called ‘high temperature glasses’ [16, 17]. Their TEC is
tuned to match that of Si and it is predicted that they could be produced at a low cost in large
volumes. If temperatures substantially above 1000 ◦C are required, only ceramic substrates can
be considered. Several different ceramics have been investigated. Alumina (microcrystalline
aluminium oxide) is a material widely used in the electronic packaging industry. Some of
alumina’s properties are excellent for thin film Si solar cells. It has good mechanical char-
acteristics and shows a large diffuse reflection. However, its TEC is about twice that of Si.
Mullite is a ceramic material formed as a solid state solution of Al2O3 and SiO2 within a
certain concentration ratio. It has similar optical properties to alumina, but its TEC is much
better matched to that of Si [18]. Cost calculations indicate that it could be produced at a
cost compatible with low cost solar cells. Other nitride based ceramics have been investigated,
among which SiAlON ceramic [19], which is made from Si3N4, AlN and Al2O3 powders. The
TEC of this material is close to that of Si and its mechanical properties are excellent, while its
optical properties are less optimal.

Before closing the discussion on the substrate requirements the authors would like to stress
a fact that is obvious from Table 3.1, but that contradicts incorrect statements made in many
papers. Glass is not limited to very low temperatures, but can in fact be of application for
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technologies going to high temperatures. According to the maximum temperature in the pro-
cess, borosilicate glass, aluminosilicate glass or a glass-ceramic can be selected. Too often,
600 ◦C is wrongly presented as a fundamental and absolute limit to the use of glass.

As the active layer of polysilicon cells is very thin compared to bulk Si cells, while they
share the same limited absorption, properties it is imperative to implement light confinement
in these layers (see Section 3.2.1). For this, internal reflectance should be maximized while
light should be coupled into the cell at an oblique angle. Light scattering by rough surfaces
is often an excellent means to achieve the latter goal. In Kaneka’s STAR concept, both the
front surface and the rear reflector are textured [20], while at CSG Solar, flat glass panels are
textured by coating them with tiny beads [15]. Other possibilities for texturing glass are sand
blasting [21], plasma texturing [22] or chemical reaction with Al [23].

3.4 FILM FORMATION

Crystalline silicon can been grown by a variety of techniques, each suited to the needs of particu-
lar semiconductor device technologies. Technical and economic requirements for photovoltaic
application impose an optimum thickness of about 10 μm or less. Such thin poly-silicon films
on foreign substrates can be grown by different methods that can be distinguished by the
principle of the deposition process: chemical vapor deposition (CVD), plasma enhanced CVD
(PECVD), ion assisted deposition (IAD), liquid phase epitaxy (LPE) and finally the solid phase
crystallization (SPC) of amorphous silicon. In this section we review the different steps for
the formation of the Si films as well as the properties of the resulting silicon layers in terms of
grain size and prefential orientation.

3.4.1 Initial step for grain size enhancement

In order to make use of the high efficiency potential of polysilicon thin film solar cells, re-
searchers strive to obtain as ideal layers as possible, therefore with grains as large as possible.
If Si is deposited directly onto a foreign substrate, the resulting material is usually of rather
poor crystallographic quality, with very small grains. That is why an initial step is often carried
out aiming to reach large grains (>10 μm). Two different approaches are followed.

3.4.1.1 Nucleation control

Any formation of a polycrystalline film on a foreign substrate starts with a nucleation phase,
the followed by a phase in which the nuclei grow further until they form a complete layer.
In general, the larger the number of nuclei (‘nucleus density’) formed during, the nucleation
phase, the smaller the grain size in the final layer will be. On the other hand, if nucleus density
is too low, the nuclei are too far from each other and it will take an impractically long time
to reach a complete layer, or total coalescence might not be reached at all. In order to obtain
an optimal layer, one can therefore attempt to control nucleation in the early phase of the
crystallization or deposition process, aiming at the nucleus density predicted to give the largest
grain size in a continuous layer.
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Nucleation control takes on different forms according to the film formation technique used,
and will therefore be dealt with in dedicated sections.

3.4.1.2 Seed layer approach

In contrast with the nucleation control approach, the seed layer approach totally decouples
initial nucleation from the actual growth of the active layer. First, a thin continuous layer with
large grains is formed, the seed layer. This seed layer shows good crystallographic quality, but
is either too thin or too highly doped, or both, to be used as an active layer in a solar cell.
In the second phase, an epitaxial deposition process is applied, that is a deposition process
that reproduces the underlying crystal structure, to create the absorber layer. Note that two
completely different film formation techniques can be used for the seed layer and the active
layer.

The seed layer approach decouples the issues of achieving good crystallographic quality
on one hand, and of depositing a layer with the required doping profile and with an adequate
growth rate on the other hand. Two prominent techniques to make a seed layer for thin film
polysilicon solar cells are laser crystallization and aluminium induced crystallization (AIC).

Laser crystallization makes use of laser light pulses to melt the silicon locally, inducing
crystallization. As only a small volume of silicon is liquid for only a very short time, the
substrate itself remains at low temperature. Laser crystallization is therefore compatible with
cheap low temperature substrates. High electronic quality can be achieved, with excellent
homogeneity over large areas, even on ordinary glass substrates. Laser crystallized silicon is
used by the electronics industry to obtain thin film transistors (TFTs) for flat panel displays.
There are several different techniques used to laser crystallize materials over large areas.
The standard technique for TFT’s at present is excimer laser annealing (ELA), in which a
thin amorphous Si layer is crystallized by repeated pulses of a wide excimer laser beam. This
technique results in a material with a relatively small grain size (0.1–0.5 μm). Newer techniques
are being investigated, which generate polysilicon layers with better structural quality and larger
grains. The most promising is the sequential lateral solidification (SLS) process [24, 25]. The
idea is to generate grains that serve as seeds for further lateral crystallization. Local melting and
crystallization is spatially and temporally displaced from the previous crystallization event.
The grain width has been found to depend on the a-Si thickness, the laser power and the pulse
frequency. The lower the film thickness, the laser power or the pulse frequency, the higher the
quenching rate is [26]. A high quenching rate means fast crystallization and small grains. The
SLS process has been successfully used for the formation of polysilicon materials with typical
grain size in the range 2–4 μm [27] and up to 7 mm under some specific conditions [28].

In principle, if the a-Si is moderately doped, active layers for solar cells can be formed
directly by laser crystallization. This was done, for instance, by a team at the Electrotechnical
Laboratories in Tsukuba, reporting efficiencies of up to 6.5 % on very small area devices on
ceramic [29, 30]. However, it seems difficult to achieve large devices in this way, due to the
lack of dopant profile control. As the whole Si volume goes through the liquid phase, the
resulting doping level is uniform over the whole thickness. It is therefore impossible to create
a highly doped back region, which is needed for lateral transport of the majority charge carrier.
Therefore, laser crystallization is mainly applied on highly doped layers to create seed layers
for subsequent epitaxial deposition [31].
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The main advantage of laser processing is the possibility to use cheap glass or flexible
substrates. Critical issues for a possible industrial application are throughput (scanning over
the whole device area with a narrow beam is usually slow) and maintenance costs. However,
with constant progress in laser technology, these issues might be successfully addressed.

Another way to reach large grain sizes while keeping the substrate temperature low is to
apply some kind of metal induced crystallization. Some metals, such as Al, Ni or Pd [32–34] are
known to affect crystallization of amorphous silicon, lowering the crystallization temperature
and/or leading to larger grains. In the case of Ni, silicide precipitates are formed at the initial
stage of thermal annealing and act as the sites for crystallization. The amorphous silicon layer
is fully crystallized before the onset of random nucleation, with each nickel particle seeding
one grain, achieving grain sizes >100 μm. These grains, however, contain many low angle
subgrain boundaries and are heavily metal contaminated. To avoid contamination, aluminum
is preferred, as it acts as an acceptor dopant in Si and diffuses relatively slowly in Si. The
AIC technique leads to a thin crystalline layer with a high Al concentration. Such a p+ layer
is not a problem in a photovoltaic device. It is in fact a feature that is present in most Si
solar cell designs. Aluminium induced crystallization (also called ALILE or Al induced layer
exchange) is based on the overall layer exchange of adjacent Si and Al films and transformation
of amorphous to polycrystalline Si during thermal annealing [35, 36]. The Si and Al layers,
each a few hundreds of nm thick, are generally deposited by evaporation, magnetron sputtering
or PECVD. Importantly, a thin (a few nm) Al2O3 membrane should be formed between the
two layers. This is usually done by oxidation of the Al prior to Si deposition. Figure 3.3
depicts the AIC process on silicon oxide substrate through cross-sectional focused ion beam
(FIB) micrographs. Figure 3 a) shows the Al and a-Si layer before annealing. The Al and
Si exchange is performed during annealing at temperatures in the range 450–550 ◦C and for
durations of 30 min to 20 h. During the thermal treatment, the dissolved Si atoms crystallize
within the aluminium. The Si grain first grows in three dimensions until it reaches the substrate
and the membrane at the a-Si/Al interface. Then the grain grows sideways until the end of
the crystallization process. If right parameters are chosen, a continuous polycrystalline silicon
layer is formed. Some secondary crystallites (sometimes called ‘islands’) are formed in the
top layer. Figure 3.3c) illustrates the resulting polysilicon layer as well as the residual Al+Si
structure obtained after annealing at 500 ◦C for 2 h. It can be noticed that the layer exchange
has successfully taken place.

Figure 3.3 Section view micrographs by FIB illustrating the crystallization process on oxidized silicon
substrate: (a) as-deposited Al/a-Si films; (b) silicon grain growth in the aluminium layer after 10 minutes
annealing at 500 ◦C; (c) complete layer exchange after 2 hours annealing at 500 ◦C.
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The Al is removed by selective etching (e.g. by phosphoric acid treatment) after the AIC
process is complete. Grain sizes range between a few microns and larger than 50 μm, depending
on the substrate and the process. The grain aspect ratio is extremely small, as grain thickness
is only in 100–500 nm thick, depending on the thickness of the deposited Al layer. The exact
mechanism of AIC is still unclear, although general principles have been established based
on nucleation theory and diffusion limited kinetics [37]. Many parameters appear to play a
role in the process, including annealing temperature and time, but also Al grain size [38,
39], the deposition technique used [40, 41], the roughness of the substrate, etc. In general,
if the parameters are chosen for fast crystallization, there will be more nuclei and eventually
smaller grains. The grain structure is therefore a compromise between acceptable process time
and best crystallographic structure. Most of the work on AIC has been carried out on glass
substrates, which have close to perfect flatness. The process can also be applied to other types
of substrates such as ceramics [42, 43], but a problem arises of excessive nucleation due to
substrate roughness. This can be solved by depositing a flattening layer on the substrate prior
to AIC, such as a flowable oxide [44, 45]. AIC seed layers show a preferred <100> orientation
[36, 46, 47], which is very beneficial for the subsequent epitaxy. The degree of preferential
orientation is to some extent tunable through the process parameters. The secondary islands
on the seed layer are undesirable because they lead to imperfect epitaxy and more grain
boundaries. They can be removed by chemical mechanical polishing (CMP) [48] or by a high
temperature (T >130 ◦C) ultrasonic phosphoric acid treatment that causes a lift-off of the
remaining aluminium oxide layer [49, 50]. Alternatively, one can ensure that the secondary
crystallites are completely embedded in the to Al layer at the end of the process, so that they
are easily removed during Al etching [51].

3.4.2 Techniques for active layer formation

3.4.2.1 Chemical vapor deposition

In CVD a solid material is deposited through a chemical reaction from gaseous reactants. It is
widely used in microelectronics to grow thin epitaxial layers because it allows excellent dopant
concentration and layer thickness control. The starting product or ‘precursor’ for Si deposition
is most often silane (SiH4) or a chlorinated compound such as dichlorosilane (SiH2Cl2) or
trichlorosilane (SiHCl3). Si deposition is the result of a chain of processes including gas phase
reaction (decomposition of the precursor gas into smaller molecules), gas phase diffusion and
surface reactions. When the process is based on thermal decomposition of the precursor, the
term ‘thermal CVD’ or simply ‘CVD’ is used. Depending on the precursor, deposition takes
place between 800 and 1200 ◦C. Chemical vapor deposition is one of the main techniques
investigated for thin film polysilicon solar cells. A detailed review on that topic is given in a
recent review paper [52].

Chemical vapor deposition is applied either as the second step in the seed layer approach,
i.e. epitaxy on an existing seed layer, or as the only deposition technique to create the whole Si
structure, in which case one may attempt nucleation control in the initial stage of the deposition.

As part of the seed layer approach, the use of CVD is relatively straightforward. In contrast
to other epitaxial techniques, good epitaxy is obtained irrespective of the crystal orientation and
H-coverage prior to epitaxy. Low defect density can, in principle, be achieved if the epitaxial
template is smooth and continuous. This has been demonstrated many times for epitaxial solar
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Figure 3.4 SEM pictures of Si nuclei grown after 5 s, 15 s and 120 s on amorphous thermal SiO2 in an
APCVD reactor at 1150 ◦C.

cells [53] and high temperature thin film multicrystalline silicon solar cells [54]. For thin film
poly silicon solar cells with the seed layer approach, results are less numerous and more recent,
but also indicate that good epitaxy is possible on the various crystal orientations provided the
seed layer is of good quality [44].

Until recently, however, most of the work on thermal CVD for thin film polysilicon solar cells
involved direct deposition on foreign substrates. Uniform layers on large areas were obtained
on oxidized silicon wafer [55–57], but also on other foreign substrates: graphite [58], high
temperature glass [59], alumina [60–65], SiAlON and Si-SiAlON [66] and mullite [67, 64].
When Si is directly deposited on the foreign substrate, the grain size is going to be determined
by the nucleation phenomenon in the early stage of deposition (see Figure 3.4). During the
nucleation phase, nuclei are formed and start capturing free Si atoms on the substrate surface.
While these existing grains grow, new ones may be formed in the spaces between them. After
coalescence, however, grains grow further epitaxially, continuing the underlying crystalline
structure throughout the layer. As the crystallites have different crystal orientations, they form
grain boundaries when they reach each other.

Clearly the number of nuclei just before coalescence determines the grain size in such a
coalesced layer. The lower the nucleus density, the larger the grains will be. The relationship
between nx (the nucleus density) and Lg (the grain size in the final layer) can be roughly
approximated by nx ≈ L−2

g . For an average grain size of 10 μm, for instance, the nucleus density
to be obtained should be in the order of 106 cm−2. A second factor that affects grain size is
competitive growth. During further growth after the initial stage of deposition, some grains grow
at the expense of others, leading to V-shaped grains and a grain size at the surface significantly
larger than at the interface between the substrate and the layer. This is linked to the orientation
dependence of the deposition rate. Finally, grain boundary mobility is another potentially
important factor. If grain boundaries are highly mobile during the deposition process, the final
grain size can be much larger than what is expected from the nucleus density obtained in
the early phase of deposition. Grain boundary mobility depends primarily on the temperature.
Under normal conditions of conventional CVD, grain boundary mobility is so low [68] that this
effect should have only a minor impact on the timescale of the deposition process. However,
some influences can strongly increase grain boundary mobility, like a very high doping level
[69] and the presence of point defect injecting mechanisms such as oxidation [70] and Al
alloying [71]. The studies of nucleation and growth carried out on oxidized Si wafers (used
as an ‘ideal’ model of foreign substrates) show that the grain size is indeed determined by the
nucleus density [57, 72, 73]. The average grain size in the complete layer can be fairly accurately
predicted based on the nucleus density after less than a minute’s deposition. For a grain size of
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10 μm, one should target a nucleus density of about 106 cm−2. On foreign substrates as well,
many experiments indicate that the nucleation process also determines the final layer structure.
As the surface offers a lot of preferential nucleation sites, the nucleus density is usually very
large, leading to layers with a grain size of 1 μm or below. Attempts to control the nucleus
density include adding HCl to the gas flow [55], using intermittent injection of the precursor
gas instead of a constant flow [57, 65] and introducing an intermediate dielectric layer on the
substrate to affect the nucleation behaviour [74].

Many reports of direct CVD on foreign substrates mention a strong <110> preferential
orientation [75–78]. However, it has to be said that the observed preferential orientation (110) is
not specific to a high temperature CVD process, as it appears to be common to many deposition
techniques at high growth rates [79–82]. The dominance of this orientation is found for fine
grained layers, and is linked to some properties of <110> grains, which make them highly
successful in competitive growth, namely the high growth rate of the {110} planes and a low
probability of developing slow growing {111} facets [83, 84]. The films with strong <110>

preferential orientation usually feature many grains with extensive twinning. The preferential
orientation in CVD layers is therefore not a sign of good material quality. Layers with large
grains, where competitive growth plays a much smaller role, do not show a strong <110>

preferential orientation and tend towards totally random grain orientations [85].
An alternative technique to CVD is iodine vapor transport deposition. Iodine vapor reacts

with a Si source to form the transport agent SiI4, which then decomposes on the substrate to
form a polycrystalline Si layer [86, 87]. The process is claimed to be fast and to yield layers
with large grain sizes (∼20 μm) at a temperature of about 900 ◦C.

A very original approach to increase the grain size is to carry out the deposition of the Si-
layer on a layer with low viscosity. As a result of the enhanced mobility of the Si adatoms over
the surface of this low viscosity layer and the ability of the Si nuclei to rotate on this surface,
large Si grains can be formed with grain boundaries which take a low energy configuration.
This should favor the development of large flat grains. The name CVDOLL (CVD on liquid
layer) was introduced by Graef, Gilling and Bloem, who obtained layers with grain sizes
up to 100 μm using Sn layers [88], but the principle had been proposed earlier under the
name of rheotaxy by Rasmanis [89] in the sixties. Using a glass layer that became liquid at the
temperature of Si CVD, he was able to create layers with very large grains on alumina substrates
and to make bipolar devices with good characteristics. The potential of this approach is under
investigation and might be very large, although achieving a layer with controlled viscosity
at high temperature, and which, additionally, is benign in terms of contamination is far from
straightforward.

3.4.2.2 Plasma enhanced chemical vapor deposition

Plasma enhanced CVD is a technique that also involves a gaseous precursor, but the energy
required to break chemical bonds is provided by a plasma. Therefore the temperature required
to achieve a given growth rate can be lower than with thermal CVD. The high energy electrons
in the plasma collide with the gas molecules and dissociate them, initiating the chemical
reaction. In addition, the bombardment of the substrate surface by positive ions from the plasma
can change the surface chemistry. Depending on the reactor configuration, one distinguishes
between direct and remote PECVD, if the sample is directly exposed to the plasma or placed
in the afterglow of the plasma, respectively. Different types of excitation can be used, with
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frequencies ranging from a few kHz to several GHz. The most common PECVD reactors
are based on parallel plates using RF frequencies. Two promising techniques that prevent ion
bombardment and give high deposition rates are hot-wire CVD (HWCVD) [90] and electron
cyclotron resonance CVD (ECR-CVD) [91]. In Hot-Wire CVD source gases like SiH4 and
H2 are pyrolytically decomposed on a filament catalyzer which is heated to 1300–2000 ◦C
and located several centimeters from the surface of the substrate. Electron cyclotron resonance
CVD makes use of the cyclotron resonance, which occurs when the frequency of an alternating
electric field matches the frequency of electrons orbiting the line of force of a magnetic field.
This allows very high plasma densities to be reached.

Plasma enhanced CVD is most commonly used at low temperature (100–300 ◦C) to deposit
amorphous or microcrystalline Si. To deposit fully crystalline layers as needed for thin film
polycrystalline Si solar cells, higher temperatures are needed. Here again, we make a distinction
between the use of the technique in a seed layer approach and direct deposition.

As an epitaxial technique to thicken the seed layer, the focus is on achieving epitaxy with
sufficient quality and thickness. Low temperature epitaxy in general is challenging, even more
so on imperfect seed layers. In general, it appears very difficult to reach epitaxial quality on
grains that depart too much from the <100> orientation, and epitaxy tends to break down
after a few hundreds of nm. Nevertheless, epitaxial layers on AIC seed layers with epitaxy on
more than 70 % of the area with a thickness of 2 μm have been achieved with ECR-CVD at a
temperature of 585 ◦C [48].

There has been much less research on direct deposition of polysilicon with PECVD than
with CVD, even though it can potentially combine a simple process, very high growth rates
and low temperature substrates. Fuyuki et al. studied the influence of the deposition conditions
on preferential orientation and growth rates on oxidized Si wafers [82]. Reehal et al. achieved
promising results with complete solar cell structures obtained with Si PECVD on graphite
substrates at 800 ◦C [92]. It is also assumed that Kaneka used some kind of high temperature
PECVD for the excellent results of the STAR cells (see further).

3.4.2.3 Ion assisted deposition

Ion-assisted deposition is based on electron gun evaporation and subsequent partial ionization
of silicon [93, 94]. An applied voltage accelerates silicon ions towards the substrate. Typical
acceleration voltages of 20 V are used. Because of the energy supplied by the accelerated
ions, the surface adatom mobility is enhanced. As a result the IAD technique enables epitaxial
growth at temperatures as low as 435 ◦C with high deposition rates up to 0.5 μm/min. On
monocrystalline Si, epitaxial layers with very decent quality, considering the low temperature,
have been achieved. Epitaxial films on <100> wafers with a minority carrier diffusion length
of 40 μm and dislocation densities below 103 cm−2 have been obtained at a deposition rate of
0.8 μm/min and a deposition temperature of 650 ◦C [95]. However, as for most low tempera-
ture epitaxial deposition techniques, epitaxial quality is found to be highly dependent on the
substrate orientation [96], the dislocation density on <111> oriented wafers being at least two
orders of magnitude higher.

In the context of thin film polysilicon cells, IAD has been applied to thicken AIC seed
layers formed on borosilicate glass at a substrate temperature of around 600 ◦C [97]. Special
precautions have to be taken to avoid surface contamination and to provide the hydrogen
termination at the surface, which is crucial for low temperature epitaxy. A low deposition rate
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in the initial phase is also needed to achieve epitaxy on grains with less favourable orientation.
Devices were made with these samples, showing Voc up to 420 mV after rapid thermal annealing
(RTA) and hydrogenation.

3.4.2.4 Liquid phase epitaxy

Liquid phase epitaxy (also called solution growth) consists of exposing the substrate to a metal
solvent bath saturated with Si and then lowering the temperature. As a result of supersaturation,
Si is driven out of the solution and is deposited onto the substrate. Various metal solvents
(indium, gallium, aluminium, . . . ) are used and the process takes place in the temperature
range of 700–950 ◦C. The thermodynamic driving force in solution growth is relatively small,
so that no undesired deposition occurs on the walls of the deposition apparatus.

On Si wafers, LPE is known to lead to epitaxial layers with low defect densities and
high minority carrier lifetime [98]. On foreign substrates, however, it appears difficult to grow
device quality layers. Because of the low driving force, it is a serious challenge to obtain enough
nucleation on non-Si substrates. Insufficient nucleation leads to isolated Si crystallites with
large empty spaces in between. The absence of a continuous layer prevents device fabrication.
In that context, one might expect that the seed layer approach is more successful for LPE, as
a continuous layer is then formed before solution growth is started. Different attempts have
been made at combining the deposition of a seed layer with subsequent LPE deposition [99–
101], but none so far has led to device worthy layers. In many cases, Si does not cover the
substrate completely. Even when coverage is complete, the Si deposit usually does not look
like a compact layer but rather like many large separate grains close to each other but without
connecting tissue. Kühnle et al. gave an explanation for this observation based on the low
supersaturation of LPE and its impact on the critical grain size [102]. Low supersaturation
implies a large critical grain size. All small grains in the seed layer are smaller than the critical
size and therefore get dissolved during the solution growth process. This is beneficial for the
average grain size, but leads to discontinuous layers.

3.4.2.5 Solid phase crystallization

The most extensively studied method to obtain poly-Si, and until now the most successful at
solar cell level, is SPC of amorphous silicon [15, 103, 104]. The amorphous silicon can be
deposited either by PECVD, sputtering or simple evaporation.

Typically the amorphous silicon films are between 1 and 3 μm thick, and can either be
undoped, moderately doped or highly doped, or consist of multiple layers with different doping
levels. After deposition, the films are annealed at temperatures between 550 and 700 ◦C, for
a long period of time, typically several tens of hours. The higher the temperature, the faster
full crystallization will be reached, but the smaller the grains will be. If the temperature is too
low, full crystallization is not reached within a reasonable time. A workable compromise is
600 ◦C. In Figure 3.5, a TEM cross-section of an SPC film obtained from annealing evaporated
amorphous silicon is shown. Solar cell grade SPC films have a typical grain size of 1–2 μm
[105, 106]. For all SPC annealing temperatures, there is generally a log-normal distribution of
grain sizes [107–109] which inevitably results in a large proportion of small grains. The average
grain size is a factor of 3–5 times smaller than the maximum grain size. Moreover, the intragrain
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Figure 3.5 Cross-sectional transmission electron image of a SPC polysilicon film made on planar
SiN-coated glass. Reprinted with permission from Figure 1, M. Terry, A. Straub, D. Inns, D. Song, A.
Aberle, Large open circuit voltage improvement by rapid thermal annealing of evaporated solid-phase-
crystallized thin film silicon solar cells on glass, Applied Physics Letters, 86, 172108. Copyright (2005),
American Institue of Physics.

quality is far from being perfect, featuring many defects such as twins and dislocations. As
grown, the electronic quality is rather poor. If devices are made in such layers, Voc values below
200 mV are obtained [104-105]. However, the electronic quality of this type of polysilicon is
greatly improved by post processing (defect annealing and hydrogen passivation, see later),
leading to Voc values around 500 mV and above. Note that diffusion of typical dopants (P, B and
Al) is very slow at 600 ◦C. Provided the thermal budget after crystallization remains low, the
doping profile created during the amorphous silicon deposition is retained in the crystallized
state.

In contrast with other types of polysilicon, SPC material tends to show a <111> preferential
orientation [110, 105]. This has been attributed to the anisotropic rate of crystallization, which
favours grain growth of grains with a <111> direction perpendicular to the substrate [110].

Several approaches can be used to try to improve the material quality of SPC silicon further.
A first approach consists of controlling nucleation by depositing the first layer of amorphous
silicon under such conditions that it will nucleate first and influence the crystallization of the
whole stack. High doping levels are known to lower the threshold to crystallization, particularly
in n type Si. Another parameter is the presence of small crystallites in the amorphous silicon.
Sanyo reached their best SPC polysilicon quality using a highly doped n-type initial layer with
nanocrystallites with <110> preferential orientation [103]. A true seed layer approach can also
be used, where a large grained seed layer is first created, an amorphous silicon is deposited
on this seed layer and then solid phase crystallized. This is in fact the solid phase epitaxy
(SPE) method applied to thin film polysilicon. Such an approach has been tried on several seed
layer types, notably on AIC seed layers [111], however, with less success so far than standard
SPC.

SPC has several advantages compared to other film formation techniques. It is rather sim-
ple and cost effective, requires a low process temperature, produces a relatively high quality
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active layer, is easy to scale up and allows the possibility of in situ junction formation. The
disadvantages are the very long cycle time and the difficulty to reach the structurally excel-
lent material quality that will probably be needed for thin film polysilicon solar cells with
efficiencies beyond 12 %.

3.4.3 Defect density and activity

In this section, we first briefly introduce some concepts that are useful in the study of polysilicon
thin films and then describe the ongoing discussion on the electrical activity of grain boundaries
in this type of material.

A first crucial concept is the ‘grain size’. Grains in real polycrystalline layers are not uniform
in size, but come in a variety of sizes, which is best expressed in a distribution. For the sake
of simplicity, one usually refers to the ‘average grain size’ in a layer. Although this looks like
a straightforward concept, it is not unambiguous. As discussed in [112], the average grain
size determined by averaging the diameter of each grain is not the same as the area weighted
average grain size. They can easily differ by a factor of two. In practice, a convenient approach
to determine a characteristic grain size from optical or electron microscope pictures is to use
the ‘grain boundary crossing technique’ [68, Chapter 2]. For TEM pictures, the grain size is
taken as the average of the distance between two grain boundaries for each visible grain, taken
over as many grains as possible. With SEM top views, the grain size at the top of the layer
is measured in a similar way: a straight line is drawn across the picture, and the grain size
is considered to be equal to the length of the line divided by the number of grain boundaries
crossed by the line. This procedure is repeated several times to average extreme values. It
has been found that the average grain size derived in this way is slightly higher than the area
weighted average grain size derived by an extensive counting method.

As extended defects in a semiconductor, grain boundaries give rise to energy states within
the bandgap. The most appropriate description of these defect states is to define distributions
of acceptor and donor states in the bandgap, distinguishing between deep and tail states, and
this for each grain boundary. For a practical analysis, it is, however, useful to lump these states
into one characteristic value, the grain boundary defect density, considered an average of all
the different grain boundaries present in the material. A typical grain boundary defect density
is 1012 cm−2 for unhydrogenated material, and below 1011 cm−2 when effectively passivated.
These defects trap majority carriers and give rise to depletion regions on either side of the
grain boundaries. In most thin film polysilicon layers, however, the grains are so large that the
material is only partly depleted, most of the grain being undepleted. The defect density at grain
boundaries can conveniently be derived from resistivity versus temperature measurements.
Indeed, the activation energy corresponds to the potential barrier at grain boundaries, which
can be linked through the Seto theory [113] to the grain boundary defect density:

ϕb = q N 2
t

8εs N

with φb the height of potential barrier at a grain boundary, q the electronic charge, Nt the
defect density at grain boundaries, εs the permittivity of Si and N the doping level. For low
doping, high grain boundary defect density and the smaller grains in the grain size distribution,
complete depletion might occur.
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In contrast to microcrystalline silicon where doping drastically increases defect density
[114], the electronic quality of thin polysilicon films decreases relatively slowly as the doping
level increases up to 1017 cm−3 [44, 115]. In many reports, grain boundary defect densities
and recombination velocities are reported to be very large. Values of Sgb derived from the
device parameters are often larger than 105 cm/s [11]. In particular, as-deposited material
has extremely active grain boundaries, in contrast with as-deposited microcrystalline material
that shows values of Sgb below 1000 cm/s. It has been suggested that the <110> prefential
orientation which is typical for microcrystalline Si results in low recombination activity at grain
boundaries, because two adjacent grains with a vertical <110> axis in principle can only form
low energy grain boundaries ([110]-tilt type) [12, 116]. However experiments certainly do not
show that it is sufficient for good performance, as many layers with strong <110> preferential
orientation result in very low values of Voc. Moreover, some of the best thin film polysilicon
solar cells are based on SPC. However, SPC layers generally do not show a <110> preferential
orientation. (Note that the claim in [116] and [12] that Sanyo’s SPC layers had a <110> texture
is not substantiated in Sanyo’s papers [103, 117] and is in fact unlikely to be true. There has
been a confusion between the nucleation layer and the active layer.) Since it is neither sufficient
nor necessary, an explanation based on the favourable properties of the <110> orientation is
not satisfactory.

It has been suggested that even if grain boundaries have moderate recombination velocities,
the presence of very small grains (as in the tail of the grain size distribution) have a dispropor-
tionately negative effect on the open circuit voltage. Indeed, very small grains can potentially
become completely depleted, in which case the Fermi level is pinned at midgap [118]. Since
these regions extend deep into the base, and since the Shockley–Read–Hall mechanism is most
efficient as electron and hole concentrations are of the same order, one could indeed expect that
they would have a very detrimental impact on performance. Although this effect might indeed
play a role, alone it cannot explain the difference between microcrystalline and polysilicon in
terms of grain boundary recombination. In fact, microcrystalline devices, with a much larger
depleted volume, should, according to this suggested mechanism, suffer more from enhanced
recombination, which is not the case.

A difference between grain boundaries in micro- and polycrystalline silicon might be the
level of impurity segregation at grain boundaries. Segregation to grain boundaries can alter
the electronic properties of polycrystalline semiconductor materials quite dramatically, and
it has been suggested that the electrical activity of grain boundaries is wholly a result of
impurity segregation [119]. The higher temperatures used to form polysilicon film might favour
segregation. Oxygen is known to diffuse to grain boundaries during annealing treatments at
over 600 ◦C [120, 121]. The increasing concentration of oxygen at the grain boundaries as
the annealing time or temperature is increased has been linked with a larger grain boundary
potential barrier.

While these explanations may indeed explain the very high electrical activity of some
polysilicon materials, an analysis of the results obtained in the past and more recently suggests
that this problem is not fundamental, and that grain boundaries in polysilicon can be passivated
to a very large extent. In Figure 3.6, the best Voc values reported for thin film polysilicon cells
are plotted as a function of the grain size. As reference, a value recently published for state-of-
the-art microcrystalline Si is given as well. The references are as follows: ‘microcrystalline’:
[122]; Kaneka: [20]; Sanyo: [103]; CSG: [89]; IMEC98: [123]; UNSW: [124]; IMEC05: [125];
ETL: [30]; IMEC02: [115]; IPHT: [126]. There is no indication that Voc drastically decreases
with decreasing grain size. In fact, the best Voc as obtained by Sanyo was on layers with
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Figure 3.6 Compilation of the best open circuit values obtained with thin film polysilicon solar cells,
plotted as a function of the grain size.

1 μm grain size! In Figure 3.7, the calculated diffusion lengths of the same devices are given
(using Taretto’s method to derive the effective diffusion length from device parameters [12].
Theoretical lines with the expected diffusion length for a given grain boundary recombination
velocity are also given, and allow one to situate the degree of grain boundary activity.

Three of the data points in Figure 3.7 have estimated grain boundary recombination veloci-
ties below 10 000 cm/s, some being close to 1000 cm/s. Note that, in contrast to reference [12],
we do not find two distinct groups. There are data points over the whole range of recombination
velocities, from 1000 to 107 cm/s. The main difference between bad and good polysilicon is
the degree of defect passivation. In microcrystalline silicon, grain boundaries are passivated in
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situ by hydrogen. In polysilicon, defect passivation has to be done subsequently. Although it is
a challenge, the examples of excellent polysilicon show that almost as efficient grain boundary
passivation can be achieved.

3.5 SOLAR CELL AND MODULE PROCESSING

3.5.1 Device structure

Thin film polysilicon devices have, in fact, a similar structure to that of standard bulk crystalline
Si solar cells, in spite of the much thinner active layer. The collecting structure is a p-n junction,
with a highly doped side (the emitter) and a moderately or lowly doped side (the base). In several
polysilicon technologies, the base doping is chosen to be very low, in the order of 1015 cm−3.
Often the base is not intentionally doped, although significant doping is found to be present,
either through O related donor formation, or dopant diffusion. Yet, the space charge region
does not extend over the whole thickness of the base. In contrast to amorphous Si where drift is
the main mechanism, collection in these devices mainly relies on diffusion. All devices have a
highly doped region at the rear, which is necessary for easy contacting. This layer also induces
a field effect that tends to repel minority carriers from the rear surface (‘back surface field’),
which is important if the diffusion length approaches or exceeds the base thickness.

As for other thin film solar cell technologies, two basic configurations can be envisaged,
namely the superstrate or the substrate configuration (see Figure 3.8). In the superstrate config-
uration, light enters the cell through the support onto which the active layer has been deposited,
whereas it enters through the other side in the substrate configuration. Although we have de-
picted the superstrate configuration for a device with a p type base, an n type base is of course
also possible in this configuration. Conversely, a p type base is used in many examples of
polysilicon cells in the substrate configuration. The superstrate configuration has a few inher-
ent advantages. If large enough, the superstrate can act as the module front cover, apart from
providing mechanical strength. This entails a major cost reduction in module manufacturing,
as no additional front cover glass panel is then required. Since none of the contacts are covering
the layer, shadow losses are very low if not negligible. Finally, the metallization pattern can
be designed for low series resistance with no adverse consequence for the short circuit current
due to shading losses.

With most thin film solar cells, extracting current from the sublayer that is in contact with
the substrate presents a challenge. The only exception is if the substrate is conductive (e.g.
uncoated stainless steel), in which case the substrate itself can be in ohmic contact with the
layer and serve as the back electrode. However, most thin film polysilicon solar cells use an
insulating substrate. One can, in principle, cover the substrate with a conductive layer prior
to the deposition of the active layer, as is done in most thin film solar cell technologies (e.g.
transparent conductive oxide (TCO) layer for amorphous p-i-n modules, and molybdenum
layer for CIGS modules). The fact that the preparation of polysilicon layers usually requires
high temperatures severely limits the possibilities for such an intermediate conductive layer. A
possible candidate is a TiB2 layer, which has been shown to have the required thermal stability
and conductivity [127]. However, a more appealing possibility is to make use of the natural
conductivity of polysilicon. In contrast with amorphous and microcrystalline Si, polysilicon
can have a low resistivity, depending on the grain structure and the doping level. A thin layer
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a)

b)

n+ emitter

p+ rear layer

reflector

ARC

p+ emitter

n+ rear layer

ARC

Superstrate

p base

n base

Substrate

Figure 3.8 Possible configuration for thin film polysilicon solar cells: a) superstrate configuration (as
used, for instance, by CSG Solar), b) substrate configuration (as used, for instance, by Sanyo).

of highly doped polysilicon can provide a conductance that is sufficient to prevent a significant
voltage drop over hundreds of micrometers. This enables local contacting schemes, where
access is made to the rear sublayer through the other sublayers (e.g. by etching) and local
contacting. One local contact then collects current from a relatively large area around it (see
example in Figure 3.9). The optimal contact density is determined by a trade-off between series
resistance losses, dead area losses and technological limitations for local contact formation.

- Contact + Contact

n+

p

p+

Figure 3.9 Example of contacting scheme enabled by the high conductivity of doped polysilicon layers.
In this example, both holes in the rear p+ layer and electrons in the front n+ emitter travel laterally over
large distances in the silicon layer itself before reaching the contacts.
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Figure 3.10 Scanning capacitance microscopy image of a p–n+ polysilicon diode, featuring peaks
of preferential doping. Reprinted from Solid State Phenomena, 67–68, G. Beaucarne, J. Poortmans,
M. Caymax, J. Nijs, R. Mertens, “Properties of p-n diodes made in polysilicon layers with intermediate
grain size”, 577–582 Proceedings of the the 5th International Conference on Polycrystalline Semiconduc-
tors POLYSE’98. 13–18 Sept. 1998; Schwabisch Gmund, Germany. Copyright (1998) with permission
from Transtech Publications.

3.5.2 Junction formation

A straightforward way of creating a junction in a polysilicon thin film is to apply the standard
technique for bulk Si solar cells, namely to diffuse P at high temperature (700–900 ◦C) into
a p-type material. The diffusion profile is, however, not as easy to predict as on standard
mono or multicrystalline material. In general, faster diffusion is observed because of enhanced
diffusion along extended crystallographic defects such as grain boundaries and dislocations.
Preferential doping along grain boundaries leads to the creation of dopant ‘spikes’, n-doped
zones penetrating vertically into the base. Evidence of this can be gathered with advanced
microscopy techniques. An example is given in Figure 3.10 [128]. It is believed that the
impact of these peaks on carrier collection can be considerable, particularly in polysilicon
with electrically very active grain boundaries [129]. It has been suggested to make active use
of this phenomenon to improve performance (see Section 3.2.3 and references [13, 115, 130]).
However, the increase of the junction area can potentially lead to a worsened space charge
region recombination current and adversely affect the Voc of the cells. The extent of enhanced
diffusion within grains and grain boundaries depends on various parameters of the polysilicon
film such as preferential orientation and the growth rate at which the film was deposited
[131].

An alternative to high temperature diffusion of dopants for emitter formation is to grow the
emitter in situ, in the same deposition step as the base layer. This has been successfully done for
high temperature PECVD deposition [92] and solid phase crystallization [15, 105]. A grown
junction may entail a significant simplification of the process, as it makes an additional junction
formation step unnecessary. However its implementation may present a difficult technological
challenge because of reduced control over doping profiles, particularly if the deposition process
takes place at high temperature.

A last possible junction formation technique that can be used for thin film polysilicon solar
cells is to create a heterojunction by depositing thin amorphous Si layers. Sanyo was a pioneer
with this approach, with the development of the heterojunction with intrinsic thin layer (HIT)
and reporting a poly-Si HIT solar cell as early as 1990 [132]. Here a thin intrinsic layer (∼5 nm)
is first deposited on the polysilicon, followed by a doped p+ layer. Because the amorphous
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silicon layer does not provide lateral conductance this type of emitter has to be combined with
a TCO. Although Sanyo only reported results on n-type base devices, heterojunction emitters
can also be applied on p type base devices, the thin amorphous emitter being then n+ doped.
Recently, Voc values up to 520 mV have been reported on p type CVD deposited polysilicon
on ceramic [125].

3.5.3 Defect passivation

In comparison with standard solar grade crystalline Si material, thin polysilicon layers contain
a lot of defects (in the order of 1016 cm−3), both at grain boundaries and inside the grains. It
is of crucial importance to passivate these defects to reach high device performance. Some of
the defects can be annealed away with a short high temperature treatment. This has proved
to be very beneficial for SPC polysilicon on glass, for which a rapid rhermal anneal brings
about an increase in Voc of more than 30 mV [105, 133]. However, so-called ‘smearing’ of
the doping profiles takes place during high temperature annealing, making transitions less
sharp and increasing the doping level of the most lowly doped region. If the thermal bud-
get is excessive, two regions of high and opposite doping might get in contact and lead to
shunting.

Defect passivation is usually achieved by introducing atomic hydrogen into the material.
The effect is of considerable complexity and still the topic of much research. The simple pic-
ture is that hydrogen atoms bind with dangling bonds at extended or point defects, thereby
removing energy states in the bandgap. There have been many studies about hydrogenation of
multicrystalline silicon [134–136]. For this material, hydrogen passivation from a short anneal
of a silicon rich PECVD nitride has appeared to be very effective and most convenient as it
fits very well in a straightforward process sequence (silicon nitride is deposited anyway as an
anti-reflection coating) [137, 138], and is now applied in most industrial solar cell processes.
While one can expect Voc improvements of up to a few tens of mV with multicrystalline
Si, the effect is much more far-reaching for thin-film polycrystalline cells. It is not uncom-
mon to observe increases of 200 mV or more in Voc as a result of hydrogenation [97, 106,
133, 139].

The plasma hydrogenation process is typically done at a temperature of 400 ◦C, although
studies indicate that more effective passivation can be obtained at higher temperatures (see
Figure 3.11) [97]. At CSG Solar, it is carried out at a temperature as high as 610 ◦C, but the
plasma is kept on during the cooling down phase [106].

A typical hydrogenation time is 30 min. Longer hydrogenation may lead to the creation of
new defects in the grains that counteract the beneficial passivation effect [140]. Recently, it has
been demonstrated that hydrogenation through rapid thermal annealing of silicon nitride (as
used in standard solar cell processing) can also effectively be applied to thin film polysilicon
layers [141].

3.5.4 Isolation and interconnection

Production processes of thin film polysilicon solar cells start with the formation of a film with
the required structure and properties on a large area substrate. Afterwards, this large film needs
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Figure 3.11 Effect of hydrogenation temperature on Voc of polysilicon pn junction obtained by AIC
crystallization followed by IAD. The squares are the Voc values, whereas the diamonds and the triangles
indicate the first and second diode influences, respectively. Reprinted from A. Straub, D. Inns, M. L.
Terry, Y. Huang, P. I. Widenborg, A. G. Aberle, Optimisation of low-temperature silicon epitaxy on
seeded glass substrates by ion-assisted deposition, Journal of Crystal Growth, 280, 385–400. Copyright
(2004),with permission from Elsevier.

to be isolated into islands or segments, which become separate cells. For research, a mesa
structure formed by shallow etching is useful [52]. To enable series connection of the cells,
however, the isolation has to be carried out down to the substrate. This can be done by dry or
wet etching, or by laser grooving. If the latter technique is used, special care has to be taken
to ensure that no p+ n+ junction is created as a result of the local remelting, as this would lead
to shunting.

Once the separate cells have been isolated, they have to be connected with each other in
series. This is most conveniently done simultaneously with the cell metallization. The positive
polarity contacts of one cell are connected with the negative polarity contacts of the next cell,
and both may in fact consist of the one single strip of metal, bridging the isolation groove. This
is, for instance, illustrated in Figure 3.12, a picture of the metallization and interconnection
scheme of a CSG Solar module [15]. Note that a collecting busbar is not needed in monolithic
polysilicon modules. The current flows from one cell to the next in the cell ‘string’ in a
distributed way over the whole length of the cell segments. Large collecting contacts are only
needed at the two ends of the module (left of the first and right of the last cell). This greatly
simplifies module manufacturing and is a major advantage compared to traditional module
production, where carrying very large currents from one cell to the other without excessive
series resistance losses is a major issue.

As a result of the edge isolation process, it is likely that both cell polarities surface in
the vicinity of the isolation groove. To avoid short circuiting the cell with the interconnection
metal, some kind of bridge over the groove is needed. This is achieved by applying an insulating
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Figure 3.12 Metallization and interconnection scheme of a CSG Solar module. The positive contacts
(lighter dots) are connected with the negative contacts (darker dots) of the next cell. The isolation groove
runs vertically in the middle of the picture and is filled by an insulating resin. Figure 2 in: P.A. Basore,
Simplified processing and improved effciency of crystalline silicon on glass modules, Proceedings 19th
European Solar Energy Conference, 455–458. Copyright (2004) WIP.

material covering the edges of the isolation groove (or, optionally, the whole isolation groove
area). In the CSG Solar modules, this is done with a resin which completely fills the groove [15].

3.6 POLYSILICON SOLAR CELL TECHNOLOGIES

In this section we will review some of the major thin film polysilicon technologies and research
efforts on this type of solar cells. In contrast with the development of bulk crystalline Si solar
cells, the development has not been a continuous, gradual but steady flow of improvements,
through the contributions of many institutes and companies. On the contrary, it has been
fragmented and characterized by many stops and starts.

The first studies for thin film polysilicon solar cells were carried out in the USA in the
seventies. The approaches were mostly based on high temperature deposition from the gas
phase. While the achieved efficiencies at the time were only in the range of 1 to 3 %, a wealth of
knowledge was gained, which could have been the start of a successful development. However,
the programmes were discontinued at the end of the seventies. A more detailed description of
these early research efforts is given in reference [52]. Research on this type of materials for
solar cells resumed only in the nineties, starting in Japan.

3.6.1 Solid phase crystallization-heterojunction with
intrinsic thin layer solar cells (SPC-HIT)

Sanyo did extensive research on SPC polysilicon for solar cells and started reporting about it
in 1990 [132]. The amorphous Si was deposited on quartz or metal substrates by PECVD. The
layers were not intentionally doped but got a marked n-type doping after crystallization [117].
For the emitter, they used their HIT structure (thin intrinsic a-Si/thin p+ a-Si). The best solar cell
results were presented in 1995, with an efficiency on a 1 cm2 device of 9.2 % [103]. The results
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at the time were remarkable, better than what had been achieved up to then with microcrystalline
Si. It is therefore puzzling that this research path was apparently discontinued in 1996. Sanyo
did continue the development of its HIT emitter, but in combination with high lifetime bulk
wafers, and has since then demonstrated outstanding results with laboratory cells (up to 21.5 %
[142]) and successfully upscaled the concept into a high efficiency commercial product.

3.6.2 Surface texture and enhanced absorption with back
reflector solar cells (STAR)

Kaneka is well known for its hybrid amorphous Si–microcrystalline Si modules, which they
were first to bring on the market. These modules have an amorphous Si top cell deposited
on TCO covered glass, onto which a microcrystalline silicon layer is deposited by PECVD.
Note that, as the amorphous top cell is sensitive to temperature, the second active film also
has to be deposited at low temperature, and therefore is bound to feature very small grains
and substantial amorphous material. However, a lot of the work carried out by Kaneka in the
nineties seems to have been on polysilicon. For a large part of the nineties, Kaneka reported
that it produced poly silicon with substantial grain size (not clearly mentioned, but should
be at least 0.1 μm), with a substantial effective active doping of 1016 cm−3 [143, 144]. The
details of the deposition were not given, only mentioning that the PECVD deposition took
place at a temperature below 550 ◦C. All these parameters are very different from micro-
crystalline silicon, which has grains of a few tens of nm, has to be intrinsic and is deposited
around 200 ◦C. This therefore suggests that the cells presented in those publications (called
STAR cells for Surface Texture and enhanced Absorption with back Reflector) were made
of real polysilicon (grain size 0.1 μm or higher and complete crystallinity) by a high tem-
perature (just below 550 ◦C) PECVD process. Outstanding results were achieved with the
STAR concept, with efficiencies up to 10.1 % [145]. This is probably the best thin film polysil-
icon solar cell ever made. Emphasis was put on achieving effective light confinement by
the use of a front texture and a good and rough reflector at the rear. The confusing part is
that the results for the STAR cells were often presented alongside hybrid cell results (e.g.
in [143]), in which the bottom cell has to be microcrystalline. It seems that, at some point,
Kaneka completely switched to a microcrystalline technology and gave up the polysilicon
route they had been investigating. Even in recent papers, Kaneka maintains ambiguity, refer-
ring to the material used in its hybrid modules as polysilicon, but equating it to microcrystalline
silicon [146].

3.6.3 Crystalline silicon on glass technology (CSG)

The thin film polycrystalline silicon technology that is closest to industrial implementation
is arguably the crystalline silicon on glass (CSG) technology developed by the company
previously called Pacific Solar (now CSG Solar). Although Pacific Solar was founded in 1995,
they only published their first technical paper in 2002, mentioning a best module efficiency
of 7.3 % [147]. Other publications have since followed, releasing an increasing amount of
details [15, 106, 148–150]. The best efficiency so far is 8.8 % for a 96 cm2 mini-module, while
the Voc of individual cells is close to 500 mV. In 2004, the company stopped its activities
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under the name Pacific Solar, but continued with the same technology and new investors as a
new company CSG Solar. This led to the construction of a production line in East Germany.
Production start is foreseen in 2006.

The devices feature a p-n+ junction, the standard structure for a crystalline silicon cell.
The technology is based on SPC of PECVD deposited amorphous Si. All layers are deposited
directly on a borosilicate glass substrate previously textured with a sol-gel coating containing
small silica beads. The polysilicon layer is just 1.5 μm thick, which is extremely thin for
crystalline silicon. Nevertheless, decent currents are achieved (up to 28 mA/cm2), thanks to
the application of a very effective light confinement scheme. Post deposition treatment of the
polysilicon films, such as defect anneal and hydrogenation, are crucial for the high performance
of the produced modules. The defect anneal is done in a short RTA treatment at 900 ◦C, well
above both the strain point and the softening point of the substrate material. CSG Solar’s
plasma hydrogenation process is quite remarkable. It is extremely effective on their SPC
material, leading to very large increases in Voc (+ 260 mV) and efficiency (a factor of 4.6!). A
prototype has been built to apply this process with a high throughput, and a full size industrial
system is going to be installed at the CSG Solar factory.

It should be noted that efficiencies achieved so far already come close to those of record sin-
gle junction microcrystalline cells. Moreover, upscaling appears relatively easy and durability
is excellent [149].

3.6.4 Other research efforts around the world

Several photovoltaic research groups are investigating thin film polysilicon technologies. Most
of the efforts are directed towards producing a material with much higher crystallographic
quality than state-of-the-art SPC material, with a high growth rate. It is believed that en-
hancing the crystallographic quality (larger grains) gives rise to a higher efficiency poten-
tial, which will eventually lead to efficiencies in the range of 14–15 %. Here, we highlight
the work of a few groups that have already produced functioning devices. This should be
considered as a snapshot taken at the time of writing. Because of the fast progress, it is ex-
pected that the mentioned Voc and efficiencies values will greatly increase in the next few
years.

The thin film group at the University of New South-Wales investigates different routes, all
based on intermediate temperature substrates and nonUHV evaporation techniques, based on
the assumption that these choices will eventually lead to solar cells with the lowest cost [151].
The EVA concept is similar to the CSG Solar approach but uses evaporated amorphous silicon
layers instead of PECVD a-Si. The other two routes use AIC seed layers on glass in combination
with epitaxy. The ALICIA cell uses IAD to create the epitaxial absorber layer, whereas the
ALICE concept applies a solid phase epitaxy process on amorphous Si layers deposited on the
AIC layer. Values of Voc above 400 mV have been reached with the three techniques, the best
value at the time of writing being 454 mV with EVA. Efficiencies are still very low (1–2 %
range), because the solar cell process is not yet optimized.

The Hahn-Meitner Institute (HMI) has a similar approach but has focused on AIC on glass
and low temperature epitaxial deposition with ECR-CVD [152]. Devices have been made using
a heterojunction emitter. Values of Voc of up to 378 mV and a best efficiency so far of 1 % have
been reported [153].
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The Institute for Physical High Technology (IPHT) in Jena, Germany is developing a
technique called layered laser crystallisation (LLC) [126]. A seed layer is first created by laser
crystallization of a p+ layer. On this seed layer, an epitaxial layer is formed in a PECVD
system equipped with a pulsed KrF excimer laser. The regular laser pulses lead to the in situ
crystallization of the deposited amorphous silicon, creating high quality epitaxial layers. Values
of Voc up to 510 mV and efficiencies up to 3.6 % have been reached on small area devices.

While the groups mentioned so far are only investigating devices on ‘intermediate tempera-
ture substrates’ (that is substrates that can withstand temperatures above 600 ◦C only for a very
limited time), others are investigating high temperature substrates such as ceramic substrates.
The Interuniversity Microelectronics Centre (IMEC) started research in thin film polysilicon
cells in the mid-nineties, using thermal CVD. The focus was first on attempting to control
nucleation in the early stages of deposition for optimal grain size. A best efficiency of 5.5 %
was reached on a model oxidized silicon substrate [115]. The approach has now shifted towards
the combination of AIC seed layer on ceramic substrates and epitaxial thickening of that layer
with thermal CVD [154]. The best efficiency so far is 5.9 % using a heterojunction emitter and
interdigitated contacts [155] (presently InESS).

The PHASE Laboratory in Strasbourg, France is applying various approaches to grain size
control for polysilicon on various ceramics (alumina, mullite, SiN . . . ), including AIC and
CVDOGL (CVD on glassy layers), while silicon deposition is carried out in a rapid thermal
CVD (RT-CVD) system at atmospheric pressure. The best efficiency so far is 3.3 %.

NAIST in Japan is focusing on direct polysilicon deposition on foreign substrates by thermal
CVD, controlling the grain size by the intermittent supply method [57, 65]. Grain sizes of
around 10 μm are reproducibly achieved and Voc values up to 410 mV have been reached
[156], with efficiencies so far in the range 2–3 %.

NREL in the USA is investigating the use of the iodine vapour transport method for thin
film solar cells on foreign substrates. With a heterojunction emitter, solar cells with Voc values
of 460 mV and efficiencies up to 3.5 % have been reached [87].

3.7 CONCLUSION

Thin film polysilicon solar cells are a rather new thin film photovoltaic technology, combining
a large cost reduction potential with a large efficiency potential. State-of-the-art polysilicon
solar cells are made with SPC, with efficiencies presently reaching around 9 % at minimodule
level. To reach higher performance, a lot of research is going on aiming to achieve better
crystallography. In order to be successful, thin film polysilicon devices need to improve further
and reach 12 % module efficiency with a single juntion, with a process that is industrially
applicable. Considering the fast pace of progress, particularly in the last few years, it is possible
that thin film polysilicon will emerge as the major technology to succeed bulk Si.
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4 Advances in Microcrystalline
Silicon Solar Cell Technologies

Evelyne Vallat-Sauvain, Arvind Shah and Julien Bailat
Institute of Microtechnology, University of Neuchâtel, Switzerland

4.1 INTRODUCTION

Thin film silicon constitutes, from many points of view, an ideal option for future low-cost
mass production of photovoltaic (PV) solar modules:

� Material requirements are reasonable: no rare or toxic raw materials are used in large quan-
titites.� Energy payback times are much lower than for the present wafer based PV technology.� An upscaling to large area modules (with areas over 1 m2) has already been demonstrated
for industrial plants with production capacities of more than 10 MWp/year.� Monolithic integrated series connection of cells to form entire modules is possible.� Typical processes involved are low-temperature processes and, thus, a large variety of sub-
strate materials, including low cost flexible plastic substrates are possible.

In the first two decades of development (approx. 1970–1990) thin film silicon solar cells
were restricted to hydrogenated amorphous silicon (a-Si:H) and its alloys with germanium (a-
Si,Ge:H) and carbon (a-Si,C:H). This topic is discussed in Chapter 5 of this volume. Amorphous
silicon photovoltaic technology is now an industrially mature technology, but has so far not
been able to capture a significant share of the PV market. Hydrogenated amorphous silicon
solar cells had indeed initially been largely confined to applications for powering small systems,
and only rarely used in actual electrical power applications. One of the main reasons for this is
the relatively low efficiency (5 to 7 %) obtained for commercial amorphous silicon modules.
This limitation is due in part to the Staebler–Wronski effect or light-induced degradation
effect. Inspite of this limitation, a-Si:H PV modules are now gradually entering into the energy
field and especially into the building integrated PV (BIPV) area, where they offer interesting
structural and aestethic advantages.

In the early 90s, hydrogenated microcrystalline silicon (μc-Si:H) was pioneered by our
group at the Institute of Microtechnology of the University of Neuchâtel (IMT) as a new thin
film material for photovoltaic applications. Microcrystalline silicon layers and solar cells can
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be produced in virtually the same manner and with the same equipment as amorphous silicon,
but have quite different material properties:

� A complex material microstructure, that varies drastically with deposition conditions.� An increased sensitivity to layer contamination.� A lower bandgap (1.1 eV instead of 1.7 to 1.8 eV for a-Si:H). Due to this, there is a capacity
for usefully absorbing and converting incoming light in the near infrared region of the solar
spectrum.� An indirect bandgap, i.e. a lower absorption coefficient in the visible range of the solar
spectrum compared with a-Si:H. Due to this, there is a necessity for using thicker absorbing
layers than in the case of a-Si:H and more efficient light trapping within the solar cell.� A much milder form of light induced degradation.

Microcrystalline silicon solar cells are still very much a research topic. Many aspects of the
material properties and the device physics are just being investigated. The present chapter will
give a comprehensive report on some of the more important of these issues.

Looking at solar cell efficiencies, one notes that presently the best laboratory single junction
microcrystalline silicon solar cells have efficiencies in the 9 to 10 % range; individual record
cells even reach values slightly over 10 %. As microcrystalline silicon is yet in the early stages
of development, one can hope that these values will be susbtantially increased during the next
few years, especially through more efficient light management schemes.

However, the best way of using microcrystallline silicon for photovoltaics appears at present
to be in the “micromorph” tandem, i.e. in the combination of a microcrystalline silicon bottom
cell with an amorphous silicon top cell. Here, stabilized efficiencies in the range of 11 to
12 % are obtained for small area laboratory cells. The world record initial efficiency for such
tandem small area cells has now reached 14.7 %. Kaneka Corp. has brought out commercial
PV modules based on the tandem approach with stabilized efficiencies of over 8 %.

In this chapter, limitations and prospects for the micromorph tandem will therefore also be
discussed.

4.2 MICROCRYSTALLINE SILICON: MATERIAL FABRICATION
AND CHARACTERIZATION

4.2.1 Microcrystalline silicon deposition techniques

4.2.1.1 Introduction

One usually employs the term ‘microcrystalline silicon’ (μc-Si:H) or, alternatively ‘nanocrys-
talline silicon’ to designate layers that are deposited at low temperatures (below 400 ◦C) by
plasma enhanced chemical vapor deposition (PECVD) or similar techniques, either from pure
silane (SiH4) or, more commonly, from a mixture of silane and hydrogen. The term ‘polycrys-
talline silicon’ has been commonly used to designate layers that are deposited e.g. by chemical
vapor deposition at higher temperatures (usually 600 ◦C and above). There are two advantages
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of selecting a low temperature process such as the plasma processes used for microcrystalline
silicon: (a) a large variety of substrates becomes possible and contamination problems are re-
duced, (b) hydrogen is incorporated into the layers, thereby passivating the electronic defects
and grain boundaries.

The possibility for low temperature synthesis of microcrystalline silicon was discovered in
1968 by Veprek and Marecek [1] by a chemical transport technique. This technique is com-
parable to the currently employed PECVD process with respect to two aspects: in both cases,
the deposition precursors are silane related radicals and in both cases atomic hydrogen plays a
crucial role in layer growth. The fabrication of μc-Si:H using PECVD of silane was introduced
in 1979–1980 [2,3]. Its application to solar cells was first limited to p type window layers in
p-i-n type amorphous silicon solar cells [4]. There, the high conductivity and low absorption
coefficient in the visible range of these microcrystalline silicon layers are particularly use-
ful [5]. Fully microcrystalline thin film silicon solar cells incroporating a μc-Si:H i-layer as
photoactive layer were at first not considered feasible due to the poor quality and the n type
character of undoped layers. In 1994, the Neuchâtel group showed, however, that it is possible
to obtain fully microcrystalline single junction solar cells with conversion efficiencies over 7 %
[6] using the very high frequency (VHF) plasma technique [7]. Currently, the growth rate of
microcrystalline silicon is the limiting step in the industrialization of microcrystalline silicon
modules, and a large effort is devoted to the development of high rate (>5 Å/s) deposition of
μc-Si:H layers for their incorporation into solar cells. We will discuss in more detail below
the advantage of using VHF plasmas for the deposition of μc-Si:H layers, but shall mention
here the use of higher plasma pressures (the so-called ‘high pressure depletion’ regime) [8,9],
as well as that of microwave plasmas [10,11]. Hot wire deposition [12,13] as an alternative to
plasma deposition will also be cited. These techniques are currently under investigation, but
although, in the laboratory, deposition rates up to 10 Å/s can be obtained for state-of-the-art
solar cells with some of these methods, regular large scale production at such high rates has
not yet been reported, except by Kaneka Corp.

4.2.1.2 Very high frequency glow discharge deposition technique

In 1987, IMT introduced the so-called very high frequency glow discharge (VHF-GD) depo-
sition technique, allowing for considerable improvement in the deposition rates of amorphous
(and later) μc-Si:H silicon. Typically, standard PECVD deposition of μc-Si:H is performed in
a diode type reactor. For the VHF-GD deposition technique, the conventional plasma power
source generator working at an excitation frequency of 13.56 MHz is replaced by a power
source with an excitation frequency between 30 MHz and 300 MHz. Since the electrons in a
plasma have a much larger thermal velocity than the positive ions, the bulk plasma is required
to have a positive potential in order to maintain charge neutrality. The plasma sheath near the
substrate leads to the acceleration of positive ions and also to electron confinement within the
plasma. As a direct consequence of the use of a higher plasma excitation frequency, the plasma
sheath thickness is reduced; this leads to a reduced plasma impedance at higher frequencies,
an enhanced dissociation of silane and a reduced energy of the ions impinging on the growing
surface. It seems that due to the softer (but more intense) ion bombardment on the growing
surface, the VHF process favors the formation of microcrystalline silicon, as compared to
conventional plasma deposition at 13.56 MHz. Furthermore, it has now been shown that VHF
plasma has the potential for constituting a high-rate deposition process. Several groups have
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Figure 4.1 Deposition rate of hydrogenated amorphous silicon versus plasma excitation frequency as
obtained in different reactors by independant research groups. Curve A: data taken from [7], curve B:
data taken from [16], curve C: data taken from [104].

demonstrated that an increase in plasma excitation frequency from the standard 13.56 MHz to
values in the VHF range permits an increase in deposition rate by a factor of four to ten for
amorphous silicon. A similar trend is also observed for microcrystalline silicon. The curve of
deposition rate versus excitation frequency (Figure 4.1) shows in general a maximum for a
given deposition reactor. The decrease occuring at higher frequencies can be attributed to engi-
neering aspects like reactor design and leads to parasitic shunt capacitance within the reactor.
On the other hand, the generally observed increase of deposition rate with increasing excitation
frequency can be attributed to fundamental physical changes in the capacitively coupled glow
discharge plasma, linked with the observed modifications in the plasma impedance and with
the reduced sheath thickness. Heintze et al. [14] measured an enhanced ion flux on the growing
surface at higher frequencies and suggested that the higher ion flux and lower energy of the ion
bombardment lead to a ‘softer’ but intensified bombardment. As an important consequence
of these physical modifications, a significantly better coupling of the RF power into the bulk
plasma rather than into the sheath can be obtained at higher excitation frequencies. Due to this,
higher electron densities and better SiH4 dissociation in the bulk plasma [15,16], as well as
increased radical and ion flux onto the growing surface, can be achieved. The end result of all
this is a net increase in the deposition rate and the promotion of microcrystalline growth.

4.2.1.3 Alternative deposition techniques

In the high pressure depletion regime (HPD), higher gas pressures within the plasma reactor
are used during deposition (typically 7 to 10 Torr instead of about 0.3 Torr in the ‘conventional’
deposition regime). Due to the prevailing higher pressure , the ions that bombard the surface lose
a large part of their energy in collisions within the plasma. Thus, the power fed to the plasma can
be susbtantially increased and, in this way, the deposition rate is enhanced without adversely
affecting material quality. However, in order to obtain μc-Si:H rather than a-Si:H growth, it is,
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at the same time, necessary to have plasma conditions where silane is depleted and where there
is relatively more hydrogen present in the plasma. High hydrogen consumption, formation
of powder and layer inhomogeneity are problems that are to be faced when optimizing HPD
deposition. Excellent μc-Si:H solar cells have been obtained by the Juelich group with HPD
at a deposition rate of 5 Å/s with 13.56 MHz excitation frequency [17] and by a combination
of HPD and VHF (95 MHz excitation frequency) with a growth rate of 11 Å/s [18], resulting
in a 9.8 % conversion efficiency for single junction μc-Si:H solar cells. Some Japanese groups
report the fabrication of μc-Si:H cells with slightly reduced efficiencies at rates in the range of
20 to 40 Å/s [19,20]. One of the main ongoing tasks here is to design a production type large
area reactor based on a combination of HPD and VHF principles [21].

In microwave plasma, here again the ion bombardment is reduced compared with the
standard 13.56 MHz plasma deposition process, and high deposition rates are achieved for
μc-Si:H deposition, although so far no significant results on full single junction μc-Si:H have
been reported [22].

Hot wire (HW) deposition is an alternative to plasma deposition: the silane gas is thermally
dissociated by using a metal filament (e.g tungsten wire) heated up to 1600–2000 ◦C. As there
is no plasma, the ion bombardment, which is, in general, detrimental for layer quality, is
completely avoided. So far, high rate μc-Si:H layers have been deposited by HW deposition
and relatively good single junction μc-Si:H at low rates have been obtained [13,23], but no
satisfactory solar cells have been obtained at high rates. The total lack of ion bombardment in
HW, may, however, actually be a disadvantage. It would seem that some amount of low energy
ion bombardment is beneficial for μc-Si:H growth. Indeed, a combination of HW with VHF
has so far yielded the most encouraging results [24]. Further technical problems to be solved
for succesful HW deposition are large area homogeneity, periodic replacement of the filament
and overheating of the growing layer by thermal radiation from the filament. It would seem that
these problems are all in the process of being tackled by specialized equipment manufacturers.

4.2.2 Microcrystalline silicon layers

Since its discovery in 1968, it has been known that a necessary condition for growth of
microcrystalline silicon is a high density of atomic hydrogen at the growing surface [25,26]. The
density of atomic hydrogen can be enhanced by adding hydrogen to the plasma or by increasing
plasma power as observed from plasma optical emission spectra [27], as well as by increasing
plasma excitation frequency. Thus, studies of μc-Si:H layers are often performed on series
of layers deposited with varying values of silane concentration (SC = [SiH4] /[SiH4 + H2]).
Adhesion of micrometer thick layers on glass subtrates is another issue, due to the large internal
mechanical stress present in μc-Si:H layers [28].

In the following paragraph, we will describe the main physical characteristics of undoped
and doped μc-Si:H layers in view of their incorporation into solar cell devices.

4.2.2.1 Undoped microcrystalline layers

The study of intrinsic microcrystalline silicon layers deposited on various substrates is used
in practice in order to monitor the fundamental chemicophysical properties of the material,
in view of its incorporation as photogeneration layer within solar cell devices. As mentioned
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Figure 4.2 X-ray diffraction spectra obtained for a series of μc-Si:H layers deposited on glass substrates
at various silane concentrations (SC). The curves are shifted for clarity. The three main diffraction peaks
corresponding to the (111), (220) and (311) silicon crystallographic planes are indicated. In some spectra,
a small peak around 38.5◦ is observed. It is due to the presence of aluminium used for electrical contacts
on these layers. In this example, the amorphous to microcrystalline transition occurs for SC between 7 %
and 7.5 %.

above, μc-Si:H layers can be fabricated by PECVD from a mixture of silane and hydrogen.
The variation of the silane concentration in the plasma results in a ‘transition’ from hydro-
genated amorphous silicon (a-Si:H) to hydrogenated microcrystalline silicon (μc-Si:H), as
seen in X-ray Diffraction (XRD) (see Figure 4.2) and Raman spectra [29]. In this example, the
μc-Si:H layer deposited with a silane concentration value of 7.5 % presents a XRD spectrum
characteristic of amorphous silicon, whereas the layer deposited with a silane concentration
value of 7 % exhibits diffraction peaks that are related to crystalline silicon. Here, the occurrence
of crystallinity appears suddenly with a small variation of SC, giving rise to a phenomenon
that looks like a transition. Although the term transition might, strictly speaking, be incorrect
[30], we shall use it in this chapter.

Here, we will discuss in more detail the microstructural evolution of layers deposited for
various values of SC and focus on the microsctructure of layers deposited close to the amor-
phous/microcrystalline transition. Nucleation and growth of layers deposited on different sub-
strates will be discussed and a simple growth model will be presented. Optical and electronic
transport properties of device grade material will then be given.

4.2.2.2 Microstructural properties

Microcrystalline silicon is a complex material (see Figure 4.3). Its microstructure consists of
the microcrystalline phase itself, made of silicon nanocrystals packed, with some amorphous
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Figure 4.3 High resolution transmission electron microscopy micrograph of a plane view taken within
a microcrystalline conglomerate. Spherical nanocrystals embedded in amorphous tissue constitute the
microcrystalline phase itself.

silicon, into conglomerates. Figure 4.3 shows a plane view of a μc-Si:H conglomerate con-
sisting of silicon nanocrystals possessing a diameter between 10 and 20 nm, embedded into
amorphous silicon. The conglomerates are separated by a varying amount of amorphous sili-
con, grain boundaries and/or cracks. The silicon crystallites in the material are of nanometer
scale and this is why μc-Si:H is also sometimes designated as ‘nanocrystalline silicon’ [31].
The term ‘microcrystalline’, on the other hand, comes from the micrometer scale conglomerate
dimensions, which, as we shall see later, limit coplanar electronic transport in this material [32].

In general, the microstructure of μc-Si:H depends on the fabrication conditions and ulti-
mately on the underlying substrate on which nucleation and growth take place. A sketch of
the evolution of microstructure μc-Si:H as a function of SC is given in Figure 4.4. At low
values of silane concentration, μc-Si:H consists of elongated nanocrystals separated by cracks
that extend through the whole layer. Such layers with a high density of grain boundaries and
a columnar structure are prone to post oxidation [33], a phenomenon that is responsible for
a variation in the dark conductivity activation energy (i.e. for a variation of the position of
the Fermi level), and thus, leads to a change in many of the electronic transport properties,
on a timescale of a few hours to a few days. As the value of SC is increased, the material
becomes denser and at the same time less crystalline; it is also less affected by post oxidation.
Close to the amorphous/microcrystalline transition, μc-Si:H consists of conical conglomerates
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Figure 4.4 Schematic evolution of the microstructure of microcrystalline silicon layers as a function
of crystallinity. Nanocrystallites of silicon are white in this sketch, whereas amorphous silicon is gray.
The increasing thickness is a schematic representation of the increasing growth rate of microcrystalline
silicon with decreasing crystallinity.

of microcrystalline silicon separated by amorphous silicon, as shown in Figures 4.4 and 4.7.
A vertical section through the microstructure of such layers can be described as follows:
first, just above the substrate, is a continuous, fully amorphous layer below the nuclei (so-
called incubation layer), this is followed by a mixed phase layer (consisting of amorphous
and microcrystalline phases), starting at the nucleation points and extending laterally up to
the colaescence threshold. From there on, the conical conglomerates grow as microcrystalline
columns. Typically, the cone aperture angle is between 15 and 20 ◦ [34,35]. The diameter of
the silicon nanocrystals is typically of a few nanometers (see Figure 4.3) and relatively insen-
sitive to the deposition conditions. Preferential crystallographic growth of the nanocrystallites
in the (220) direction increases when one increases the value of SC that one uses (see Figure
4.2). In a XRD spectra of randomly. oriented Si powder, a peak intensities ratio of 1:0.55:0.3
among the (111), (220) and (311) peaks is observed. This is obviously not the case in this
series, where the (220) peak intensity is, relatively, much higher than the (111) peak intensity,
indicative of a preferred (220) orientation for the nanocrystallites. Such a (220) preferential
orientation is frequently observed in device grade material [36], although preferential orienta-
tion along (400) directions have been reported as well [37]. The growing surface as observed
with atomic force microscopy (AFM) performed on a thickness dependent series [38] or on
micrometer thick layers [39] typically reveals large conglomerates with a diameter of the order
of a fraction of micrometer, composed of much smaller nanocrystals (see Figure 4.5). These
general features of μc-Si:H microstructure and their variation with i-layer deposition condi-
tions are in essence also observed in i-layers incorporated within p-i-n type and n-i-p type
solar cells, as long as the i-layer thickness has a similar value [34]. Layer crystallinity is one
of the main material parameters for incorporation into solar cell devices. As described above,
growth of microcrystaline silicon leads to depth dependent crystallinity, with, in general, a
less crystalline material growing on top of the substrate. Experimental methods allowing the
evaluation of i-layer crystallinity are, thus, of practical importance for the characterization of
μc-Si:H. Transmission electron microscopy (TEM) is a very powerful technique that allows
for direct observation of the presence of amorphous and microcrystalline phases. Numerical
evaluation of the TEM micrographs allows one to determine the crystalline volume fraction
[40]. The drawbacks of this technique are the lengthy sample preparation and the resulting
destruction of the sample layer. X-ray diffraction can be used for the evaluation of the i-
layer average crystallinity, although experimental evaluation of the volume crystalline fraction
based on this technique is subject to relatively large experimental errors. Raman spectroscopy
is the fastest and easiest experimental technique for crystallinity measurement in μc-Si:H.
In Raman spectroscopy, amorphous silicon leads to the occurence of a broad peak at about
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Figure 4.5 Atomic force microscopy micrograph of the surface topography of a 2 μm thick μc-Si:H
layer deposited on a glass substrate with deposition conditions close to the amorphous/microcrystalline
transition. Scanned area is 3 μm×3 μm and rms roughness of this sample is 16 nm.

480 cm−1. The integrated intensity of this peak Ia is proportional to the amorphous volume
fraction in the excited volume. The signature of microcrystalline silicon is an asymetrical peak
at 520 cm−1, which is the position of the transverse optic mode in monocrystalline silicon.
The asymetry of this peak occurs as a tail towards lower wavenumbers (around 510 cm−1);
this tail has been attributed to the ‘defective’ part of the crystalline phase (crystallites smaller
than 10 nm [41] or to a silicon wurtzite phase [42] that results from twinning [43]). The inte-
grated intensity Ic of the two microcrystalline silicon related peaks (520 cm−1 and 510 cm−1)
can therefore be considered proportional to the crystalline volume fraction. Thus, the ratio
Ic/(Ic + Ia) resulting from the deconvolution and integration of the Raman lines allows us to
define a ‘Raman crystallinity’ factor which is quite useful for qualitative characterization of the
crystallinity of μc-Si:H layers, both individually and also within solar cells. For a more precise,
quantitative evaluation of the crystalline volume fraction, the Raman crystallinity has to be
corrected by a calibration factor in order to obtain the actual value for the crystalline volume
fraction [44].

4.2.2.3 Nucleation and growth

One of the critical microstructural parameters that has to be controlled carefully so as to obtain
high values of the open circuit voltage value with μc-Si:H solar cells is the crystallinity of the



OTE/SPH OTE/SPH
JWBK098-04 JWBK098-Poortmans July 12, 2006 15:4 Char Count= 0

142 THIN FILM SOLAR CELLS

intrinsic layer. As described above, the crystallinity of μc-Si:H layers is depth dependent as
the layers consist of conglomerates that nucleate either on the substrate or, for layers deposited
close to the transition, above a continuous amorphous incubation layer. The nucleation density
of the microcrystalline phase is, thus, an important parameter for controlled growth of μc-Si:H.
Measurements of the nuclei density of μc-Si:H deposited close to the transition on various flat
and rough substrates showed that the density of nuclei depends mainly on the chemical nature
of the substrate (see Figure 4.6). Another important consideration for nucleation of μc-Si:H
is the role of local epitaxy. It has been shown that local epitaxy is involved in the growth
of i-layers onto doped microcrystalline layers [45], a situation systematically encountered in
p-i-n type and n-i-p type devices where the doped layer plays the role of a nucleation layer. A
first highly microcrystalline doped layer will, thus, be beneficial in obtaining a high density of
nuclei for the subsequent i-layer growth.

Growth of the microcrystalline phase has the particularity of extending perpendicular to
the local substrate plane from the first tens of nanometers onwards. This aspect is not relevant
for the study of layers grown on flat substrates, but plays an important role for layers grown

Figure 4.6 Nuclei density of μc-Si:H layers deposited on six different substrates with a value of
the silane concentration (SC) close to the SC value needed to reach the amorphous/microcrystalline
‘transition’. R stands for ‘rough’, whereas F stands for ‘flat’. The rms value of the surface roughness is
60 nm for the rough substrates; this is a typical value observed in transparent conductioe oxides used
for light trapping within μc-Si:H solar cells. For both flat and rough substrates, silicon dioxide SiO2

(deposited by PE-CVD) is the most favourable layer for nucleation, whereas sputtered ZnO is the least
favourable layer for nucleation of μc-Si:H.
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on rough substrates such as the rough transparent conductive oxide (TCO) layer generally
used as contact layers in order to obtain efficient light trapping in solar cells. In this case,
the typical rms roughness of the substrate is of the order of a few tens of nanometers. Here,
the geometrical consequences of this peculiar aspect of growth lead to the accumulation of
amorphous material at the bottom of the substrate grooves [40], with grain boundaries that
extend from the bottom of the grooves up to the top of the device. In this way, substrate
topography can play an important role on the average crystallinity of the layer and on the grain
boundary density [46]. One of the most remarkable aspects of microcrystalline silicon growth
is that crystallites grow at temperatures much lower than the silicon melting temperature. The
formation of the crystalline phase at such low temperatures is occuring far from equilibirum
and consequently involves dynamical aspects. Current physicochemical models of μc-Si:H
growth describe the possible gas phase reactions between silane and hydrogen (such as H +
SiH4 → SiH3 + H2) whose balance determines the atomic hydrogen density. A correlation
between a high density of atomic hydrogen and the appearence of crystalline growth has been
observed experimentally for a wide range of deposition conditions [25]. The microscopic role
of atomic hydrogen is extensively discussed in terms of: (a) etching, where atomic hydrogen
selectively etches away amorphous silicon (but does not create the crystalline structure) [47],
(b) the surface diffusion model [48], in which exothermic recombination of atomic hydrogen
occurs on the surface, which could locally provide sufficient energy for crystallization [49],
and (c) the chemical annealing model [50] in which subsurface structural relaxation mediated
by permeating atomic hydrogen gives rise to crystallization. Even if these models allow one
to predict the necessary physicochemical conditions to be fullfilled for crystallization, they
do not allow one to account for the fact that crystal growth can occur here with the peculiar
conical microstructure mentioned above.

Models allowing one to simulate the growth of crystalline domains generally treat growth
from the point of view of statistical mechanics, but until now no statistical growth model could
reproduce the peculiar conical shape of the crystalline domains. Nor could these models explain
the observations that growth occurs perpendicular to the local substrate plane and that layer
roughness evolution with accumulated layer thickness increases steadily after the occurrence
of crystallization.

In order to reproduce the above mentioned characteristic features of μc-Si:H microstructure
resulting from the low temperature, out-of-equilibrium growth process, a simple discrete dy-
namical crystalline growth model inspired from a Potts model was introduced by our group and
will now be described. In this numerical model, aimed to simulate the microstructure and rough-
ness evolution of a growing μc-Si:H layer [51,52], each cubic particle falls down a randomly
chosen column of the lattice towards the growing surface. Note that here, a particle describes
the statisical behavior of several radicals or atomic species contributing to film growth. When
the particle reaches the surface, it relaxes to the column of lowest height around the surround-
ing sites (first neighbors only). The state of this newly arriving growth unit is then chosen
according to the following selection rules: the new state will be the state most represented in
the neighborhood, provided that the number of similar neighbors is higher than a threshold
value, the so-called ‘crystalline threshold value’; otherwise, the state of the particle is randomly
chosen among all possible states. The state attributed, thus, to each growth unit corresponds to
its crystallographic orientation. A crystalline domain is in this way filled with particles in the
same state (same ‘gray level’), whereas an amorphous domain is filled with particles in different
states. In this model, the number of parameters is then reduced to three: the total number of pos-
sible states (i.e. of crystallographic orientations), the crystalline threshold value and the etching
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Figure 4.7 a) Cross-sectional view of a simulated microstructure of μc-Si:H and b) typical cross-
sectional transmission electron micrograph of a μc-Si:H layer deposited by VHF-PECVD. The main
features of the microstructure of μc-Si:H that can be observed on the simulation as well as on the TEM
micrograph are: amorphous incubation layer, heterophase layer and conically shaped microcrystalline
domains.

probability. The result of the simulation is a discrete representation of the microstructure of
the layer that compares directly with TEM micrographs (Figure 4.7). Furthermore, this model
permits one to simulate the time evolution of the growing microstructure. This model is the first
one that simulates the main features of growth (microstructure and surface roughness evolution)
of μc-Si:H from simple selection rules. It shows that growth can be explained in terms of local
self assembly of particles ruled by the influence of first neighbors. In this very simple form, the
simulation model does not give rise to the appearance of cracks and substructure (nanocrystals)
within the conglomerates, but a corresponding extension of the model is now under way.

4.2.2.4 Optical properties

In order to play the role of the main ‘photovoltaically active’ layer (i.e. ‘absorber’ and
‘photogeneration’ layer) in a solar cell, the i-layer has to possess a high optical absorption
coefficient in the useful spectral range of solar radiation. For the AM1.5 spectrum, the range
containing some 85 % of the total incident energy extends from 1 to 4 eV. Figure 4.8 shows
the optical asborption coefficient α as a function of photon energy for three different silicon
based materials: monocrystalline silicon (c-Si), hydrogenated amorphous silicon (a-Si:H)
and hydrogenated microcrystalline silicon (μc-Si:H). In this figure, the data for μc-Si:H have
been corrected in order to suppress the effect of light scattering on the actual measurements,
according to [53]. Without this correction, the apparent optical absorption of μc-Si:H is
higher than that of monocrystalline silicon. From the corrected curve given in Figure 4.8, one
can see that the optical bandgap of μc-Si:H (≈1.1 eV) is pratically identical to the bandgap
of monocrystalline silicon. In the weak absorption region (photon energy range below
1.1 eV), apparent, as-measured absorption coefficients are five to ten times higher than the
values plotted in Figure 4.8, because of light trapping caused by layer nanoroughness. Such
absorption spectra that vary over seven decades can be readily measured in layers deposited on
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Figure 4.8 Optical absorption spectrum of microcrystalline silicon compared with those of amorphous
silicon and monocrystalline silicon. Data taken from [105] Thin Film Silicon and Solar Technology,
Progress in Photovoltaics: Research and Applications, Vol. 12, A. Shah et al., p 113–142. Copyright
(2004) John Wiley & Sons Ltd. Reproduced with permission.

glass by combining two measurement methods: in the high absorption range by using trans-
mission/reflection measurements and in the low absorption range by more sensitive techniques
such as photothermal deflection spectroscopy (PDS), constant photocurrent spectroscopy
(CPM) [54,55] and more recently with the Fourier transform photocurrent spectroscopy (FTPS)
technique [56,57]. The latter will be described and discussed in more detail in Section 4.3.

The absorption spectra can be divided into three parts: the high absorption part, where
band-to-band electronic excitations are involved. This region of band-to-band absorption is
followed by an exponentially decreasing tail towards lower energies. Such an absorption tail is
also observed as a function of temperature in c-Si but there it is merely attributed to the effect
of thermal disorder [58]. On the other hand, more pronounced exponential absorption tails are
observed in disordered semiconductors such as a-Si:H and are there due to the static structural
disorder (strained bonds); they are then called Urbach tails. Urbach tails attributed to structural
disorder are also observed in μc-Si:H. Urbach tails result from electronic transitions involving
bandtail states in the electronic density of states. The measured slope of the Urbach tail is
obtained by fitting the data below 1.1 eV in μc-Si:H with a decreasing exponential function
whose exponent is called the Urbach parameter. Typically, the values of the Urbach parameter
are between 35 meV and 40 meV in device grade μc-Si:H. They are thus lower than the values
measured in device grade a-Si:H. As charges stored in the bandtail states can lead to a decrease
in the electrical field within the intrinsic layer, a lower Urbach tail value is beneficial for the
application of the material in a solar cell and may be one of the reasons why it is possible to
implement relatively thick (>2 μm) μc-Si:H solar cells.

In the low photon energy range (photon energy around 0.8 eV), the value of the absorption
coefficient is related to the density of defects in the center of the gap, i.e. to defects that are
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acting as recombination centers. This absorption value is, thus, characteristic of the material
quality used for device applications; indeed recombination within the i-layer is one of the
major factors limiting thin film solar cell performance. Typically, device grade μc-Si:H is
characterized by a “true” absorption coefficient at hν = 0.8 eV as low as 0.1–0.3 cm−1 (after
correction for light scattering) or an as-measured value of 1–3. cm−1. This value is lower than
the defectrelated absorption coefficient measured in devicegrade a-Si:H at hν = 1.2 eV after
light induced degradation. One can therefore assume the defect density also to be lower for
μc-Si:H intrinsic layers. This is a further reason why thicker μc-Si:H p-i-n diodes are feasible.

The critical step in obtaining absolute FTPS absorption spectra is calibration. Whereas
calibration procedures are well known for amorphous silicon, the calibration procedure for
microcrystalline silicon is more critical. Because of the natural, as-grown surface roughness,
the apparent (i.e. as-measured) absorption coefficient is overestimated due to light scattering.
The parameter of the spectrum which is independent of the calibration procedure is the Urbach
slope, whereas the defect related absorption coefficient critically depends on the calibration
procedure. A convienient way to calibrate the spectrum is to adjust the absorption coefficent
of the measured curve for μc-Si:H to the known value of the absorption coefficient value of
c-Si at 1.35 eV. Nevertheless, even if one carries out such a calibration, one should be cautious
when comparing absolute values of defect related absorption coefficients measured on devices
with varying light scattering properties (e.g layers of different thicknesses, or layers deposited
on TCO’s with varying roughnesses and absorption coefficients).

4.2.2.5 Electronic transport properties

Electronic transport properties are convienently characterized by the mobility × lifetime
product (μτ-product) for electrons and holes. This is because the μτ-products appear as phys-
ical characteristics of the material properties both in drift and diffusion lengths which, in turn,
are involved in the physical description of charge collection within the solar cell devices. In
μc-Si:H, the majority carrier μτ-product can be evaluated from the photoconductivity measure-
ment and the minority carrier μτ-product can be evaluated from the steady state photocarrier
grating experiment [33,59]; thereby, one has to take care to perform the experiments soon after
deposition in order to avoid post-oxidation effects. Both techniques are performed in coplanar
geometry, i.e. in a configuration where electronic transport takes place parallel to the substrate,
whereas transport within a p-i-n type or n-i-p type solar cell is in a direction orthogonal to
the substrate plane. As discussed above, μc-Si:H microstructure is columnar, and anisotropic
electronic transport properties have indeed been observed in highly microcrystalline layers
with marked columnar growth and cracks; this was shown by determining the μτ-products
in the growth direction with the surface photovoltage measurement technique and comparing
these μτ-products with those obtained from the coplanar measurements described above [60].
For device grade μc-Si:H that is obtained near the microcrystalline/amorphous transition, we
may assume that this anisotropy is small. In the following, the values given for the μτ-products
are therefore all measured parallel to the substrate and are taken as an estimation of the physical
characteristics of the material as they intervene in the drift controlled collection mechanism
prevalent in thin film silicon solar cells. The corresponding values are summarized in
Table 4.1.

From this table, one can note that μτ-products for μc-Si:H are of the same order of magni-
tude as μτ-products for annealed amorphous silicon, which, in turn, is one decade higher than
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Table 4.1 μoτo products, computed from σphoto and Lamb measurements, of amorphous and
microcrystalline silicon layers (thickness 1 to 2 μm) deposited on glass substrates

Measured μoτo –value [32, 61–63] Corresponding Ldrift if E = 1 V/μm

a-Si:H (initial state) 2 × 10−7 20
a-Si:H (degraded state) 2 × 10−8 2
μc-Si:H 1 × 10−7 10
Units cm2/Vs μm

μτ-products for degraded amorphous silicon. These μτ-products are much lower than those
measured in solar grade ‘multisilicon’ wafers. Therefore, a p-n diode configuration which is
diffusion limited cannot be used for efficient charge collection in a-Si:H or μc-Si:H. Thus, drift
assisted devices such as p-i-n or n-i-p cells have generally been used for μc-Si:H solar cells
just as has been the case for a-Si:H. Thereby, the internal electric field present in the i-layer
assists the charge carrier collection. The values of corresponding drift length for an electric
field of 1V/μm are also given in Table 4.1. From these values, one can extrapolate that μc-Si:H
solar cells should show satisfactory collection up to a few micrometers i-layer thickness,
which is indeed observed [64]. This can be related to the observation [65] that in a μc-Si:H
p-i-n solar cell, the electric field can be considered uniform up to i-layer thicknesses of several
μm, which can presumably be due to a relatively low defect density (see also Section 4.2.2.3).

A detailed study of the effect of microstructure on the coplanar transport properties [32]
has shown that the μτ-product is not affected by the size of the nanocrystals but decreases as
the conglomerate size decreases (see Figure 4.9). In these samples, one can note that the value
of the ambipolar diffusion length value is approximatively half the value of the conglomerate
diameter. This can be expected if the ambipolar diffusion length is limited by recombination
at the conglomerate boundaries. According to [66], when microcrystalline silicon no longer
consists of conical conglomerates but consists mostly of nanocrystals embedded in an
amorphous silicon matrix, such as within the amorphous/microcrystalline transition, then
the dark conductivity activation energy (Eact)is larger than 0.5 eV and electronic transport
properties become limited by the size of the nanocrystals and are no longer dependent on the
microcrystalline conglomerate size.

4.2.3 Doped layers

Historically, μc-Si:H was first incorporated in devices as high quality doped layers in amor-
phous silicon solar cells. Indeed, doping in μc-Si:H is more easily achieved than in a-
Si:H; by doping one can push the Fermi level nearer to the conduction/valence band in
μc-Si:H more easily than in a-Si:H. The dark conductivity activation energy can be taken
as a rough estimate for the separation between the Fermi level and the conduction/valence
band. In doped a-Si:H, Eact hardly ever reaches values below 200 meV, whereas in doped
μc-Si:H, Eact can readily be below 50 meV, thus leading to doped layers with much higher
values of conductivity. For these layers, as well, crystallinity is a critical parameter: here
we need high crystallinity in order to reach a high conductivity. In particular, this point
is critical for p-doped layers as boron doping and low deposition temperature are sensitive
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Figure 4.9 Microstructural and transpert properties as a function of Raman crystallinity factor, for
a SC series of silicon layers deposited on glass. Top: Conglomerate size (�) evaluated from AFM
surface topography and ambipolar diffusion length (Lamb), with corresponding linear fits (for the μc-Si:H
samples); Bottom: mobility × lifetime product (μ0τ0) and nanocrystal size (δ) evaluated from the (220)
XRD peaks, as a function of the Raman crystallinity for a SC series of silicon layers deposited on glass.
The lines are here merely guides to the eyes. Reproduced with permission from [32] Corinne Droz,
Proceedings on the 3rd World Conference in Photovoltaic Energy Conversion Osaka 2003.

parameters that can adversely affect the growth of highly microcrystalline layers. In particular,
deposition temperature has been shown to have a rather narrow optimum around 180 ◦C for
maximum crystallinity of diborane doped μc-Si:H layers [31]. The thickness of the p-layer
is another critical parameter for high crystallinity. It is indeed difficult to obtain highly crys-
talline thin p-layers. In general, maximal conductivity is reached for p-layer thickness above
20 nm [31]. Like for i-layers, growth of doped layers is affected by the substrate roughness
and chemical nature: on rough LP-CVD ZnO p-layer crystalline growth starts at the top of the
substrate’s features [67]. Crystallinity of n-doped layers codeposited on various transparent
conductive oxides has been observed to depend on the substrate type [34]. This implies that, in
practice, doped layers deposition conditions have to be reoptimized whenever the underlying
substrate is modified.

4.3 MICROCRYSTALLINE SILICON SOLAR CELLS

Hydrogenated microcrystalline silicon (μc-Si:H) was confirmed as a promising thin film ab-
sorber material roughly ten years ago [6]. It became, thus, a complement to hydrogenated



OTE/SPH OTE/SPH
JWBK098-04 JWBK098-Poortmans July 12, 2006 15:4 Char Count= 0

ADVANCES IN MICROCRYSTALLINE SILICON SOLAR CELL TECHNOLOGIES 149

amorphous silicon (a-Si:H) for thin film silicon photovoltaic applications. The main differ-
ences between μc-Si:H and a-Si:H as viewed for solar cell applications are:� The bandgap of μc-Si:H is about that of monocrystalline silicon (≈1.1 eV at room temper-

ature) whereas that of a-Si:H is significantly higher, i.e. around 1.75 eV.� Because of the crystalline nature of μc-Si:H, its indirect bandgap leads, in the visible range
of wavelengths, to lower values of absorption than for a-Si:H; therefore, thicker i-layers (of
the order of 1 μm or more) are required in μc-Si:H solar cells; this compares with typical
values of 0.3 μm for a-Si:H.� The light induced degradation effect (or Staebler–Wronski effect [68]) which causes a re-
duction of the initial efficiency of a-Si:H cells is not present in μc-Si:H (or, rather, is only
present in a much milder form than in a-Si:H) (see also Section 4.3.2).

So far, the best μc-Si:H single junction solar cells attain, in the laboratory (as small area test
cells), AM1.5 conversion efficiencies of slightly over 10 % [18,69]. Values of the same solar
can be achieved today with the best single junction a-Si:H cells after degradation (stabilized
efficiency) [70]. The production of commercial single junction μc-Si:H modules is therefore,
at the present moment, not an interesting application. Indeed, because of the higher i-layer
thickness, the deposition of μc-Si:H solar cells takes much longer than that of a-Si:H solar
cells and is therefore more expensive. This may, however, change if single junction μc-Si:H
solar cells make further progress in obtaining higher conversion efficiency values. At present,
the best way to use μc-Si:H solar cells is in a tandem structure, as a bottom cell together with an
a-Si:H top cell; this is the so-called ‘micromorph’ tandem solar cell (see Section 4.3.3). It can
be easily shown [71,72] that the bandgap combination 1.1 eV and 1.75 eV is very near to the
ideal ‘theoretical’ bandgap combination needed to obtain maximum efficiency under AM1.5
illumination, assuming that all photons with an energy above the bandgap are usefully absorbed
in the solar cell and that fill factor (FF) and open circuit voltage (Voc) are not too far from ideal
theoretical values. The condition of absorbing all photons with energy above the bandgap is
far from being fullfilled in micrometer thick μc-Si:H i-layers and therefore light trapping/light
managment becomes a key issue. This issue will be dealt with in the next paragraph (Sec-
tion 4.3.1). Thereafter, in Section 4.3.2, single junction μc-Si:H solar cells will be described,
giving their structure, their typical electric characteristics and indications on how one may hope
to improve the solar cell performances. Finally, in Section 4.3.3., the authors will give a detailed
description (including optoelectrical characteristics) of the micromorph tandem solar cell.

4.3.1 Light management issues

For all thin film silicon solar cells it is essential to keep the cell thickness as low as possible
and to increase the effective optical path within the solar cell by proper light management/light
trapping schemes. This is already an important issue in a-Si:H solar cells, but is even more
important for μc-Si:H solar cells. This is because (as already mentioned), the absorption
coefficient is lower (due to the indirect bandgap nature of the optical gap in μc-Si:H) in μc-Si:H
as compared with a-Si:H. Furthermore, the deposition rate of μc-Si:H is limited and therefore i-
layer thickness and i-layer deposition time are critical cost factors for the mass production of PV
modules with μc-Si:H cells. The light management schemes, however, depend very much on
the type of substrate chosen. We shall therefore first have a look at the possible substrate choices.
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4.3.1.1 Substrates

The choice of the substrate material is essential for the production of low cost photovoltaic
modules. To date, the majority of PV thin film module manufacturers use glass substrates
coated with transparent conductive oxide (TCO). Commercial TCO producers provide TCO
on inexpensive soda-lime glass for minimum cost. However, higher conversion efficiencies are
obtained with more expensive, low iron content glass, which, due to its lower absorption in
the red and near infrared, allows one to exploit in a better way the extended long wavelength
response of μc-Si:H solar cells. With such fully transparent substrate and contact layers, the
device structure for thin film silicon solar cells is a p-i-n stack, into which light enters through
the p-player (see Figure 4.10). This configuration is called the ‘superstrate’ configuration. In
this configuration, light trapping within the silicon based device is achieved by using rough
TCO layers, i.e. by having a rough TCO-p μc-Si:H interface. This effect will be discussed in
more detail in Section 4.3.1.2, where we will deal more specifically with TCO properties. On
the other hand, in the superstrate configuration, the glass substrate plays the role of cover in
the encapsulation scheme. Although breakable and relatively heavy, a glass substrate offers
excellent protection against the damaging influence of weather, guaranteeing, thus, the long
term outdoor stability of the module.

Another well established substrate option is the use of stainless steel. This option lends itself
to roll-to-roll processing. So far, however, it does not allow for an integrated series connection
of individual cells to form a whole monolithic module, which otherwise is an attractive feature
of thin film PV technology. The use of a nonconductive flexible substrate such as plastic for
the development of low weight, unbreakable modules is a current research topic [72–74]. The
performances of laboratory μc-Si:H single junction cells on plastic substrates are starting to
reach values comparable with those initally obtained for μc-Si:H cells deposited on TCO coated
glass. The device structure used on all opaque (or UV degradable) substrates is a n-i-p stack,
where light enters the device from the p side. In this case, the p-layer is the last semiconductor
layer deposited during the deposition sequence of the device. It is followed by a top TCO layer
(indium tin oxide (ITO) or ZnO) and by the encapsulation (protecting layer). In general, the
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Figure 4.10 Schematic device structure for a single junction μc-Si:H p-i-n solar cell.



OTE/SPH OTE/SPH
JWBK098-04 JWBK098-Poortmans July 12, 2006 15:4 Char Count= 0

ADVANCES IN MICROCRYSTALLINE SILICON SOLAR CELL TECHNOLOGIES 151

n-i-p, or ‘substrate’ configuration allows one to exploit the whole versatility in the choice of
substrate types as allowed by the low temperatures of the PECVD deposition process. On the
other hand, in this configuration, one of the main cost factors is the top protective foil that
has to be transparent and UV resistant and provide long term stability. Obtaining a low cost
solution here is still very much a research and development topic.

In the ‘substrate’ (i.e. n-i-p type) configuration schemes for efficient light trapping into the
silicon based layers can be obtained by tailoring the back reflector’s roughness. This is often
achieved either by texturing the substrate itself [75] or by using a textured layer directly above
the substrate. In n-i-p-type μc-Si:H solar cells, one can use e.g. random metallic reflectors (such
as hot silver [76]) or periodic optical gratings with specifically tuned broadband reflectivity
[75]. The conformally grown TCO layer deposited on top of the metallic reflector or on top
of the optical grating takes on the back reflector’s topography and thus light scattering is
obtained at the μc-Si:H/TCO interface. One of the main advantages of the substrate (or n-i-p)
configuration is that texturing for light trapping is done at the bottom of the solar cell, i.e. before
the deposition sequence of the silicon based layers, and offers, therefore, more flexibility in
the choice of structuration methods and substrate materials.

4.3.1.2 Transparent Conductive oxides

Transparent conductive oxide layers are used in both superstrate and substrate configurations,
and are, in general, located both on the front side (where light enters into the solar cell), where
they consitute transparent contacts, as well as on the back side (just before the back reflector),
where they are employed in order to improve the optical properties (refractive index matching)
and as diffusion barrier.

The various requirements for TCO layers in microcrystalline silicon solar cells are summa-
rized in Table 4.2.

The most stringent requirements on TCO layers come to bear on front TCO layers in the
superstrate configuration, so we will center the discussion in the present section on this specific
case.

All front TCO layers have to fullfill the following two requirements:

(1) High transparency for the whole useful spectral range, so as to minimize optical losses
(absorption and/or reflection) (typically the average absorbance between 400 nm–1100 nm
should be below 6–7 %)

(2) High conductivity, so as to constitute a low value of series resistance for the solar cell
(typically, the sheet resistance should not be larger than about 10 � sq).

Furthermore, for the front TCO layers in the superstrate configuration, the following two
additional requirements have to be fulfilled:

� Excellent light scattering capability through surface roughness.� Chemical stability with respect to subsequent deposition of silicon layers by PECVD.
Basically, there are three materials commonly suggested as TCO layers for solar cell appli-
cations: Indium tin oxide (ITO), tin oxide (SnO2) and zinc oxide (ZnO).
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Table 4.2 Summary of the physical properties required for front and back TCO layers incorporated as
contact/reflector layers in the p-i-n type (superstrate configuration) or n-i-p type (substrate
configuration) of μc-Si:H based solar cells

Front TCO Back TCO

p-i-n type (superstrate) Low sheet resistance (<10 �sq) Low sheet resistance if the reflector is
nonconductive.

High optical transmission in the
range 350–1100 nm.

Sheet resistance not limiting if
conductive back reflector
conducting.

High surface roughness, while
fulfilling above requirements
(typically rms 50–200 nm).

High optical transmission (>80 %) in
the range 650–1100 nm for single
junction μc-Si:H solar cell, range
650–1100 nm for tandem
micromorph solar cell.

n-i-p-type (substrate) Low sheet resistance (<10 �sq) Low sheet resistance (<10 �sq) if
non.conductive reflector. Not a
limiting factor if conductive
reflector.

High optical transmission (>80 %)
in the range 350–1100 nm

High optical transmission (>80 %) in
the range 650–1100 nm for single
junction μc-Si:H solar cells, in the
range 650–1100 nm for micromorph
tandems.

Surface nanoroughness: not a
limiting factor (roughness partly
given by the μc-Si:H layers)

Surface roughness not limiting: use
back reflector texture or substrate
texture.

Indium tin oxide is a TCO that very effectively fulfills both conditions (1) and (2) and it is
indeed used as front contact for substrate (n-i-p type) μc-Si:H solar cells [10]. However, ITO
does not remain stable within a silane plasma, and is therefore certainly excluded as front TCO
for glass superstrate (p-i-n type) μc-Si:H solar cells; indeed the deposition of the silicon based
layers on top of an ITO layer invariably leads to serious problems with indium diffusion and
lifetime reduction in the silicon layers.

Tin oxide is another commonly used TCO. Glass coated with fluorine doped SnO2 is indeed
available on a commercial basis. It is regularly used as front TCO for a-Si:H solar cells and
modules. Here, the surface roughness of the SnO2:F layer is instrumental in obtaining good
light scattering/light trapping performances. However, SnO2:F cannot be directly used as front
TCO for superstrate type μc-Si:H solar cells, because subsequent microcrystalline silicon layer
deposition requires a hydrogen rich plasma that chemically partly reduces the oxide layer and
affects its transparency. Some laboratories have, however, used SnO2:F layers covered with a
thin layer of ZnO [77] or of TiO2 [78] as front TCO for μc-Si:H solar cells.

Our own laboratory has concentrated on the use of zinc oxide (ZnO) as TCO layer for a-Si:H
and μc-Si:H solar cells. In fact, ZnO is an abundant and nontoxic material that can be easily
deposited at low temperatures, is a good diffusion barrier and is not reduced by exposure to
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a subsequent hydrogen rich plasma. Zinc oxide can be convienently deposited by sputtering
or by low pressure chemical vapor deposition (LP-CVD). Sputtered aluminium doped ZnO is
basically flat and, thus does not possess, as deposited, the light scattering properties needed in
the solar cell front TCO. However, surface nanotexturing can be obtained, in a second step, by
chemical wet etching, allowing one, thereby, to obtain the necessary light scattering properties.
For a complete and recent review of sputtered, post etched ZnO:Al, the reader is referred to [79].

On the other hand, ZnO deposited by LP-CVD has several distinct advantages [80,81]. Low
pressure CVD is basically a very simple process and upscaling up to 1 m2 is easily achievable,
with deposition rates over 2 nm/s. Zinc oxide grown by this technique has a high as-grown
texturing, resulting from a highly marked (110) crystallographic preferential columnar growth.
The resulting surface topography of a ZnO layer deposited by LP-CVD is shown in Figure 4.11,
with a cross-sectional view displaying the columnar microstructure of a typical 1μm thick layer.
A typical optical transmission spectrum of such a ZnO layer is given in Figure 4.12. In the short
wavelength region, transmission is limited by the optical bandgap of ZnO (3.2 eV). In the near
infrared, transmission decreases due to free carrier absorption. For the application of ZnO as a
front contact, an optimum compromise between ZnO sheet resistance and optical transmission
has to be found. Sheet resistance is given by the specific resistivity of the layer divided by the
layer thickness. By increasing the layer thickness, one decreases the sheet resistance, but also
increases optical absorption. In order to minimize the sheet resistance, the layer resistivity has
to be minimized. This should be achieved by increasing carrier mobility in the TCO rather
than by raising carrier density, as the latter also enhances the optical absorption in the near
infrared range. Thus, high mobility TCO’s are currently an important field of research and
development. They are specially important for μc-Si:H solar cells, where the useful spectral
range extends into the near infrared. To achieve high mobility TCO, one must not only try to
improve the ZnO layers, but also try out novel combinations of TCO layer materials [82].

Figure 4.11 Scanning electron micrograph of the surface topography of LP-CVD ZnO. A dark field
transmission electron micrograph of the layer is shown in inset; both micrographs are at the same scale.
The inset shows that each pyramid emerging at the surface consists of a single crystallite of ZnO.
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Figure 4.12 Typical total transmittance (TT) and diffuse transmittance (TD) curves of LP-CVD ZnO
layers as used for photovoltaic applications.

Light managment in the superstrate (p-i-n type) configuration depends in two ways on
the TCO p-layer interface roughness. Optically, a rough interface between a low refractive
index material (nZnO ≈ 2) and a high refractive index material (nSi ≈ 3.7) results in reduced
reflection due to gradual refractive index matching (the effective refraction index being then
given by the volume fraction across the interface). This effect applies to the entire wavelength
range of the spectral response of the cell. In order to increase this effect, rather high rms
values of surface roughness are needed. The second effect of a rough TCO-p interface is light
trapping into the silicon layer; by diffusively transmitting some of the incoming light into
the silicon layer at an angle smaller than the total reflection angle, light is trapped into the
silicon based layer and its optical path is, thus, increased. This effect is important for weakly
absorbed light (800 nm to 1100 nm) that has to be as well reflected at the back contact of
the device. In this case, back and forth scattering at the interfaces can result typically in a
four to five fold increase in the optical path within the silicon layer. For even more efficient
light managment in μc-Si:H devices, a precise knowledge of the optimal TCO rms roughness
and geometry (optimal feature shape at the TCO surface and optimal feature dimensions) is
as yet still lacking. However, numerical simulations allow one at least to predict the effect
of incorporating a given TCO on the spectral response curve and on the short circuit current
density Jsc of μc-Si:H solar cells [83]. In general, one can say that higher surface roughness
gives higher Jsc values. On the other hand, there are indications [46] that TCO layers with
too high roughness values and with steep slopes may lead to reduced Voc and FF values for
μc-Si:H solar cells. Thus, a lot of further research is needed in the field of TCO optimization
for single junction μc-Si:H solar cells.

4.3.2 Single junction microcrystalline silicon solar cells

Single junction microcrystalline solar cells have been fabricated, first by our laboratory and,
subsequently, by many other laboratories in the p-i-n type and n-i-p type configurations with
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Figure 4.13 a) Typical I (V ) curve and b) external quantum efficiency of μc-Si:H single.junction
solar cells deposited on LP-CVD ZnO layers. Note that the i-layer thickness is not the same on both
graphs. Data reproduced from [105] Thin Film Silicon and Solar Technology, Progress in Photovoltaics:
Research and Applications, Vol. 12, A. Shah et al., p 113–142. Copyright (2004) John Wiley & Sons
Ltd. Reproduced with permission.

conversion efficiencies in the range of 8 to 10 % [18,69,84]. Typical p-i-n type cell structure
is shown in Figure 4.10. Figure 4.13 (a) represents the I (V ) curve and Figure 4.13 (b) the
external quantum efficiency curve of a typical p-i-n type single junction μc-Si:H solar cell
with an AM1.5 efficiency of 8.5 % [84]. Here, LP-CVD ZnO was used as TCO. It has been
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shown that the cells with the best efficiencies are fabricated with i-layers deposited near the
a-Si:H/μc-Si:H transition, i.e. with i-layers that contain a substantial amount of amorphous
tissue, but are still in the microcrystalline regime [23,85]. In this deposition regime, the open
circuit voltage (Voc) increases substantially with increasing silane concentration [8,84]. This
effect is attributed to the variation in i-layer crystallinity: a linear relationship between Voc and
the average Raman crystallinity of p-i-n type and n-i-p type devices has indeed been observed
[44]. Best μc-Si:H cells have Voc values around 530 mV to 550 mV; although record values
approaching 600 mV [23] for cells that still show microcrystalline type behaviour in their
quantum efficiency curves have indeed been reported. The fundamental process determining
Voc is recombination within the i-layer. The measurement of the i-layer quality (recombination
center density) within fully operating devices is a challenging task; the recently developed
FTPS technique allows for the measurement of the defect-related absorption of the i-layer as
incorporated into entire p-i-n type and and n-i-p type devices. In this experiment, the solar cell
is used as an external photodetector (see Figure 4.14) and its absorption spectra is obtained by
calibration with the internal detector of the FT-IR spectrometer [56,57]. Thus, the absorption
coefficient within the i-layer can be measured for photon energies well below the bandgap. In
μc-Si:H, the absorption coefficient at photon energies of 0.8 eV is taken as an estimate for the
recombination center (dangling bond) density [57]. The principal reason for obtaining high
values of Voc near the μc-Si:H/a:Si:H transition appears to be the passivating effect of the
amorphous material on grain boundaries and internal surfaces; this is documented, as shown
in Figure 4.15, by a corresponding decrease in i-layer defect-related absorption coefficient (i.e
recombination center density) evaluated at 0.8 eV by the FTPS method [86]. In principle, it
should be possible to obtain, with μc-Si:H, similar Voc values as with crystalline silicon wafer
based cells, i.e. around 700 mV; however, in practice this is certainly unrealistic, because of
the higher defect density and higher recombination losses always present in microcrystalline

Figure 4.14 Schematic set-up of the Fourier transform photocurrent spectroscopy (FTPS). Reused with
permission from M. Vanecek and A. Poruba, Applied Physics Letters, 80, 719 (2002). Copyright 2002,
American Institute of Physics.
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Figure 4.15 Open circuit voltage Voc of a large number of p-i-n and n-i-p μc-Si:H single junction solar
cells as a function of the defect-related absorption coefficient at 0.8 eV as measured by FTPS.

material due to the grain boundaries (even if they are well passivated), and also because in
the p-i-n type (or n-i-p type) structure, the internal electric field that allows for drift assisted
collection is severely reduced as open circuit conditions are approached, causing even further
recombination losses that limit the values of Voc.

The fill factors (FF) of state-of-the-art μc-Si:H solar cells are generally around 70 %. Values
approaching 77 % have been achieved for individual record cells [69], and values above 70 %
are also reported for solar cells with very thin i-layers [23]. On the other hand, shunts and
other technological problems easily reduce the FF to values below 60 %, this being invariably
a signal for a major problem within the whole cell fabrication process.

The largest spread of values reported, as well as the largest uncertainty, in all electrical
solar cell parameters is related to the short circuit current density Jsc. Generally, in solar cells
where the i-layer thickness is kept constant and is fabricated with varying silane dilution, Jsc

remains nearly constant in the μc-Si:H regime and decreases abruptly at the transition into
the amorphous regime [23,87]. Values of Jsc up to 30mA/ cm2 [88,89] have been mentioned,
whereas most published values lie around 20–25 mA/cm2[23,69,90]. In order to obtain reliable
Jsc values, the μc-Si:H solar cell has to be properly structured, so as to avoid lateral collection;
furthermore, a well calibrated AM1.5 spectrum is mandatory for measuring the J (V ) charac-
teristics and assessing Jsc. Besides these technical aspects that may account for the uncertainty
in some of the published values, Jsc also critically depends on i-layer thickness [23] and on
light management schemes (see Section 4.3.1) and these vary considerably from laboratory to
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laboratory. On the other hand, Jsc probably also holds the greatest scope for contributing to a
further increase in μc-Si:H cell efficiency, provided the whole light management scheme can
be systematically optimized.

In the early stages of development, the i-layers in single junction μc-Si:H solar cells were
highly crystalline, as they were deposited under conditions rather far from the a-Si:H/μc-Si:H
transition; under these conditions, they were shown to be stable with respect to light induced
degradation [6,91]. More recent studies on series of solar cells with i-layers of varying crys-
tallinity show, however, that cells deposited close to the transition do indeed suffer from a
mild form of light induced degradation if they are exposed to the whole AM1.5 light spectra
[92,93]. On the other hand, μc-Si:H solar cells are fully stable when exposed to red light only
[94]. These studies report that solar cells with lower crystallinity have a stronger light induced
degradation effect; this fact may suggest that the observed light induced degradation is due to
the degradation of the amorphous tissue within μc-Si:H layers [92,94]. Typically, 2 μm thick
solar cells deposited near the transition show a relative decrease in efficiency of about 5 to 10 %
after 1000 h of light soaking with 100 mW/cm2 AM1.5 like light at 50 ◦C [93]. This decrease
is mainly due to a decrease in FF and partly also to a reduction of Jsc. The degradation of solar
cell performances is accompanied by a corresponding increase, by a factor of about two, in
defect-related absorption, as measured by the FTPS method. Even if cells with higher i-layer
crystallinity remain practically stable, their defect related absorption is higher than those of
degraded cells deposited closer to the a-Si:H/μc-Si:H transition (see Figure 4.16). The obser-
vation of light-induced degradation in μc-Si:H raises important questions for further research:
what is the exact mechanism of light-induced degradation? Does the extent of degradation de-
pend on factors other than i-layer crystallinity? It should, however, be immediately mentioned
that light-induced degradation of the μc-Si:H bottom cell in an amorphous/microcrystalline
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Figure 4.16 Defect related absorption in initial and degraded state (AM1.5-like spectrum, 100 mW/cm2,
1000h at 50 ◦C) for a series of p-i-n type single-junction μc-Si:H solar cells with varying Raman crys-
tallinity φc of the i-layer. Reproduced from [93] F. Meillaud et al. Proceedings of the 31st IEEE photo-
voltaic specialist conference. P. 1412–1415, Copyright (2005) IEEE.
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Figure 4.17 External quantum efficiency curve for single-junction μc-Si:H solar cells effect of oxygen
contamination in the i-layer. Curve A: without source gas purifier. Curve B: with source gas purifier.
Reused with permission from P. Torres, J. Meir, R. Fluckiger, U. Kroll, J. A. Anna Selvan, H. Keppner,
A. Shah, S. D. Littelwood, I. E. Kelly, and P. Giannoules, Applied Physics Letters, 69, 1373 (1996).
Copyright 1996, American Institute of Physics.

(or ‘micromorph’) tandem cell so far plays only a minor role (if it is at all observable), because
high energy photons are definitively absorbed in the amorphous top cell.

In order to obtain high enough external quantum efficiency in μc-Si:H solar cells in the
long wavelength range, a necessary condition is a low level of contaminants which can act
as dopants within the i-layer. Any dopant like contaminant will reduce the internal electric
field, which is responsible for the collection of carriers within the whole i-layer thickness,
resulting in a loss of quantum efficiency, possibly over the whole wavelength range [95].
Oxygen is easily incorporated into plasma-deposited layers through contamination of the
feedstock gases and from the reactor walls [96]. Oxygen can act as a donor in silicon, and
will therefore cause a reduction in the electric field in the entire i-layer. This will affect the
external quantum efficiency curve, especially in the long wavelength part of the spectrum (see
Figure 4.17). Boron, which is used for the deposition of the first deposited p-layer in p-i-n type
solar cells, may contaminate the initial part of the i-layer, especially if deposition temperature
its is higher than 200 ◦C [97] or if the deposition of the subsequent layer is carried out directly
in a single chamber system without further precautions. Boron contamination will affect the
quantum efficiency curve in the short wavelength region, and will also limit values of Voc

and FF.

4.3.3 Tandem amorphous/microcrystalline silicon solar cells: the
micromorph concept

In order to achieve a substantial increase in efficiency for thin film silicon solar cells deposited
at low temperatures, the use of stacked double and triple junction structures, in which multiple
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cells with different optical bandgaps are stacked together, is basically one of the most interesting
approaches. Conceptually, the advantages of this approach are the following: (a) it is possible to
combine materials with different bandgaps so that the incoming light is used more efficiently,
(b) it is possible to obtain a higher open circuit voltage and, at the same time, work with lower
current densities, so that the problems for electrical series resistance are relatively reduced, and
(c) it is possible to reduce light induced degradation by the use of a ‘thin’ amorphous top cell.

Tandem and multijunction solar cells with photogeneration layers based on amorphous
silicon as well as on amorphous silicon/germanium (a-Si,Ge:H) alloys have been studied since
the 80s and are now commercially produced by various companies. See Chapter 5 of this volume
for more details. Two main problems are encountered with this approach: (a) a basic difficulty in
making device grade a-Si:Ge:H intrinisc layers with a good stability and a bandgap lower than
1.5 eV [98,99] and (b) the relatively high cost of germane (GeH2) source gas. The introduction
of hydrogenated microcrystalline silicon as an efficient photogeneration layer having a bandgap
as low as 1.1 eV thus opened up the possibility for a microcrystalline/amorphous silicon tandem
solar cell, also called the ‘micromorph’ tandem [100], and known in Japan as the ‘hybrid’ cell
[69]. This novel tandem concept provides a new avenue of R&D, where one can hope to reach
higher conversion efficiencies and lower production costs.

Indeed, from very elementary theoretical considerations one could consider the bandgap
combination of 1.1 eV with 1.75 eV to be very near the ideal combination for tandem solar cells
[71]. If we assume that all photons with an energy higher than the bandgap can be usefully
absorbed both in the top and bottom cells, and if we assume reasonable values for FF and
Voc based on bandgaps and on a p-i-n type structure (see [72] for details), we arrive at the
semi-theroetical efficiency limits shown in the diagram in Figure 4.18. From Figure 4.18 one

Figure 4.18 Semi-empirical limit of the efficiency as a function of the energy gap Eg of the bottom and
top cells of a tandem solar cell, based on an assumed minimum value for the reverse saturation current
of a p-i-n type diode. All AM1.5 light with photon energies above the bandgap energy is assumed to be
usefully absorbed and to contribute to the short circuit current density Jsc. Reprinted from [72] Journal
of Non-Crystalline Solids, Vol. 338–340, Shah et al., Basic efficiency limits. . . , p. 693–645. Copyright
(2004) with permission from Elsevier.
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Figure 4.19 Schematic device structure of the micromorph tandem cell in the ‘superstrate’ configura-
tion, i.e. in the configuration glass/TCO/p-i-n a-Si:H/p-i-n μc-Si:H.

can indeed deduce that the ideal bandgap combination is close to 1.1 eV for the bottom cell and
1.75 eV for the top cell. In practice, the photogeneration layer thickness (i-layer thickness)
of the first and second cell should be designed in such a way that the photogenerated currents
are the same in both cells, so as to obtain current matching, in accordance with the current
continuity law. As μc-Si:H is a material with an indirect bandgap (see Figure 4.8) the optical
absorption coefficient for energies just above the bandgap is relatively low. This means that
in a micromorph tandem, the microcrystalline bottom cell will have to be thicker than the
amorphous top cell in order to obtain current matching conditions. Figure 4.19 shows a sketch
of the typical structure of a micromorph tandem solar cell. With this configuration, one is,
in practice, still very far away from usefully absorbing all photons with an energy higher
than the bandgap energy. This is because one is forced to use relatively thin absorbing layers:
around 0.25 μm for the a-Si:H top cell because of the Staebler–Wronski effect or light induced
degradation, and around 1 to 2 μm for the microcrystalline bottom cell, because of deposition
time and its relatively large contribution to fabrication costs. Due to these constraints, stabilized
efficiencies currently obtained for small area micromorph test cells (1cm2 size) are in the range
of 11–12 %. Figures 4.20 and 4.21 show typical I (V ) [101] and quantum efficiency curves
obtained with such a tandem structure in our laboratory.

Industrially, the first ‘micromorph’ or ‘hybrid’ modules have been brought out by Kaneka
Corp. of Japan. They have stabilized efficiencies over 8 % and are commercially available in
Japan. For test purposes, large area modules of 0.41 m2 size with initial average efficiencies in
the range of 11 % and with a confirmed highest initial module efficiency of 12.5 % have been
fabricated by this company.

In Figure 4.20, we can see the effect of light induced degradation on a micromorph tandem
with a high initial efficiency (over 12 %) combined with a high open-cricuit voltage of 1.4 V.
After light soaking, a stabilized efficiency of 10.8 % could be obtained. In this configuration,
the degradation of the tandem is due only to the Staebler–Wronski effect in the amorphous
top cell, whereas the microcrystalline bottom cell within the tandem shows no degradation at
all (even if its i-layer has been deposited near the microcrystalline/amorphous transition). To
date and to the authors’ knowledge, light induced degradation of the microcrystalline bottom
cell of a micromorph tandem has so far never been observed. The reason is probably that the
bottom cell is not exposed to the whole AM1.5 spectrum, but mainly to the red and infrared
parts of the spectrum, i.e. to those parts which are transmitted through the amorphous top cell.
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Figure 4.20 I (V ) curve of a ‘micromorph’ p-i-n type a-Si:H/μc-Si:H tandem cell, as fabricated by IMT
Neuchâtel, both in the initial and light soaked state (after 336 h under AM1.5 like spectra, 100 mW/cm2 and
50 ◦C). Data reproduced from [105] Thin Film Silicon and Solar Technology, Progress in Photovoltaics:
Research and Applications, Vol. 12, A. Shah et al., p 113–142. Copyright (2004) John Wiley & Sons
Ltd. Reproduced with permission.

Even so there is, at present, a significant difference for the micromorph tandem between the
values reported for initial efficiencies (over 14 %) and those reported for stabilized efficiencies
(11–12 %). In order to reduce degradation in a micromorph tandem, two options can be chosen:

(1) One can use a bottom limited tandem, i.e. a tandem in which the short circuit current
density is lower in the microcrystalline bottom cell than in the amorphous top cell. In such
a case, the properties of the tandem cell are governed by the limiting cell: the tandem is
more stable, but also has a relatively high temperature coefficient, i.e. a significant loss of
efficiency at high operating temperatures.
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Figure 4.21 External quantum efficiency curve of a ‘micromorph’ tandem p-i-n type solar cell, com-
pared with that of a a-Si:H/a-Si:H tandem p-i-n type solar cell. Note the extended long wavelength
spectral response of the ‘micromorph’ cell. Data reproduced from [105] Thin Film Silicon and Solar
Technology, Progress in Photovoltaics: Research and Applications, Vol. 12, A. Shah et al., p 113–142.
Copyright (2004) John Wiley & Sons Ltd. Reproduced with permission.
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Figure 4.22 Schematic device structure of the ‘micromorph’ tandem cell in the ‘superstrate’ configura-
tion with a ZnO intermediate reflector (ZIR) i.e. with the configuration glass/TCO/p-i-n a-Si:H/ZnO/p-i-n
μc-Si:H.

(2) One can use a very thin amorphous silicon top cell (i.e. a cell with an i-layer thickness
below 0.2 μm). Such very thin amorphous top cells hardly degrade, they also have low
temperature coefficients, i.e. little loss of efficiency at high operating temperatures [27].
However, in the simple tandem configuration sketched in Figure 4.19, such a very thin
amorphous silicon top cell will only provide a very low short circuit current density and
limit the tandem too severely. This is because in the simplest configuration no effective
light trapping is achieved within the amorphous top cell. For this reason, our Institute
introduced an intermediate optical reflector (constituted of a ZnO layer) between the top
and the bottom cell [102]. This structure and results obtained will be described in more
details below.

Figure 4.22 shows a schematic sketch of a tandem cell with an intermediate reflector.
This type of tandem is technologically more complicated to produce, both in the laboratory
and especially industrially, but it represents one of the most promising avenues for further
increasing the stabilized efficiencies in micromorph tandem cells. In this approach, the total
micromorph current can be increased by increasing the top a-Si:H current (thanks to light
reflection at the a-Si:H/ZnO interface) without increasing its thickness; thereby maintaining
a acceptable device stability in the top a-Si:H cell. With this structure, IMT fabricated a fully
stable laboratory cell with 10.8 % efficiency [101]. With the same structure, Kaneka fabricated
a laboratory tandem cell with 14.7 % initial efficiency [69]. The optical behavior and the
photogenerated current of such tandem micromorph cells incorporating an intermediate ZnO
reflector has been simulated numerically with a Monte Carlo approach, based on measured
absorption data for the amorphous and microcrystalline silicon layers. Assuming TCO and
doped layers with reduced absorption as well as an ideal back reflector, a stabilized efficiency
of 15 % is predicted [103]. A more recent simulation based on actual absorption data for ZnO
and doped layers arrives at a stabilized short circuit current density of 14 mA/cm2 which may
translate into 13 to 14 % stabilized efficiency [76].

4.4 CONCLUSIONS

Microcrystalline silicon is a material that has only recently been introduced for use as pho-
togeneration layers (intrinsic i-layer) in thin film silicon solar cells of p-i-n and n-i-p types.
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The development of devices with higher conversion efficiencies incorporating μc-Si:H is, thus,
still a research topic. Microcrystalline silicon is generally deposited with the same PE-CVD
equipment as a-Si:H, by using a mixture of silane and hydrogen, and by increasing the ratio of
hydrogen to silane in the feed gas, so as to obtain microcrystalline growth. This technology has
the advantage of using non-toxic materials and of being based on low temperature processes;
it also easily allows for large area deposition. It has, therefore the clear potential for future cost
reduction of photovoltaic modules.

Microcrystalline silicon is a complex material consisting of conglomerates of silicon
nanocrystallites embedded into amorphous silicon. It can be more easily doped than a-Si:H;
but, on the other hand, it is also more sensitive to contaminants than a-Si:H. The nucleation
and growth of μc-Si:H are determinant for device quality; a certain amount of amorphous
material is needed for the passivation of the nanocrystallites and for the reduction of defect
related absorption. This is obtained by reducing the hydrogen dilution so as to approach the
microcrystalline/amorphous transition. Solar cells (p-i-n and n-i-p type diodes) produced with
intrinsic i-layers with increasing amorphous volume fraction have, indeed, increasing values
of Voc.

The optical properties of μc-Si:H are quite different from those of a-Si:H; indeed μc-Si:H
possesses an indirect optical bandgap at 1.1 eV and has, thus, relatively low optical absorption
for higher photon energies (hν >1.1. eV) whereas a-Si:H has a bandgap of about 1.75 eV and
higher optical absorption for photon energies above the bandgap (hν >1.75 eV), as is charac-
teristic for amorphous semiconductors. On the other hand, μc-Si:H absorption spectra exhibit,
for photon energies below the bandgap, features that are characteristic of a certain amount of
disorder prevailing in the material, such as an Urbach tail and defect related absorption at about
0.8 eV. These features are absent in the absorption spectra of monocrystalline silicon (wafers).
The optical features can be measured by specialized methods like Fourier transform photocur-
rent spectroscopy (FTPS) and are used in order to assess material quality for photovoltaic
applications.

Coplanar electronic transport properties of μc-Si:H are strikingly similar to those character-
istic of a-Si:H and this resemblance can be understood by assuming that electronic transport is
limited by the amorphous/disordered material present in μc-Si:H layers. Because of the limited
electronic transport properties and the resulting limitation in diffusion length, a p-i-n type or
n-i-p type device structure is used for μc-Si:H solar cells. In this type of device, carrier collec-
tion is enhanced by drift, i.e. by the internal electric field prevailing in the i-layer. Currently,
the conversion efficiency of the best single junction μc-Si:H solar cell is around 10 %. Single
junction μc-Si:H solar cells show a very mild form of light induced degration, depending on
the amorphous volume fraction and the spectrum of illumination used for degradation. One
expects a further increase in the efficiency of μc-Si:H single junction solar cells mostly by
implementation of improved light trapping schemes and by a corresponding increase in short
circuit current density. Improved light trapping will be based on the development of new and
better suited transparent conductive oxides, structured substrates (periodic gratings or rough
random substrates). This field is indeed currently an important research topic.

The development of thin film silicon devices relies at present mainly on the development
of tandem ‘micromorph’ solar cells consisting of a stack with a top a-Si:H cell and a bottom
μc-Si:H cell. This combination of materials can be shown theroretically to possess bandgaps
that are very near to the best combination of bandgaps for optimum conversion of the AM1.5
spectrum. The highest initial efficiency achieved with such a thin film silicon tandem solar
cell is currently 14.7 %. For reaching maximum efficiency, an intermediate reflector is used
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between the bottom and the top cell. Such tandem devices generally suffer less from light
induced degradation in the amorphous top cell. In general, the microcrystalline bottom cell
inside the tandem is stable (as it is only exposed to the long wavelength part of the solar
spectrum). In order to gain both in conversion efficiency and in device stability, one should
reduce the thickness of the amorphous top cell and further optimize light trapping. This may
hopefully lead to solar cells with stabilized efficiencies of 13–14 %. The industrial production
of tandem modules has currently been started by a single Japanese module manufacturer.
Several other firms (mainly Japanese) are doing research in this subject and a few of them have
even developed prototype modules.

Thin film silicon offers interesting applications in building-integrated photovoltaics, thanks
to its esthetical appearance and the versatility it provides in the choice of a substrate mate-
rial. On the other hand, the ‘micromorph’ tandem concept allows for an increase in mod-
ule efficiency towards a stabilized value above 10 %. Because of these factors, one may
reckon that the industrial development of thin film silicon tandem modules based on a
combination of amorphous and microcrystaline silicon will be intensified during the next
few years, leading to a clear reduction in module costs, probably down to values below
2$/Wp.
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5 Advanced Amorphous Silicon
Solar Cell Technologies

Miro Zeman
Delft University of Technology

5.1 INTRODUCTION

The first amorphous silicon layers were reported in 1965 as films of ‘silicon from silane’
deposited in a radio frequency glow discharge [1]. Ten years later, Walter Spear and Pe-
ter LeComber from Dundee University reported that amorphous silicon had semiconducting
properties. They demonstrated that the conductivity of amorphous silicon can be manipulated
by several orders of magnitude by adding some phosphine or diborane gas to the glow discharge
gas mixture [2]. This was a far reaching discovery since until that time, it had generally been
thought that amorphous silicon could not be made n type or p type by substitutional doping.
It was not recognized immediately that hydrogen plays an important role in the newly made
amorphous silicon doped films. In fact, amorphous silicon suitable for electronic applications,
requiring doping, is an alloy of silicon and hydrogen. Electronic grade amorphous silicon is
therefore called hydrogenated amorphous silicon (a-Si:H).

The successful doping of amorphous silicon created tremendous interest in this material
for two reasons. First, the material had several interesting properties that opened up many
opportunities for semiconductor device applications. For example, due to the high absorption
coefficient of a-Si:H in the visible range of the solar spectrum, a 1 micrometer (μm) thick a-Si:H
layer is sufficient to absorb 90 % of the usable solar energy. Second, the glow discharge depo-
sition technique, also referred to as plasma enhanced chemical vapour deposition (PECVD),
enabled the production of a-Si:H films over a large area (larger than 1 m2) and at a low tem-
perature (100 to 400 ◦C). The low processing temperature allows the use of a wide range of
low cost substrates such as glass sheet, metal or polymer foil. The a-Si:H is simply doped and
alloyed by adding the appropriate gases to a source gas, usually silane. These features have
made a-Si:H a promising candidate for low cost thin film solar cells. At present, besides solar
cells, this material is used for thin film transistors in flat panel displays and photoconductive
layers in electrophotography.

Since the first a-Si:H solar cell Carlson and Wronski made in 1976, which had an energy
conversion efficiency of 2.4 % [3], a-Si:H solar cell technology has improved considerably,
and today, it is capable of producing solar cells with initial efficiencies exceeding 15 % [4].
Today, amorphous silicon solar cell technology is a mature thin film solar cell technology that
in 2003 already delivered modules with a total output power of 25.8 MWp [5].

Thin Film Solar Cells Edited by J. Poortmans and V. Arkhipov
C© 2006 John Wiley & Sons, Ltd
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5.2 OVERVIEW OF AMORPHOUS SILICON SOLAR CELL
TECHNOLOGY DEVELOPMENT AND CURRENT ISSUES

5.2.1 1970s

Carlson and Wronski announced that they had made the first experimental a-Si:H solar cell at
the RCA Laboratory in 1976 [3]. This single junction p-i-n a-Si:H solar cell deposited on a
glass substrate coated with transparent conductive oxide (TCO) and aluminium back contact
exhibited a 2.4 % conversion efficiency. In order to increase the output voltage of a-Si:H solar
cells, the concept of a stacked (also called multi-junction) solar cell structure was introduced
[6]. A key step to industrial production was the development of a monolithically integrated
type of a-Si:H solar cell [7]. Using the monolithic series integration of a-Si:H solar subcells, a
desired output voltage from a single substrate can easily be achieved. In 1980, the integrated
type a-Si:H solar cells were commercialized by Sanyo and Fuji Electric and applied in consumer
electronics such as calculators and watches.

5.2.2 1980s

Much research in the field of a-Si:H solar cells was devoted to developing and optimising
a-Si:H based alloys in the 1980s. A p type hydrogenated amorphous silicon carbide (a-SiC:H)
was incorporated in solar cells as a low absorbing layer, usually denoted as a window layer [8].
Hydrogenated amorphous silicon germanium (a-SiGe:H) became an attractive low bandgap
material for stacked solar cells [9]. Surface textured substrates were introduced to enhance
optical absorption [10]. The laboratory cells reached an initial efficiency in the range of 11 to
12 %. The next generation of a-Si:H modules came on the market in the second half of the
1980s and was aimed at off grid power generation. These modules were single junction p-i-n
a-Si:H solar cells, produced mainly in a single chamber batch process. The typical area of the
modules ranged from 0.1 to 0.3 m2 and they were aimed to deliver a power of around 14 W
(stabilized efficiency up to 5 %). However, this promising technology suffered from some
setbacks that gave it a bad reputation: pronounced initial degradation due to illumination,
insufficient protection and framing of these modules against moisture, which resulted in the
corrosion of contacting electrodes.

5.2.3 1990s

In the 1990s, the main research and manufacturing efforts were directed towards achieving
10 % stabilized module efficiency and a high throughput process. Several companies optimized
and implemented an a-SiGe:H alloy in tandem (BP Solar [11], Sanyo [12], Fuji Electric [13])
and triple junction (United Solar [14]) solar cell structures. The main characteristics of a-Si:H
modules developed in the 1990s were a multijunction solar cell structure, improved encapsu-
lation and framing. Lightweight frames from organic materials that provided better protection
against corrosion substituted the aluminium frames. The module area reached 1 m2 and the
total area stabilized module efficiency was increased to 6–7 %. The improved environmental
protection of the modules enabled the producers to guarantee more than 20 years of power
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output. At the end of the 20th century, the annual total production capacity for amorphous sil-
icon single and multijunction modules reached around 30 MWp. The focus on the application
of the modules shifted from off grid to building integrated applications.

Hydrogenated microcrystalline silicon deposited by the low temperature PECVD technique
emerged in this period as a new candidate for the low bandgap material in multijunction a-Si:H
based solar cells. The University of Neuchâtel introduced a micromorph tandem solar cell in
1994, which comprized an a-Si:H top cell and a μc-Si:H bottom cell [15]. The promising poten-
tial of the micromorph cell concept was soon demonstrated by the fabrication of micromorph
tandem and triple solar cells with stabilized efficiencies in the range of 11 to 12 % [16, 17], and
Kaneka Corporation started the development of micromorph module production technology
[17]. The introduction and implementation of μc-Si:H in thin film silicon solar cells shifted
attention to increasing the deposition rate. Several new deposition techniques [18] started to
be investigated and developed for fabricating absorber layers at high deposition rates (10 to
20 Å/s), such as very high frequency and microwave PECVD, hot wire CVD, and expanding
thermal plasma CVD.

5.2.4 After 2000

Research has concentrated on understanding and improving light trapping techniques, where
surface textures as well as new TCO materials play a crucial role. This activity has resulted in the
commercialization of novel deposition techniques for ZnO as an alternative TCO material for
SnO2 [19, 20]. Several deposition machine manufacturers have started developing commercial
production machines for the fabrication of thin film silicon solar cells [21, 22]. Today the
most advanced a-Si:H production lines are characterized by fully automated facilities and
large area deposition over more than 1 m2, with an annual production capacity in the range of
10 MWp to 30 MWp (Mitsubishi Heavy Ind. 10 MWp, Kaneka Corporation 20 MWp, United
Solar 30 MWp).

5.2.5 Current technology issues

In order to increase the competitiveness of a-Si:H modules on the market, several cost-to-
performance aspects of the a-Si:H solar cell technology are of importance, which can be
divided into the following performance and production related issues:

1. Increase of the conversion efficiency of a-Si:H solar cells. Based on fundamental considera-
tions, major performance improvement is expected in the near future from an increase in the
current of thin film silicon solar cells [23]. This increase has to result from improved light
management schemes such as light trapping and reduction of light absorption losses. For
solar cells deposited on glass plates, also called superstrate type cells, the development of a
TCO front electrode material with an optimal surface morphology that results in improved
light scattering properties is essential. Essential for solar cells deposited on (flexible) opaque
carriers, often denoted as substrate type solar cells, is improvement of the texturing and
reflectivity of the back contact. Ongoing attention has to be paid to further improvement
of the optoelectronic quality of a-Si:H and a-SiGe:H absorbers, the doped layers and the
interfaces between the doped layers and intrinsic absorbers.
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2. Elimination of the light induced degradation known as the Staebler–Wronski effect [24].
This effect is responsible for a decrease in the initial performance of an a-Si:H solar module
of typically 15–30 %. Full understanding of the Staebler–Wronski effect in a-Si:H based
materials is necessary for fabricating a-Si:H with improved stability against light exposure.
The light induced degradation of the modules can be suppressed by using thin absorber
layers. However, the use of the thin absorbers strongly depends on the implementation of
efficient light trapping techniques in the solar cells, which have to provide for sufficient
absorption in these layers.

3. The deposition rate of absorber layers is required to be 10 to 20 Å/s in order to limit
the investment in the a-Si:H deposition machine, which is strongly reflected in the cost
of the modules. The central question regarding the deposition rate is how to avoid the
increased light induced degradation of films deposited at elevated deposition rates [25].
In addition to the radio frquency (rf) PECVD technique, several deposition techniques are
being intensively investigated capable of fabricating absorber layers with sufficient quality
at high deposition rates, such as very high frequency PECVD, hot wire CVD, and expanding
thermal plasma CVD.

4. The choice of mass production technology. Although the deposition of a-Si:H based layers
is the most important part of solar cell fabrication, complete production includes several
fabrication steps which substantially contribute to the total cost of the solar module. These
include the deposition of the TCO front electrode, the deposition of the multilayer back
electrode, laser scribing for the subcell series connection, and encapsulation and framing.
The solar cell structure and module design determine the choice of sequence of fabrication
steps and the deposition and processing techniques to be applied. At present, there are three
major approaches to depositing a-Si:H based layers: the one chamber batch process, the
multichamber process, and the roll-to-roll process. The advantages and disadvantages of
particular a-Si:H production systems are discussed in reference [18]. The general trend is
to increase the substrate size, which reduces the cost per unit area, by lowering the relative
contribution of the edges. The experience gained in the display industry regarding the
deposition of a-Si:H on large area substrates is being transferred to solar cell production.
The general requirements for the production machines include sufficient reliability of the
deposition process, high production uptime, high yield and the right choice of procedure
for cleaning the process chambers.

5. Lowering of material costs. The material costs contribute considerably to the overall cost
of a-Si:H modules. A substantial part is formed by the cost of the substrate carrier, the glass
plate or high temperature resistant polymer foil. Therefore, cheaper thin metal foils that
also allow the use of the continuous roll-to-roll technology are a preferable choice. In case
of flexible modules, usually a relatively thick fluoropolymer type encapsulant is applied in
order to guarantee a module lifetime of 20 years. The encapsulant dominates the cost of the
module and the development of a cheap encapsulant is therefore one of the most important
cost issues. The choice of substrate carrier determines the acceptable process temperatures
and the sequence of processing steps. The choice of gasses for the deposition of a-Si:H based
layers, their purity and the gas utilization also have financial consequences. For example,
the use of germane for multijunction solar cells with a-SiGe:H absorbers can substantially
increase the material costs.



OTE/SPH OTE/SPH
JWBK098-05 JWBK098-Poortmans July 12, 2006 15:10 Char Count= 0

ADVANCED AMORPHOUS SILICON SOLAR CELL TECHNOLOGIES 177

5.3 HYDROGENATED AMORPHOUS SILICON

In order to understand the design and operation of a-Si:H based solar cells, which are different
from those for crystalline silicon solar cells, we will summarize the structural and material
properties of a-Si:H and compare them to those of single crystal silicon. Some widely used
techniques to characterize a-Si:H are also described in this section.

5.3.1 Atomic structure

Figure 5.1 illustrates the difference in atomic structure between single crystal silicon and a-
Si:H. Figure 5.1a shows the structure of single crystal silicon schematically. Each silicon atom
is covalently bonded to four neighboring atoms. All bonds have the same length, and the angles
between the bonds are equal. The number of bonds of an atom with its immediate neighbors in
the atomic structure is called the coordination number or coordination. Thus, in single crystal
silicon, the coordination number for all silicon atoms is four; we can also say that silicon
atoms are fourfold coordinated. A unit cell can be defined, from which the crystal lattice can
be reproduced by duplicating the unit cell and stacking the duplicates next to each other. Such
a regular atomic arrangement is described as a structure with a long range order.

Figure 1b illustrates that a-Si:H does not exhibit a structural order over a long range.
Nevertheless, there is a similarity in atomic configuration on a local atomic scale, where most
silicon atoms have covalent bonds with four neighbors. Though a-Si:H lacks the long range
order, it has the same short range order as single crystal silicon. This conclusion about the
bonding structure in a-Si:H has been obtained from X-ray diffraction measurements [26]. The
small deviations in bonding angles and bonding lengths between the neighboring atoms in a-
Si:H lead to a complete loss of the locally ordered structure on a scale exceeding a few atomic
distances. The resulting atomic structure of a-Si:H is called a continuous random network.

(a) (b)

H passivated  
dangling bond 

unpassivated  
dangling bond 

Si atom Covalent bond 

Figure 5.1 Schematic representation of the atomic structure of (a) single crystal silicon, (b) hydro-
genated amorphous silicon.
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Due to the short range order, the common semiconductor concept of the energy state bands,
represented by the conduction and valence bands, can still be used in a-Si:H.

The larger deviations in bonding angles and bonding lengths between the neighboring
atoms in a-Si:H result in so-called weak or strained bonds. When enough energy is available,
for example in the form of heat, weak bonds can easily be broken. This process leads to the
formation of defects in the atomic network. We note that in the continuous random network,
the definition of a defect is modified with respect to the crystal structure. In a crystal, any
atom that is out of place in a lattice forms a defect. In the continuous random network, an atom
cannot be out of place. Because the only specific structural feature of an atom in the continuous
random network is the coordination to its neighbors, a defect in a-Si:H is a coordination defect
[26]. This happens when an atom has too many bonds or too few. In a-Si:H, defects are mainly
silicon atoms that are covalently bonded to only three silicon atoms (threefold coordinated) and
have one unpaired electron, a so-called dangling bond. Since this configuration is the dominant
defect in a-Si:H, the defects in a-Si:H are often related to dangling bonds. Some dangling bond
defects are depicted in Figure 5.1b. Another defect configuration is a silicon atom bonded to
five silicon atoms (fivefold coordinated). This configuration is referred to as a floating bond.
A silicon atom representing this floating bond defect is indicated in Figure 5.1b by a dotted
circle.

In pure a-Si (amorphous silicon that contains no other atoms than silicon), there is a large
concentration of about 1021 defects per cm3 in the amorphous atomic structure. Material
with such a large defect density cannot be used for a functional device. When amorphous
silicon is deposited in such a way that hydrogen can be incorporated in the atomic network
(as by glow discharge deposition from silane), then hydrogen atoms bond with most of the
silicon dangling bonds. Strong silicon–hydrogen bonds are formed, which are illustrated in
Figure 5.1b. Hydrogen passivation of dangling bond defects reduces the defect density from
about 1021 cm−3 in pure a-Si to 1015–1016 cm−3 in a-Si:H, i.e. less than one dangling bond
per one million silicon atoms. It is this material, an alloy of silicon and hydrogen, in which
substitutional doping has been demonstrated and which is suitable for electronic applications.

5.3.1.1 Electron spin resonance

An experimental technique that can provide information on the microscopic structure of defects
in semiconductors, including the amorphous ones, is electron spin resonance (ESR) [27].
Electron spin resonance measurements on a-Si:H have identified a single type of defect that
is associated with a neutral dangling bond [26, 28]. The ESR is regarded as an experimental
standard for determining defects in a-Si:H, and the ESR results are considered unambiguous.
However, the sensitivity of this method is limited for thin films with a low spin density and
the method only gives information about paramagnetic defects, i.e. defects with an unpaired
electron. For this reason, ESR can underestimate the defect density, because the charged
dangling bonds do not possess an unpaired spin signal. Therefore, the results from ESR strongly
depend on the Fermi level position, which determines the electron occupation of defects.

5.3.1.2 Hydrogen characterization in hydrogenated amorphous silicon

Since hydrogen plays an important role in defect passivation, the incorporation and stability of
hydrogen in a-Si:H has been the topic of intensive research. Infrared absorption spectroscopy
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is widely used to provide information about Si–Hx bonding configurations in a-Si:H [26].
Three characteristic infrared absorption bands are observed in a-Si:H: a peak at 640 cm−1, a
doublet at 840–890 cm−1, and absorption peaks in the range of 2000–2200 cm−1. The peak
at 640 cm−1 reflects the rocking mode of hydrogen covalently bonded in all possible bonding
configurations, i.e. silicon mono (x = 1), di (x = 2), and trihydride (x = 3) and polymeric
(Si–H2)n bonding configurations, and therefore this peak is used to determine the hydrogen
content in a-Si:H [18]. The doublet at 840–890 cm−1 is assigned to the dihydride wagging
mode. A peak around 2000 cm−1 is assigned to the stretching mode of the isolated Si–H
bonds (also referred to as the low stretching mode (LSM) in the literature) and a peak in the
range of 2060–2160 cm−1 includes contributions from the stretching mode (referred to as the
high stretching mode (HSM)) of Si–H bonds at internal surfaces, e.g. voids, dihydride and
trihydride bonds. A ‘microstructure parameter,’ denoted as R∗, is determined from the LSM
and HSM absorption peaks. The R∗ is widely used to characterize the microstructure in the
a-Si:H network as it roughly indicates two different ‘phases’, namely a dense network and a
fraction of the network containing voids. The microstructure parameter is defined as:

R∗ = IHSM

ILSM + IHSM
(5.1)

where IHSM and ILSM are the integrated absorption strength of the LSM and HSM, respec-
tively. In general, device quality a-Si:H contains less than 10 atomic % of hydrogen and is
characterized by R∗ < 0.1.

Hydrogen diffusion and evolution measurements help to characterize hydrogen motion,
trapping and evolution in a-Si:H [29]. Nuclear magnetic resonance (NMR) gives information
about the local atomic environment in which the hydrogen atoms reside [30]. Recently, it has
been reported, based on NMR experiments, that molecular hydrogen forms up to 40 % of the
total hydrogen content in a-Si:H [31].

5.3.2 Density of states

An essential component for determining the distributions and concentrations of charge carriers
in a semiconductor material is information about the energy distribution of states, often called
the density of states. For an ideal intrinsic silicon crystal, the valence band and the conduction
band are separated by a well defined bandgap, Eg, and there are no allowed energy states in
the bandgap. Due to the long range disorder in the atomic structure of a-Si:H, the energy states
of the valence band and the conduction band spread into the bandgap and form regions of
states that are called band tails. In addition, the defects introduce allowed energy states that
are located in the central region between the valence band and conduction band states. This
means that there is a continuous distribution of density of states in a-Si:H and that there is no
well defined bandgap between the valence band and the conduction band.

The energy states in which the charge carriers can be considered as free carriers are described
by wave functions that extend over the whole atomic structure. These states are nonlocalized
and are called extended states. The disorder in a-Si:H causes the wave functions of the tail
and defect states to become localized within the atomic network. These states are called
localized states. Consequently, mobility that characterizes transport of carriers through the
localized states is strongly reduced. This feature of a sharp drop in the mobility of carriers
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in the localized states in comparison to the extended states is used to define the bandgap in
a-Si:H. This bandgap is denoted by the term mobility gap, Emob, because the presence of a
considerable density of states in the mobility gap is in conflict with the classical concept of a
bandgap without any allowed energy states. The energy levels that separate the extended states
from the localized states in a-Si:H are called the valence band, EV, and the conduction band,
EC, mobility edges. The mobility gap of a-Si:H is larger than the bandgap of single crystal
silicon and has a typical value between 1.7 eV and 1.8 eV.

5.3.3 Models for the density of states and recombination–generation
statistics

In general, the energy distribution of states in a-Si:H is characterized by three different regions:
(i) extended states above the mobility edge of the conduction band, (ii) extended states below
the mobility edge of the valence bandand (iii) localized states between the mobility edges. The
continuous distribution of the localized states is a superposition of the conduction and valence
band tail states and the defect states.

In Figure 5.2, we present a standard model of the density of states distribution. In this
model, the valence and conduction band states are represented by a parabolic dependence
on energy that merges with exponentially decaying valence and conduction band tail states.
The defect states are represented by two equal Gaussian distributions, which are shifted from
each other by the correlation energy, U . The correlation energy is assumed to be constant and
positive. As mentioned earlier, dangling bonds are considered the dominant defect in a-Si:H. A
dangling bond can be in three charge states: positive (D+), neutral (D0) and negative (D−). An
imperfection with three possible charges, such as a dangling bond, is represented in the band
diagram by two energy levels E+/0 and E0/−, which, depending on the position of the Fermi
level, characterize the charge occupation of the imperfection. These two energy levels are

Figure 5.2 The standard model for density of states in a-Si:H.
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called the transition energy levels. The two Gaussian distributions, D+/0 and D0/−, represent
the energy distributions of states corresponding to +/0 and 0/− charge transitions of dangling
bonds, respectively. Since the dangling bonds are represented by both the donor like (+/0)
and acceptor like (0/−) states, dangling bonds are called amphoteric defects.

The Gaussian distribution that is used to describe the defect states in a-Si:H reflects the
concept that the structural disorder results in a distribution of states rather than in states lo-
cated at a particular energy level. However, the Gaussian representation of defect states does
not contain any information about the origin of the defect states. The defect pool theory
based on the weak bond–dangling bond conversion model [32] has attracted a lot of atten-
tion because it can successfully describe the defect state distribution in a-Si:H [33–35]. The
theory assumes that the energy of the defect state can take a range of values due to the in-
herent disorder of the amorphous network and that the defects can be formed in different
charge states. The resulting total defect density of states is the sum of three energy distri-
butions, Dh, Dz, and De, which correspond to positive, neutral and negative defects. The
defect pool model predicts that the total number of dangling bonds in the intrinsic a-Si:H in-
creases when the Fermi level shifts from the midgap towards the mobility edges of the bands.
The position of the Fermi level also determines the energy dependence of the defect state
distribution.

The energy states in the bandgap act as trapping and recombination centers and therefore
strongly affect many electronic properties of a-Si:H and the performance of a-Si:H devices. In
contrast to crystalline semiconductors, in which the recombination process is typically domi-
nated by a single energy level in the bandgap, in a-Si:H, contributions from all bandgap states
to the recombination–generation (R–G) rate are included. In order to model the recombination
process through the single level states, such as localized tail states, Shockley—Read–Hall R–G
statistics [36] is used and Sah and Shockley multilevel R–G statistics [37] are applied for the
amphoteric defect states. A detailed analysis and comparison of the modeling approaches of
the R–G rate in a-Si:H is given in reference [18].

A large number of experimental techniques have been applied to obtain information about
the density of states in a-Si:H [26]. In particular the distribution of localized tail and defect states
is of interest. There is no direct method to obtain the energy distribution of states in a-Si:H.
The energy distribution of states is determined indirectly from measurements of optical and
electrical properties of a-Si:H films or from properties of a space–charge region that is formed
at a-Si:H interfaces. In order to provide an understanding of procedures to determine the density
of states, we first discuss the optical and electrical properties of a-Si:H.

5.3.4 Optical properties

The optical properties of a-Si:H are usually characterized by the absorption coefficient, the
refractive index, and the value of the optical bandgap.

Figure 5.3a shows the typical absorption coefficient of a-Si:H as a function of photon energy.
In Figure 5.3b, the absorption coefficient of a-Si:H is plotted with the absorption coefficient
of a-SiGe:H, p type a-SiC:H, and crystalline silicon. In the visible part of the solar spectrum,
a-Si:H absorbs almost 100 times more than crystalline silicon. This means that a 1 μm thick
a-Si:H layer is sufficient to absorb 90 % of the usable solar energy. In practice, the thickness
of a-Si:H solar cells is around than 0.3 μm, that is about 1000 times thinner than a typical
single crystal silicon cell.
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Figure 5.3 (a) Absorption coefficient of a-Si:H as a function of photon energy, (b) absorption coefficient
as function of photon energy for a-Si:H, p type a-SiC:H and a-SiGe:H fabricated at Delft University of
Technology. The absorption coefficient of c-Si is shown for reference.

Due to the lack of translational symmetry of a unit cell in the structural network of a-Si:H,
the law of crystal momentum conservation is relaxed in a-Si:H, and it behaves like a direct
semiconductor. The optical absorption coefficient, α(E), is therefore determined by optical
transitions involving all pairs of occupied and unoccupied electronic states that are separated
by the same photon energy E . For this reason, optical absorption measurements are widely
used to determine the density of states distribution in a-Si:H. The absorption coefficient curve is
of fundamental importance for evaluating the quality of both amorphous and microcrystalline
silicon films.

As indicated in Figure 5.3a, the absorption spectrum of a-Si:H exhibits three regions. In
region A, absorption occurs predominantly by transitions between the extended states of
the valence and conduction bands. The absorption coefficient in this region is higher than
103–104 cm−1 and is commonly determined by reflection-transmission spectroscopy mea-
surement. Region B extends from α ∼ 1 to 103 cm−1 and is characterized by an exponential
dependence of the absorption coefficient on the photon energy. This region is called the Urbach
edge. When assuming that the optical matrix element is energy independent in this region, as
experimentally observed [38], the Urbach edge reflects the transitions between the valence and
conduction band tail states. The absorption coefficient in region B can be fitted to

α = α0 exp (E/E0), (5.2)
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where α0 is a constant and E0 is the Urbach energy that characterizes the exponential slope of
the energy dependence. Because the conduction band tail state distribution is narrower than
the valence band tail state distribution, the Urbach energy reflects the slope of the exponential
region of the valence band tail. A typical value for device quality a-Si:H film is E0 ≤ 50 ×
10−3 eV. Region C, where the absorption coefficient is less than 1 cm−1, is associated with the
transitions involving the defect states. Regions B and C are denoted as subbandgap absorption
since the absorption coefficient reflects transitions involving states within the bandgap.

From the absorption coefficient of a-Si:H based materials, the so-called optical bandgap
is determined. The optical bandgap is a useful material parameter for comparing the light
absorption properties of a-Si:H based materials. Generally, the higher optical bandgap of a
material, the less light it will absorb. The optical bandgap, Eopt, is determined by extrapolating
a linear part of the following function [α(E) × n(E) × E]1/(1+p+q) versus the photon energy
E to α(E) = 0, for α ≥ 103 cm−1:

(α(E) × n(E) × E)1/(1+p+q) = B(E − Eopt) (5.3)

where α(E) is the absorption coefficient, n(E) is the refractive index, p and q are constants
that describe the shape of the density of extended states distribution for the conduction band
and valence band, respectively, and B is a prefactor. When the density of state distribution
near the band edges has a square root energy dependence (p = q = 1/2), as is commonly the
case in crystalline semiconductors, Equation (5.3) describes the so-called Tauc plot [26], and
the corresponding optical bandgap is called the Tauc optical gap. When the distribution near
the band edges is assumed to be linear (p = q = 1), Eopt is called the cubic optical gap. The
Tauc gap of device quality intrinsic a-Si:H is in the range of 1.70 to 1.80 eV; usually 0.1 to
0.2 eV smaller than this is the cubic gap of the same material. The optical bandgap increases
with increasing hydrogen concentration in the film [39].

The refractive index of a-Si:H shows a maximum of almost 5.0 around 425 nm and then
decreases as a function of wavelength in the region of interest (350 nm to 900 nm). The refractive
index slightly decreases above 900 nm. For device quality a-Si:H, the refractive index at 900 nm
is above 3.6.

5.3.5 Electrical properties

The electrical properties of a-Si:H are usually characterized in terms of dark conductivity,
photoconductivity and mobility lifetime product. Measuring these properties is a standard
approach to obtain information about the quality of a-Si:H material for application in solar
cells.

5.3.5.1 Dark conductivity

The dark conductivity σd of device quality intrinsic a-Si:H is less than 1 × 10−10 �−1 cm−1.
To determine it and its activation energy, a very low current is measured, in the order of
picoamperes. Such measurements are usually carried out on samples with two 1 to 2 cm long
coplanar metal electrodes deposited less than 1 mm apart from each other on a single a-Si:H
layer on highly resistive glass, such as Corning 1737. Care has to be taken that moisture or
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diffusing impurities do not affect the measurement of current. Therefore, the measurement is
usually taken in vacuum or in an inert atmosphere and before the measurement, the sample
is annealed at 150 ◦C for half an hour to evaporate all moisture present on the surface of the
film. A voltage of typically 100 V is applied to a sample with an a-Si:H layer of about 1 μm
thick in order to obtain a current of tens of picoamperes through the sample that can be reliably
measured.

The dark conductivity is determined as:

σd = I
U

w

ld
(5.4)

where U is the applied voltage, I is the measured current, l is the length of the electrodes
(∼1 to 2 cm), w is the distance between the electrodes (0.5 to 1 mm), and d is the thickness of
the film.

5.3.5.2 Activation energy of the dark conductivity

The measurement of the temperature dependence of the dark conductivity is used to evaluate
the activation energy of the dark conductivity, EA, which gives a good approximation of the
position of the Fermi level in a-Si:H films. The temperature dependence of the dark conductivity
σd(T ) is described as

σd(T ) = σ0 exp (−EA/kT ) (5.5)

where σ0 is a conductivity prefactor, T the absolute temperature and k Boltzmann’s constant.
From the slope of the Arrhenius plot, which in this case is the relationship between log(σd(T ))
and 1/T , the activation energy is determined. In combination with the optical bandgap, the
activation energy is a good measure to evaluate the presence of impurities in the film. The
impurities often act as dopants, and even a small concentration of impurities, 1 × 1017 cm−3

of O or N, causes a shift of the Fermi level. For undoped a-Si:H, the activation energy should
be higher than 0.80 eV.

The low dark conductivity of undoped a-Si:H is a result of the low mobility of charge
carriers and the high mobility gap of a-Si:H. This is also reflected by the high activation energy
of the dark conductivity. The mobility of the charge carriers in the extended states of a-Si:H is
about two orders of magnitude lower than in single crystal silicon. Typically, intrinsic a-Si:H
is characterized by electron mobility values of 10 to 20 cm2 V−1 s−1, and the hole mobility is
1 to 5 cm2 V−1 s−1.

5.3.5.3 Photoconductivity

The photoconductivity can be determined by illuminating the same samples as used for the
dark conductivity measurement with appropriate light. Often the AM1.5 light spectrum with an
incident power of 100 mW cm−2 is used. With these conditions, the photoconductivity of device
quality undoped a-Si:H, calculated from the photocurrent similarly to Equation (5.4), should
be higher than 1 × 10−5 �−1 cm−1. The ratio of the photoconductivity and dark conductivity
is called the photoresponse. This parameter gives an indication of the suitability of a material
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for use as a photoactive layer in a solar cell. A good photoresponse value for a-Si:H is higher
than 105.

Photoconduction is a complex process of generation, transport and recombination of excess
photogenerated carriers. The optical generation rate of carriers G depends on the absorption
coefficient, α, and the quantum efficiency for carrier generation ηg . The latter represents the
number of electron–hole pairs generated by one absorbed photon. When we assume that the
current in a-Si:H is dominated by electrons, transport and recombination are characterized by
the extended state mobility μ of electrons and their lifetime, τ . Its photoconductivity can be
written as:

σph = qμ�n = qμτG (5.6)

where q is the unit charge and �n the concentration of photogenerated electrons. The average
optical generation rate over the whole thickness, d , of the film is related to the absorbance, A,
which can be calculated from the Lambert–Beer absorption formula:

A = �0(1 − R)(1 − exp (−α d)), (5.7)

where �0 is the incident photon flux density and R the reflectance of the air–a-Si:H interface.
Neglecting the spectral dependence of the reflectance, the average generation rate can be
approximated by:

G = ηg
A
d

= ηg
�0(1 − R)(1 − exp (−α d))

d
(5.8)

By combining Equations (5.6), (5.7) and (5.8), the photoconductivity can be expressed as:

σph = qμτηg
�0(1 − R)(1 − exp (−α d))

d
(5.9)

The quantum efficiency mobility lifetime product ηg μτ is a useful and often used figure
of merit that combines the photoabsorption, transport and recombination in an a-Si:H film.
This quantity is determined by measuring photocurrent when illuminating the sample with a
monochromatic light of a relatively long wavelength. At such a wavelength, the absorption
coefficient is small, which results in almost uniform carrier generation in the a-Si:H film.
Usually, 600 nm light is chosen as the probe beam. Using Equation (5.9) combined with the
geometry factors of the sample as in Equation (5.4), the ηg μτ product is obtained as:

(μτηg)600 = Iphw

qUl�0(1 − R)(1 − exp (−α d))
(5.10)

When we assume that ηg = 1 in amorphous silicon, it means that one absorbed photon
generates one electron–hole pair and the mobility lifetime product at 600 nm for device quality
a-Si:H is μτ ≥ 1 × 10−7 cm2 V−1.

5.3.5.4 Ambipolar diffusion length

The μτ product determined from the photoconductivity measurement characterizes the charge
carriers that dominate the transport, i.e. the electrons in amorphous silicon. However, solar
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cell performance is often determined by the transport properties of minority carriers, which
are holes in a-Si:H. Commonly the steady state photocarrier grating (SSPG) technique is used
to determine the ambipolar diffusion length in amorphous silicon [40, 41], from which the
mobility lifetime product of the holes is calculated.

When an excess of photogenerated carriers is not distributed uniformly throughout a semi-
conductor, diffusion of the excess carriers takes place. The excess carriers will diffuse in the
semiconductor until they recombine. In the absence of an electric field, the photogenerated
electrons and holes diffuse in the same direction. This process is called ambipolar transport.
The average distance that the excess carriers can diffuse due to ambipolar transport before
being annihilated is defined as the ambipolar diffusion length. The ambipolar diffusion length
is therefore a good figure of merit for applying a semiconductor material as a photoactive layer
in a solar cell. In case of intrinsic amorphous silicon, ambipolar transport is determined by the
mobility of the less mobile charge carriers, holes.

The same samples as for the conductivity measurements can be used for the SSPG technique.
The principle of the SSPG technique is based on the creation of a steady state interference
pattern in the concentration of photogenerated carriers in the a-Si:H film. This concentration
pattern is made by illuminating the sample with two interfering beams generated from one
laser. The concentration fringes are parallel to the electrodes of the sample. The photocarriers
diffuse from highly populated regions to regions of lower concentration, which leads to a
reduction of the amplitude of the modulated carrier population. This reduction depends on the
period of the grating pattern and results in a change in the photoconductivity of the sample,
which is measured perpendicular to the grating fringes.

In the SSPG experiment, the laser beam is split into two beams, where the intensity of one
beam I1 is larger than that of the second beam I2. First, the sample is illuminated with both
beams which interfere. The weak excitation beam is chopped and the resulting photocurrent is
measured using a lock-in amplifier. The obtained signal is proportional to σg − σ (I1), where σg

represents the photoconductivity in the presence of the light interference pattern and σ (I1) is
the photoconductivity due to the illumination with only beam I1. Then the sample is illuminated
again, but this time the beam with the intensity I1 is incoherent with the second beam. The
obtained signal is proportional to σg (I1 + I2) − σ (I1). The ratio between these signals defines
the parameter β:

β = σg − σ(I1)

σ(I1 + I2) − σ(I1)
(5.11)

The parameter β depends on the ambipolar diffusion length Lamb and the grating period 	

in the following way (as derived in reference [40]):

β = 1 − 2 γ γ2
0

[1 + (2π Lamb/	)2]2
(5.12)

In Equation (5.12), γ is a power exponent in the relation of the photoconductivity with
the generation rate (σph ∝ Gγ), and γ0 is a factor that characterizes an interference contrast
that can change due to, for example, partial coherence between the beams or light scattering
(0 < γ0 ≤ 1). The ambipolar diffusion length is a fitting parameter in the dependence of β on
the grating period 	 and is obtained either from the slope of a plot 	−2 versus (1 − β)−1//2,
or from the intersection of the line with the 	−2 axis. The exponent γ is determined from a
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plot of the photoconductivity as a function of the light intensity, which is varied using neutral
density filters.

5.3.6 Determination of density of states

In the following, we present widely used methods to evaluate the density of states in thin
amorphous and microcrystalline silicon layers.

5.3.6.1 Optoelectrical methods

A large group of methods is based on correlating the optical absorption in a-Si:H films or
devices with the density of states distribution. The subbandgap absorption especially is of
major interest since it reflects transitions involving the localized states within the bandgap.
However, the subbandgap absorption is weak and therefore indirect methods, which are based
on measurement of some secondary effect, are used to determine the absorption coefficient.
In photothermal deflection spectroscopy [42], the deflection of a probe laser beam reflects
a change in the refractive index of a medium which is in contact with the a-Si:H film. The
change of the refractive index depends on the amount of heat generated by the absorption of
monochromatic light in the a-Si:H film and dissipated from the film into the medium. Other
techniques, such as constant photocurrent method [43], dual beam photoconductivity [44],
and the recently introduced Fourier transform photocurrent spectroscopy [45] are based on
measurement of the spectral dependence of the photoconductivity.

5.3.6.2 Photothermal deflection spectroscopy

Photothermal deflection spectroscopy (PDS) is based on the conversion of a fraction of the
absorbed photon energy in a film into thermal energy (heat), which dissipates and causes a
change in the index of refraction of a medium adjacent to the surface of the film. By probing the
medium’s refractive index change with a laser beam, one can relate the probe beam deflection
to the optical absorption of the film. A sample with a-Si:H film is immersed in an optically
transparent and thermally conductive liquid. A chopped, monochromatic beam, which is called
a pump beam, illuminates the sample. The deflection signal is measured by a position sensitive
detector, which is connected to a lock-in amplifier.

The attractive feature of this technique is its high sensitivity: absorbance values of αd ≈
10−5 can be measured on thin films. For a-Si:H films with a typical thickness of 1 μm, an
absorption coefficient as low as 10−1 cm−1 can be determined. The PDS technique is sensitive
to surface states, and for this reason, PDS results can overestimate the bulk density of states.

5.3.6.3 Constant photocurrent method

The constant photocurrent method (CPM) is based on measurement of the photoconductivity
as described in the previous section. In CPM measurement, the steady state photocurrent is
measured as a function of photon energy in the subbandgap region. In this region, the absorption
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is weak, which means that α d 
 1. The exponential function can be expanded to a power series
and exp (−α d) ≈ 1 − α d . Using this approximation in Equation (5.9), the photoconductivity
can be expressed as:

σph = qμτ ηg�
0(1 − R)α (5.13)

Equation (5.4) describes the relation between the photocurrent Iph and the photoconductivity
σph. Combining Equations (5.4) and (5.13), the photocurrent can be expressed as :

Iph ∝ �0α ηgμ τ (5.14)

The basic idea of CPM measurement is to ensure that the term ηgμτ is kept constant during
measurement. This is achieved by keeping the photocurrent constant while changing the photon
flux density. The constant photocurrent means that the positions of the quasi-Fermi levels for
holes and electrons in the bandgap, which determine the number of recombination centres, do
not change during the experiment. During the whole measurement, the carrier lifetime is, in
this way, kept constant. When we assume that the mobility of the carriers and the generation
quantum efficiency are not spectrally dependent, then the absorption coefficient is dependent
only on the incident photon flux:

αCPM(E) ≈ CCPM

�0(E)
(5.15)

where CCPM is an energy independent constant and �0(E) the number of photons necessary to
keep the photocurrent constant. The relative absorption coefficient αCPM is calibrated to the ab-
solute absorption coefficient, which is determined from reflection–transmission measurement.
This original CPM method was later adapted in order to measure the optical (photocurrent)
absorption spectrum directly in absolute units without additional calibration and undisturbed
by interference fringes [46].

5.3.6.4 Dual beam photoconductivity

The basic idea of dual beam photoconductivity (DBP) measurement is that in addition to a
chopped probe beam of monochromatic light, a second light source is used to illuminate the
sample. This additional ‘bias’ light keeps the splitting of the quasi-Fermi levels constant during
the measurement. The ac fraction of the photocurrent is measured using a lock-in amplifier and
depends on both the monochromatic photon flux and the absorption coefficient of the a-Si:H
film [44]. The absorption coefficient can be extracted from the measured photocurrent and
photon flux density by:

αDBP(E) ≈ CDBP
Iph(E)

�0(E)
(5.16)

where CDBP is an energy independent constant and �0(E) the photon flux density. As in the
case of the CPM, the relative absorption coefficient αDBP has to be normalized to the absolute
absorption coefficient. The advantage of the DBP measurement in comparison to the CPM
is a shorter measurement time since it is not necessary to adjust the photon flux density of
monochromatic light in order to keep the photocurrent constant.
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5.3.6.5 Fourier transform photocurrent spectroscopy

Recently, the Fourier transform photocurrent spectroscopy method [45] has been introduced for
determining the sub-bandgap absorption. A Fourier transform infrared (FTIR) spectrometer is
used as the interferometer and an a-Si:H sample as the external detector. The spectrometer can
be equipped with a globar and white light source in order to measure in 0.4 to 1.8 eV spectrum
range. The sample, which can be a thin film deposited on a substrate or a complete solar cell,
is connected to an electrical circuit with a low noise voltage source and a current preamplifier.
The photocurrent of the sample is amplified, and an A/D converter digitizes the output of the
preamplifier. Using a computer, the signal is finally translated from the time domain to the
frequency domain by Fourier transformation. The FTIR signal from the sample is normalized
to the FTIR signal from a spectrally independent detector. The advantage of this method is its
sensitivity to low photon energies; the measurement of the subbandgap absorption is extended
from ∼0.8 eV, typical for the CPM and DBP measurement, to 0.4 eV. The measurement time
is strongly reduced and is only a few minutes.

5.3.6.6 Determination of defect concentration from absorption coefficient

Using the subbandgap region of the absorption coefficient (see Figure 5.3a), the defect con-
centration in a-Si:H is determined using a simple procedure. First, the absorption due to the
defect states is determined as:

αdef = α − α0 exp (E/E0) (5.17)

where α0 and E0 are obtained from the fit to the exponential absorption in region B. Assuming
that the optical matrix element is constant in this region, αdef is related to the defect density
concentration, Nd, by [42]:

Nd = Kd

∫
αdef · dE (5.18)

where Kd is a correlation factor that depends on the measurement method used to deter-
mine the absorption coefficient in region B and C. For two widely used approaches, pho-
tothermal deflection spectroscopy and the photoconductivity methods, the correlation factor
has been determined to be Kd = 7.9 × 1015 cm−2 eV−1 [42] and Kd = 1.6 × 1016 cm−2 eV−1

[47], respectively. Another approach often encountered in the literature is to correlate the
value of the absorption coefficient at 1.2 eV to the density of states in the following way
[48]:

Nd = 2.4 − 5.0 × 1016 αCPM(1.2 eV) or Nd = 1.2 − 2.5 × 1016 αPDS(1.2 eV) (5.19)

Information about the energy dependence of the density of states in the mobility gap can
be extracted from the absorption coefficient using the deconvolution approach [43]. In this
approach, the energy distribution of the density of states is extracted by matching the simulated
absorption coefficient to the experimental one.
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5.3.6.7 Space charge methods

Several methods use the properties of a space charge region that is formed at a-Si:H interfaces.
The field effect technique [49], deep level transient spectroscopy (DLTS) [50] and space charge
limited current [51, 52] are the main representatives of these techniques.

5.3.6.8 Deep level transient spectroscopy

Deep level transient spectroscopy (DLTS) is an extremely sensitive technique and different
from ESR measurements in that it also detects energy levels from nonparamagnetic defects. It is
routinely used to determine energy levels and defect concentrations in semiconductors, and it is
perhaps the most common technique for measuring deep levels in crystalline semiconductors. It
has been demonstrated [50, 53] that in a-Si:H, DLTS is also a valuable method for evaluating the
electronic density of states. Originally, a capacitance version of DLTS was used to characterize
lightly doped a-Si:H films. Undoped a-Si:H films can be characterized using a charge version
of DLTS (Q-DLTS) [54].

The Q-DLTS sample is usually a metal/oxide/semiconductor (MOS) structure consisting
of a 1 μm thick a-Si:H layer deposited on a highly doped n+ type crystalline silicon substrate,
which acts as a back contact. For successful Q-DLTS experiments on undoped a-Si:H, a very
thin insulating layer has to be created in the surface region of a-Si:H. This insulating layer
strongly reduces the leakage current of the sample, which is then negligible with respect to
charge transients, and enables shifting of the Fermi level in the a-Si:H film with an applied
bias voltage. An Al (semitransparent) layer usually forms the top electrode. By applying bias
voltage pulses to the MOS sample, the Fermi level is shifted towards the conduction band
mobility edge and the states in the gap of a-Si:H are filled with charge carriers. After each
filling pulse, the transient current in the external circuit is measured as a function of temperature.
The charge emitted from the occupied trap states is determined by integrating the measured
current. The charge released at a specific temperature is proportional to the concentration of
states at a specific energy in the mobility gap of the a-Si:H material. This technique is suitable
for investigating the evolution of the gap states distribution due to light or particle induced
degradation, providing new insights in the complex behaviour of a-Si:H under light or particle
exposure [55].

Table 5.1 summarizes the criteria for device quality intrinsic amorphous silicon.

5.3.7 Metastability

Inherent to a-Si:H are changes in its electronic properties under light exposure. This is known
today as the Staebler–Wronski effect [24]. Since the observation of the Staebler–Wronski effect,
a large effort has been put into obtaining an understanding of the processes that cause the light
induced structural and optoelectronic changes in a-Si:H [56–59]. An essential feature of the
light induced effects on a-Si:H films and solar cells is that most of the effects are ‘metastable,’
which means they are reversible and can be removed by annealing at temperatures above
150 ◦C.

Light soaking is thought to lead to the creation of additional dangling bond defects, which
is regarded as the principal cause of the Staebler–Wronski effect. The increase of the density of
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Table 5.1 Requirements for device quality a-Si:H and a-SiGe:H films for solar cells

Property a-Si:H a-SiGe:H

Dark conductivity [�−1 cm−1] <5 × 10−10 <5 × 10−9

AM1.5 conductivity [�−1 cm−1] >1 × 10−5 >5 × 10−6

Urbach energy [meV] <47 <55
Activation energy [eV] ≈ 0.8 ≈ 0.7
Bandgap, Tauc [eV] <1.8 ∼1.45
Bandgap, cubic [eV] <1.6 1.32
Absorption coefficient (600 nm) [cm−1] ≥3.5 × 104 ≥1 × 105

Absorption coefficient (400 nm) [cm−1] ≥5 × 105 ≥6 × 105

Density of defect states
(CPM, DBP) methods [cm−3] ≤1 × 1016 ≤1 × 1017

ESR method [cm−3] ≤8 × 1015

Mobility-lifetime product (600 nm) [cm2/V] ≥1 × 10−7

H content [at. %] 9–11 10–15
Microstructure parameter <0.1 <0.2
Ge content [at. %] 40

defects in a-Si:H due to light soaking is demonstrated in Figure 5.4, which shows the change in
the absorption coefficient determined by the DBP technique. The sample was illuminated using
a He–Ne red laser (λ = 633 nm) with an intensity of ∼40 mW cm−2. Shown by Figure 5.4, the
subbandgap absorption increases with illumination time in the photon energy range between
0.8 and 1.4 eV, which reflects an increase in the defect density. An important aspect of light
induced defect generation in a-Si:H is that it saturates. The saturation value of the defect density
near room temperature has been found to be ∼2 × 1017 cm−3 and is almost independent of
illumination intensity and sample temperature up to 70 ◦C [60].
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Figure 5.4 The change in subbandgap absorption coefficient of a-Si:H due to light soaking.
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Figure 5.5 The Q-DLTS signal of a-Si:H after light soaking for different exposure times.

Figure 5.5 presents the evolution of the Q-DLTS signal measured after light soaking, which
gives information about the energy distribution of the defect states. Light soaking was effected
with a He–Ne red laser (λ = 633 nm) with an intensity of ∼250 mW cm−2. The time evolution
of the Q-DLTS spectrum shows complex behaviour. At a low temperature the signal disappears,
while at 370 K a peak grows significantly with increasing illumination time. The Q-DLTS
response around 450 K does not seem to be influenced by moderate light soaking. These three
components in the Q-DLTS signal are related to the positively charged, Dh, neutral, Dz, and
negatively charged, De, defect state distributions, respectively, as predicted by the defect pool
model [34]. The arrows in Figure 5.5 indicate the peak positions of Dh, Dz, and De gap state
distributions in the Q-DLTS spectra. The Q-DLTS measurements indicate that a substantial
amount of positively charged defects is removed, the concentration of negatively charged
defects remains unchanged and additional neutral defects representing dangling bonds [61]
are created. Using the Q-DLTS technique, new insights in the origin and behaviour of different
types of defects in a-Si:H have been obtained recently [55]. In this work, it is proposed that in
addition to dangling bonds, other types of defects exist in a-Si:H that play an important role in
the Staebler–Wronski effect. Positively charged states above midgap are related to a complex
formed by a Si dangling bond and a hydrogen molecule. The origins of negatively charged
states below midgap are attributed to the floating bonds. Nevertheless, the Staebler–Wronski
effect remains a complex phenomenon in a-Si:H and many unresolved issues still remain. The
exact role of hydrogen, weak Si–Si bonds and Si–H bonds and complexes in the creation of
the metastable defects is still under investigation. Computer simulations of an a-Si:H network
support these investigations [62, 63]. Still, there is no commonly accepted model for the
metastable defect creation in a-Si:H that is able to explain all experimental observations [58].

5.3.8 Hydrogenated amorphous silicon from hydrogen diluted silane

So far, the effort to fabricate more stable a-Si:H using the PECVD technique has demon-
strated the beneficial effect of hydrogen dilution of the source gas on the quality of a-Si:H.
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Figure 5.6 TEM photograph of 1 μm thick silicon layer grown in the protocrystalline regime.

Solar cells with a-Si:H absorbers prepared with hydrogen dilution of silane showed a better
performance after light exposure than their conventional undiluted counterparts [64, 65]. Hy-
drogen diluted a-Si:H has received a lot of attention since then and owing to several specific
properties, this material is now described in the literature as protocrystalline silicon [66]. The
hydrogen–silane dilution ratio (R = H2/SiH4) roughly defines the deposition conditions at
which the so-called protocrystalline Si:H growth regime occurs. In the protocrystalline Si:H
growth regime, unique evolutionary growth behaviour is observed, when the film evolves
from an amorphous phase into first a mixed amorphous–microcrystalline and subsequently
into a single microcrystalline phase. This behaviour is clearly demonstrated in Figure 5.6,
which shows a transmission electron microscopy photograph of a layer of about 1 μm thick
deposited on a glass substrate at R = 30. It is important to note that protocrystalline Si:H
material is defined as being fully amorphous, and once the transition from the amorphous
to the mixed phase occurs, the film is no longer considered to be protocrystalline. Based
on in situ real time spectroscopic ellipsometry studies, amorphous-to-microcrystalline silicon
phase diagrams have been determined, which predict the thickness at which the transition
from amorphous to microcrystalline material for a given R occurs [67]. For lower dilutions
(R < 10), films are invariably amorphous; this means that there is no evolutionary growth
that is characteristic for the protocrystalline growth regime (R > 10). For R < 10, a critical
thickness is observed beyond which the growing amorphous silicon surface becomes rough.
The improved stability and quality of protocrystalline Si:H layers compared to conventional
a-Si:H deposited from pure silane or using a low hydrogen dilution is attributed to an improved
structural order. An enhanced medium range order is determined by measuring the full width
at half the maximum (�2θ) of the first X-ray diffraction (XRD) peak for a-Si:H, which is
centred at a scattering angle of 2θ ∼ 28.5◦. A typical value for a-Si:H is �2θ ∼ 6◦, which
decreases for protocrystalline Si:H to �2θ ∼ 5◦ [68]. For the protocrystalline growth regime,
an important practical feature is that the phase of the growing film strongly depends on the
substrate [66]. Under protocrystalline growth conditions, local epitaxial growth is favoured
on crystalline silicon substrates. For this reason, it is difficult, in solar cells, to grow intrinsic
protocrystalline Si:H layers directly on doped microcrystalline silicon layers without incorpo-
rating a conventional a-Si:H interlayer. On amorphous silicon, the nucleation of crystallites is
suppressed. The phase diagrams are important tools for optimization of amorphous and mi-
crocrystalline silicon solar cells, as they help to keep the growth of the film within the desired
phase.
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Among the materials deposited from highly diluted silane in hydrogen, polymorphous
silicon (pm-Si:H) is an interesting alternative to a-Si:H [69]. This material is characterized
by the presence of dispersed nanocrystallites, which are formed in plasma, embedded in an
amorphous network that is more relaxed than that found in standard a-Si:H. Contrary to pro-
tocrystalline silicon films, pm-Si:H films can be made thick, because their structure does not
depend on thickness or the nature of the substrate. The concentration of small crystallites is ap-
proximately 2 %. Spectroscopic ellipsometry measurements demonstrated that pm-Si:H films
are more dense than standard a-Si:H, in spite of their high hydrogen content, in the range of
15–20 %. This peculiar structure of pm-Si:H results in a low defect density (∼5 × 1014 cm−3)
and a higher resistance to light soaking than a-Si:H. In particular improved hole transport
appears to be a key point for the application of this material in solar cells.

5.3.9 Doping of hydrogenated amorphous silicon

The purpose of doping is to manipulate the type of electrical conductivity and its magnitude
by adding a controlled amount of special impurity atoms. The principal doping elements used
in a-Si:H are the same as in crystalline silicon: boron for p type and phosphorus for n type
material. In 1975 Spear and LeComber from Dundee University first reported that amorphous
silicon could be doped by addition of boron and phosphorus [2]. They achieved a change in
conductivity of a-Si:H by mixing the silicon source gas, silane (SiH4), with phosphine (PH3)
or diborane (B2H6) during deposition using the glow discharge method. Figure 5.7 shows the
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Figure 5.7 Room temperature conductivity, σRT, of n and p type a-Si:H, plotted as a function of fraction
of doping gases in the gas mixture with silane [70]. Reproduced from Figure 3, Philosophical Magazine
33, W. E. Spear, et al., “Electronic properties of substitutionally doped amorphous Si and Ge”, p. 935–949.
Copyright (1976) with permission from Taylor & Francis Ltd, http://www.tandf.co.uk/journals.
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room temperature conductivity, σRT, of their a-Si:H as a function of the fraction of doping
gases in a mixture with silane [70]. The conductivity of a-Si:H could be varied by more than
a factor of 108. The activation energy decreased from 0.7–0.8 eV in the intrinsic material to
about 0.15 eV in the phosphorus doped material and 0.3 eV in the boron doped material.

The demonstration of effective doping of a-Si:H was an important breakthrough, because
for a long time it was believed that effective doping of amorphous silicon could not be achieved.
The continuous random network was assumed to be able easily to incorporate impurity atoms,
such as phosphorus and boron, with a coordination corresponding to the bonding configuration
of the impurity atoms with the lowest energy. This property of the continuous random network is
in contrast to the crystalline structure, in which, due to the long range order, the impurity atoms
are forced to adopt the coordination of the host atoms. In a continuous random network, the
optimum number of covalent bonds (coordination), Z , for an atom with N valence electrons is:

Z = 8 − N for N ≥ 4 (5.19)

Z = N for N < 4

This prediction of the atom coordination in the continuous random network is known as the
‘8 − N rule’ and was introduced by Mott in 1969 [71].

For example, following the 8 − N rule, a phosphorus atom with five valence electrons
would incorporate itself in the continuous random network by forming three covalent bonds
with neighboring atoms. This situation is illustrated in Figure 5.8a. In order to describe the
configuration of the atoms in the structural network, the notation Tz

q is used, where T is
the atom, z is the coordination number, and q is the charge state of the atom; P3

0 denotes a
phosphorus atom that is covalently bonded to three neighboring atoms and is neutral. In a-
Si:H, most of the phosphorus atoms are incorporated according to the 8 − N rule. They adopt
the optimal threefold coordination that represents the nondoping state and is thus electrically
inactive. The doping efficiency in a-Si:H, which is defined as the fraction of dopant atoms with
fourfold coordination, is rather low. In comparison to single crystal silicon, where the doping
efficiency at room temperature is almost unity, it is in the range of 10−2–10−3 in a-Si:H. This
means that relatively high concentrations of phosphorous atoms must be introduced in order
to obtain material with high conductivity. A phosphorous atom can also be incorporated in
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Figure 5.8 Possible configurations of a phosphorous atom in an a-Si:H network: (a) the nondoping
state P3

0, (b) the defect compensated donor state P4
+ + Si3

−, (c) the neutral donor P4
0.
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the network as the neutral donor P4
0 like in single crystal silicon (see Figure 5.8c), but this

configuration is characterized by a much higher energy than the optimal P3
0 configuration

and is therefore unstable in the continuous random network. Most of the phosphorous atoms
which contribute to doping are not P4

0 neutral donors but charged phosphorus atoms P4
+. The

formation of the P4
+ charged state is accompanied by formation of negatively charged dangling

bond Si3−, as illustrated in Figure 5.8b. The P4
+ and Si3− configuration is energetically more

favourable than the P4
0 donor and is called the defect compensated donor.

The formation of defect compensated donors in the case of phosphorus atoms and defect
compensated acceptors in the case of boron atoms is the major doping mechanism in a-Si:H.
This mechanism was explained by Street and is known as the autocompensation model [72]. The
most important result of this model is that doping of a-Si:H inevitably leads to the creation of
dangling bonds. Doped a-Si:H has a defect density two or three orders of magnitude larger than
intrinsic a-Si:H. The diffusion length of charge carriers in doped a-Si:H is very small compared
to single crystal silicon. For this reason, a-Si:H solar cells cannot function successfully as a
p-n junction, a relatively defect free intrinsic layer has to be inserted between the p type and n
type layers.

An additional important difference between a-Si:H and single crystal silicon is that when
the concentration of boron and phosphorous atoms in a-Si:H increases, the Fermi level does not
move closer to the valence and conduction band mobility edges than 0.30 eV and to 0.15 eV,
respectively. The presence of tail and defect states in the bandgap does not allow a full shift of
the Fermi level towards the band edges. A shift towards the band edges is accompanied by the
building up of a large space charge in the exponentially increasing tail states that compensates
the charge created by ionized doping atoms. This shift also decreases the probability that the
doping state configurations of incorporated dopant atoms are formed. The limited shift of the
Fermi level in doped layers restricts the built-in potential in the junction of an a-Si:H solar
cell, resulting in a lower value of the open circuit voltage, Voc, than expected from the value
of the bandgap energy.

5.3.10 Alloying of hydrogenated amorphous silicon

The purpose of alloying a-Si:H for photovoltaic application is to shift the optical absorption
spectrum to higher or lower photon energies and in this way to adjust the optical sensitivity
of a-Si:H to different parts of the solar spectrum. The absorption of a-Si:H can be slightly
changed by varying the hydrogen content in a film [39]. This is done by changing the deposition
conditions, such as the substrate temperature or dilution of silane with hydrogen. A substantial
shift of the absorption coefficient can be achieved by alloying a-Si:H with carbon, oxygen,
nitrogen or germanium. Alloying, like doping, can easily be accomplished by adding the
appropriate gases to the silane source gas in the CVD process. Mixing silane with methane
or germane results in hydrogenated amorphous silicon carbide (a-SiC:H) or hydrogenated
amorphous silicon germanium (a-SiGe:H), respectively. In the case of a-SiC:H, the absorption
edge is shifted to higher photon energies. The absorption edge of a-SiGe:H alloys, however,
is shifted to the lower photon energies in comparison to a-Si:H. The absorption coefficients
of p type a-SiC:H and a-SiGe:H are shown in Figure 5.3b. Easy alloying of a-Si:H allows the
design of solar cell structures in which these alloys are used as absorber layers.

At present, only a-SiGe:H alloys have proved to be good candidates for the absorber layers
in multijunction a-Si:H solar cells. Early studies on this material demonstrated that by changing
the ratio between silane and germane in the gas mixture, a-Si1−x Gex :H layers can be fabricated
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with an optical bandgap ranging from 1.7 eV (x = 0) to 1.0 eV (x = 1). However, they also
revealed that the photoelectronic properties of a-SiGe:H alloys of relevance for photovoltaic
applications deteriorate as the germanium content in the film increases compared to device
quality a-Si:H [73]. The traditional deposition parameters that led to device quality a-Si:H
could not produce high quality a-Si1−x Gex :H material for x > 0.3. The deposition process
was studied intensively in order to obtain improved a-SiGe:H material. This was achieved
mainly by diluting the silane and germane mixture with hydrogen [74]. The application of a
strong hydrogen dilution of the silane–germane mixture allowed lowering of the deposition
temperature of a-SiGe:H from 250 ◦C to 180 ◦C while maintaining high quality material [75].
The implementation of the a-SiGe:H absorbers deposited at low temperatures resulted in
improved solar cell performance, which was explained by the reduction of the thermal damage
to the underlying layers.

The crucial parameter that determines the photovoltaic quality of amorphous silicon based
materials is the density and distribution of the gap states. Measurements of the subbandgap
absorption of a-SiGe:H alloys have demonstrated that the Urbach energy remains unchanged
as the bandgap is lowered down to 1.25 eV with values similar to those of device quality a-
Si:H (about 50 meV) [76]. These also show that the density of defect states in a-SiGe:H alloys
generally tends to increase with increasing Ge content in the material. At present, a-SiGe:H
layers are used in the bottom cell of the tandem cells and in the middle and bottom component
cells of the triple junction solar cells to more effectively capture the long wavelength photons.
The hydrogen dilution of the source gas mixture is carefully optimized in order to grow a-
SiGe:H in the protocrystalline regime (near the transition edge material) [77]. The magnitude
of Voc is used as an indicator of the amorphous to microcrystalline transition. The criteria for
device quality a-SiGe:H alloy with a Tauc optical gap around 1.45 eV used in the tandem cells
are listed in Table 5.1.

Boron doped a-SiC:H has become a standard p type layer in a-Si:H solar cells [8]. Since
boron incorporation reduces the bandgap of a-SiC:H, an optimal p type layer is a trade-
off between conductivity and absorption. In addition, a-SiC:H with a low defect density is
applied in highly efficient solar cells as a thin buffer layer at the p/i interface. The buffer layer
prevents diffusion of boron from the p type into the intrinsic layer and back diffusion of the
photogenerated electrons from the intrinsic into the p type layer.

5.4 DEPOSITION OF HYDROGENATED AMORPHOUS SILICON

The first amorphous silicon layers were deposited in a radio frequency driven glow discharge
using silane [1]. Since then, many other deposition methods have been investigated in order to
improve the quality of a-Si:H and increase the deposition rate. The methods used for depositing
thin films of a-Si:H can be divided in two groups. The first group includes methods that form a-
Si:H from a gas phase by decomposition of silicon bearing gas and are known as chemical vapor
deposition (CVD) methods. The second group represents the physical deposition methods in
which silicon atoms for a-Si:H growth are obtained by sputtering a silicon target. The sputtering
technique for a-Si:H is not commonly used and therefore not addressed in detail in this chapter.
The radio frequency glow discharge method, today known as rf PECVD, is still the method
most commonly used, both in the laboratory and on an industrial scale. The bottleneck of the
rf PECVD technique is its relatively low deposition rate (Rd ≈ 1 − 2 Å s−1). When scaling
a-Si:H solar cell technology to a mass production scale, the deposition rate of a-Si:H becomes
an important issue and a deposition rate of 10–20 Å s−1 is required.
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5.4.1 Radio frequency plasma enhanced chemical vapor deposition

The deposition method most widely used to produce device quality a-Si:H is rf (the excitation
frequency of plasma is 13.56 MHz) PECVD. The role of the plasma is to provide a source of
energy to dissociate silicon bearing gas, which is usually silane . This is done by collisions
with electrons, which originate as secondary electrons in the plasma and build up their energy
by acceleration in an electric field. The growth of an a-Si:H film is accomplished by attaching
reactive particles of dissociated silane molecules, called radicals, to the surface of the growing
film. As the thickness of the a-Si:H film for device applications is around half a micrometer,
a-Si:H must be deposited on an appropriate substrate carrier. Some of the energy transferred
to silane molecules in the collisions with electrons is radiated as visible light, for which reason
the deposition method is also referred to as glow discharge. An important advantage of plasma
enhanced CVD deposition is that the deposition temperature of device quality a-Si:H is usually
between 200 ◦C and 250 ◦C. The low temperature process allows the use of a variety of low
cost materials as a substrate, such as glass, stainless steel and flexible plastic foils.

The PECVD deposition system is relatively simple and consists of five main parts (see
Figure 5.9):

� A stainless steel high vacuum reaction chamber with capacitatively coupled parallel elec-
trodes, rf power feedthrough, substrate holder and substrate heating assembly.� A gas handling system containing mass flow controllers and several gas valves to handle
gas flows required for the deposition of the intrinsic and doped layers and pressure in the
chamber.� A pumping system that usually consists of a turbomolecular pump and a mechanical rotary
pump, which can handle reactive gasses.

Gas system rf Generator 

Electrode 

Electrode 

Substrate 

Heater 

Pump system 

Reaction 
chamber 

Plasma 

Exhaust system 

Figure 5.9 Schematic diagram of an rf PECVD deposition system.
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� An exhaust system with a scrubber or a burn box to process the outlet gasses.� An electronic and control part that consists of a dc or rf power generator with a matching
box and vacuum, pressure and temperature gauging.

The deposition of a-Si:H layer from a silane plasma can be described as a four step process
[18]:

(1) The primary reactions in the gas phase, in which SiH4 molecules are decomposed by
electron impact excitation, generate various neutral radicals and molecules, positive and
negative ions, and electrons.

(2) The secondary reactions in plasma between molecules and ions and radicals result in the
formation of reactive species and eventually in large silicon–hydrogen clusters, which
are described in the literature as dust or powder particles. Neutral species diffuse to the
substrate, positive ions bombard the growing film, and negative ions are trapped within the
plasma.

(3) Interaction of radicals with the surface of the growing film, such as radical diffusion,
chemical bonding, hydrogen sticking to the surface or abstraction from the surface.

(4) The subsurface release of hydrogen and relaxation of the silicon network.

The SiH3 radical is generally considered to be the dominant radical in a-Si:H growth [78,
79]. Since most of the growing substrate is terminated by hydrogen [80], the SiH3 radical does
not readily bond to the growing film but diffuses over the surface until it encounters a dangling
bond. By bonding to the dangling bond, the SiH3 radical contributes to the growth. Bonding
of the SiH3 to the growing surface requires available dangling bonds, which are created when
hydrogen is removed from the surface. Hydrogen can be removed by thermal excitation or by
abstraction by a SiH3 radical, in which a dangling bond and a SiH4 molecule are formed [78].
Though other radicals contribute much less to the growth, they do play an important role in
determining the properties of the film. The SiH2 and higher silane radicals have higher sticking
coefficients than SiH3 and can be incorporated directly into the hydrogen terminated surface
[26]. However, the contribution of these radicals to the growth results in poor quality films,
and therefore the presence of these radicals in the plasma should be avoided. Ions have been
estimated to be able to contribute 10 % to the growth of a-Si:H [81].

Concluding, the deposition process is a complex phenomenon of gas and surface reactions
that are controlled by deposition parameters such as the gas composition, flows and pres-
sure, the power density and frequency, the substrate temperature, the electrode geometry, etc.
The textbook by Luft and Tsuo discusses in detail the deposition conditions of hydrogenated
amorphous silicon alloys [82]. Additional information is to be found in reference [79]. Typi-
cal deposition parameters to obtain uniform films of device quality a-Si:H in a laboratory rf
PECVD deposition system are: silane flow 20–50 sccm1, process pressure 0.5–0.7 mbar, sub-
strate temperature 200–250 ◦C, rf power density 20–50 mW cm−2, electrode distance 1–3 cm.
A typical deposition rate is 1–2 Å s−1. One can easily calculate that using these conventional

1 sccm: standard cubic centimetre per minute. It is a measure for gas flow. One standard cubic centimetre refers to the
amount of gas under standard conditions (1 bar, 0 ◦C) in one cm3.
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conditions, depositing a 300 nm thick a-Si:H absorber layer in a solar cell takes from 25 to
50 minutes. For high volume mass production this is too long, and a deposition rate of 10–20 Å/s
is required. Considerable research is therefore being devoted to increasing the deposition rate
of a-Si:H without deteriorating the material quality.

The central parameter governing the deposition rate is the power absorbed by the plasma.
Higher power results in a higher electron density and electron temperature in the plasma [79],
which facilitates the dissociation of SiH4 molecules. The resulting higher concentrations of
SiH3 and other radicals contribute to a higher deposition rate. However, increasing power leads
to deposition conditions which favor the generation of higher silane radicals and eventually
powder formation. These deposition conditions result in films with an inferior quality charac-
terized by an increased concentration of H and SiH2 bonds in the film [83]. In order to facilitate
the formation of a compact Si network under high deposition rate conditions, the suppression
of formation of SiH2 bonds is desired [84]. This can be achieved by lowering the electron
temperature in the plasma and/or by increasing the deposition temperature. A lower electron
temperature in the plasma can be achieved by using a higher plasma excitation frequency. A
high deposition temperature of up to 350 ◦C is required at high deposition rates to promote
the diffusion of higher silanes onto and the elimination of hydrogen from the growing surface.
However, such a high deposition temperature for absorber layers causes thermal damage to
the underlying layers in solar cells [75].

Suppression of higher silane radicals and short lifetime radicals in the gas phase at a high
deposition rate has become a general approach for depositing a-Si:H with sufficient material
quality. In order to achieve higher deposition rates, two approaches have been taken. In the first,
the operating conditions of the PECVD technique were further investigated, which resulted
in a high pressure high power rf PECVD [85], a PECVD with very high plasma excitation
frequency (vhf) [86], and microwave PECVD [87]. The second approach has concentrated on
the investigation and development of novel deposition techniques, such as the hot wire CVD
(HWCVD) technique, known also as catalytic CVD [88] and the expanding thermal plasma
CVD (ETPCVD) technique [89].

5.4.2 Direct plasma enhanced chemical vapor deposition techniques

5.4.2.1 High pressure high power radio frequency plasma enhanced
chemical vapor deposition

Device quality a-Si:H films have been fabricated at a deposition rate of 12 Å s−1 using the
deposition regime of high deposition pressure (5–10 mbar) and high rf-power density (270–
530 mW cm−2) from source gas mixtures of silane and hydrogen [85]. It has been observed that
by varying the silane to hydrogen flow ratio or by changing the deposition pressure at a fixed
flow ratio, a transition from amorphous to microcrystalline silicon growth can be obtained.
Single junction a-Si:H solar cells having a-Si:H absorbers deposited at 190 ◦C and Rd =
12 Å s−1 achieved a stabilized efficiency of 6.5 % [85]. An increase in the bandgap for high
rate a-Si:H cells by about 50 meV was observed as compared to the standard a-Si:H intrinsic
layers prepared at the same deposition temperature of 190 ◦C with a low hydrogen dilution at
a low rate (1.5 Å s−1). The wide bandgap and corresponding high Voc (typically 0.88–0.9 V)
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make these high rate a-Si:H cells interesting candidates for top cells in a-Si:H/a-Si:H or a-
Si:H/a-SiGe:H stacked solar cells.

Similar widening of the bandgap is observed for pm-Si:H characterized by a high hydro-
gen content [69]. This material is deposited in a regime that is close to powder formation.
The powder formation is achieved by using plasma conditions that favor secondary reac-
tions including: the increase of pressure, power, interelectrode distance and the decrease of
the substrate temperature. The key factor to deposit pm-Si:H is to keep the plasma close to
the transition regime conditions. Under this regime, small crystalline particles of 3–5 nm can
be formed in the plasma, which are embedded in the growing amorphous film. To keep the
plasma in the transition regime, high dilutions of SiH4 in H (R > 30) are used. The larger
optical gap of pm-Si:H with respect to a-Si:H and the improved stability of pm-Si:H solar
cells make them an ideal material for the top cell with high Voc in tandem and triple junction
devices.

5.4.2.2 Very high frequency plasma enhanced chemical vapor deposition

Researchers at the University of Neuchâtel investigated the influence of increasing the plasma
excitation frequency in PECVD from 13.56 MHz up to 150 MHz [86], a process today known
as the very high frequency (vhf) range (30 to 300 MHz). They demonstrated that by increasing
the excitation frequency from 13.56 MHz to 70 MHz at constant plasma power, the deposition
rate increases monotonously from 3 to 10 Å s−1, maintaining good quality a-Si:H films [90].
The shift to higher excitation frequencies modifies the electron energy distribution function
in plasma, which leads to a faster dissociation rate of source gases and thus higher deposition
rates. The higher operating frequencies allow the application of higher power densities in
plasma, while remaining in a powder free operational regime [91].

Using the vhf PECVD technique, the researchers at the University of Neuchâtel recently
fabricated a p-i-n a-Si:H cell with a stabilized efficiency of 9.5 % [92], which is the highest
stabilized efficiency achieved for the p-i-n a-Si:H cell structure. The deposition rate for the
a-Si:H intrinsic layer was around 5 Å s−1. This p-i-n cell has an absorber layer thickness of
only ∼0.25 μm and reveals a very high, stabilized short circuit current density, Jsc, of over
17.5 mA cm−2 (initial > 18 mA cm−2). The cell was deposited on a glass substrate coated with
LP CVD ZnO. The light trapping has also been improved by applying an antireflective (AR)
coating.

Recently, the Unaxis KAI PECVD commercial deposition system has been adapted to allow
the deposition of a-Si:H and μc-Si:H silicon at an excitation frequency of 40 MHz [21]. In the
KAI-M reactor, in which a sheet of glass of 1.4 m2 size is processed, single junction a-Si:H
solar cells were deposited with initial efficiencies of 10 %.

Mitsubishi Heavy Industries have developed a large area vhf PECVD apparatus for de-
positing on 1.1 × 1.4 m2 substrate implementing a ladder shaped electrode and using a phase
modulation method [93]. The base frequency in the process is 60 MHz and the other frequency
is selected based on the degree of uniformity of the deposition. The average deposition rate is
11 Å s−1 and the thickness uniformity is kept within ±18 %. Amorphous silicon p-i-n modules
with stable aperture efficiency of 8 % have been developed, and the commercial production of
a-Si:H modules using this type deposition system started in October 2002.



OTE/SPH OTE/SPH
JWBK098-05 JWBK098-Poortmans July 12, 2006 15:10 Char Count= 0

202 THIN FILM SOLAR CELLS

The principle challenges to apply vhf PECVD on an industrial scale are: (i) the uniformity
of the deposited layers on a large substrate when the effect of standing electrical waves at high
frequencies (>60 MHz) limits its application and (ii) effective coupling of the power to the
plasma.

5.4.3 Remote plasma enhanced chemical vapor deposition techniques

5.4.3.1 Expanding thermal plasma chemical vapor deposition

An important feature of the ETPCVD [89] technique is that it is a remote plasma technique. The
ETPCVD deposition set-up is schematically shown in Figure 5.10. The plasma generation and
film deposition are spatially separated. The set-up consists of a high pressure plasma source
and a low pressure deposition chamber. The plasma is generated by a dc discharge in a cascaded
arc in a mixture of nondepositing gasses such as argon and/or hydrogen. The power used to
maintain the plasma is typically in the 2 to 8 kW range. The pressure in the plasma source is
200 to 700 mbar, from which the plasma expands supersonically into the deposition chamber,
where the pressure is typically 0.1 to 0.3 mbar. Pure SiH4 is injected into the plasma jet from an
injection ring several centimetres behind the expansion nozzle. The silane is dissociated by the
reactive species emanating from the plasma source. Hydrogen flow plays an important role in
the growth of good quality a-Si:H, since it determines the availability of the atomic hydrogen
that is responsible for generating SiH3 radicals. The deposition rate of a-Si:H layers depends
on a number of factors, such as gas flows and arc current, and can reach 800 Å s−1 [89]. In
order to deposit device quality a-Si:H at high deposition rates (>70 Å s−1), elevated substrate

carrier gas 
Ar/H2/N2

cascaded arc 
plasma source

Precursor 
onjection 
e.g. SiH4

loadlock

substrate 
holder

roots/turbo 
pump

shutter

(a) (b)

Figure 5.10 (a) A schematic representation of the ETPCVD deposition system, (b) a photograph of
the ETPCVD chamber of the CASCADE deposition system at Delft University of Technology during
operation. (Courtesy of Richard van de Sanden, Eindhoven University of Technology.)
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temperatures around 400 ◦C have to be used [94]. The need for higher temperatures originates
from the competition between the deposition rate and the surface diffusion processes during
growth [95]. Applying an external rf bias to the substrate during ETPCVD deposition of a-Si:H
has proved to provide extra energy to the surface due to a moderate ion bombardment of the
growing surface. The energy delivered to the surface by ion bombardment makes it possible
to reduce the deposition temperature by ∼100 ◦C while preserving good material properties
[94]. The ETPCVD method offers excellent possibilities to study the growth of a-Si:H and has
already contributed to a better understanding of the importance of the surface processes and
the role of different gas species during growth [96].

In order to employ the ETPCVD deposition method for fabricating a-Si:H solar cells, a
three chamber system, called CASCADE, has been built [97]. The deposition set-up consists
of three vacuum chambers: a load lock, an rf PECVD chamber for the deposition of the doped
layers, and an ETPCVD chamber for the growth of the intrinsic layers (see Figure 5.10b).
Using rf bias voltage during the ETP CVD growth, compact a-Si:H films are fabricated at high
deposition rates, Rd ≥ 10 Å s−1, at a substrate temperature lower than 300 ◦C. A single junction
a-Si:H solar cell, using an ETPCVD a-Si:H absorber deposited at 250 ◦C and Rd = 11 Å s−1,
has recently achieved an initial efficiency of 8.0 % [98].

5.4.4 Hotwire chemical vapor deposition

Hot wire CVD is based on the dissociation of gas molecules by a catalytic cracking reaction
on a hot filament. A laboratory HW-CVD deposition chamber in its simplest form can be made
similar to a PECVD one (see Figure 5.9), where the filaments replace the rf electrode. The
filaments are usually made of tungsten or tantalum and placed in the vicinity of the substrate
holder. The decomposition of SiH4 into single silicon and hydrogen radicals is efficient for
filament temperatures above 1600 ◦C. Since the generation of deposition species is different
in HW-CVD compared to conventional PECVD, where the species are generated by collisions
between energetic electrons and gas molecules, one can expect the resulting a-Si:H films
to have different properties to PECVD films. The NREL group demonstrated that by using
the HW-CVD technique, a-Si:H films with a hydrogen concentration well below the optimal
value of 10 atomic % can be fabricated at substrate temperatures higher than those for the rf
PECVD. Electronic properties of these films such as the Urbach energy and defect concentration
were similar to a PECVD device quality material [99]. The low hydrogen content, down to
1 atomic %, suggests that these films should be stable against light induced degradation. This
work has initiated considerable interest in the HWCVD deposition method and today, many
groups all over the world study HWCVD a-Si:H and μc-Si:H materials for various applications
such as solar cells [100] and thin film transistors [101].

Like the ETPCVD technique, in the beginning HWCVD produced a-Si:H films with device
quality at higher temperatures than used for PECVD [102]. The films deposited at 30 Å s−1

and asubstrate temperature of 380 ◦C exhibited a low defect density of around 1016 cm−3 and a
low H content: less than 5 atomic %. Recently, a-Si:H films were fabricated at a relatively low
substrate temperature (250 ◦C) that demonstrate properties of protocrystalline silicon [103].
While in conventional PECVD using a high hydrogen dilution of silane, protocrystalline Si can
be fabricated at a low deposition rate (∼3 Å s−1), researchers at Utrecht University deposited
HWCVD protocrystalline Si films from pure silane at high deposition rates (∼10 Å s−1). So-
lar cells in the n-i-p configuration incorporating these HWCVD protocrystalline layers at a
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substrate temperature of 250 ◦C have demonstrated excellent stability against light soaking:
after 1500 hours of light soaking, the change in fill factor was within 10 %. The stability of
these layers against degradation is correlated with a special void nature and enhanced medium
range order [103]. The record single junction n-i-p a-Si:H solar cells with an HWCVD absorber
layer deposited at 16.5 Å s−1 had an initial efficiency of 9.8 % [104]. Recently, p-i -n single
junction a-Si:H solar cells on glass/SnO2:F substrates with HWCVD absorber layers deposited
at 32 and 16 Å s−1 reached the initial efficiencies of 7.5 and 8.5 %, respectively [105].

The remarkable features of the HWCVD process make it very attractive for industrial
productions: its high deposition rate, high gas utilization, low pressure process avoiding dust
formation and therefore the need for frequent chamber cleaning, its large area deposition
achieved by the use of multiple filaments and/or filament grids [106] and its decoupling of
the gas dissociation from the deposition on the substrate [107]. Scaling up of the HWCVD
technique for production has to overcome issues regarding uniform deposition over the large
area, filament lifetime and ageing, and the contamination of layers from the filaments. Recent
developments show that these issues can be solved successfully and the Japanese company
Anelva [106] has introduced the HWCVD deposition system for large area deposition.

5.5 AMORPHOUS SILICON SOLAR CELLS

5.5.1 Hydrogenated amorphous silicon solar cell structure

In a-Si:H, the diffusion length of the charge carriers is much shorter than in crystalline silicon.
In device quality intrinsic a-Si:H the ambipolar diffusion length ranges from 0.1 to 0.3 μm.
In doped a-Si:H layers, in which the defect density due to doping is two or three orders of
magnitude higher than in intrinsic a-Si:H, the diffusion length of the minority carriers is even
lower. A solar cell structure based on the transport of the minority carriers in the quasi-neudal
regions of the p-n junction as in the case of crystalline silicon does not work for a-Si:H. Due
to the very short diffusion length the photogenerated carriers would virtually all recombine in
the doped a-Si:H layers before reaching the depletion region of the p-n junction. Therefore, an
a-Si:H solar cell is designed differently compared to the standard p-n junction of a crystalline
silicon cell.

A schematic structure of a single junction a-Si:H solar cell is shown in Figure 5.11. The
active device consists of three principal layers: a p type a-SiC:H layer, an intrinsic a-Si:H
layer, and an n type a-Si:H layer, which form a p-i-n junction. This structure is called the single
junction a-Si:H solar cell. The doped layers are usually very thin: a p type a-SiC:H layer is
∼10 nm thick, and an n type a-Si:H is ∼20 nm thick. The doped layers have two functions
in an a-Si:H solar cell. First, they set up an internal electric field across the intrinsic a-Si:H
layer. The electric field should be high enough to ensure that the photogenerated carriers in
the intrinsic a-Si:H layer are collected. The strength of the electric field depends on the doping
level in the doped layers and the thickness of the intrinsic layer. Second, the doped layers
establish low loss ohmic electrical contacts between the a-Si:H part of the solar cell and the
external electrodes. Therefore, a sufficiently high electrical conductivity is required for both
p and n type layers in order to form a high built-in voltage across the p-i-n junction and low
resistance contacts with the electrodes. The intrinsic layer with an optical bandgap of about
1.75 eV serves as an ‘absorber’ layer. The electron–hole pairs that are generated in the absorber
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Figure 5.11 A single junction p-i-n a-Si solar cell structure.

layer experience the internal electric field, which facilitates separation of electrons and holes.
The material quality of the intrinsic layer and the strength and profile of the internal electric
field determine the collection of the photogenerated charge carriers and thus the solar cell
performance. The electric field profile in the absorber layer strongly depends on the defect
density and its distribution in the bulk of the intrinsic layer and at the interfaces with the doped
layers. The photogenerated carriers move towards the doped layers (electrons towards the n
type layer and holes towards the p type layer) and are collected by the electrodes. The dominant
transport mechanism of the photogenerated carriers is drift in the internal electric field, and
therefore, an a-Si:H solar cell is often denoted in the literature as a drift device.

Determining the optimal thickness of the intrinsic a-Si:H layer in the solar cell is the crucial
part of the solar cell structure design. The thickness of the intrinsic layer is a delicate trade-off
between the absorption, which is higher in a thicker layer, and the collection, which improves
when the layer gets thinner. Since the collection depends on the drift of the photogenerated
carriers in the internal electric field, it is the magnitude of the electric field across the intrinsic
layer and the mobility and lifetime of the carriers that determine the collection. The positions
of the Fermi levels in the doped layers determine to a large extent the built-in potential across
the device. The built-in potential together with the thickness of the intrinsic layer determine the
magnitude of the electric field. However, the electric field is not uniform across the intrinsic
layer but strongly depends on the distribution of the space charge in this layer. The space
charge in this intrinsic a-Si:H layer, resulting from trapped carriers in the gap states, cannot be
neglected as is often possible in crystalline silicon solar cells. Due to the large density of the
localized states in the bandgap, the charge trapped in these states substantially contributes to
the overall charge in the device and determines the electric field profile. The presence of large
defect densities at the interfaces with the doped layers can lead to a strong electric field in these
interface regions, while in the bulk of the intrinsic layer, the electric field is relatively low. This
is illustrated in Figure 5.12, which shows the influence of two different distributions of defect
states in a 320 nm thick intrinsic layer on the internal parameters and dark and illuminated
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Figure 5.12 Computer simulations of the internal parameters of a p-i-n a-Si:H solar cell with 320 nm
thick intrinsic layer. The solar cell structure is shown in Figure 5.11. (a) Defect concentration profile,
(b) energy band diagram, (c) electric field profile, (d) potential profile, (e) dark J -V characteristic,
(f) illuminated J -V characteristic. The simulations were carried out with the ASA program developed at
Delft University of Technology [108].

J -V characteristics of a solar cell. The internal parameters, such as band diagram, electric field
profile and potential profile, and the J -V characteristics of the solar cell were calculated with
the ASA program [108]. In the first case, denoted as ‘standard model,’ the standard model of
the density of states with the uniform defect density across the intrinsic layer was used in the
simulations. In the second case, we used the defect density profile and the energy distribution
of defect states calculated according to the defect pool model (DPM). In simulations, only the



OTE/SPH OTE/SPH
JWBK098-05 JWBK098-Poortmans July 12, 2006 15:10 Char Count= 0

ADVANCED AMORPHOUS SILICON SOLAR CELL TECHNOLOGIES 207

description of the defect states was different; all other input parameters were kept the same.
The density of states models in a-Si:H are presented in Section 5.3.3.

When the cell is illuminated, high concentrations of photogenerated carriers also influence
the space charge in the cell. When the densities of photogenerated carriers become too large,
the holes, due to their low mobility, build up a large space charge, which results in a collapse
of the electric field at the back side of the cell, as illustrated in the review article by Deng and
Schiff [109]. By using computer simulations, they demonstrated that as the thickness of the
intrinsic layer increases, the generated power saturates. Power saturation depends on the level of
absorbed illumination. For strongly absorbed illumination (photons of about 2.3 eV), the power
saturates for thicknesses greater than 100 nm, which is a typical distance at which the photons
are already absorbed. For weakly absorbed light (photons of 1.8 eV), the power saturates for
thicknesses above 300 nm. This thickness represents the collection length of the carriers, which
is determined by the collapse of the electric field. The collection length is determined as the
product of the electric field and carrier mobility and lifetime. These simulations also show that
the asymmetry in the drift of electrons and holes explains why a-Si:H based solar cells are
more efficient when illuminated through the p type layer. The creation of the additional defects
in the intrinsic layer due to the Steabler–Wronski effect deteriorates the collection of carriers
by decreasing their lifetime and also distorts the electric field. For single junction a-Si:H solar
cells, the optimal thickness of the intrinsic layer is in the range of 250 nm to 320 nm [92, 110].

5.5.2 Hydrogenated amorphous silicon solar cell configurations

There are two basic configurations of a-Si:H silicon solar cells, namely the p-i-n superstrate
configuration and the n-i-p substrate configuration, which reflect the sequence of silicon layer
deposition. In the p-i-n configuration, the p type layer is deposited first, then the intrinsic layer
and the n type layer is deposited last. In the n-i-p configuration, the sequence of the deposition
is vice versa.

In the case of the superstrate configuration, the p-i-n deposition sequence requires a trans-
parent substrate carrier. Usually a glass plate coated with a TCO film is used. The TCO film
serves as the top electrode. It has to fulfil several stringent requirements, such as high optical
transmission in the spectrum of interest (350 nm to 800 nm in case of a-Si:H absorbers, 350 nm
to 1000 nm for a-SiGe:H absorbers), low sheet resistance, temperature durability and good
chemical stability. In addition, the TCO layer has to be surface textured in order to enhance
light absorption inside the solar cell due to the scattering at internal rough interfaces. The use of
glass substrates allows a deposition temperature of the TCO films up to 600 ◦C, which makes
it possible to employ the atmospheric pressure CVD technique. This technique delivers widely
used high quality fluorine doped tin oxide (SnO2:F) films. The p-i-n amorphous silicon based
layers are deposited on the TCO. The back contact is a metal layer, usually deposited onto a
TCO interlayer. The TCO interlayer is used to improve the reflection from the back contact by
matching the refractive indices between the n type silicon and metal layer and by preventing
the intermixing of silicon and metal. An encapsulant and/or another glass plate usually form
the back side of the superstrate type cell.

In case of the substrate configuration, the substrate carrier forms the back side of the cell.
This allows the use of opaque substrates, such as stainless steel. Alternatively a polymer foil
may be used as a substrate. Since the polymer need not be transparent, a temperature resistant
type of polymer can be applied, such as polyimid. The foils can be thin enough to be flexible,
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which opens up the possibility to employ roll-to-roll processing. A highly reflecting back
contact with textured surface that consists of a metal layer of silver or aluminium and a TCO
layer is deposited on the substrate carrier. The surface texture is required in order to scatter
the reflected light back to the cell at angles facilitating total internal reflection. In the case
of stainless steel, the optimal surface texture is obtained by depositing a bilayer of silver and
zinc oxide at a temperature between 200 and 350 ◦C [14]. After depositing the sequence of
n-i-p a-Si:H based layers, a TCO top layer with a metal grid is formed as the top contact. The
front side of the substrate cell is created by a transparent encapsulant layer with or without an
additional glass plate. The use of conductive carriers such as stainless steel complicates the
monolithic series interconnection of cells on the substrate.

In practice, glass plates are used as carriers for superstrate type solar cells and flexible
metal or polymer foils for substrate type cells. Therefore, the manufacturing technologies for
amorphous silicon solar cells can be divided into two routes: the technologies for glass plates
and for flexible substrates.

5.5.3 Design approaches for highly efficient solar cells

Since only the absorption in the a-Si:H intrinsic layer contributes to the current generation,
the optimal optical design of the cell structure maximizes absorption in the intrinsic layer and
minimizes it in all the other layers. This design is often denoted in the literature as optical
confinement. The approaches applied to achieve optical confinement in the intrinsic layer are
commonly described by the term light trapping. In addition to light trapping, there are other
design rules that facilitate the collection of photogenerated carriers.

The following are some important practical design approaches for making highly efficient
a-Si:H solar cells, which are schematically depicted in Figure 5.11:

� In practice, light enters the a-Si:H solar cell through the p type layer. The lower mobility of
holes in comparison to electrons in a-Si:H is the reason for this design. Since most of the
photogenerated carriers are generated in the front part of the solar cell, on average, holes
have to travel over a shorter distance to the collecting electrode than electrons. In this way,
the collection efficiency of the holes is enhanced.� Because light enters the solar cell through the p type layer, there is substantial absorption in
this layer. The photogenerated carriers in the p type layer do not contribute to the photocur-
rent because in this layer the electrons, here the minority carriers, quickly recombine. It is
therefore desirable to minimize the absorption in the p type layer, which is done by mini-
mizing the thickness and alloying the p type a-Si:H layer with carbon. This p type a-SiC:H
layer has an optical bandgap of about 2 eV and is referred to as the window layer.� The solar cell performance is sensitive to the p-i interface region. The p-i interface is a
heterojunction with band offsets between the energy bands of a wide bandgap p type and an
intrinsic layer. The band offset in the valence band forms a barrier for the photogenerated
hole to the doped layer. One has to keep in mind that the generation rate of the carriers in
this region is the highest in the intrinsic layer. A lot of attention is paid to the p-i interface
region in order to accommodate the band offset, to optimize the electric field profile in this
region, and to prevent back diffusion of the photogenerated electrons into the p type layer
[111]. Usually, wide bandgap, thin, high quality layers of intrinsic or lightly doped a-Si:H or
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a-SiC:H are introduced at the p-i interface. These layers can also serve as diffusion barriers,
preventing boron from diffusing from the p type into the intrinsic layer. These layers are
called the buffer layers.� The substrate that is used for deposition of a-Si:H layers is practically always surface textured.
The surface texture of the top TCO layer in the superstrate configuration and the TCO/metal
back contact in the substrate configuration introduces rough interfaces into a solar cell. When
light reaches a rough interface, part of it will be scattered in various directions instead of
propagating in the specular direction. In this way the average light path in the absorber layer
is increased and light absorption enhanced.� Typically, the back contact consists of a ZnO layer and a metal layer, usually Ag. This
combination results in a highly reflective back contact that helps to enhance the absorption
of light in the absorber layer in the long wavelength region (wavelengths above 600 nm) due
to effective reflection from the back side of the cell.

5.5.4 Light trapping and transparent conductive oxides

At present, the most important research area in the field of a-Si:H based solar cells is consid-
ered to be further development and implementation of efficient light trapping. Light trapping
techniques help to capture light in the desired parts of a solar cell, which are the absorber layers,
and prevent it from escaping. Efficient light trapping in a-Si:H silicon solar cells is based on
scattering of light at rough interfaces and the employment of highly reflective back contacts
and refractive index matching layers in order to manipulate reflection in the cell. Scattering
of light at rough interfaces results in a longer average optical path through the absorber layer.
Repeated reflection at the back and front contacts causes multiple passes of light through the
absorber layer. These processes ensure efficient light confinement that substantially enhances
light absorption in the absorber layer and increases the photocurrent of the solar cell. The
interested reader will find a comprehensive treatment of the principles for the optical design of
a-Si:H based solar cells in the monograph by Schropp and Zeman [18]. Transparent conduc-
tive oxide layers play a central role in light trapping approaches and, at present, determine the
efficiency of the state-of-the-art solar cells. The development of TCO materials with required
optical and electrical properties and optimal surface texture is today the most important issue
in the field of thin film silicon solar cells.

In the superstrate configuration, it is the TCO layer that introduces rough interfaces into
the solar cell. Since it also serves as the top electrode this layer has to fulfil several material
requirements. Table 5.2 presents these requirements and the properties of several TCO films
used in a-Si:H solar cells. Traditionally, a surface textured SnO2:F deposited by APCVD
above 500 ◦C is used as the TCO top contact layer. Today the so-called U type SnO2 film
deposited by Asahi Company in Japan serves as a reference substrate in the field of thin
film silicon solar cells [112]. However, this optimized TCO substrate material is not being
mass produced. Recently, ZnO has attracted a lot of attention as a potential substitute of
SnO2 because it allows deposition at low temperatures (less than 300 ◦C) and is stable against
hydrogen plasma and high temperature processes. A ZnO layer also acts as a barrier against
diffusion of impurities from the substrate. Furthermore, while having comparable optical and
electrical properties, ZnO is cheaper than most other TCO materials. Zinc oxide films can
be prepared by several deposition techniques, such as LPCVD [19], ETP CVD [113], and
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Table 5.2 Properties of several TCO front electrode films

Property Requirement ITO SnO2:F ZnO:B ZnO:Al
APCVD LPCVD sputtering

Transmission
(350–1000 nm)

>90 % 95 % 90 % 90 % 90–95 %

Bandgap [eV] >3.5 3.7 4.3 3.4 ≈3.45a

Sheet resistance [�/] <10 3–5 6–15 6–15 4–15
Contact resistance to

amorphous p+ layer
low
ohmic

low
ohmic

low
ohmic

forms
barrier

forms
barrier

Roughness textured negligible excellent excellent excellent (after
treatment)

Plasma durability resistant low good excellent excellent

a depends on electrical properties (mobility, carrier density, Burstein—Moss shift).

sputtering [20]. The surface texture of ZnO can be obtained naturally during the growth [19,
113] or be created by post deposition chemical etching [20]. The stability of ZnO against
hydrogen plasma, especially, allows deposition of amorphous and microcrystalline silicon
layers from hydrogen rich plasmas.

The TCO-p interface region has a substantial influence on the solar cell performance [114].
The reduction of the SnO2 during the deposition of the p type a-SiC:H layer can limit the Jsc

of the cell. The reduction is pronounced for high deposition temperatures and high hydrogen
dilutions. For this reason, a thin layer of ZnO is usually deposited on the SnO2 film to prevent
its reduction in hydrogen rich plasma. The ZnO coating of SnO2 increases the Jsc, but lowers
the Voc and fill factor of the cell. This is the result of a pronounced depletion of the thin p type
layer at the junction with the degenerated n type ZnO, which creates a contact barrier with the
ZnO and lowers the built-in voltage in the cell. The ZnO-p contact problem can be solved by
using a highly conductive microcrystalline Si interlayer.

In the substrate technology it is a textured back reflector that introduces rough interfaces
into the solar cell. However, increasing the surface texture of the back reflector has not resulted
in the expected current enhancement [115]. The current enhancement is limited by higher
absorption at the back contact due to the increased texture, which is explained by the surface
plasmon absorption [116]. In the case of a stainless steel substrate, the optimal surface texture
is obtained by depositing a bilayer of silver and ZnO at a temperature between 200 and 350 ◦C
[14].

The front TCO film has to be designed for low absorption and reflection. This goal is
achieved when the thickness of the TCO film fulfils the condition for minimum reflection,
which is described as:

dTCO × nTCO = λ/4 (5.20)

The refractive index of TCO films is typically close to two, which means that the optimal
thickness of a TCO film for minimum reflection is around 80 nm. However, this TCO thickness
does not yet provide a sufficiently low resistance and therefore, additional current collecting
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Figure 5.13 Scanning electron microscopy pictures of surface textured TCO substrates: (a) SnO2:F
Asahi U and (b) 10 s etched ZnO:Al TCO surface.

schemes are applied, such as a metal grid on the top of the TCO layer or special current
collecting designs such as series connection through apertures formed on film (SCAF) [13].

The surface texture of TCO films depends on the deposition conditions and/or post depo-
sition treatment and can vary a lot, as demonstrated in Figure 5.13. Since enhancement of
the photogenerated current in a-Si:H solar cells due to the use of surface textured substrates
was demonstrated [10], extensive work has been carried out to investigate the influence of
the surface morphology of the TCO films on the photocurrent of cells. The process of light
scattering on rough TCO films has been intensively investigated in order to discover relations
between the topological properties of a rough interface and its scattering parameters [117–
119]. Knowledge about the scattering properties of rough interfaces is of major importance
for computer modeling. Optical modeling has become a powerful tool to analyze and op-
timize the complex optical situation in solar cells where multiple scattering processes take
place at internal rough interfaces [118, 120]. Results of simulations have clarified the con-
tributions of the front and back contact surface texture and the choice of materials for the
back contact to enhance the current of the solar cells. At the same time, computer modeling
helps to analyze optical losses in nonphotoactive layers of the cell. In general, the enhance-
ment of the spectral response in the wavelength range between 450 to 600 nm comes from
light scattered at the front interfaces, while above 600 nm, scattering at the back contact plays
a dominant role. Therefore, both the front and back contact interfaces have to be rough in
order to achieve enhanced absorption in the whole wavelength spectrum. Even when no an-
tireflection coating is used, the total reflection is reduced due to the antireflective properties
of the rough interfaces, which result from the profiled refractive index at the rough interface
[120].

5.5.5 Degradation of hydrogenated amorphous silicon solar cells

The performance of single junction a-Si:H solar cells decreases during the initial stage of
operation due to light induced degradation. After the initial degradation, the performance of
solar cells stabilizes. The stabilized performance of high quality solar cells is 70 to 85 % of their
initial one. The degradation can be recovered by annealing. Therefore attention has to be paid
to whether the reported efficiency of a-Si:H solar cells is the initial efficiency (as-deposited)
or the stabilized efficiency (after a degradation test). Most countries have their own conditions



OTE/SPH OTE/SPH
JWBK098-05 JWBK098-Poortmans July 12, 2006 15:10 Char Count= 0

212 THIN FILM SOLAR CELLS

for carrying out degradation tests, or often called light soaking tests. In Japan, ‘temporarily
defined stabilized efficiency’ is the value after 310 h exposure under the following conditions:
light intensity 1.25 sun equivalents, temperature 48 ◦C, and open circuit conditions. In the
USA, the stabilized efficiency is defined as efficiency after 600 h of continuous exposure to 1
sun equivalent at 50 ◦C under open circuit conditions. In PV language, 1 sun equivalent means
a solar irradiance of 1000 W m−2.

The solar cell degradation due to illumination is the manifestation of the Staebler–Wronski
effect. The drop in performance is ascribed to the creation of additional metastable defects
in the absorber layer, which act as extra trapping and recombination centers. As a result of
trapping, the space charge distribution in the intrinsic a-Si:H layer is changed in such a way
that the internal electric field across this layer is distorted. This leads to a lower drift and thus
to a lower carrier collection. Therefore, the a-Si:H solar cell structure and the properties of the
individual a-Si:H based layers must be optimized for the light soaked state.

The performance degradation of a-Si:H based solar cells due to illumination can partly
be avoided by using thinner absorber layers. Then the internal electric field across the layer
is higher and therefore less sensitive to any distortion. However, the employment of thinner
absorber layers results in a lower absorption and consequently low short circuit current densities
of the cells. One way to overcome the trade-off between carrier generation and carrier collection
in thin solar cells is to develop efficient light trapping schemes. Another is the use of a stacked
or multijunction structure. By stacking one or more solar cells on top of each other, a total
absorption is obtained that is the same or even higher than in a single junction solar cell with
comparable total thickness. Because the component cells in the stacked structure are thinner,
they are less sensitive to the increased density of light induced defects.

Single junction a-Si:H solar cells, which today exhibit the highest stabilized efficiencies,
have a-Si:H absorber layers in the range of 250 nm to 320 nm. The optimal thickness mainly
depends on the efficiency of light trapping. Figure 5.14 shows the illuminated J -V characteristic
and quantum efficiency of the superstrate type single junction a-Si:H cell with the world’s
highest stabilized efficiency of 9.47 %, which was fabricated in the Institute of Microtechnology
(IMT) at the University of Neuchâtel [92].

5.5.6 Multijunction hydrogenated amorphous silicon solar cells

The concept of the stacked solar cell was introduced to increase the output voltage of a-Si:H
solar cells [6]. Only later it was recognized that stacked cells also offer a practical solution for
improving the stabilized performance of a-Si:H based solar cells [121]. Different terms such
as tandem or dual junction or double junction solar cells are used in the literature to describe
a cell in which two junctions are stacked on top of each other. A stack of three junctions is
named a triple junction solar cell. The multijunction solar cell structure is far more complex
than the single junction solar cell. An example of it is shown in Figure 5.15. For its successful
operation there are two crucial requirements: (i) the current generated at the maximum power
point has to be equal in each component cell (current matching) and (ii) an internal series
connection between the component cells has to feature low electrical and optical losses. The
internal series connection is accomplished at the n-p junction, where the recombination of
oppositely charged carriers arriving from the adjacent component cells takes place. Tunneling
of the carriers through the doped layers facilitates the recombination and therefore the junction
is called a tunnel recombination junction.
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Figure 5.14 (a) The illuminated I -V characteristic and (b) quantum efficiency of a stabilized single
junction a-Si:H solar cell fabricated at the University of Neuchâtel. Reproduced with permission from
J. Meier et al., High-efficiency amorphous and micromorf silicon solar cells, Proceedings of WCPEC 3,
Osaka 2003, S20-89-06. Copyright (2003) with permission from WCPEC-3 Organizing Committee and
Masafami Yamaguchi et al.
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Figure 5.15 A multijunction solar cell structure represented by an a-Si:H/a-SiGe:H/a-SiGe:H triple
junction solar cell with a corresponding schematic band diagram.

5.5.6.1 Current matching

The requirement of current matching reflects the fact that component cells function as current
sources which are connected in series. The component cell that generates the lowest current
determines the net current flowing through the stacked two terminal cell. In order to avoid
current losses, each component cell should generate the same current. The current generated
by a component cell depends mainly on the absorption in the absorber layer of the cell, which is
determined by the thickness of the absorber. Current is matched by adjusting the thickness of the
absorber layer of each component cell. To analyze current matching in complex multijunction
solar cells and to predict the optimal thickness of the absorber layers, computer modeling is
used [108].

5.5.6.2 Tunnel recombination junction

The tunnel recombination junction deals with the interface between the component cells. This
interface is in fact an n-p diode which is connected in reverse when the component cells
operate in forward conditions. An ohmic contact between the component cells, instead of a
rectifying contact, is required for proper operation of the stacked solar cell. The problem of
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obtaining the ohmic contact between the component cells can be resolved by fabricating a
so-called tunnel recombination junction. This junction ensures that the electrons arriving at
the n type layer of the top cell and the holes arriving at the p type layer of the bottom cell fully
recombine at this junction. The recombination of the photogenerated carriers at this interface
keeps the current flowing through the solar cell. A very high electric field in this reverse biased
n-p junction facilitates tunneling of the carriers towards the defect states in the centre of the
junction. The effective recombination of the carriers takes place through these defect states. A
tunnel recombination junction is usually realized by using microcrystalline silicon for at least
one of the doped layers in order to obtain good ohmic contact [121, 122]. Another approach is
to incorporate a thin oxide layer at the interface between the two component cells that serves
as an efficient recombination layer [123]. When the n-p junction functions as a good ohmic
contact, the Voc of the stacked cell is the sum of the open circuit voltages of the component
cells. In this case, optimization of the stacked cell reduces to optimization of the component
cells [4].

5.5.6.3 Concept of spectrum splitting

An additional advantage of the stacked cell based on a-Si:H is that each component cell can
be tailored to a specific part of the solar spectrum. For this wide or low bandgap absorbers,
in comparison to the intrinsic a-Si:H, are used, which allow more efficient use of the solar
spectrum. A component cell with a high bandgap absorber converts high energy photons and
delivers a high Voc, while a component cell with a low bandgap absorber can absorb photons
from the red and near infrared part of the solar spectrum. This approach of using absorber
layers with different bandgaps in component cells is known as spectrum splitting and leads to
a higher conversion efficiency when compared to single junction cells, also often referred to
as the multi bandgap approach.

5.5.6.4 Hydrogenated amorphous silicon based tandem solar cells

Several combinations of absorber materials have been used in a-Si:H based stacked cells. The
first tandem cells employed the same a-Si:H material for the absorber layers in the component
cells. The a-Si:H/a-Si:H tandem cell is called the same bandgap tandem cell. The advantage
of a-Si:H/a-Si:H tandem cells is simple fabrication and low cost in comparison with tandem
cells using absorbers with different bandgaps. The disadvantage is a relatively lower efficiency.
A stabilized efficiency of 10.1 % has been achieved for a-Si:H/a-Si:H tandem cells, both in
superstrate [124] and substrate [14] configurations.

For the tandem cell, the highest efficiency is predicted for a combination of absorber ma-
terials having a bandgap close to 1.7 eV and 1.1 eV for the top and bottom cell, respectively
[125, 23]. In contrast to the wide bandgap intrinsic a-SiC:H, in which the defect density in-
creases with increasing optical bandgap, a wide bandgap a-Si:H material (Eopt ≈ 1.80 eV)
prepared at a relatively low deposition temperature and using a high hydrogen dilution of
silane has proved to be the most promising absorber material for the top component cells in
multijunction solar cells [85, 77].

At present, a-SiGe:H and μc-Si:H are used as low bandgap absorbers. The application of μc-
Si:H films is discussed in Chapter 4. The drawback of a-SiGe:H is that its electronic properties
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deteriorate with increasing germanium content and no a-SiGe:H has been yet produced with
a bandgap lower than 1.4 eV having sufficient optoelectronic properties. With alloying, the
defect concentration in a-SiGe:H increases, which results in a lower fill factor of component
cells, in which a-SiGe:H absorbers with different bandgaps are incorporated. This feature has
to be taken into account in the current matching procedure since a stacked cell has to be
matched for the maximum power point in the light soaked state. The short circuit currents of
the component cells are therefore only a rough guide for the matching procedure.

Further, a large band offset is introduced at the interfaces between the doped layers and
a-SiGe:H. For example, there is a band offset of 0.5 eV between a p type a-SiC:H layer with a
typical optical bandgap of 1.95 eV and an a-SiGe:H layer with an optical bandgap of 1.45 eV.
These band offsets are believed to obstruct effective collection of photogenerated carriers. In
order to overcome the transport barriers, complicated profiling of the germanium concentration
is carried out in regions near the interfaces [126, 127]. To denote the concentration profiled
region the term graded layer is used.

In a-Si:H/a-SiGe:H tandem cells, the current matching is achieved when the thickness of
the a-Si:H absorber in the top cell is between 100 to 150 nm and the thickness of the a-SiGe:H
absorber in the bottom component cell is is in the range 120–150 nm. The advantage of using
a combination of a-Si:H and a-SiGe:H is that the total thickness of absorber layers is less than
300 nm. The best results obtained with a-Si:H/a-SiGe:H tandem cells for both a superstrate
and substrate configurations are presented in Table 5.3. Further improvement is expected from
more efficient light confinement, the adjustment of optical bandgaps of the absorber layers,
composition control of the a-SiGe:H material and the reduction of optical losses in the TCO
and doped layers. By applying these approaches, the short circuit current density of the cell
can be increased further although the total thickness of the absorber layers is reduced [12].

5.5.6.5 Hydrogenated amorphous silicon based triple junction solar cells

The addition of a third component cell to the tandem stack leads to a further increase in the
conversion efficiency. To date, the highest stabilized efficiency of an a-Si:H based solar cell

Table 5.3 Stabilized efficiencies of a-Si:H based solar cells

Absorber layers Area Jsc Voc[V] FF ηstab[%] ηin[%] Institution
[cm2] [mA cm−2]

Superstrate configuration (p-i-n)
a-Si 1.0 17.5 0.86 0.63 9.47 11.2 IMT-Neuchatel [92]
a-Si/a-Si 1.0 ∼8.6 ∼1.73 ∼0.68 10.1 Fuji [124]
a-Si/a-SiGe 1.0 10.9 1.49 0.65 10.6 11.6 Sanyo [130]

Substrate configuration (n-i-p)
a-Si 0.25 14.36 0.96 0.67 9.3 USSC [14]
a-Si/a-Si 0.25 7.9 1.83 0.70 10.1 USSC [14]
a-Si/a-SiGe 0.25 10.68 1.71 0.67 12.4 USSC [14]
a-Si/a-SiGe/a-SiGe 0.25 8.27 2.29 0.68 13.0 14.6 USSC [14]
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has been achieved with a substrate type triple junction a-Si:H/a-SiGe:H/a-SiGe:H solar cell
fabricated by United Solar. This solar cell structure deposited on a stainless steel substrate is
shown in Figure 5.15. The top contact is an indium tin oxide (ITO) layer of approximately 70 nm
thick and it serves both as the top electrode and as an antireflection coating. The thickness of
the ITO layer is not sufficient to achieve a low resistance. In order to reduce contact resistance
of the top electrode, a current collecting metal grid is applied on the ITO layer. In order to
illustrate the complexity of the solar cell structure, which accommodates the graded layers and
different materials for the active layers, Figure 5.15 includes a corresponding schematic band
diagram of the cell. The highest stabilized efficiency of the triple cell is reported to be 13.0 %,
while the initial efficiency of this cell was 14.6 % [128]. The initial J -V characteristic and
quantum efficiency of this cell are presented in Figure 5.16. When comparing the quantum
efficiencies of the multibandgap triple cell and the single junction cell (see Figure 5.14), one
can clearly see that the multibandgap approach allows the use of a wider spectrum region. An
initial efficiency of 15.2 % was reported for a triple cell by United Solar, which indicates that
a further increase in stabilized efficiency is feasible [4].
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Figure 5.16 (a) Initial AM1.5 J -V characteristic and (b) quantum efficiency of an a-Si:H/a-SiGe:H/a-
SiGe:H triple junction solar cell. (Courtesy of Jeff Yang, United Solar Ovonic Corporation).
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The advantage of the substrate configuration is that it better suits the optimal deposition
temperature of a-Si:H based layers in multijunction cells. In contrast to the superstrate config-
uration, where the deposition of absorber layers is limited to below 200 ◦C in order to avoid
thermal damage to the p-i interface [75], the n-i-p deposition sequence allows fabrication of
low bandgap absorbers at high temperatures.

Further improvement in the performance of the triple cell is expected from applying similar
approaches to those for a-Si:H/a-SiGe:H tandem cells. Solar cell manufacturers are carefully
evaluating performance enhancement with respect to the increased complexity of the triple-
junction cell structure in order to make the best choice for cost-to-performance ratio.

5.5.6.6 External parameters of high efficiency hydrogenated amorphous
silicon based solar cells

Table 5.3 presents the best achieved performances of laboratory a-Si:H based solar cells both
in superstrate and substrate configurations. The performance degradation of single junction
cells is more pronounced than in multijunction cells because of thicker absorber layers and
in best cases can be brought down to less than 20 %. The degradation of multijunction cells
can be limited to ∼10 %. The Voc rises as the number of stacked junctions increases. For
practical applications, the external parameters of multijunction solar cells are advantageous in
comparison to single junction cells, because the lower current reduces resistive losses in the
electrodes, especially in the TCO, and the higher output voltage allows more flexible design
of modules with required voltages.

5.5.6.7 Modeling of hydrogenated amorphous silicon solar cells

Computer simulations have proved to be an indispensable tool for obtaining a better under-
standing of a-Si:H solar cell performance and for determining trends for optimizing material
parameters and solar cell structures. Several computer programs are available for model-
ing amorphous and microcrystalline silicon solar cells. These programs include sophisticated
models describing amorphous silicon electronic properties, but are limited to one-dimensional
modeling. Examples are the AMPS program developed at Pennsylvania State University [129]
and the ASA program developed at Delft University of Technology [108] which are the most
widely used in the amorphous silicon solar cell community. A good overview on modeling
issues of amorphous silicon solar cells is given in reference [18].

Although the available programs still have uncertainties in the values of several model
parameters, their use already offers some notable advantages over technological development.
Using simulations, it is possible to examine the influence of the model parameters, which
cannot be determined experimentally, or they can be set independently from each other, so that
the impact of small changes in a device configuration can be determined much faster and more
reliably. As a result computer programs can deliver external properties of layers or devices that
are measurable quantities and/or internal properties that can only be measured indirectly or
not at all. The simulation results of the internal parameters of a solar cell presented in Figure
5.12 serve as an example. Moreover, as the computer hardware components are becoming
less expensive and more powerful, simulations are getting cheaper compared to the drastically
increasing costs of experimental equipment.
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5.6 PERFORMANCE AND FABRICATION OF HYDROGENATED
AMORPHOUS SILICON BASED MODULES

The electrical power delivered from a small area solar cell is not enough for practical appli-
cations. Therefore, solar cells are connected in series and/or parallel to form a module that
delivers a required power and voltage. A key step to practical industrial production of a-Si:H
solar cells was the development of the monolithically integrated type of a-Si:H solar cell [7].
Monolithic series connection of cells to modules that can be easily implemented in the fab-
rication process is an attractive feature of a-Si:H solar cell technology. The monolithic series
connection of cells is demonstrated in Figure 5.17.

The solar cell performance that is first optimized on a laboratory scale with a cell area ranging
from 1 to 100 cm2 is difficult to obtain on a module level, which has an area of 0.3 m2 and more.
There are inherent and process related effects that reduce the module performance with respect
to the laboratory cell performance [130]. The inherent losses result from the transition from
individual cells to large area modules of interconnected cells. The monolithic series connection
of the cells generates joule losses due to the sheet resistance of the TCO and the contact
resistances, and area losses due to the cell interconnection and contact areas. The process
related losses originate from economic considerations that determine the trade-off between cost
effective production processes and special laboratory processes irrespective of complexity and
expense. The process related losses include the use of nonoptimal commercial TCOs and the
implementation of large area deposition techniques that lead to nonuniformity of thickness and
inhomogeneity in the individual layers. These effects result in statistical effects that average
the performances of individual cells and reduce efficiency on the module level. The cumulative
effect of the above mentioned reduction factors typically amounts to over 30 %. However, the
module manufactures put a lot of effort into minimizing these losses. For example, in the case
of triple junction modules fabricated by United Solar, the losses on the module level, related to
the nonuniformity, together with an inevitable area loss due to the current carrying grid lines
and encapsulation, amount to 16 % [14]. The J -V characteristics of the best substrate type
a-Si:H/a-SiGe:H/a-SiGe:H, fully encapsulated module (905 cm2) fabricated on a stainless steel
substrate with an initial efficiency of 11.2 % and a stable efficiency of 10.5 % [131] is presented
in Figure 5.18. The best performance of a single junction superstrate type module on a glass
substrate (3917 cm2) with an initial efficiency of 10.7 % fabricated by Kaneka Corporation is
presented in Figure 5.19.

Glass substrate 

Back electrode 

a-Si layers 

TCO 

Glass substrate 

EVA 

Figure 5.17 The schematic representation of the monolithical series connection of a-Si:H cells on a
module.
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Figure 5.18 Initial and stable NREL AM1.5 Spire measurements on United Solar encapsulated module.
(Courtesy of Jeff Yang, United Solar Ovonic Corporation).

Regarding the conversion efficiency, one has to be careful to distinguish among the reported
values, because there is a considerable discrepancy between:� Laboratory record minicells (size below 1 cm2, no patterning).� R&D modules, not encapsulated and not produced in large quantities (size of 0.1 m2).� Commercial modules.

Figure 5.19 The illuminated I -V characteristics of Kaneka single junction a-Si:H module. (Courtesy
of Kenji Yamamoto, Kaneka Corporation).
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It is important to note that the conversion efficiency is determined from measurements that
are carried out under standard test conditions (STC): i.e. with 1 kW m−2 irradiation, AM1.5
spectrum and at 25 ◦C. However, the modules that are installed in the field do not operate
at the STC conditions. In order to compare the actual performance of modules based on
different technologies, the energy yield per module area under given solar irradiation is used.
An excellent discussion on the energy yield of amorphous silicon based modules with respect
to other technologies was published recently by Shah et al. [132] and the text is reproduced
by permission of Wiley & Sons, Ltd in the following section.

5.6.1 Energy yield

Using the energy yield, the user may judge, in a more pragmatic way, the performance of
modules in terms of their quantitative benefit, e.g., the real cost return based on electricity
feed-in prices. Examples are shown in Table 5.4, where the energy yields of different module
types, placed in two locations of substantially different insolation, are compared [133]. Also
shown are ‘effective’ efficiencies. Unlike efficiency values normally referred to STC, they
are ratios between the energy yields and the corresponding irradiations, averaged over one
year, and thus they include all variations of temperature, solar irradiation intensity and spectral
distribution which affect the efficiencies individually and differently for each technology.

Note: the presented compilation only serves to show typical, and practically applicable
differences for production modules exposed to the same climatic conditions; it should certainly
not be viewed as being generally representative for the technologies listed, nor for the module
producers referred to. As one would expect, the energy yields more or less track the STC module
efficiencies deduced from the data sheets of the corresponding samples. However, there are
a number of notable exceptions. Some of these might be caused by actual STC efficiencies
that deviate from data specifications. More interesting are cases that are caused by various
power-output dependencies, either individually or in combination, namely on:

� the spectral response relative to the given insolation, both daily and seasonally;� the temperature;� the irradiation intensity;� in case of stacked cells, the current matching, that, in turn, depends on the spectral distribution
of the insolation (e.g., due to a higher sensitivity to current matching, the Unisolar US 64
triple-junction generates less energy than the simpler double-junction ASE 30 modules).

In conclusion, the STC efficiencies may be used as a guide to module quality, but the
decisive quantity to measure module performance is the energy yield. In this context, an
additional quantity has been introduced, the so-called relative performance, defined as the
annual energy yield divided by the module power (in kWp). This quantity basically shows,
how well a product performs relative to its specified power; in fact it is equal to the duration
(in h/yr) during which the module would deliver its nominal STC power. Owing to the various
dependencies mentioned above, thin film silicon modules may even outperform modules based
on crystalline silicon (in Table 5.4 compare, e.g., the relative performances of the amorphous
silicon tandem module ASE 30 with the single-crystal, wafer-based silicon module BP 585).
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5.6.2 Fabrication of hydrogenated amorphous silicon based modules

In 2004 the total production capacity of a-Si:H based modules was about 75 MWp, the actual
production exceeded 25 MWp. Among the largest and most advanced producers of a-Si:H
based modules are United Solar (USA) with a 30 MWp production facility, Kaneka Corporation
(Japan) with a 20 MWp plant, and Mitsubishi Heavy Ind. (Japan) having a 10 MWp production
facility. United Solar supplies the market with the new ECO series modules based on the
triple junction a-Si:H technology on flexible substrates. The modules are encapsulated with
Tefzel fluoropolymers, use no glass, and are fixed with rigid aluminium frames. The modules
reach conversion efficiencies of 7.4 %. Kaneka and Mitsubishi Heavy Ind. produce modules
based on single junction a-Si:H technology on glass substrates. The modules use glass plate
as protection and usually are delivered with aluminium frames. The conversion efficiency of
Kaneka modules with a total area of 0.95 m2 is 6.3 % and the modules of Mitsubishi Heavy
Ind. that have a total area of 1.5 m2 exhibit 6.4 % [134].

The manufacturing of amorphous silicon solar cells is divided into two routes: process-
ing on glass plates [11, 130] and processing on flexible substrates [77]. Both manufacturing
approaches include the following main steps:

(1) Substrate conditioning.

(2) Large area deposition of the contact layers, i.e. the TCO as front electrode and the back
reflector which is usually a double layer of metal and TCO.

(3) Large area deposition of a-Si:H based layers.

(4) Monolithic series connection of cells (at present applied only for manufacturing on glass)
using laser scribing of contact and silicon layers.

(5) Final module assembly including encapsulation, application of electrical connections and
framing.

One of the important requirements for a company to stay competitive in the solar cell
business is to be technologically independent. This is a driving force for companies to have
available technologies for all manufacturing steps. The production scale is very important for
economic reasons. A factory with higher production capacity is more efficient regarding the
use of energy because processes such as heating up and cooling down contribute relatively
less to the overall use of energy. Thin flexible substrates require less energy for heating up to a
required temperature than glass plates, which can result in a shorter energy payback time for
flexible modules.

5.6.3 Plasma enhanced chemical vapor deposition systems

The central role in module manufacturing is taken by the deposition machine for a-Si:H
layers. To date, all module manufactures use the PECVD method and it is the design of the
PECVD deposition machine that determines the throughput, flexibility of cell design, quality
and uniformity of the layers. The so-called ‘plasma box’ reactor design is widely used in
production machines. The plasma box forms an enclosed, separately pumped volume within
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the deposition machine, in which plasma is confined between the electrodes and the substrate,
the temperature is uniform and the deposition volume is protected from impurities originating
from outside the plasma box. It also offers in situ cleaning by plasma etching that removes
a-Si:H deposited on parts other than the substrate that are exposed to the plasma.

Since several a-Si:H layers have to be deposited on top of each other there are several pos-
sibilities for processing of the layers. In general, one can distinguish between in line and batch
processing, which determine the design of the PECVD machine. In batch processing, several
substrates are processed at the same time. The deposition of all layers takes place in a single
reaction chamber, as is the case with the Unaxis KAI machine [21], or the individual layers are
deposited in different chambers, multichamber processing in a so-called cluster configuration.
In-line processing is, in fact, also multichamber processing that allows deposition on moving
substrates. The lengths of the individual reaction chambers have to be carefully designed in
order to deposit the required thickness of the individual layers. A special case is continuous
roll-to-roll processing, where a roll of flexible substrate is unrolled and transported through a
PECVD machine, in which the individual layers are deposited on the moving substrate, and
then rolled up again after completion of the deposition. The roll-to-roll process is at present
used by United Solar [77]. The different designs of PECVD machines are discussed in detail
in reference [18].

Cleaning of deposition chambers is an important part of the manufacturing process. During
the deposition the silicon layer is deposited not only on the substrates but also on other parts
inside the deposition chamber, such as the electrodes. In continued module production the
thickness of this silicon layer increases, until it reaches the critical thickness. Then the undesired
silicon deposits can generate particles that are incorporated in solar cell structures causing
defects. It is therefore necessary to periodically clean the interior of the PECVD chamber and
to remove the deposits from the surfaces. Usually, the deposition chambers are opened to the
air and the internal components are subjected to chemical cleaning and shot blasting. Baking is
required to remove any atmospheric contaminants that may have adhered to the inner walls of
the chamber during the maintenance procedures. These operations substantially decrease the
uptime of the PECVD equipment. New approaches that aim to speed up the cleaning process
have adopted plasma cleaning methods. However, the gasses that are used in plasma cleaning
are usually expensive fluorides, such as SF6, NF3, or CF4. An extensive scrubber is necessary
to process these gasses. The gasses are aggressive and lead to corrosion in pumps, lines and
scrubbers, which shortens the lifetimes of these parts. The use of these gasses is considered
environmentally unfriendly. Since the PECVD production machines represent a substantial
capital cost, it is desirable that most of the time they are in operation. Therefore, the most
effective way to keep the uptime of the machine high is to have a machine design that enables
replacement of fouled parts with clean ones and the cleaning procedure to be carried out away
from the machine.

5.6.3.1 Transparent conductive oxide deposition

For modules manufactured on glass substrates, the TCO has become the crucial part to deter-
mine the overall performance and lower the cost. Therefore the module producers strive to have
their own TCO deposition in order to be independent of the suppliers. Having their own TCO
deposition machine enables them to control the quality of the TCO. The challenge is to master
the deposition of TCO on a large area (>1 m2). To date, APCVD is the standard process to
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deposit SnO2:F on large area glass plates [112]. The LPCVD [19] and sputtering [20] processes
have been successfully developed for large area ZnO deposition. The conductivity of the TCO
top electrode influences the design and cost of the modules. The current that flows through the
TCO layer has to be carefully optimized in order to limit the joule losses in the TCO. This is
accomplished by optimizing the width of the cells in the module. A higher TCO conductivity
allows for a larger cell width and therefore fewer laser scribes.

The use of a stainless steel substrate does not allow monolithic series interconnection and
a module fabricated on this substrate is actually a large area solar cell that generates a high
current. In order to limit the high resistive losses in the top TCO electrode, the fabrication of
a triple junction solar cell is a reasonable choice of United Solar to increase the Voc and lower
the Jsc.

5.6.3.2 Monolithic integration of cells

The series interconnection on the substrate is achieved during the construction of the solar
cell structure. Generally, it includes two or more laser scribing steps of the functional layers,
such as TCO, a-Si:H and back contact, after deposition of each of the layers. The laser cutting
selectively removes narrow lines (width 50 to 150 μm) of material in order to limit the area
losses and at the same time it defines the size of the individual cells. The laser scribing is often
a speed limiting step in the module manufacturing. Usually, pulsed Nd:YAG lasers are used
for scribing the films. After accomplishing the series interconnection of the cells the module
requires only two separate bus bars that connect the first and last cell, respectively, with the
external junction box.

5.6.3.3 Shunt repair

Shunts strongly influence the yield of the whole manufacturing process. Shunts created in the
device can be the result of several causes, like particles on the substrate during the deposition
or locally defective regions in the amorphous silicon film. Shunts can be, to a large extent,
prevented by using efficient cleaning procedures, especially after TCO deposition, silicon
deposition and scribing steps. When necessary, a shunt repair of modules is used in order
to increase the yield. Several methods can be used, such as temperature sensitive etching or
reverse bias curing of the cells.

5.6.3.4 Encapsulation and framing

The final product must be well protected against atmospheric influences to prolong its lifetime.
Several encapsulation methods are used for protection. The most common method for glass
plate module manufacturing is to use polymeric film ethylene vinyl acetate (EVA) as the cover of
the module on top of which a glass sheet is placed. However, modules made on glass substrates
coated with transparent conductive oxides are susceptible to varying degrees of electrochemical
corrosion [135]. Photovoltaic modules can exhibit performance degradation in the field when
subjected to high voltages at elevated temperatures in a humid climate. The tin oxide contacts
may delaminate from the glass due to a combination of sodium accumulation near the interface
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and the ingression of moisture into the PV module from the edges. These corrosion effects can
be minimized in thin film PV modules by inhibiting moisture ingression, by limiting module
or array voltages, by using low alkali or high resistivity glasses, by increasing the adhesion of
the transparent conductive oxide to the glass surface and by using zinc oxide rather than tin
oxide as a transparent conductive contact.

In case of flexible substrates usually an EVA/Tefzel combination is used to protect the
module. The Tefzel fluoropolymer (copolymer of tetrafluoroethylene and ethylene in the form
of a film), which is sometimes applied on both sides of the module, has to be rather thick to
guarantee the protection. The encapsulant can considerably increase the material costs of the
module.

As a-Si:H solar modules are becoming an attractive element for building applications,
increasing attention is being paid to framing in order to facilitate the module building and
façade integration and also to give it an esthetical outlook.

5.6.3.5 Temporary superstrate process for roll-to-roll production

A novel approach to fabricate a-Si:H modules has been developed in the Netherlands in the
Helianthos project coordinated by the multinational corporation Akzo Nobel [136]. The aim is
to demonstrate that flexible thin film silicon PV modules manufactured by means of automated
roll-to-roll processes offer a versatile lightweight thin film silicon PV product that will offer
competitive kWh costs in a wide range of applications [137]. The production technology is
based on a temporary superstrate concept, which combines the advantages of both superstrate
and substrate type a-Si:H solar cell technologies. The deposition of a high quality top TCO
layer using APCVD and monolithic series integration that offers superstrate technology is
combined with roll-to-roll processing that is used in substrate technology. The fabrication
process is carried out using the following steps [137]:

(1) Aluminium foil is cleaned, heated to around 500 ◦C while subsequently a TCO layer of
SnO2:F of 700 nm is deposited on it by means of an APCVD process at a high rate (order
0.1 μm s−1) and with a natural texture enhancing light trapping within the solar cell.

(2) Deposition of the thin film silicon active layer by means of rf PECVD using a device
structure equal to those used on a glass//TCO superstrate. Until now the development has
focused on single p-i-n a-Si:H devices.

(3) Deposition of a reflective back contact.

(4) Lamination of a commodity polymer carrier foil, e.g. polyethylene terephthalate (PET).

(5) Removal of the temporary superstrate by means of wet etching.

(6) Monolithic series integration by patterning steps between the preceding processes.

(7) Application of contacts and protective encapsulation layers.

In order to demonstrate manufacturability with sufficient yield and uptime, a roll-to-roll
pilot line is being constructed for a 35 cm wide web. The pilot line consists of an APCVD
machine for the TCO deposition, a PECVD machine with several rf plasma zones for deposition
of amorphous silicon layers, a sputter coater for ZnO:Al, Ag and Al, a compression and curing
device for lamination, an etching machine with wet etching, neutralization and rinsing baths,
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Figure 5.20 The J -V characteristics of a cell on a laboratory tandem module XS0490 in the initial
state (INIT) and after 719 hours of light soaking (LS) (Courtesy of Rutger Schlatmann, Akzo Nobel).

roll-to-roll series integration and an encapsulation unit. The laser scribing and printing steps
for module series integration is currently the throughput limiting step in the pilot line. Several
diagnostic tools have been implemented in the pilot line. For example, in the PECVD machine,
apart from monitoring input parameters regarding web handling (tension, speed, run length) and
the deposition process (pressures, flows, rf power in-coupling, web temperature), the machine
also monitors output parameters allowing direct verification of the film forming process.

Currently, a single junction p-i-n a-Si:H device structure is being implemented in order to
demonstrate processing capability. Two types of modules have been fabricated, ‘laboratory’
modules with an area of 10 × 10 cm2, in which eight cells are integrated and ‘pilot’ modules
with an area of 30 × 30 cm2, which consist of 26 cells. A typical pilot run yields modules with
6.3 ± 0.2 % aperture area efficiency. The next step planned is to deposit a-Si:H/a-Si:H tandem
cells to increase stability against light soaking and to allow the interconnections to be placed
further apart. Laboratory tandem modules with an aperture area stabilized efficiency of 7 %
have been deposited. The J -V characteristics of a cell in a laboratory tandem module in the
initial state (INIT) and after 719 hours of light soaking (LS) is presented in Figure 5.20. An
example of a flexible Akzo Nobel pilot module is shown in Figure 5.21.

5.7 APPLICATIONS

Due to the versatility of a-Si:H technology to produce rigid as well as flexible modules and
the high energy yield, the application possibilities for a-Si:H based modules are very broad.
Modules made from a-Si:H have a substantially lower conversion efficiency temperature coef-
ficient than crystalline silicon modules [130], which results in superior performance at higher
operational temperatures. This feature favours the implementation of a-Si:H modules in high
temperature conditions.

The applications cover the following market areas:� Consumer products where small solar cells provide electricity for calculators, watches, etc.
Small modules with power ranging from 3 to 50 Wp are used as (portable) battery chargers,
in car roofs and a variety of other leisure products.
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Figure 5.21 A flexible Akzo Nobel ‘pilot’ module with monolithical series interconnection. (Courtesy
of Rutger Schlatmann, Akzo Nobel).

� Residential and commercial grid connected systems that are mainly designed for building
integrated photovoltaics (BIPV). The modules usually have a 20 year power output warranty
and can be structurally and esthetically integrated as roofing or façade elements. Taking
advantage of the laser techniques that are applied during the manufacturing of a-Si:H mod-
ules, partly transparent modules can be fabricated. Offering both environmentally friendly
performance and a compelling design, these type of products open new possibilities in BIPV
applications.� Several large grid connected systems have been realized with a-Si:H based modules. The
largest array of United Solar flexible a-Si:H based modules was installed in California in 2003
to help power oil field operations (500 kWp installed power). The facility comprises 4800
flexible solar panels, each about 40 cm wide and 540 cm long, mounted on metal frames. The
world’s largest amorphous silicon solar power plant (installed power of 1 MWp), employing
Mitsubishi Heavy Ind. modules, was completed in the beginning of 2005 in the German city
of Buttenwiesen in the suburbs of Munich. The power plant comprises approximately 10 000
amorphous silicon single junction superstrate type modules. The plant, which is shown in
Figure 5.22, is annually expected to deliver 1 million kWh.� Off grid and remote area applications include solar systems with a rated power of 30 to
50 Wp that are mainly designed for lighting in remote homes and construction sites without
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Figure 5.22 World’s largest 1 MWp amorphous silicon solar power plant in the German city of
Buttenwiesen in the suburbs of Munich. (With permission from Phonix SonnenStrom AG).

access to the power grid. Larger systems have been designed to generate power for villages,
remote homes, water pumping, telecommunications, traffic control signals, etc.� Special applications. The lightweight, flexible features of a-Si:H modules in connection
with the inherent radiation hardness and superior high temperature performance make the
technology a candidate for space PV applications [77].

5.8 OUTLOOK

The flexibility of a-Si:H solar cell technology to deliver modules for a large variety of appli-
cations is its most important asset. The technology has a strong potential to produce modules
with an attractive cost to performance ratio generating electricity with a price competitive with
that of conventional electricity. The cost reduction of a-Si:H modules will be determined by
the scaling rate of the production capacity, which does not rise as quickly as in the case of
the crystalline silicon solar cell technology. At present, a-Si:H solar cell technology has to
concentrate on solving several issues which are discussed in Section 5.25 in order to become
a fully mature technology.

Further development of thin film silicon solar cell technology, in general, requires an increase
in the performance of a-Si:H solar cells. One has to realize that two thirds of the power generated
by a promising micromorph tandem (a-Si:H/μc-Si:H) solar cell comes from the a-Si:H top
cell. In the near future, attention will be paid to enhancing light trapping inside the cells, i.e.
improving the TCO material quality and optimizing the surface texture. At the same time,
research will continue on a-Si:H based materials, which has recently resulted in a completely
new class of nanostructured silicon films with a microstructure that exhibits crystalline domains
imbedded in an amorphous network.
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Rech (Research Centre Jülich), Richard van de Sanden (Eindhoven University of Technol-
ogy), Rutger Schlatmann (Akzo Nobel), Ruud Schropp (Utrecht University), Kenji Yamamoto
(Kaneka Corporation), and Jeff Yang (United Solar United Solar Ovonic Corporation) for their
help in writing this article.

REFERENCES

[1] H.F. Sterling and R.C.G. Swann, Chemical vapour deposition promoted by r.f. discharge, Solid-
State Electron., 8 (8), 653 (1965).

[2] W. Spear and P. LeComber, Substitutional doping of amorphous silicon, Solid State Comm., 17

(9), 1193 (1975).
[3] D.E. Carlson and C.R. Wronski, Amorphous silicon solar cell, Appl. Phys. Lett., 28 (11), 671

(1976).
[4] J. Yang, A. Banerjee, K. Lord, and S. Guha, Correlation of component cells with high efficiency

amorphous silicon alloy triple-junction solar cells and modules, in Proceedings of the 2nd World
Conference and Exhibition on Photovoltaic Solar Energy Conversion, Vienna (1998), 387–390.

[5] P. Maycock, PV market update, Renewable Energy World, 7 (4), 86 (2004).
[6] Y. Hamakawa, H. Okamoto, Y. Nitta, A new type of amorphous silicon photovoltaic cell generating

more than 2.0 V, Appl. Phys. Lett., 35 (2), 187 (1979).
[7] Y. Kuwano, T. Imai, M. Ohnishi, and S. Nakano, A horizontal cascade type amorphous Si photo-

voltaic cell module, in Proceedings of the 14th IEEE Photovoltaic Specialist Conference (1980),
1408.

[8] Y. Tawada, H. Okamoto, Y. Hamakawa, a-SiC:H/a-Si:H heterojunction solar cell having more than
7.1 % conversion efficiency, Appl. Phys. Lett., 39 (3), 237 (1981).

[9] G. Nakamura, K. Sato, Y. Yukimoto, K. Shirahata, in Proceedings of the 3rd E.C. Photovoltaic
Solar Energy Conference (1980), p. 835.

[10] H.W. Deckman, C.R. Wronski, H. Witzke, and E. Yablonovitch, Optically enhanced amorphous
silicon solar cells, Appl. Phys. Lett., 42 (11), 968 (1983).

[11] R.R. Arya and D.E. Carlson, Amorphous silicon PV module manufacturing at BP Solar,
Progr.Photovolt.: Res. Appl., 10, 69–76 (2002).

[12] E. Maruyama, S. Okamoto, A. Terakawa, W. Shinohara, M. Tanaka and S. Kiyama, Toward
stabilized 10 % efficiency of large-area ( 5000 cm2) a-Si/a-SiGe tandem solar cells using high-rate
deposition, Sol. En. Mat. Sol. Cells, 74, 339–349 (2002).

[13] Y. Ichikawa, T. Yoshida, T. Hama, H. Sakai and K. Harashima, Production technology for amor-
phous silicon-based flexible solar cells, Sol. En. Mat. Sol. Cells, 66, 107–115 (2001).

[14] S. Guha, J. Yang and A. Banerjee, Amorphous silicon alloy photovoltaic research – present and
future, Progr.Photovolt.: Res. Appl., 8, 141–150 (2000).

[15] J. Meier, S. Dubail, R. Flückiger, D. Fischer, H. Keppner, A. Shah, Intrinsic microcrystalline
silicon – a promising new thin film solar cell material, in Proceedings of the 1st World Conference
on Photovoltaic Energy Conversion, Hawai (1994), 409–412.

[16] J. Meier, S. Dubail, J. Cuperus, U. Kroll, R. Platz, P. Torres, J.A. Anna Selvan, P. Pernet, N. Beck,
N. Pellaton Vaucher, Ch. Hof, D. Fischer, H. Keppner, A. Shah, Recent progress in micromorph
solar cells, J. Non-Cryst. Solids, 227–230, 1250–1256 (1998).



OTE/SPH OTE/SPH
JWBK098-05 JWBK098-Poortmans July 12, 2006 15:10 Char Count= 0

ADVANCED AMORPHOUS SILICON SOLAR CELL TECHNOLOGIES 231

[17] K. Yamamoto, M. Yoshimi, Y. Tawada, Y. Okamoto, A. Nakajima, Thin film Si solar cell fabricated
at low temperature, J. Non-Cryst. Solids, 266–269, 1082–1087 (2000).

[18] R.E.I. Schropp and M. Zeman, Amorphous and Microcrystalline Solar Cells: Modeling, Materials,
and Device Technology, Kluwer Academic Publishers, 1998.

[19] J. Meier, U. Kroll, S. Dubail, S. Golay, S. Fay, J. Dubail, A. Shah, Efficiency enhancement of
amorphous silicon p-i-n- solar cells by LP-CVD ZnO, in Proceedings of the 28th IEEE Photovoltaic
Specialist Conference, (2000), 746–749.
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los, A. Hügli, G. Büchel, D. Plesa, A. Büchel, A. Shah, Thin film silicon solar cell up-scaling by
large-area PECVD KAI systems, in Proceedings of the 19th European Photovoltaic Solar Energy
Conference and Exhibition, Paris (2004), 3BP1.2.

[22] S. Wieder, J. Liu, T. Repmann, R. Carius, J. Kuske, and U. Stephan, Large area deposition of
amorphous and microcrystalline silicon – new tools for industrial applicable mass production, in
Proceedings of the 19th European Photovoltaic Solar Energy Conference and Exhibition, Paris
(2004), 3AO.8.3.
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[45] M. Vaneček and A. Poruba, Fourier-transform photocurrent spectroscopy of microcrystalline sili-
con for solar cells. Appl. Phys. Lett., 80 (5), 719 (2002).
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6 Chalcopyrite Based Solar Cells

Renier Klenk, Martha Ch. Lux-Steiner
Hahn-Meitner-Institut Berlin Gleinicker, Berlin

6.1 INTRODUCTION

Chalcopyrite based solar modules uniquely combine advantages of thin film technology with
the efficiency and stability of conventional crystalline silicon cells . It is therefore believed that
chalcopyrite based modules can take up a large part of the photovoltaic (PV) market growth
once true mass production is started.

The most important chalcopyrite compounds for photovoltaic applications are CuInSe2,
CuInS2, and CuGaSe2 with bandgaps of 1.0, 1.5, and 1.7 eV, respectively. Together with related
materials they offer high optical absorption and a wide range of lattice constants and bandgaps
(Figure 6.1). The compounds can be alloyed to obtain intermediate bandgaps. Starting with
single crystals [2], chalcopyrite based solar cells have been under investigation since 1974. The
first chalcopyrite cells had a CuInSe2 absorber and therefore the technology is most advanced
for lower gap materials with a composition close to CuInSe2. Today the efficiency of lab scale
thin film devices is close to 20 % [3], an efficiency comparable to the best multicrystalline
silicon cells. Many scaling up and manufacturing issues have been resolved. Pilot production
lines are operational and modules are commercially available. As of 2005 the market share of
chalcopyrite PV modules is not yet significant but major problems that might prevent further
commercialization have not been identified.

6.2 POTENTIAL OF CHALCOPYRITE
PHOTOVOLTAIC MODULES

The attractive potential of chalcopyrite photovoltaic modules can be summarized by key points
which we will briefly illustrate here and assess in more detail in the reminder of the chapter:

� High efficiency.� Stability.� Low cost.� Effective use of raw materials.

Thin Film Solar Cells Edited by J. Poortmans and V. Arkhipov
C© 2006 John Wiley & Sons, Ltd
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Figure 6.1 Bandgaps and lattice constants of selected chalcopyrites according to data compiled in [1]
(lines are a guide to the eye only).� Short energy payback time.� Adaptable to various applications.� Large supporting research and development community.

Chalcopyrites clearly offer the highest efficiency potential among all thin film technologies.
The record efficiency for a small, lab scale cell is close to 20 %, using just a single layer
antireflective coating and a standard metal grid but none of the complex concepts that have
been used to produce record silicon cells. Submodule efficiencies are at almost 17 % [4], and
square foot and larger modules range from 14 to 12 % efficiency [5–7]. It is conceivable that
the maximum efficiency can be increased further. A significant boost, exceeding even the
theoretical limit for silicon, can be expected from the development of multijunction cells . The
excellent performance is notable not only under standard reporting conditions but also when
assessing monitoring data from outdoor installations.

In contrast to amorphous silicon based cells chalcopyrite devices do not show any degra-
dation under illumination. Outdoor testing indicates that achievable product lifetimes may be
comparable to those of conventional photovoltaic modules.

The low cost potential is roughly comparable to that of other thin film technologies and is
rooted in the use of inexpensive substrates, effective use of raw materials, high throughput,
and large area deposition at low temperatures as well as monolithic interconnection.

Apart from the substrate, the total thickness of a chalcopyrite cell, including all films, is in
the range of 2 to 4 μm, which implies that the raw material usage is only a tiny fraction of the
material input for a silicon cell. Mass production will not be limited by the availability of raw
materials.

The energy payback time (EPBT) is obviously an important parameter when considering
how far photovoltaics can contribute to the future energy supply. The much lower thermal
budget of thin film preparation (lower process temperatures as well as short process times)
leads to a significant benefit.
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As we will show in this chapter, there is considerable flexibility concerning the choice of
components of a chalcopyrite cell or module as well as concerning the preparation methods for
these components. It is therefore possible to design products with an optimum efficiency/cost
trade-off for various applications, with power demands ranging from mW to MW and with
illumination intensity ranging from indoor, low level to high level under concentration. Chal-
copyrite cells can be grown on rigid as well as flexible substrates. They perform well in chal-
lenging environments because they are mechanically robust, can operate in a wide temperature
range, and can tolerate high radiation levels.

The chalcopyrite technology is supported by a networked international research commu-
nity comprising universities, research institutes, and companies with experience and long term
commitment. This ought to guarantee that any problems surfacing in industrial implementation
can be attacked with the necessary background knowledge and that new developments are in
the pipeline for future products. The large financial risk of implementing mass production
facilities is limiting the production volume. However, the growing involvement of compa-
nies developing deposition equipment and fabrication infrastructure provides a solid basis for
ongoing commercialization.

6.3 TECHNOLOGY FOR THE PREPARATION OF
CHALCOPYRITE SOLAR CELLS AND MODULES

The solar cells consist of a number of films which are deposited onto a rigid or flexible substrate
(Figure 6.2). The first film, typically molybdenum, serves as a nontransparent back-contact.
It is covered by the actual chalcopyrite film. This p-type film absorbs most of the light and
generates the photocurrent (absorber). The heterojunction is formed by depositing a very thin
n-type buffer layer (typically CdS) and an n-type wide gap transparent front contact (usually
heavily doped ZnO).

Figure 6.2 Scanning electron micrograph of the cross section of a typical chalcopyrite solar cell with
Cu(In,Ga)Se2 (CIGSe) absorber (substrate not shown).
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Figure 6.3 Typical sequence of processes to prepare a chalcopyrite photovoltaic module [8]. The
sequence shown here is based on the sequential approach (see text) using rapid thermal processing
(RTP). Reprinted from Thin Solid Films, 481–482, R. Klenk, J. Klaer, R. Scheer, M. Ch. Lux-Steiner,
I. Luck, N. Meyer, U. Rühle, 509, Copyright (2005) with permission from Elsevier.

Thin films with properties suitable for photovoltaic applications can be prepared by a variety
of processes. In pilot lines the absorber is grown by multisource evaporation or by a sequential
approach (reactive annealing of metal films). To provide just one example, Figure 6.3 shows a
sequence of processes necessary to produce a CuInS2 based module using the latter method. In
the following paragraphs we will, for each of the films, introduce the most common state-of-the-
art methods as they are the basis of today’s production lines. Methods still under development
and aiming at future significant cost reduction are described in Section 6.6.

6.3.1 Absorber

The most advanced absorber materials are based on CuInSe2 (CISe). Due to its rather
low bandgap (1.0 eV) a common practice has evolved where gallium is added to obtain
Cu(In,Ga)Se2 with a wider bandgap of approximately 1.15 eV. Due to reasons outlined be-
low, sulfur is incorporated additionally in sequential processes to obtain Cu(In,Ga)(Se,S)2

(CIGSSe). All these absorbers require an optimized sodium concentration for optimum film
properties (see Section 6.3.1.3). Another line of development starts from CuInS2 (CIS). In
contrast to the other compounds, this base material is grown under copper excess and it also
has a higher bandgap (Eg = 1.5 eV). Addition of further elements such as sodium or gallium
is therefore not strictly necessary. The most commonly used absorber preparation methods
are multisource evaporation and sequential processes. Evaporation offers a much more direct
control of film formation, including deliberate depth profiles for bandgap engineering as well
as making optimum use of the fluxing activity of Cu(S,Se) phases. This is probably the reason
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why evaporation still yields the highest cell performance. In particular, unlike evaporation, the
sequential processes lead to an aggregation of gallium close to the back contact which causes
low gallium content in the active cell region and, consequently, a bandgap below the optimum
value. The addition of H2S to the annealing environment has helped to overcome this problem
to a certain degree but it also adds to the overall complexity of the processes and the device.
In evaporated films the standard bandgap (in the order of 1.15 eV) can be achieved merely by
incorporating sufficient amounts of gallium.

6.3.1.1 Multisource evaporation

Thin films can be grown in a straightforward manner by coevaporating the constituent elements
onto a heated substrate. The stoichiometry (concentration of VI element relative to the metals)
is handled by a group VI overpressure which has to be maintained in the initial stage of cooling
down the substrate. On the other hand, the molecularity (ratio of group I metal versus group
III metal concentration) has to be adjusted by tight control of the metal source temperatures.
Single crystal substrates with a suitable lattice constant and surface termination can be used
and will result in epitaxial growth of the thin film.

The morphology and other properties of the resulting film depend strongly on the molecu-
larity. Copper rich films exhibit larger grains. They are a mixture of chalcopyrite with a close
to ideal composition and Cu-VI binary phases, typically found at the surface after cooling
down the sample. The chalcopyrite grown under these conditions is characterized by lower
defect density and reduced compensational doping in comparison to material grown without
Cu excess (Figure 6.4). These observations suggest that the binary phases play an active role in
the growth mechanism, also with regard to incorporation of the VI element [9]. Films with an
overall molecularity close to unity are often found to be inhomogeneous on a scale of several
μm due to localized segregation of Cu-VI binary phases.
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Figure 6.4 Lateral conductivity of CuGaSe2 thin films. Films grown under Cu rich conditions show
higher effective doping than those grown under Cu poor conditions. The CuxSe segregations were removed
by chemical etching prior to the measurement.
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Figure 6.5 Schematic view of an in-line evaporation system. Substrates are supported by a carrier and
transferred into the evaporation chamber via a load lock. The substrate temperature is raised by an array of
heaters. Before reaching the maximum temperature they pass the copper source and then, after reaching
the maximum temperature, the indium and gallium sources. The substrate carriers are gradually cooled
down prior to leaving the evaporation chamber via the load lock at the right hand side.

Notwithstanding the small grain size, efficiencies in the order of 14 % are readily achieved
with slightly Cu poor Cu(In,Ga)Se2 films prepared by this simple coevaporation approach. On
the other hand, several schemes have been developed to exploit the growth assistance that goes
along with excess copper. In the bilayer approach [10], a Cu rich coarse grained seed film is
grown first. The Cu rate is then diminished so that the Cu excess present in the seed films is
gradually consumed in this second stage, ending up with a slightly Cu deficient film. The idea
here is to combine the superior properties of Cu rich films with the absence of second phases
in Cu poor films. It is clear, however, that the growth mechanism cannot be sustained once the
Cu VI phases have been consumed which may lead to disrupted growth and new nucleation.
The advantage of this approach lies in the fact that it can be translated into an industrial
inline process where the moving substrate passes first the Cu, then the In and Ga sources
(Figure 6.5). Other schemes start from Cu poor films or even films without any copper and add
more copper in a second stage (inverted bilayer). If enough copper is delivered in this stage
the film becomes Cu rich and recrystallizes. In this case a third stage is needed to again reduce
the Cu content and achieve single phase material. This scheme is generally known as the three
stage process [11] and has resulted in the highest efficiency of lab scale devices so far (close to
20 %). In principle, there is again the problem of maintaining the growth mechanism after the
excess copper has been consumed in the third stage. However, the three stage process enables
precise control. The transition points where the film enters and leaves the Cu rich regime are
observable through changes in substrate temperature [12] (or power delivered to the heater to
maintain a constant temperature) which is often used for in situ process control. Monitoring
the intensity of light reflected off axis from the substrate is an alternative method for process
control (laser light scattering [13]). The three stage process results in a certain depth profile
of the Ga/(Ga+In) ratio which is believed to contribute to the excellent performance of cells
prepared from these absorbers (bandgap engineering).

6.3.1.2 Sequential processes

Sequential (two step) processes have been developed as an alternative approach to absorber
formation [14, 15]. Here, a metallic precursor is typically deposited by sputtering. Sputtering
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of pure gallium is problematic due to its low melting point. Copper/gallium alloyed targets are
typically used instead. The chalcopyrite is formed in the second step by exposing the precursor
to a chalcogen containing atmosphere at elevated temperatures (selenisation/sulfurisation). The
method is particularly attractive for production. A process well established in industry is DC
sputtering and off-the-shelf equipment is readily available. It is characterized by good repro-
ducibility and large area uniformity of the thicknesses of the individual films. Consequently,
the important Cu/III ratio can be tightly controlled in this first step. The high temperature,
corrosive environment which is potentially problematic with respect to equipment degradation
over time is limited to the second step. Here, it is less critical because this second step mainly
affects the chalcogen stoichiometry which is to a great extent self adjusting.

The second step can be carried out in a tube furnace or by rapid thermal processing (RTP).
Annealing in a tube furnace (using mixtures of an inert carrier gas and H2S and/or H2Se reac-
tive components) is typically a slow batch type process where several substrates are processed
simultaneously and where the substrate size is somewhat restricted by the maximum available
diameter of the furnace tubes. More recently rapid thermal processing furnaces have been
introduced [16, 17]. In one of the processes selenium is evaporated onto the metal precursor
(stacked elemental layers) before the high temperature annealing whereas sulfur is still intro-
duced as H2S during the RTP. Chalcopyrite formation in the two step process depends largely
on the thermodynamics and phase formation kinetics of the material system. These funda-
mental properties have therefore been investigated in detail in order to be able to optimize the
processes [18, 19].

In addition to producing low gap Cu(In,Ga)(S,Se)2 absorbers, two step processing has also
been found particularly suitable for preparing CuInS2 (Eg = 1.5 eV) [17]. In this case it is
possible to simply place pieces or powder of sulfur next to the substrate in the RTP furnace,
thereby eliminating the need for chalcogen evaporation in a separate process as well as the use
of any toxic gas. Very short annealing periods (a few minutes at top temperature) are achievable
due to the growth assistance by CuxS using Cu rich (Cu/In = 1.2–1.8) precursors. Films grown
under these conditions exhibit high p-type conductivity, therefore the sodium concentration
(see Section 6.3.1.3) is not critical [20]. Blocking layers and sodium precursor films are not
used. As already mentioned, it is also not necessary to incorporate additional elements for
bandgap adjustment.

6.3.1.3 Sodium

Recognizing the important influence of sodium on device performance had been a major
breakthrough in the development. Sodium appears to influence the growth mechanism leading
to superior morphology as well as higher effective p-type doping. In terms of cell perfor-
mance the latter seems to be the more important aspect. The observed increase in open circuit
voltage is quantitatively consistent with the measured increase in net doping in good cells
where recombination in the space charge region is dominant [21]. The fact that an increase
in device performance is also achieved by diffusing sodium into an already prepared film is
also a strong indication that the electronic effects are more significant than the morphology
[22].

Especially in the slower evaporation processes, sodium diffusing from a soda lime glass
substrate through the back contact can yield the required sodium concentration in the absorber
film. If the substrate does not contain sodium, sodium salts (e.g., NaF) can be coevaporated
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or deposited as a precursor film onto the back contact before depositing the absorber. The
latter approach, in combination with a diffusion blocking layer underneath the back contact is
sometimes also used with soda lime substrates to achieve a more accurate control of sodium
concentration, especially in fast sequential processes.

Films prepared with excess copper are characterized by large grains as well as high con-
ductivity and, hence, do not require sodium doping. At the moment, this is technically relevant
only for CuInS2 based modules.

6.3.2 Contacts

6.3.2.1 Diffusion barrier and back contact

Sputtered molybdenum is the most frequently used back contact. The inherent stress in the film
can be adjusted over a wide range through the pressure of the working gas in the sputter process
[23]. Optimized films adhere very well to glass or other substrates and laser or photolithographic
patterning is straightforward. A possible alternative to sputtering is e-gun evaporation which
so far has been used only in laboratory scale preparation but may also have cost advantages in
large scale production.

The actual contact to the chalcopyrite is complex and may involve a Mo–chalcogenide
intermediate layer which forms during absorber preparation. At low temperatures the I (V )
curve often deviates from that of an ideal diode under forward bias. This bend-over of the
curve has been attributed to blocking at the back contact of the cell. However, no voltage drop
across the back contact could be found with appropriate test structures [24]. There are other
models to explain the I (V ) curve bend-over without involvement of a blocking contact [25].
Alternative contact materials for improved optical reflection and novel device configurations
are under investigation (Section 6.6).

As already mentioned, diffusion barriers (silicon oxide, silicon nitride) deposited onto
the glass substrate before the molybdenum are not strictly necessary but can be used for a
more precise control of sodium doping. On the other hand, metal foil substrates often require
additional coatings underneath the molybdenum for blocking of impurities as well as substrate
planarization and isolation [26].

Sputter Chamber Se Evaporation RTP Furnace Load LockLoad Lock

InCuGa HeatersSubstrate

Figure 6.6 Schematic view of an in-line sequential system. Copper and gallium are sputtered from an
alloy target. After sputtering indium, the substrate is transferred to an evaporation chamber and coated
with selenium. The completed stack is annealed in the rapid thermal processing furnace. No substrate
heating is required during metal and selenium deposition.
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6.3.2.2 Buffer

The thin (typically 50 nm) buffer layer is grown from a chemical bath [27]. Typical solutions
contain a Cd salt, thiourea as a sulfur source and ammonia in an aqueous solution. The substrate
is immersed in the cold solution. The solution is then heated to 60–80 ◦C. The thiourea hy-
drolyzes and cadmium and sulfur ions recombine to form CdS. The films grow either directly
at the substrate or nanoparticles are formed in the solution and deposited onto the substrate.
Depending on the deposition conditions, and due to the aqueous environment, the film may
contain significant amounts of oxygen and hydrogen. Chemical bath deposition (CBD) of CdS
is very reproducible and yields good cell performance on any chalcopyrite absorber.

6.3.2.3 Window

The preferred window or TCO (transparent conductive oxide) film consists of ZnO deposited
by sputtering or metal organic chemical vapor deposition (MOCVD). This film needs to have
a high lateral conductivity in modules to avoid ohmic losses. It is therefore highly doped with
aluminium or gallium (sputtered films) or boron (MOCVD). However, depositing a film with
low lateral resistance directly onto the buffer increases the negative influence of local defects
(such as pin holes [28]) and local fluctuation of absorber properties (e.g. the bandgap [29]).
This can be avoided by first depositing a thin (in the order of 100 nm) ZnO film with lower
conductivity, i.e., by sputtering from an undoped target or by adding oxygen to the working
gas.

The window layer contributes significantly to the module cost. Low resistivity is therefore
desirable to minimize the film thickness. In practice, the resistivity of large area ZnO thin films
is in the order of 5 × 10−4 � cm and cannot be significantly improved because higher doping
reduces the electron mobility and causes poor transmission due to free carrier absorption. It has
been argued that the film properties are very close to physical limits [30] and that, in the long
run, ZnO could be replaced by other materials with higher mobility (lower effective electron
mass). Approaches to reduce the cost of ZnO preparation include new methods to fabricate
ceramic targets or to use reactive sputtering from metallic targets.

The ZnO film plays an important role for module stability in accelerated lifetime testing
under damp heat conditions which forms a part of the EN/IEC 61646 certification. The lateral
resistance tends to increase, giving rise to fill factor losses. It is therefore mandatory to optimize
ZnO preparation not only with respect to the as-grown properties but also by taking into account
the degradation in damp heat.

6.3.2.4 Monolithic integration and encapsulation

Manufacturing of modules adds some process steps to the cell preparation outlined above.
The module is divided into cells which are connected in series by monolithic integration. The
connection is made from the molybdenum back contact to the TCO during TCO deposition
(Figure 6.7). A front metallization has been suggested but is normally not applied. The common
scheme requires three patterning steps: an isolation scribe in the molybdenum (P1), scribing the
absorber to create a gap which is later filled by TCO (P2), and an isolation scribe of the complete
cell structure down to the molybdenum (P3). While the preferred tool for P1 patterning is a
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Figure 6.7 Optical microscopy image of a laser scribed line in a molybdenum film on glass. Pulse
frequency of the laser and scribing velocity have been adjusted for optimum overlap of pulses.

pulsed Nd-YAG Laser (Figure 6.8), photolithographic patterning is also possible. After laser
patterning the substrate is again subject to wet cleaning with rotating brushes to remove loose
particles. P2 and P3 patterning are carried out by mechanical scribing. P2 patterning can be
carried out before or after deposition of the undoped ZnO layer, the latter method may give a
better contact.

The interconnection area constitutes a loss in active area and hence photocurrent. In princi-
ple, the scribe lines themselves should be as narrow as possible, the distance between P1, P2 and
P3, respectively, should be minimal, whereas the distance between two interconnection areas
should be maximal. In practice, a certain width of scribe line has to be maintained for sufficient
isolation (P1, P3) and contact resistance (P2). Hence the total width of the interconnection is
in the range of 0.5 to 1 mm. In addition, the allowable distance between interconnection areas
is limited by the lateral resistance of the ZnO film. The distance can be increased when using
a thicker ZnO film. However, a thicker film, apart from being costly, also causes photocurrent
losses due do its reduced transparency. Consequently the typical distance is in the range of 5 to
10 mm which results in an area loss due to interconnections of approximately 10 %. Wide gap
absorbers offer more flexibility in designing the module due to their reduced current density.
Typical photocurrent densities under full illumination are 42 mA/cm2 at a bandgap of 1 eV

Substrate

Mo

CIGSe

CdS/ZnO

ZnO:Al

P1 P2 P3

Figure 6.8 Schematic cross section of the cell interconnect in monolithic integration. This figure shows
the variant where the P2 scribing is carried out after the deposition of the undoped ZnO.
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Figure 6.9 Locally resolved sulfur fluorescence (XES) intensity across an interconnect test structure
before and after accelerated ageing in damp heat (DH). The position of the scribe lines is indicated
(P2, P3) [31].

(CISe) and 22 mA/cm2 at 1.5 eV (CIS), respectively. A computer simulation has been made
available to optimize the module patterning for a given set of film properties [32].

The interconnection appears to play a certain role in module degradation in accelerated
aging tests (damp heat). Locally resolved X-ray emission spectroscopy (XES) scans (Figure
6.9) on specially prepared test structures (larger scribe line distance, reduced ZnO thickness)
results in a preliminary model of contact degradation. Before damp heat, a large sulfur signal
is observed within the P3 scribe line which is due to sulfurisation of the molybdenum surface
(which occurs during absorber formation). A smaller signal is observed within the P2 scribe
due to the signal being attenuated by the ZnO film. This latter signal increases significantly
upon damp heat treatment. The spectra suggest that this is due to the formation of ZnSO4,
i.e., damp heat causes a chemical reaction between MoS2 and ZnO thereby deteriorating the
contact in the P2 scribe line.

Concerning the described standard procedures there is still room for improvement because
patterning unfortunately interrupts the in-line vacuum processing. Patterning is also critical
with respect to the throughput (cycle time).The final glass–glass laminate is produced using
EVA foil and standard laminators as in the silicon technology. Encapsulation is critical for
passing the accelerated aging tests.

6.4 CHARACTERIZATION AND MODELING

In terms of modeling, the chalcopyrite based solar cell is a quite complex device compris-
ing a number of polycrystalline compound semiconductor films and several heterointerfaces.
Nevertheless, tremendous progress has been achieved in measuring, modeling and understand-
ing various aspects of the device. Novel characterization methods specifically adapted to the
problems at hand have been developed and introduced. Examples are Kelvin probe force mi-
croscopy (KPFM) to measure work functions with submicron lateral resolution (Figure 6.10),
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Figure 6.10 KPFM measurement [34] of a mechanically polished cross section of a ZnO:Ga/
(Zn,Mg)O/CIGSSe thin-film heterostructure: a) topography, b) work function measured simultaneously
with topography. Bright colour corresponds to high work function. c) is a plot of height, work function,
and electrical field along the path indicated in a). Reprinted from Thin Solid Films, 481–482, Th. Glatzel,
H. Steigert, S. Sadewasser, R. Klenk, M.Ch. Lux-Steiner, 177 , Copyright (2005) with permission from
Elsevier.

inverse photoemission spectroscopy (IPES) to directly measure conduction band line ups, and
X-ray emission spectroscopy (XES) for the analysis of buried interfaces. In general terms,
quantitatively extracting material and device parameters from a measurement result requires
a model that describes the correlation between the property assessed by the measurement and
the underlying physical parameters. Due to the complexity of compound polycrystalline semi-
conductor films, the models are often an approximation. The extracted parameters have to be
interpreted as effective parameters bound to the specific model. They can be useful for com-
paring different samples quantitatively but can be misleading when used for calculations in a
different context. Numerical modeling has emerged as a useful tool for a better understanding
of the device. It is important because analytical approximations that can be safely made for
other solar cells types are not valid in the chalcopyrite cell. In conclusion, the materials science
of chalcopyrites, and solar cells based on them, is a wide field under active development. Here,
we have to limit the discussion to a few selected topics and the reader is referred to the literature
for more in depth information (the overview given in [33] is a good starting point).

6.4.1 Cell concept

The high optical absorption of the direct semiconductor chalcopyrites makes very thin ab-
sorbers feasible. However, it also means that the incident sunlight is absorbed close to the
surface. Assuming it would be possible to dope chalcopyrites in a well controlled manner it
would still be challenging to reach high efficiency with a homojunction solar cell. Depending
on surface passivation, the major part of carriers generated between the surface and the pn
junction would be lost due to surface recombination. This problem is avoided by introducing
the window/absorber heterojunction concept. Due to the wide bandgap of the window, the
absorption is shifted away from the surface to the internal interface. Even assuming no surface
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passivation and a very high surface recombination velocity, the losses are nevertheless small
because only an insignificant part of the light is absorbed in the window.

On the other hand, the internal heterointerface might itself cause recombination, leading
not only to photocurrent loss but also to high bucking currents and consequently low open
circuit voltage. But calculations show that interface recombination does not necessarily have a
significant impact on cell performance [35]. The severity of interface recombination depends
on:

� The density of recombination centers at the interface.� The doping of absorber and window.� The type and density of charged interface states.� The conduction band line-up.

A low density of interface states is always advantageous but may in practice be difficult to
achieve because the large area technology cannot be compared to the ultra clean environment
required for defect free epitaxial growth. The other, more feasible approach to lowering re-
combination lies in minimizing the density of either electrons or holes at the interface, which
requires appropriate doping, band line-up and interface charge. In terms of bucking current
(open circuit voltage) minimizing the density of either type of carrier yields comparable results.
Considering the photogenerated carriers it is, however, mandatory that the electrons collected
from the absorber are majority carriers at the interface (inverted interface). In conclusion, the
structure should be an n+ window/p absorber heterojunction where the Fermi level (EF) at the
interface is close to the conduction band and where the Fermi level intersects midgap energy
at a small distance from the interface in the absorber. The interface charge should be positive
(donor like defects) to assist in establishing this structure. Likewise, the energetic position
of the absorber conduction band edge (EC) should be slightly lower than that of the window
(spike) because the opposite situation (cliff) tends to push the absorber conduction band away
from the Fermi level. Furthermore, in the cliff type band line-up electrons from the window side
of the interface could recombine with holes from the absorber side which leads to a reduced
barrier.

In the actual chalcopyrite cell these design considerations must be implemented by the buffer
layer and its preparation technique. Measurements of the band line-up and Fermi level position
at the interface (see [37] for a review of chalcopyrite surface and interface properties) are not
straightforward and the results show significant variations [38–41]. The band diagram shown
in Figure 6.11 is believed to be a reasonable approximation and shows the type inversion of the
interface as required according to the above considerations. There are theories and supporting
measurements that indicate an inherent widening of the absorber bandgap towards the surface
[39, 42, 43]. It has been speculated that this effect is due to the segregation of distinct Cu
poor ordered vacancy compound (OVC) but there is no conclusive evidence concerning the
actual structure. If this widening is mainly due to a shift of the valence band edge (as shown
in Figure 6.11) this also decreases the hole density at the interface and lowers the interface
recombination even further. Obviously, this is only helpful for device performance when the
transition from bulk chalcopyrite to surface bandgap widening occurs without introducing a
high defect density. However, lattice matching between the bulk and surface phases may be
absent in wide gap chalcopyrites [44].
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Figure 6.11 Tentative calculated [36] band diagram of a ZnO/CdS/Cu(In,Ga)Se2 heterojunction as-
suming a widening of the bandgap at the absorber surface due to an ordered vacancy compound (OVC).

6.4.2 Carrier density and transport

Without deliberate doping, the majority carrier (hole) density in chalcopyrite thin films is
usually in the range of 1014 −1017 cm−3 and well suited for the application. Oxygen and
sodium are the most common impurities known to influence the carrier density. The density
of donors is found to be almost comparable to the acceptor density (compensation, self-
compensation [45]). The effective mobility in polycrystalline films at room temperature is in
the range 1–100 cm2/Vs. A complete set of temperature dependent conductivity and Hall effect
data including polycrystalline as well as single crystal samples is only available for a certain
(prepared with Cu excess) type of CuGaSe2. They are summarized and discussed in [46].

Charge trapped at grain boundaries gives rise to space charge regions extending into the
grains. The resulting band bending leads to potential barriers. Hall effect measurements suggest
barriers in the order of 50 to 150 meV which can be explained by a charge density in the order
of 1012 cm−2 at the CGSe grain boundary [47]. Kelvin probe force microscopy in ultra high
vacuum is a relatively new characterization tool well suited to further clarify the grain boundary
models. The high lateral resolution of the microscope allows work function measurements
across individual grain boundaries. An average drop in the work function of 110 meV across
grain boundaries has been measured in good agreement with the Hall data [48]. The electrical
fields in the vicinity of grain boundaries would sweep minority carriers into the grain boundary.
However, excessive grain boundary recombination is in contradiction to the high photocurrents
which are observed even in fine grained films. Alternative models of the grain boundary have
been proposed, based on band structure calculations [49]. A comparison of the impact of either
type of grain boundary upon device performance has been performed by two-dimensional
numerical calculations [50]. Kelvin probe force microscopy results on the differences in the
local variation of the work function with illumination (surface photovoltage) suggest that both
aspects, i.e., trapped charge as well as the band structure, play a role in defining the grain
boundary properties [51].
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There are a number of studies concerning time constants and pathways for radiative re-
combination as deduced from steady state photoluminescence and photoluminescence decay.
Radiative recombination appears to be dominant in good quality polycrystalline films at low
(8.5 K) temperature [52]. Free carrier lifetimes in the order of some nanoseconds have been
measured. Defect related lifetimes were significantly higher, presumably due to trapping of
carriers. Recent photoluminescence investigations [53] reveal a shallow donor (D) and two
shallow acceptor levels (A1, A2) which are present throughout the Cu(In, Ga)Se2 compounds.
The levels are found at slightly increasing depth when going from CuInSe2 (D = 10 meV, A1 =
40 meV, A2 = 60 meV) to CuGaSe2. (D = 13 meV, A1 = 60 meV, A2 = 100 meV). The relative
concentration of the acceptor level is correlated with Cu/(In+Ga) ratio used during preparation
of the film. For CuGaSe2, the same set of shallow defects can explain the photoluminescence
as well as the Hall measurement data [54]. It may be tempting to assign these levels to the
point defects of a ternary system whose formation energies and depth has been theoretically
calculated [55] , but the assignment remains uncertain in view of more complex defects and
impurities which might also play a dominant role.

At room temperature the photoluminescence decays with a time constant of several tens
of nanoseconds due to nonradiative recombination. The majority of measurements described
in the literature and concerning minority carrier transport is assessing the minority carrier
diffusion length. The latter can be extracted from electron beam induced current (EBIC) [56]
and quantum efficiency measurements [57]. Typical values are in the range of 1–2 μm for
good quality films. This implies that the diffusion length and the extension of the space charge
region are comparable, which can cause problems in extracting both parameters from a single
measurement. The ambiguity can sometimes be resolved by measuring at varied applied bias
voltages and using an analytical approximation to calculate the field zone as a function of bias
[58].

6.4.3 Loss mechanisms

Depending on absorber material and bandgap, record efficiencies for chalcopyrite based so-
lar cells are in the range of 10 to almost 20 %. Optical [59] and contact related losses are
small, at least in small area cells with front contact grids. They need to be considered for
modules (without grids [4, 60]) and thin absorbers [57]. In general, close to ideal photocur-
rent collection is achievable whereas open circuit voltage and fill factor offer room for future
improvement. Figure 6.12 shows the external quantum efficiency of a Cu(In,Ga)S2 (Eg ≈
1.53 eV) solar cell [61] which is close to unity at the maximum with a single layer antire-
flective coating. The curve is limited by the ZnO and absorber bandgaps at low and high
wavelengths, respectively. Holes generated in the CdS buffer layer are not collected which
leads to a drop in quantum efficiency for photon energies higher than the bandgap of CdS
(the interfaces on both sides are not inverted with respect to the n type CdS which leads to
a high recombination probability for holes, nevertheless, partial collection has been reported
[62]).

The bucking current is responsible for losses in open circuit voltage. It also leads to losses in
fill factor because the diode ideality factor A is higher than unity. In high efficiency CIGSe cells
the bucking current is due to bulk recombination in the space charge region of the absorber. The
diode ideality factor (between one and two) and its temperature dependence are in agreement
with analytical models describing recombination over an exponentially decaying density of
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Figure 6.12 External quantum efficiency of a MgF2/ZnO/CdS/Cu(In,Ga)S2 solar cell. The blue response
is limited by the bandgaps of ZnO and CdS, respectively. The red response is limited by the bandgap of
the absorber.

states [63, 64]. Such a defect distribution could be due to band tails and is also observed in
optical and admittance spectroscopy [65, 66]. Typical Urbach energies are in the range of 50
to 100 meV.

In addition to the broad defect distribution there also seems to be a narrow defect dis-
tribution at 250–300 meV above the valence band [67]. It has been found by several meth-
ods and in samples prepared by various methods, including single crystals [25]. This de-
fect maintains its energetic position relative to the valence band within the whole CIGSe
system (for varied Ga/(Ga+In) ratios). However, its concentration seems to correlate with
the gallium content, with a minimum concentration found at Ga/(Ga+In) ≈ 0.3. Losses in
open circuit voltage were found to correlate with the concentration of this defect which sug-
gests its significance as a recombination path [68]. Its concentration is found to increase
upon radiation with energetic particles and to decrease with subsequent annealing at mod-
erate temperatures [69]. Other authors have identified a deeper defect at 0.8 eV above the
valence band edge [70]. This defect is approaching mid-gap position at high gallium con-
tents and can thus be expected to be an effective recombination center in wide gap CIGSe
absorbers.

The saturation current in state-of-the-art low gap cells is mostly thermally activated and
the activation energy corresponds to the bandgap of the absorber. The diode ideality factor is
only mildly temperature dependent. Measurement of the open circuit voltage is as a function
of temperature and extrapolation yield: Voc(T = 0 K) = Eg/q. Cells with inferior efficiency
show a stronger influence of tunneling. Depending on sample and temperature, higher and
more temperature dependent diode ideality factors are observed. If the tunneling influence
is not too severe, the bucking current mechanism can be described by tunneling assisted
recombination via trap states in the space charge region of the absorber [71]. In this case, the
activation energy of the saturation current still corresponds to the bandgap after taking into
account the temperature dependent diode ideality. Due to a common mistake in the evaluation
of measurement results [72] this model may have also been applied to devices where the
influence of tunneling is in fact much stronger.
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Cells based on wide gap Cu(In,Ga)S2 absorbers exhibit open circuit voltages which are
lower than expected, considering the bandgap and the good bulk properties deduced from
photocurrent collection. Transport analysis [73] reveals that the dominant bucking current
mechanism changes with illumination. The ideal border cases are recombination over a re-
duced barrier at the interface without major assistance by tunneling (under illumination)
and recombination in the space charge region with significant tunnelling assistance (dark).
While this change of recombination mechanism with illumination is a unique feature of
Cu(Ga,In)S2 based cells [74], reduced thermal barrier and tunneling currents appear to be
more general problems and are also observed in wide gap C(I)GSe based solar cells [75,
76]. The achieved development status is illustrated by the exemplary efficiencies listed in
Table 6.1.

The findings for the high efficiency cells described so far indicate that a further improvement
of efficiency beyond 20 % ought to be feasible by minimizing the bulk defect density. However,
it has also been argued that empirical device optimization has already led to an optimum
with respect to band edge fluctuations [77, 78]. Such fluctuations (which are also observed
in photoluminescence) may assist in charge separation, i.e. photocurrent collection, but are
detrimental in terms of bucking current. On the other hand, even if the efficiency of low gap
single junction cells is approaching practical limits, wide gap and tandem cells offer a large
potential for ultra high efficiency (Section 6.6.7).

Table 6.1 Efficiency of selected small area, laboratory style chalcopyrite based solar cells (partly with
antireflective coating)

Lab [Ref] Substrate Absorber Buffer Efficiency Remarks

NREL [79] CISe 15 % Eg = 1.04 eV
NREL [80] CIGSe 19.5 % Eg = 1.15 eV
NREL [79] CIGSe 10.2 % Eg = 1.64 eV
NREL [79] glass CGSe CdS 9.5 % Eg = 1.68 eV
HMI [17] CIS 11.4 % Eg = 1.5 eV
HMI [61] CIGS 12.3 % Eg = 1.53 eV
HMI [61] CIGS 10.1 % Eg = 1.65 eV
NREL [81] steel 17.5 % flexible
HMI [82] titanium CIGSe CdS 16.2 % flexible
ETHZ [83] polyimide 14.1 % flexible
NREL/Aoyama

Gakuin Univ. [84]
glass CIGSe Zn(S,O,OH) 18.6 % Cd freea buffer by CBD

Shell Solar/HMI [85] CIGSSe In2S3 14.7 % Cd free buffer by ILGAR
Shell Solar/HMI [86] CIGSSe (Zn,Mg)O 12.5 % Cd free buffer by

sputtering (dry process)
ZSW/CNRS [87] CIGSe In2S3 16.4 % Cd-free buffer by

ALCVD (dry process)
Stuttgart Univ. [88] CIGSe InxS 14.8 % Cd-free buffer by

evaporation (dry
process)

a see [89] for a more complete list of Cd free devices.
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Figure 6.13 Partial view of the pilot production line for CIS modules (substrate size 120 × 60 cm2)
at Sulfurcell in Berlin, Germany. Sulfurcell uses the process sequence shown in Figure 6.3. Reproduced
with the permission of Dr. Nikolaus Meyer, Hahn-Meitner-Institut Berlin GmbH.

6.5 SCALING UP AND PRODUCTION

Efficient chalcopyrite based photovoltaic modules were demonstrated years ago [90]. Despite
this early proof-of-concept, the status has been limited to pilot lines (Figures 6.13 and 6.14),
or announcements of such, for a long time. Consequently, chalcopyrites do still not play a
significant role in the marketplace. Nevertheless, industrial laboratories have always had a
major impact on development and an increasing number of companies world wide is involved
in the development of commercial products for the power market as well as niche applications.
The first commercial products, announced by Siemens Solar Industries in 1998, were small

Figure 6.14 Large area in-line sputter coater (Von Ardenne Anlagentechnik, Dresden, Germany) for
the deposition of molybdenum and zinc oxide at the Wuerth Solar pilot line in Marbach, Germany.
Reproduced with the permission of Von Ardenne Anlagebtechnick GmbH.
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modules with 5 and 10 W rated output power manufactured on a pilot line in Camarillo, CA.
The biggest producers today are Shell Solar and Wuerth Solar. Shell Solar is now operating the
production line in Camarillo which has been upgraded with respect to production capacity and
product size. The largest Shell Solar modules are rated at 40 W, the Wuerth Solar modules go
up to 80 W due to their larger panel size (60 × 120 cm2). Both, Shell Solar and Wuerth Solar
have also published yield data and efficiency distribution of their (pilot) production which
clearly demonstrate the feasibility of mass production of chalcopyrite based modules. Wuerth
Solar has announced a new factory with a rated production volume of 15 MWp/a from 2007
onwards [91].

Nevertheless, the transition from laboratory to large scale manufacturing has, in general,
been more difficult than expected. According to [92] the main obstacles have been:

� Commercial scale equipment.� Quality control and in situ monitoring.� Uniformity.� Low open circuit voltage.� Throughput.� Stability.

For some process steps the machines for large area deposition had to be custom designed
based on experience with lab scale equipment which is an expensive and error prone pro-
cess. With the increasing number of installations the equipment manufacturers are gaining
experience in manufacturing these systems. The rapid commercialization of other thin film
technologies provides synergy effects. Glass companies experienced in very large area thin
film coating of glass (low emission coating) are using this experience to offer glass substrates
already coated with diffusion blocker and molybdenum. Transparent conductive oxide sput-
tering machines (Figure 6.14) can be derived from those sold for preparation of TCO coatings
for flat panel liquid crystal and organic displays. Equipment manufacturers are now actively
participating in the establishment of pilot production lines and it is to be expected that turn-key
production facilities with process and product specification will be available in the not too
distant future.

Criteria for go/no go classification after each individual process step and methods for quality
control by in situ monitoring had been neglected for a long time in basic research. However,
significant progress has been made in recent years as more research laboratories have also
become involved in scaling up activities. Examples include Raman spectroscopy [93] and
photoluminescence decay [94] to assess the absorber quality, and X-ray fluorescence [95]
for in system stoichiometry measurements. Laser light scattering and substrate temperature
monitoring have already been described in Section 6.3.1.

Uniformity or low open circuit voltage appear to be no longer a general problem as indicated
by the module efficiencies that have been achieved in practice (Table 6.2).

Throughput in sequential processes has been improved by the development of the rapid
thermal annealing processes. For evaporation technology a feasible approach appears to be to
scale up the sources for increased width of deposition. Further throughput improvements are
desirable for large scale production. Minimizing the required thickness of individual layers
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Table 6.2 Efficiency of selected minimodules and full size modules

Company or Institute Size Efficiency Remarks

Hahn-Meitner-Institut [17] 5 × 5 cm2 9.7 % Se free CIS
Uppsala University [4] 5 × 5 cm2 16.6 % With grid
Showa Shell [5] 30 × 30 cm2 14.2 % Cd free
Shell Solar [6] 60 × 90 cm2 13.1 %
Global Solar Energy [108] 7085 cm2 10.1 % Not monolithically interconnected,

cells on metal foil
Wuerth Solar [7] 60 × 120 cm2 12.2 %

[96], alternative methods for patterning, eliminating the buffer layer from the module structure
[86], and high rate reactive TCO sputtering carry potential for such improvement.

Outdoor testing of modules has generally demonstrated excellent stability [98, 99]. Owing
to the increasing production volume there is a growing number of installations (Figure 6.15)
where the actual performance [100] and long term stability can be assessed (Figure 6.16:).
Accelerated lifetime testing, especially the damp heat testing procedure which forms a part
of the EN/IEC 61646 certification, has, however, been cumbersome [101, 102]. Partly, this
is due to transient effects which occur during stress tests. These can lead to an apparent
degradation, however, the efficiency recovers after several days of light soaking. The exact

Figure 6.15 Solar Tower, Training and Technology Center Handwerkskammer Heilbronn, Germany.
Wuerth Solar frameless CIS Façade modules with a total nominal power of 8 kWp (STC) were installed
in April 2001. The installation comprises 120 modules with the dimensions 60 cm by 120 cm and 40
modules with the dimensions 40 cm by 60 cm. Reproduced with permission of Wurth Solar GmbH &
Co.KG.
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Figure 6.16 Results of long term outdoors measurements of CIGSSe based module prototypes. Modules
installed at the National Renewable Energy Lab (NREL) outdoor test facility (OTF) in Golden, Colorado
[97]. Reproduced with permission of Shell Solar Industries.

causes for degradation are still under investigation but empirical optimization has already
achieved modules which have been independently certified [6, 99].

In conclusion, technical problems have been overcome to a large extent. On the other
hand, they still contribute to the financial risk. As long as specialized deposition equipment
is produced only in small numbers and turn-key facilities are not available, the technology
development has to be taken step by step. This implies a considerable lead time before the
production volumes are high enough to achieve competitive production costs in relation to
the conventional silicon modules produced in large scale facilities. Innovative niche market
products which exploit inherent features of chalcopyrite thin film devices not readily available
with silicon can be sold at higher prices. While they can offer a faster return on investment
for smaller (start up) companies, the true medium and long term benefit, as acknowledged
by independent studies, lies in the cost reduction potential exploitable only through mass
production for the power market.

6.5.1 Cost estimations

An early cost study [103] predicted that chalcoypyrite based modules could be manufactured
at 0.6 € /Wp in a plant with 60 MWp annual capacity whereas even the most cost effective
multicrystalline silicon based technology would require a 500 MWp/a factory to achieve sim-
ilar costs [104, 105]. Another study [106] comparing the direct module manufacturing costs
of single and multicrystalline silicon as well as amorphous silicon, CdTe, and chalcopyrites
estimated the cost to be 2.25 $/Wp for a 10 MWp/a chalcopyrite production line. This was
lower than the cost for all other technologies, except for multicrystalline silicon estimated at
2.10 $/Wp. The estimation was based on the assumption of 9 % average module efficiency and
65 % production yield for the chalcopyrite modules, numbers that are clearly more favourable in
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today’s pilot production. It was estimated that a 100 MWp/a production capacity at improved
average efficiency and yield could result in costs of 1 $/Wp, 15 % lower than that of mul-
ticrystalline silicon. In general, the study was based on a first generation baseline process and
additional cost benefits are expected from current technology updates. A more recent estima-
tion for CuInS2 modules [107] already claims manufacturing costs of 1.5 €/Wp for a small
production line (5 MWp/a).

6.5.2 Module performance

It has been pointed out already that chalcopyrite cells offer a very high efficiency potential.
Monolithic integration and large area nonuniformity cause only small losses, therefore high
efficiencies could also be demonstrated for test structures (minimodules) and even full size
modules (Table 6.2).

Considering mass production, the distribution of efficiencies (or power output for a given
module size) is much more relevant than the record efficiency of a single module. Wuerth Solar
reports [99] an output of 79.9 ± 2.2 Wp for a batch of 306 modules (60 × 120 cm2) indicating
that a very narrow distribution curve is feasible. In 2004 their production yield was more
than 80 % with an average module efficiency slightly higher than 11 % [109]. In 2002 Shell
Solar reported [110] an average efficiency of 10.9 % for nearly 16 000 laminates produced in
Camarillo (Figure 6.17).

Considering the application the rated power output is an important point. However, the
module has to perform well not only at the standard testing conditions applied for measur-
ing the rated power but also at conditions typically encountered in operation, such as lower
illumination intensity, varying spectral distribution, partial shading and elevated temperatures
(performance ratio). Chalcopyrite modules have shown high power output under these con-
ditions. The typical interconnection scheme with a large number of narrow cells reduces the

Figure 6.17 Distribution of 1 × 4 laminates produced in by Shell Solar in 2002. Data includes some
15 785 laminates. Gaussian fit has an average of 10.9 ± 0.6 %. Shown for comparison are the lower
specification limits for the product family [110]. Reproduced with permission of Shell Solar Industries.
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impact of partial shading. Shunts have been reduced resulting in better performance at low
illumination intensity. Higher absorber bandgaps limit the losses with increasing module tem-
perature [100]. Consequently, it has been observed that chalcopyrite modules can outperform
silicon modules in terms of the annual energy output on a kWh/kWp basis [99, 109, 111].

6.5.3 Sustainability

Sustainability has many aspects and while not all relevant issues are completely clarified at
this point the available data are quite promising (see below). Due to the high efficiency and
performance ratio, the long lifetime, the low material consumption, and low thermal budget
a chalcopyrite module will have a favourable energy balance. There are a number of research
efforts [112] addressing specifically the sustainability of mass production. Like any large scale
deployment, mass production of chalcopyrite PV modules will result in production related
waste materials, energy consumption, and raw material depletion. Recycling of waste and
modules at the end of their lifetime is mandatory for a sustainable technology. In addition, the
producer may at some time be legally required to take back modules as is the case already for
electronic products in Europe [113].

6.5.3.1 Availability of raw materials and recycling

Thin film technologies make very efficient use of raw materials. While 0.5–1 kg/m2 of semi-
conductor grade silicon are required for a conventional module, the material consumption per
square meter for the active films of a CISe module is given as: 7–20 g molybdenum, 1.5–4 g
copper, 3–9 g indium, 7–20 g selenium, and 1–3 g zinc (depending on the exact module struc-
ture and yield [114]). This implies that the total material input is comparable to the material
used for just the grid metallization of silicon modules.

Nevertheless, it has been argued that indium is a bottleneck concerning the abundance of
raw materials. In 2003 it was used mainly for coatings (65 %), solders and alloys (15 %), and
electrical components (10 %) [115]. Indium based coatings are used in the production of flat
panel displays where indium tin oxide (ITO) is used as a transparent contact. The annual world
production of indium, mainly from zinc ores, is in the order of 300 tons, which translates into
chalcopyrite modules with approximately 15 GWp/a in total. On the other hand, indium is
about three times more abundant in the Earth’s crust than silver, the latter having an annual
production of 20 000 tons and a reserve base of 570 000 tons [115]. These numbers imply that
the availability of indium is not likely to be an ultimate limiting factor. Moreover, it has already
been shown that even thinner active films in a chalcopyrite module are feasible [116]. The flat
panel industry may replace ITO by the cheaper ZnO in future and indium recycling will, in
addition, contribute to higher availability and lower market prices. Indium free absorbers are
under development (see Section 6.6.3). Within the last three decades the prices for indium
have been varying over a wide range from below 100 $/Kg to more than 500 $/Kg. However,
even the latter price would imply that indium is responsible for only approximately 2 % of the
module manufacturing costs.

Waste from the dry processes consists of material that is deposited onto chamber walls,
shutters, substrate carriers etc. Recycling should be possible, but the amounts are probably too
low to make it attractive unless mass production has started. Sputter targets would presumably
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be returned to the manufacturer to reclaim the remaining raw materials. Research has put more
emphasis on recycling the waste generated by wet chemical buffer layer deposition [117, 118].
This could be partly done directly at the production site by removing reaction products from
the solution then readjusting the concentrations and feeding the solution back to the process.

A complete process sequence for disassembling and recycling of off spec modules and
semiproducts has been tested successfully and could also be used for end-of-life modules
[119]. The module is heated to 250 ◦C which softens the EVA encapsulation and allows a
mechanical removal of the cover glass. Window and buffer layers are etched away by a mild
acidic solution. The chalcopyrite film is scraped from the back contact and finally the latter
is dissolved in nitric acid. The test confirms the feasibility of disassembling the module layer
by layer which results in low cross contamination. It has been suggested that these relatively
clean materials, such as the chalcopyrite powder, could be used directly in adapted preparation
processes. It has already been shown that the substrate glass can simply be reused for new
modules.

6.5.3.2 Energy payback time

A comparative study on energy payback times has been assisted by the only company that
produces silicon as well as chalcopyrite modules [120]. It was concluded that the EPBT for
the chalcopyrite module is 1.8 years as compared to 3.3 years for the silicon module. It should
be noted that the aluminium frame is responsible for a large fraction of the materials energy
content of the chalcopyrite module. The study was also based on first generation chalcopyrite
technology and significantly lower EPBT should be feasible.

6.6 DEVELOPING FUTURE CHALCOPYRITE TECHNOLOGY

The chalcopyrite module is still under active international development. Progress in fundamen-
tal understanding and preparation technology will result in significant improvements in market
potential, module performance, sustainability, and minimized ecological impact of large scale
production of next generation modules. We will highlight areas of ongoing development in the
following paragraphs.

6.6.1 Lightweight and flexible substrates

Transferring the technology of chalcopyrite based solar cells from rigid glass substrates to
flexible, low-mass substrates [26] opens new market segments. Furthermore, flexible substrates
are a requirement for roll-to-roll processing which could lower production costs [108]. Such
substrates can be plastic or metal foils (Figure 6.18). When combined with foil substrates,
the low mass, excellent radiation hardness, and relatively high (compared to other thin film
technologies) efficiency make chalcopyrite based technology the leading candidate for thin
film cells for space applications [121].

Available plastic foils do not tolerate the high substrate temperatures ordinarily used for
chalcopyrite preparation. Common problems at high temperatures are shrinkage, warping,
outgassing, and loss of flexibility. Lowering the substrate temperature is possible, but the
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Figure 6.18 Prototype of a flexible CIGSe solar cell for space applications on a thin titanium substrate
[121].

efficiencies that can be achieved are, in consequence, somewhat lower. The best results, still
below 15 % efficiency, are achieved on polyimide foils [83]. On the other hand, the conductivity
of metal foils raises new challenges with respect to pin hole free processing and monolithic
integration. Some metals also tend to diffuse into the absorber and cause deterioration of
its properties. Isolating and/or diffusion blocking layers are under development to circumvent
these problems. In another approach monolithic integration is abandoned altogether. Individual
medium sized cells are fabricated and interconnected using a shingling scheme.

Sodium doping is mandatory with any foil substrate and can be carried our through a
precursor film, coevaporation or even diffusion after film preparation.

6.6.2 Cadmium free cells

The CdS buffer layer is very thin and contamination of the environment from modules is very
unlikely even in extreme conditions. Nevertheless, cadmium is a hazardous material and its
elimination from the module may increase the general acceptance of the product and reduce
production costs (by avoiding costly safety measures). According to European Union directives
[122] several heavy metals (including cadmium) must be not be contained in new electrical and
electronic equipment after July 2006. While photovoltaic modules do not currently fall under
these regulations [113] they illustrate the general effort to reduce the amount of cadmium in
circulation. Owing to the intensive work on cadmium free buffer layers there is a variety of
possible alternatives. We will introduce a small selection in this chapter. More information can
be found in a recent review article [89].

6.6.2.1 Wet chemical processes

Chemical bath deposition is not restricted to the deposition of CdS. The most common re-
placements are indium or zinc based sulfides, oxides, hydroxides, or mixtures thereof. The



OTE/SPH OTE/SPH
JWBK098-06 JWBK098-Poortmans July 12, 2006 16:51 Char Count= 0

262 THIN FILM SOLAR CELLS

achievable efficiency is very close to that of the standard device [84]. However, the deposition
parameters appear to be more critical and need to be adapted to the specific absorber. Accord-
ingly, it can be challenging to achieve a high reproducibility of cell performance. Cadmium
free cells are often found to exhibit metastability effects, e.g., significant improvement with
light soaking [123]. It is not yet fully clear how far the long term stability of the cell is also
affected by the modified buffer layer. Only one of the current pilot production efforts is known
to use a zinc based buffer layer (Table 6.2).

Novel chemical deposition methods such as ILGAR (ion layer gas reaction) have been
developed and have been applied successfully mostly to those Cd free alternative buffer layers
[124]. There are indications that ZnO deposited by ILGAR can combine the functions of the
buffer and the (normally sputtered) undoped part of the window layer [125].

6.6.2.2 Dry processes

Wet chemical deposition is often believed to be significantly cheaper than other deposition
methods. However, in a typical processing sequence, buffer layer deposition is the only wet
chemical process, which implies that the whole infrastructure has to be implemented for just
this single process step. In addition, it prevents true in-line processing. While this is currently
not a big issue because the deposition systems are typically not connected and scribing is also
carried out in atmosphere, it may be a drawback in view of future large volume production.
Dry processes are therefore under investigation. The most successful approaches have been
MOCVD [126] and ALCVD (atomic layer chemical vapor deposition [127]). The former has
so far produced only small samples, albeit with good efficiency, whereas the latter has been
shown to work at least on medium sized substrates (30 × 30 cm2). Atomic layer chemical
vapor deposition is, however, an inherently slow process and therefore only cost-effective if
carried out in systems that can accommodate a large number of substrates simultaneously, in
contradiction to the requirements for an in-line capable process.

Buffer layers can also be evaporated which appears particularly attractive if the absorber is
also prepared by evaporation [128]. Efficiencies of almost 15 % can be achieved provided the
buffer layer is evaporated insitu, i.e., without breaking vacuum after the absorber deposition
[88].

Evaporation, MOCVD, and ALCVD, in analogy to CBD, are ‘soft’ deposition methods and
there have been assumptions that this is a major advantage. On the other hand, sputtering of a
Cd free buffer layer, if feasible, is clearly a technically very attractive solution. Sputtering is,
however, not a soft method and it has been speculated that one of the main functions of the buffer
layer consists of protecting the absorber surface from sputter damage during window layer
deposition. This assumption is supported by the typically poor device performance observed
when simply omitting the buffer layer and sputtering the TCO directly onto the absorber. It
was shown, however, that a chemical treatment (partial electrolyte) is, in principle, sufficient
to stabilize the absorber surface for window layer sputtering [129]. Only a very thin film is
deposited under the conditions of this chemical treatment, which would not be sufficient to
prevent sputter damage. More recently it has been shown that an efficiency of more than 12 %
can be achieved by a sputtered InxS buffer layer without chemical treatment [130].

A different novel approach to heterojunction formation originates from the question whether
the window layer can be modified in such a way that a buffer layer is no longer necessary. Based
on the assumption that the band line up at the chalcopyrite/TCO direct junction is causing the
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poor performance, experiments have been carried out using (Zn,Mg)O rather than pure ZnO in
the first part of the TCO double layer stack for improved band alignment. Kelvin probe force
microscopy measurements of the work function of solar cell cross sections support this model
[34]. In terms of cell efficiency (12.5 %), the proof-of-concept could be achieved [131], but
further development is necessary to demonstrate long term stability and reproducibility in pilot
production. It has been shown that the alloy can be deposited by sputtering from a single mixed
target and that its conductivity is comparable to the standard undoped ZnO. Hence, sputtering
of (Zn,Mg)O is a simple drop-in replacement and can be integrated easily into existing pilot
lines to prepare standard (with CBD buffer) modules and to investigate modules without buffer
layers in the same setup.

6.6.3 Indium free absorbers

It is sometimes argued that the lack of abundancy of indium may be limiting the long term per-
spectives of chalcopyrite based photovoltaics (see Section 6.5.3.1). This has triggered research
on In-free absorbers. Compounds such as Cu2ZnSn(S,Se)4 crystallize in the kesterite structure
which can be derived from the chalcopyrite structure by replacing half of the In atoms by Zn
and the other half by Sn atoms. It has been shown that the synthesis of crystals and thin films
can be carried out using methods well known from chalcopyrite preparation [132, 133]. Also,
heterojunction solar cells can be prepared using the established contact layers (molybdenum
back contact, CdS buffer etc.). On the other hand, secondary phases are more problematic in
this quarternary system as compared to ternary chalcopyrite. Cell efficiencies achieved so far
are in the range of 5 % [134] and indicate that research efforts would have to be stepped up
significantly to make kesterites a feasible alternative to chalcopyrite absorbers.

6.6.4 Novel back contacts

Molybdenum appears to be an almost ideal contact material at least for current typical cell
structures and preparation methods. Corrosion of molybdenum [135] is one of the few known
issues and has been reported to contribute to module degradation in accelerated lifetime testing.
It is conceivable that the stability could be improved by using molybdenum based alloys instead
of pure molybdenum. Another disadvantage of molybdenum is its poor optical reflection which
may become relevant in view of efforts to reduce the absorber thickness. The choice of other
metals is limited due to their instability under typical absorber deposition conditions. Tungsten
seems to yield a good ohmic contact but its optical properties in this respect are poor. Tantalum
and niobium have slightly higher reflections and preliminary studies [136] indicate that they
may be feasible in terms of contact performance. Transparent conductive oxide coated metal
contacts may be an alternative solution to achieve stability, and good electrical as well as
optical performance for thin cells. Ohmic TCO/chalcopyrite contacts are also required for
novel structures such as bifacial and (semi) transparent cells (see below).

6.6.5 Bifacial cells and superstrate cells

In a variant of the cell structure the nontransparent rear metal contact is replaced by a TCO film
[137]. Such a bifacial cell (Figure 6.19) has advantages in certain applications. At the current



OTE/SPH OTE/SPH
JWBK098-06 JWBK098-Poortmans July 12, 2006 16:51 Char Count= 0

264 THIN FILM SOLAR CELLS

Substrate Superstrate Bi-facial

TCO Chalcopyrite Glass

Blocking Contact

Ohmic Contact
Metal

Figure 6.19 Schematic cross sectional views of chalcopyrite solar cell configurations.

development state the efficiency for illumination through the back contact is significantly lower
because the carriers are generated outside the field zone in proximity to the poorly passivated
contact (poor blue response). Further optimization of absorber thickness, diffusion length, and
contact passivation appears to be feasible.

In the conventional module structure the nontransparent back contact is deposited onto
the glass substrate. The module is illuminated through the encapsulation material which has
to be transparent (usually a second sheet of glass). It is, in principle, possible to reverse the
cell structure by starting with the deposition of the transparent contact (Superstrate configura-
tion, Figure 6.19). In this case the TCO/(buffer)/chalcopyrite interface needs to be a blocking
junction. The light enters the cell through the superstrate which has the advantage that the
module can be encapsulated with nontransparent material of lower mass and lower cost. The
efficiency in this structure is reduced due to junction degradation during the high temperature
absorber preparation and/or inferior quality of the absorber deposited at lower temperatures.
The proof-of-concept is limited to small area cells [138–140].

Heterojunctions can also be prepared on TiO2 films [141]. This material can be grown so
that it is nanostructured (porous) and is better known from its application in dye sensitized
cells. Filling the pores of TiO2 with a chalcopyrite semiconductor has been proposed as a
realization of the ETA (extremely thin absorber) concept [142]. The recombination velocity
at the TiO2/chalcopyrite interface must be kept low in view of the very large interface area in
this structure. It has been found that blocking or buffer layers are useful in achieving better
interface properties [143, 144].

6.6.6 Nonvacuum processing

Nonvacuum processing is being investigated because it may reduce the up front investment
required to implement a certain process step. This lowers the initial barrier and financial risk
but does not necessarily imply lower overall production costs. The running costs may be
actually be higher due to the mix of vacuum and nonvacuum equipment and corresponding



OTE/SPH OTE/SPH
JWBK098-06 JWBK098-Poortmans July 12, 2006 16:51 Char Count= 0

CHALCOPYRITE BASED SOLAR CELLS 265

infrastructure requirements, larger amounts of waste generated in wet chemical processing,
etc. There is no known vacuum-free alternative for the preparation of the molybdenum back
contact, however, metallized glass may be bought from the glass industry and does not have
to be prepared on site. Nonvacuum buffer (CBD) and window layer (MOCVD) deposition
is already established. Nonvacuum absorber processes are commonly based on sequential
processes similar to those described in Section 6.3.1.2 above. They comprise a precursor
deposition at room temperature followed by (reactive) annealing at elevated temperature. This
second stage of sequential processing, i.e., selenization in mixtures of H2 Se and inert gas is an
already established nonvacuum process. Electrodeposited metal precursors were investigated
early in the history of chalcopyrite solar cells [145] and there appears to be a renewed interest
[146] in spite of the moderate lab scale efficiencies achieved. Electrodeposition of a metal/Se
precursor is the basis of a process developed with strong industrial participation and so far
yielding small area cells with 10 % efficiency [147]. Higher efficiencies could be achieved by
another group with selenium containing precursors, but only after manipulating the precursor
composition by means of conventional evaporation [148].

Another interesting approach is the preparation of inks or slurries which can be deposited
by spraying, printing, dip coating, or doctor blading. In one approach [149] the metals are
dissolved in acid and hydroxide nanoparticles are precipitated from this solution. The particles
are dried, which results in a fine powder of mixed oxides. The powder is dispersed in an
aqueous solution to obtain the ink. In this and similar processes the film composition can be
controlled precisely and with relative ease by adjusting the relative amounts of material used
for particle preparation. The oxide particle precursor needs an additional reduction step prior
to selenization carried out in diluted hydrogen. The precursor film can be porous because the
volume increase during selenization leads to sufficient densification [150]. In principle it would
be possible to include selenium (and/or sulfur) in the precursor particles and to use nonreactive
sintering, but results from various approaches were not convincing.

6.6.7 Wide gap and tandem cells

Wide gap cells are interesting for two reasons: better single junction cells and top cells for
tandem configuration. A moderate increase of the bandgap to about 1.4 eV for a single junc-
tion cell places it at the theoretical maximum of the bandgap/efficiency relation for the solar
spectrum [151]. Because of the reduced current density, a higher resistance of the TCO can be
tolerated. At the same time the doping of the TCO can be at the upper limit because the absorber
cut off wavelength is below the onset of free carrier absorption in the TCO. In consequence the
TCO can be made thinner which leads to cost reductions. Compared to low gap absorbers, the
loss of performance at higher module temperature is much less severe which leads to improved
annual output in terms of kWh/kWp (performance ratio) especially in hot climate. Tandem
cells could eventually lead to an efficiency exceeding even the theoretical limit for silicon
cells. Low gap CIG(S)Se cells (Eg ≈ 1.1 eV), such as NREL’s 19.5 % efficient cell, are ideally
suited as the bottom cell. The top cell absorber should have a bandgap of roughly 1.7 eV [152]
and the front as well as the back contacts need to be highly transparent.

Ideally, the top cell would be deposited directly onto the bottom cell (monolithic tandem,
Figure 6.20). This, however, requires fundamental changes to the chalcopyrite technology. The
top cell, after laying down the window layer, does not tolerate temperatures above 200 ◦C. This
maximum allowable temperature would have to be raised significantly and low temperature



OTE/SPH OTE/SPH
JWBK098-06 JWBK098-Poortmans July 12, 2006 16:51 Char Count= 0

266 THIN FILM SOLAR CELLS

Monolithic

TCO Chalcopyrite Glass Metal

Low gap Wide gap

EVA

Mechanically Stacked

Blocking Contact

Ohmic Contact

Figure 6.20 Schematic cross sectional views of tandem configurations.

processing would have to be implemented for the deposition of the top cell. It is therefore more
likely that the first tandem modules will be mechanically stacked after individual preparation
of top and bottom cells, respectively. If the top module were prepared in analogy to the bifacial
cell described above this would imply a laminate with three sheets of glass. If the top module
had a superstrate structure, top and bottom could be laminated together face-to-face and, like
in the conventional single junction module, only two sheets of glass would be necessary for
an encapsulated module (Figure 6.20, right hand side).

In practice the realization of highly efficient wide gap cells has not yet been achieved. As
pointed out previously, this may have partly historical reasons. On the other hand, significant
differences in parameters determining the cell efficiency have been theoretically predicted
[153] and are observed in the experiment [154]. It is not fully clear which of these are the
most crucial and how they could be resolved. This is expected to change as the development of
widegap cells and tandems is one of the focus points of international basic research. Preliminary
prototypes of monolithic [155] as well as mechanically stacked [156] tandems are described
in the literature. Due to the problems in realizing a highly efficient wide gap chalcopyrite solar
cells it has been suggested to use a different material such as amorphous silicon [157] or CdTe
[158] for the top cell.
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[100] H.-D. Mohring, D. Stellbogen, R. Schäffler, S. Oelting, R.Gegenwart, P. Konttinen, T. Carlsson,
M. Cendagorta, W. Herrmann, Outdoor performance of polycrystalline thin film PV modules in
different european climates, Proc. 19th European Photovoltaic Solar Energy Conf., Paris, France,
7–11 June 2004, W. Hoffman, J.-L. Bal, H. Ossenbrink, W. Palz, P. Helm (Eds.), WIP-Munich and
ETA-Florence (2004) 2098.

[101] J. Malmström, J. Wennerberg, L. Stolt, A study of the influence of the Ga content on the long-term
stability of Cu(In,Ga)Se2 thin film solar cells, Thin Solid Films, 431–432 (2003) 436.

[102] J. Klaer, R. Scheer, R. Klenk, A. Boden, Ch. Köble, Stress behaviour of CuInS2 and Cu(In,Ga)Se2
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7 Cadmium Telluride Thin Film
Solar Cells: Characterization,
Fabrication and Modeling

Marc Burgelman
University of Gent

7.1 INTRODUCTION

The development of thin film solar cells based on cadmium telluride (CdTe) has come a long
and successful way from the introduction of a 6 % efficient CdS/CdTe cell in 1972 by Bonnet
and Rabenhorst [1] to the present champion efficiency of 16.5 % obtained by researchers at
NREL in 2002 [2]. During these three decades, our insight in the cell physics and operation
principles has steadily grown, together with our mastering of deposition and fabrication tech-
nologies. Presently, two major manufacturers are producing CdTe based photovoltaic modules
commercially: Antec Solar in Germany [3–5] and First Solar in the US [6]. The progress of
CdTe cells and modules has been reviewed regularly [7–11], and an overview of the historical
evolution of the CdTe cell and module technology has been given recently [12]. In this chapter,
we will review thin film CdTe photovoltaics with some emphasis on the physics and modeling
of the cell operation.

The commercial photovoltaic scene is now largely dominated by crystalline bulk silicon
devices. There is presently no real alternative for single and multicrystalline silicon panels for
terrestrial applications, when it comes to high performance. However, if photovoltaic electricity
is to become a significant energy source, then the production of PV modules has to increase
substantially in volume and to decrease in cost. Thin film solar cells have basic advantages over
their crystalline counterparts concerning materials utilization, mass production and integrated
module fabrication: this has been the driving force for their development since the early
sixties. Of the many materials and cells studied, three material families have emerged and
reached a mature status, and their commercial production has started up: (i) cells based on a
CdTe absorber; (ii) cells based on absorbers of the Cu(In,Ga)Se2 family and (iii) cells with
amorphous silicon (a-Si) and microcrystalline silicon (μc-Si) or Si:Ge and Si:C alloys. Other
cell materials and technologies are rapidly evolving, and constitute a third PV wave: thin film
silicon, and various kinds of nanostructured solar cells, among which are photoelectrochemical
solar cells and organic solar cells.

Cadmium telluride is a material that is particularly well suited for thin film photovoltaics
[10, 13]. It has a direct bandgap Eg = 1.45 eV, which is well within the optimum range of
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1.2 eV to 1.5 eV for maximum photovoltaic energy conversion (e.g. [14–18]). The bandgap of
crystalline silicon and CuInSe2 is at the low side; Cu(In,Ga)Se2, CdTe, CuInS2 and GaAs have
an optimum bandgap; CuGaSe2 and amorphous silicon have too high an Eg. Because of the
high optical absorption coefficient (higher than a-Si, much higher than crystalline silicon), a
few micrometers of CdTe is sufficient to absorb all the incident sunlight. As a consequence, a
minority carrier diffusion length of the order of one μm is sufficient to allow all the generated
carriers to be collected at the contacts: this greatly relaxes the materials quality requirements,
so that polycrystalline layers with grains of the order of one μm can do the job. Also, nature
has been benevolent to CdTe and other II–VI and related materials, e.g. Cu(In,Ga)Se2, since
the grain boundaries in the polycrystalline layers are not very electrically active, even without
technological passivation steps.

Cadmium telluride is the only stable Cd–Te compound in the Cd–Te phase diagram, and it
melts congruently. This advantageous property allows deposition of near stoichiometric CdTe
films of device quality with a multitude of deposition technologies. On the other hand, CdTe
does not lend itself to tailoring of the bandgap profile in the device, as can be done with
Cu(In,Ga)Se2 and with amorphous Si alloys. The high energies of the Cd–Te and the Cd–S
bond, the extremely low solubility of CdTe and CdS compounds in water and the low vapor
pressure of these compounds are advantages from the environmental point of view.

Other materials properties are less advantageous. Being a binary compound, the occurrence
of native defects renders a precise control of the doping density difficult. This is a fortiori
the case for ternary and quaternary compounds such as Cu(In,Ga)Se2 and for amorphous
materials. The interactions between these native defects and foreign elements can trigger self
compensation reactions, and this renders impurity doping of CdTe difficult. These effects are
more pronounced in CdTe than in e.g. Cu(In,Ga)Se2. The difficulty to obtain a strong p doping
in thin CdTe films is a distinct disadvantage of this material. The problem has to be relieved
by special ‘activation treatments’ and by clever contacting schemes: these two issues are main
subjects in CdTe solar cell research.

In this chapter we will treat: (i) the materials and cell concepts for CdTe based solar cells;
(ii) the research areas and trends in CdTe solar cell research; (iii) the accomplishments and
technology of CdTe solar cells and modules and (iv) the characterization and modeling of
CdTe solar cells.

7.2 MATERIALS AND CELL CONCEPTS FOR CADMIUM
TELLURIDE BASED SOLAR CELLS

In all common CdTe technologies, the deposition temperature or the annealing temperature is
rather high (400 ◦C and above). As a consequence, all kinds of material interactions between
the CdTe absorber and the other cell materials (substrate, window, buffer, contact) are possible.
The material properties thus come only about after completion of the whole cell. This has two
important consequences: (i) materials properties measured on a single CdTe layer on an inert
substrate are possibly not relevant for a CdS/CdTe solar cell and (ii) it is difficult to measure
the CdTe material properties on a complete cell, because the presence of the other layers will
influence the standard characterization measurements, or even render them impossible. We
will discuss here some properties of the materials used in CdTe photovoltaics. In view of the
above remark, some criticism about the precise numerical values is in order.
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7.2.1 Optical properties of cadmium telluride

There is some scatter in the value of the room temperature (300 K) bandgap energy Eg of
CdTe reported in the literature: Eg = 1.44 eV [16–19]; Eg = 1.464 eV [20]; Eg = 1.50 eV
[17, 21, 22]; Eg = 1.51 eV [20] and Eg = 1.56 eV [14]. A careful analysis of the absorption
data by Mathew and Enriquez [23] shows that the optical absorption is due to a direct bandgap
transition with Ed

g = 1.487 eV and an indirect transition between the band and a shallow
localized level with E i

g = 1.408 eV; a phonon energy Ep = 21 meV is involved in this indirect
transition. Only the direct transition generates a free electron hole pair and thus is relevant for
the photovoltaic operation. The direct bandgap varies almost linearly with temperature, and
extrapolates to Ed

g (0 K) = 1.61 eV at zero Kelvin, so ∂ Eg/∂T ∼= −0.41 meV/K [23].
In Figure 7.1, some absorption curves α(λ) of CdTe are shown. The curves from the standard

data books of Adachi [21] and Palik [24] almost coincide. The peak seen in the Adachi curve
around λ = 820 nm is due to the generation of an exciton; it is a matter of discussion whether
this absorption contributes to the photovoltaic action at room temperature [25]. In cell modelling
we adopt a α(λ) curve based on Adachi’s data, but adapted around the band edge; the adaptations
are based on measurements by Albin [26] and on Palik’s data. Toušek et al. [27] have accurately
measured the subbandgap absorption of chemical bath deposited CdTe layers with the constant
photocurrent method (CPM). The resolution of this method is very high, but the results are
specific for the sample they studied. Wood et al. [28] have given a series expansion of the
complex refraction index n∗ = n + ik in powers of the wavelength λ. The curve in Figure 7.1
has been calculated from the given series for k(λ) and from α(λ) = 4πk(λ)/λ.

In an ideal solar cell of thickness d , all absorbed photons contribute to the light current. For
each wavelength, this is a fraction 1 − exp (−α (λ) · d) of the incident photons. Only photons

Figure 7.1 The optical absorption coefficient α(λ) of CdTe: some data from the literature. In the inset,

a detail around the cut-off wavelength λg is given.
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Figure 7.2 Fraction f of the useful photons that are converted to electrical current.

with hν > Eg or λ < λg
∼= 1240 nm eV/Eg can contribute to the current. Hence a cell can

only convert a fraction f of the useful photons into electrical current:

f (d) =

∞∫
0

[
1 − exp (−α (λ) · d)

]
Nph (λ) dλ

λg∫
0

Nph (λ) dλ

(7.1)

Here Nph(λ) is the incoming photon flux with wavelength around λ (e.g. expressed in number of
photons cm−2 s−1 nm−1). In Figure 7.2 this fraction f (d) has been calculated for illumination
with the AM1.5G spectrum, and for some photovoltaic materials. It is clear that CdTe is very
well suited for a thin solar cell absorber: a thickness of only 1 μm is sufficient to convert 92 %
of the useful sunlight. A crystalline silicon solar cell needs to be 200 μm thick to reach the
same value.

At the junction with CdS, mixed CdTe–CdS phases can be formed: a sulfur rich CdTe phase,
CdTe1−x Sx with x << 1, in the CdTe absorber, and a tellurium rich CdS phase, CdS1−yTey with
y << 1, in the CdS window. The bandgap Eg(x) of the mixed phases depends parabolically on
the composition x or y, and has a minimum value Eg = 1.40 eV at a composition of around
25 % (atomic) CdS in CdTe [26, 29]. This effect shifts the quantum efficiency of CdTe/CdS cells
to longer wavelengths with a few tens of nm: around λ = 520 nm, the CdS1−yTey mixed phase
enhances the window absorption (this is a loss), and around λ = 860 nm, there is enhanced
absorption due to the CdTe1−x Sx mixed phase (this is a gain). Normally, the gain in the infrared
does not compensate for the loss in the green region. Bandgap data on alloys of CdTe with
other II–VI compounds, such as ZnTe, are found e.g. in [20, 28, 30].
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7.2.2 Electrical properties of cadmium telluride

Some properties of CdTe relevant for the operation and modeling of the CdS/CdTe solar cells
are shown in Table 7.1. There is a considerable scattering in the literature data on almost
all electrical material properties, and the parameters in Table 7.1 should be considered as a
guide only. The parameters which deal with doping and recombination are not real material
properties, but they are specific for each deposition technology, if not for each individual
sample. Some general properties and trends, relevant for the operation of CdTe photovoltaics
are discussed below.

The rules of thumb for shallow dopants also apply to CdTe (Table 2): group III elements
substituting Cd or group VII elements substituting Te act as shallow donors, whilst group
I elements substituting Cd and group V elements substituting Te act as shallow acceptors
[32–34]. The ionization energies of shallow acceptors increase with increasing atomic number:
from 58 meV for Li to 263 eV for Au and from 56 meV for N to 92 meV for As. The donors in

Table 7.1 Some material properties of CdTe and CdS

Property Symbol Unit Value Ref. Value Ref.

CdTe

Melting point Tm
◦C 1092 1750 (at 100 atm)

Sublimation point Ts
◦C 980

Density ρ g cm−3 5.85 4.82

Molecular mass M g mol−1 240.01 144.47

Crystal lattice fcc (zincblende) hexagonal (wurzite)

a Å 6.480 [18] 4.136 [18]

c Å 6.713 [18]

Bandgap (300 K) Eg eV 1.45 2.42

Electron affinity χ eV 4.28–4.5 [16] 4.5 [16]

Electron effective m∗
e 0.09–0.11 0.165–0.25

mass (relative)

0.14 [16] 0.15 [16]

0.35 [18]

Hole effective m∗
h 0.4–0.63 0.7 ||, 2.45–253 ⊥

mass (relative) 0.37 [16] 0.8 [16]

0.07 [18]

Effective density of states NC cm−3 7.9 1017 [17] 2.24 1018

NV cm−3 1.3 1019 [17] 1.8 1019

Electron mobility μn cm2 V−1 s−1 1000–1200 [21] 400 [21]

Hole mobility μp cm2 V−1 s−1 50–80 [21] 50

Static dielectric εs 10.2–10.5 [21] 10.21 E ||c, 8.99 E⊥c [21]

constant (relative) 10.36 [31]

Optical dielectric ε∞ 7.1–7.3 [21] 5.38E ||c, 5.31

constant (relative) 7.18 [31] E⊥c [21]

Refractive index n 3.106 (550 nm) [21] 2.57 (550 nm) [21]

2.996 (850 nm) 2.38 (850 nm)
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Table 7.2 Shallow dopants in CdTe

Dopant Site Class

Donors Al, Ga, In Cd site Group III elements

F, Cl, Br, I Te site Group VII elements

VTe, Cdi Native defects

Acceptors Li, Na, Cu, Ag, Au Cd site Group I and Ia elements

N, P, As, Sb Te site Group V elements

VCd Native defects

Table 7.2 are shallower than the acceptors: their ionization energy is about 13 to 15 meV [33].
Divalent Cd and Te vacancies act as a shallow acceptor and donor, respectively.

Isoelectric elements, e.g. Zn at a Cd site, and S or Se at a Te site, do not seem to introduce
an impurity level [33]. Other impurity elements act as deep donor or acceptor centers. Some
data can be found in the literature [32, 33, 35].

The doping situation in CdTe is further complicated by the ability of native defects to
form complexes, which can act as doping centers themselves, and possibly compensate for the
impurity doping. The most prominent example in CdTe solar cells is the action of chlorine,
which is usually introduced in the CdTe layer during the ‘CdCl2 treatment’. A chlorine atom
substituting a Te atom acts as a shallow donor, and hence becomes positively charged. It forms,
however, a complex with a doubly negatively charged cadmium vacancy, and this negatively

charged
(
Cl+Te − V2−

Cd

)−
complex acts as a single acceptor. The effects of treating CdTe in a

chlorine containing environment will be further discussed in Section 7.3.1. Another example
relevant for CdTe photovoltaics is copper. When introduced in low concentrations, it occupies
a Cd site, and this CuCd acts as a shallow acceptor. When introduced in larger quantities,
however, part of the copper will occupy an interstitial place, and this Cui acts as a donor,
partially compensating the CuCd acceptors. The compensation of a shallow acceptor by the
creation of a shallow donor (or vice versa) releases an amount of energy almost equal to the
bandgap Eg. Since CdTe has a larger bandgap than CuInSe2 or Cu(In,Ga)Se2, the tendency
for self compensation is more pronounced in CdTe. Although high active doping densities,
exceeding 1017 cm−3, were reported in the literature for impurity doping in CdTe crystals, it
seems that a doping density of a few 1015 cm−3 is a practical limit in thin film CdTe solar
cells. For a further treatment of self compensation and impurity doping in CdTe, we refer to
the literature [36–40].

The recombination properties of CdTe also strongly depend on the preparation method, and
can vary from sample to sample. For photovoltaic operation, the recombination of minority
carriers in the absorber is relevant. Thus, in CdTe based solar cells, the electron life time τn and
the electron diffusion length Ln are the relevant parameters. The lifetime τn can be estimated
from e.g. photoluminescent (PL) decay measurements and from decay of the open circuit
voltage Voc after shutting down the illumination. The diffusion length Ln can be estimated
from electron beam induced current (EBIC) measurements, or from an analysis of the measured
spectral response QE(λ) (e.g. [41]). There are however difficulties in interpreting τn and Ln

data from the literature. In some measurements, the excitation conditions (e.g. high injection in
PL and EBIC) greatly differ from the normal operation conditions in a solar cell (low injection).
Also the interpretation of measurements in solar cells is difficult, as the measurement can be
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influenced by two-dimensional effects in the grains of the polycrystalline material [42]. In that
sense, it is better to speak of the ‘apparent diffusion length’ Lnapp. Values for Lnapp in the range
0.2 to 4 μm have been reported, corresponding to a lifetime in the nanosecond range or below.

7.2.3 The Buffer material: cadmium sulfide

The partner of choice for the cadmium telluride absorber is cadmium sulfide (CdS). In early
CdS/CdTe solar cells, the CdS layer was the only transparent layer, and consequently was
called the ‘window layer’ (that is, for wavelengths longer than about 520 nm). In all present
CdS/CdTe cells, the window layer is a transparent conductive oxide (TCO), e.g. SnOx , and the
CdS layer is made much thinner; it is now commonly named the ‘buffer layer’.

The buffer has to fulfil several requirements:

1. Crystallography/morphology: the buffer or the window/buffer structure serves as an under-
layer for absorber growth. This begs for a rather thick buffer with large grains. Also, the
buffer layer should be compact, as voids can cause a shunt between the absorber and the front
contact. A minimum thickness of a few tens of a nanometer seems to be required for this.

2. During the CdTe deposition or postdeposition treatment at high temperature, interdiffusion
between CdS and CdTe occurs. The buffer should be thick enough so as not to be completely
consumed. Interdiffusion is promoted by the CdCl2 treatment (see Section 7.3.1). It has
both positive and negative effects to the cell’s operation. When the interdiffusion is strong
enough (penetration a μm or more), the light current is decreased (Section 7.2.1). In screen
printed CdTe cells, the CdTe1−x Sx formed by interdiffusion is compact, and has better
crystallographic properties than the porous pure CdTe layer on top of it [43]. Another
projected advantage is connected with interface states, see next item.

3. Electrical/Crystallography: the lattice mismatch between the CdS buffer and the CdTe ab-
sorber gives rise to interface states with density Ni , which can adversely affect the cell perfor-
mance: Ni ∝ 1

d2
CdS

− 1
d2

CdTe

= 1
a2

CdS

− 2
a2

CdTe

, where d is the distance between two adjacent atoms

in the interface plane. In the hexagonal CdS, this is the (0,0,1) plane, and d = a; in the cubic
CdTe, this is the (1,1,1) plane, and d = a/

√
2. With the values in Table 7.1, Ni

∼=4 1013 cm−2.
In spite of the large lattice mismatch, the CdS/CdTe combination performs well without any
interface passivation steps. Therefore there have been hardly any explorations for a better
matched buffer material. It has been claimed that a narrow interdiffusion range (e.g. 100 nm)
between CdS and CdTe allows for a smoother transition between both lattices, which should
relax the surface states. However, the same number of bulk recombination states will appear,
distributed in the 100 nm transition region. It depends on the details of the recombination
profile in the near interface region whether the net effect will be advantageous or not.

4. Electrical: the energy bands of the buffer and the absorber should be more or less matched.
The misalignment of the conduction bands (CB) is determined by the electron affinity χ of
both materials (Figure 7.3): �EC = ECdTe

C − ECdS
C = χCdS − χCdTe. If �EC is too positive,

there is a ‘cliff’ in the band diagram: the CB of CdTe is above the CB of CdS at the junction;
this decreases the open circuit voltage Voc. If �EC is too negative, there is a ‘spike’ in the
band diagram: the CB of CdS is above the CB of CdTe at the junction; this decreases the short-
circuit current density Jsc. The mismatch, however, is not critical: a value of |�EC| < 0.3 eV
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EC < 0
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EVEgi Egi

Figure 7.3 Definition of a cliff (�EC > 0, left) and a spike (�EC < 0, right) in the alignment of the

conduction band at the CdS/CdTe interface. The interface bandgap Egi is also indicated (see Section 7.5.2).

can be tolerated [44]. Common values of the electron affinity of the pure materials areχCdS =
4.5 eV and χCdTe = 4.28 eV, giving rise to an allowable small cliff of 0.22 eV. There is, how-
ever, much scatter in the χ values reported in the literature. Recent work by the group at
Darmstadt University [45] reports a small �EC

∼= 0.03 eV in real CdS/CdTe structures.

5. Electrical: if the hole diffusion length Lp in CdS were of the order of the buffer layer
thickness, the light absorbed in the CdS layer could contribute to the light current. It is still
a matter of debate whether this is the case or not. Commonly one assumes that Lp is very
small, and that light absorbed in the CdS is lost. Some other electrical properties of CdS
are listed in Table 7.1.

6. Electrical: in the older screen printed cells by Matsushita [46], no TCO layer was applied:
the CdS layer is the only window layer, and should be conductive enough to draw the
current laterally away to the contacts. The sheet resistance of the CdS layer should not
exceed a few tens of �,. This calls for a rather thick layer (screen printed and sintered CdS
layers are typically 30 μm thick), and for doping the CdS with In or Ga. If a TCO window
is present, the requirements on the lateral conductivity of CdS are almost completely
relaxed. Hence, the TCO/CdS/CdTe structure now is generally adopted.

7. Optical: absorption in the buffer layer is to be avoided. The buffer should be as thin as
possible, or a wider bandgap material should be chosen. However, replacing the CdS layer
by CdZnS, ZnS, ZnSe, SnO2 and other wide gap n type materials has not been successful.
A CdZnS/CdS bilayer buffer is studied in [47].

In Figure 7.4 the optical absorption coefficient α(λ) of the materials forming a CdTe solar
cell is plotted in the short wavelength region. From this, the optical loss in the buffer layer can
be calculated from:

QEideal (λ) = exp (−αTCOdTCO) · exp (−αCdSdCdS) · (1 − exp (−αCdTedCdTe)) (7.2)

Equation (7.2) expresses that the light absorbed in the TCO and in the CdS buffer is completely
lost, and that the light absorbed in the CdTe is completely converted to electric current. Closed
CdS layers with thicknesses down to 20 nm can be made with chemical bath deposition (CBD).
This is the technique of choice for the buffer of Cu(In,Ga)Se2 cells. However, CdTe cells need a
thicker CdS layer, as explained above. This is a direct consequence of the cell concept: in CdTe
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Figure 7.4 Optical absorption coefficient of the absorber, buffer and window layers in a CdTe solar

cell. The data for CdTe, CdS and ZnO are from [21], the data for SnOx are from [48].

cells, the buffer is exposed to high temperatures during the deposition of the absorber, whereas
in Cu(In,Ga)Se2 cells, the buffer is deposited at low temperature on top of the absorber. For
compatibility with the CdTe deposition technique, a rather thick layer of CdS (100–300 nm) is
deposited with close space sublimation (CSS). Figure 7.5 shows that this technological choice
causes a reduced response in the 350–500 nm wavelength region, corresponding to a light
current loss of a few mA/cm2 [49]. A comparison of CBD CdS with CSS CdS was given by
Albin [50]: CBD CdS has smaller grains, lower absorption, are less crystalline, show a range
of Eg values, contain more oxygen and better prevent interdiffusion for the same thickness.

7.2.4 Window materials for cadmium telluride based solar cells

The role of the window is evidently to transmit light to be absorbed in the CdTe layer. Therefore
a wide bandgap, low scattering material is preferred. All TCOs show reduced transmittance
in the infrared, due to free carrier absorption. In CdTe cells, only light with λ < 860 nm is
converted, and free carrier absorption is not an issue. This is, however, the case in narrow
bandgap solar cells such as CuInSe2 and Cu(In,Ga)Se2, where longer wavelengths have to be
transmitted through the window.

To draw the light current laterally to the contacts, the sheet resistance of the TCO should be
around 10 �, or smaller. The thickness of the TCO is thus a trade-off between high transparency
and low resistance. Normally, the TCO should be doped. The TCO layer also should be thick
enough to constitute a barrier against diffusion of unwanted species from the substrate (e.g. Na
from soda-lime glass) or from the TCO itself. For this reason, the TCO is often implemented
as a bilayer system: a doped, conductive layer, separated by a diffusion barrier from the CdS
buffer. The diffusion barrier can consist of the same TCO, but not intentionally doped, or a
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Figure 7.5 Ideal spectral response QEideal(λ) of a CdTe solar cell as a function of the CdS buffer layer

thickness, calculated with Equation (7.2). The other layers have thickness dTCO = dCdTe = 1 μm. The

TCO is SnOx .

different TCO. In Table 7.3 some properties of popular TCO materials are listed: indium tin
oxide (ITO) possibly doped with fluorine (F) or antimony (Sb), tin oxide (SnO2 or SnOx )
possibly doped with F or Sb, zinc oxide (ZnO) possibly doped with boron (B) or aluminium
(Al), and cadmium stannate (Cd2SnO4, sometimes also written as CdSnO3). A commonly used
system is soda-lime glass/ITO/SnO2/CdS [10]. The window structure of the record CdTe cell
was borosilicate glass/Cd2SnO4/Zn2SnO4/CdS [2].

7.3 RESEARCH AREAS AND TRENDS IN CADMIUM
TELLURIDE SOLAR CELLS

7.3.1 The activation treatment of cadmium telluride

The treatment of CdTe and other II–VI materials with chlorine containing species has been
studied for a long time. In the late eighties, this treatment, with CdCl2 as the chlorine source,
was applied to CdTe based solar cells [55] and was quickly adopted by the research community
as an indispensable and somehow magic recipe for the fabrication of CdTe solar cells [56].
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Table 7.3 Some properties of window materials

Property Symbol Unit ITO SnOx ZnO Cd2SnO4

Bandgap Eg eV 3.7 [22] 3.7 3.35 [14, 22] 2.9 [18]

3.6 [16] 3.5 [22] 3.2 [16]

3.8 [18]

Electron affinity χ eV 4.2–4.5 [22] 4.4–4.5 [2] 4.8 [22] 4.55 [18]

4.1 [16] 4.8 [22] 4.2 [16, 18]

4.3–4.4 [18] 4.8–4.9 [18]

Dopants F Sb, F [18] B, Al, In H, Li, Zn [18]

Sheet resistance Rsq � 3–5 [54] 3–8 [2] 6–15 [54] 2.6 [2]

7–10 [51] 16 [53]

6–15 [54]

Resistivity ρ � cm 2 10−4 [52] 3–8 10−4 [2] 1.3 10−4 [2]

3.5–5 10−4[51] 3 10−4 [53]

Transparency T % 95 [54] 90 [51, 54] 90 [54] 80 [53]

In its original form, the CdCl2 treatment consisted [55] of dripping a solution of CdCl2 in
methanol onto the glass/TCO/CdS/CdTe substrate, letting the methanol solvent volatilize and
heat treating for a short time (e.g. 15 min) at moderate temperature (e.g. 450 ◦C) in air. Mean-
while, the technique has been improved and made more suitable for mass production, by using
a thin solid CdCl2 film, applied by evaporation [57] or by CSS [3], as the source of chlorine.
Other variants have been studied, including the use of gaseous CdCl2, of other Cl containing
gases (Cl2, HCl [58, 59]), other cadmium halogenides (CdBr2, CdI2), and other Cl containing
salts (MnCl2 [60] NaCl [61]), other ambient gasses for the heat treatment (vacuum, inert gas,
varying oxygen content [62]). The effects of this treatment has been investigated intensely, see
e.g. [63]. We briefly summarize:

1. Grain growth occurs when the initial grains are small (of the order of 1 μm) but not when
the initial grains are large (> 1 μm). As CdTe produced with CSS, has fairly large grains
as-deposited, usually no further grain growth is observed upon CdCl2 treatment, though
it has been reported occasionally [64].

2. The internal crystallographic structure of the grains improves in all cases (disappearance
of subgrain structure).

3. Intermixing between CdS and CdTe at the interface can be promoted. This effect of the
CdCl2 treatment has been documented extensively, e.g. [65–68].

4. The p type doping is established (type conversion) or improved; the minority carrier
lifetime τn is improved.

5. The density of deep electronic states in the bulk or at the interface can be reduced [64],
but other deep states can be introduced [69, 70]. The mechanisms of introducing or
annealing out deep states are related with the creation of Cd vacancies during treatment,
and interaction with chlorine and oxygen.

6. Overtreatment can cause a Voc loss due to the introduction of deep recombination centers
[69, 71]. It can also result in loss of adhesion [2].
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The precise mechanisms of the CdCl2 treatment are not yet fully clear. A eutectic mixture
of CdTe and CdCl2is formedwith a melting point of 505 ◦C, well below that of pure CdCl2
(568 ◦C). The presence of a liquid phase and the mechanisms of liquid phase sintering cannot
be invoked for a normal treatment temperature lower than 500 ◦C. Gas phase material transport
has been postulated instead, possibly facilitated by an intermediate volatility compound such as
TeCl2 [72]. Recently, Hiie [73] found that the presence of the oxidised species CdTeO3 lowers
the melting point of the CdTe–CdCl2 eutectic down to 455–480 ◦C. It is now commonly agreed
that the administering of chlorine to the CdTe solar cell is indispensable. If it is not during a post
deposition ‘activation treatment’, it is during CdTe deposition (e.g. CdCl2 particulates added
to the CdTe slurry in screen printing; use of chlorine salts as a source in electrodeposition).

It is clear that these effects more or less thoroughly modify the set of input parameters to
be used in numerical simulations of CdCl2 treated solar cells. The doping and recombination
properties of the cell, especially, are affected by the activation treatment. Hence, a detailed
characterization of the shallow and deep states is needed: doping type, concentration profile,
energy levels or distributionand capture cross-sections.

7.3.2 The back contact structure

There are fundamental material reasons why finding a stable, ohmic contact to the CdTe layer
in a CdTe–CdS thin film solar cell constitutes a scientific and technological challenge: CdTe is
a p type material with a rather large bandgap of Eg = 1.45 eV, and it is difficult to give it a high
doping density. The property that determines the contact behaviour is the contact barrier �b

for holes; it is measured between the hole Fermi level and the valence band edge at the contact.
The standard metal semiconductor theory [14, 74] calculates the contact barrier when a very
narrow native oxide of thickness di and dielectric constant εi is inserted between the metal and
the semiconductor; surface states with energy density Dss are present in the interface gap, with
a spread in energy between EV + �0 and EC; the parameter �0 is a fitting parameter, whose
physical significance will become clear later. If the doping density is not too high, the barrier
is given by:

�b = (
χ + Eg − �m

) Ci

Ci + Css

+ �0

Css

Ci + Css

(7.3)

Here Ci is the capacitance per unit area of the native oxide Ci = εiεs/di , and Css is the
capacitance of the surface states Css = q2 Dss. When no such native oxide are present (di → 0
or Ci → ∞), or if no surface states are present (Css → 0), this leads to the ideal approximation:

�b = χ + Eg − �m if Ci → ∞ or Css → 0 (7.4)

Even with a quite common value of 4.3 to 4.5 eV for the CdTe electron affinity χ , obtaining a
contact barrier lower than 0.5 eV would require a contact metal with a high work function �m

exceeding 5.5 eV, which cannot be reached if one excludes noble metals for economic reasons.
The other extreme approximation is valid when Css → ∞ or Ci → 0: the contact barrier

is then only determined by Fermi level pinning at the lowest interface states level, thus at
EV + �0:

�b = �0 if Ci → 0 or Css → ∞ (7.5)
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Figure 7.6 Contact barrier of various metals to n and p type materials (source: Ponpon [75]; the

reference numbers in the legend refer to [75]). The solid line represents the model from Equation (7.3),

with Ci/(Ci + Css) = 0.08 and �0 = 0.63 eV; the dotted line represents the ideal model from Equation

(7.4); the dashed line represents the ideal approximation from Equation (7.5), with �0 = 0.67 eV.

In many materials, �0 is between one third and one half of the bandgap. This Fermi level
pinning mechanism thus gives rise to a rather high contact barrier, independent of the contact
material. The contact barrier of various metals on n and p CdTe was studied by Ponpon [75],
and is shown in Figure 7.6 for p CdTe. Recently, contact barriers on CdTe and ZnTe thin films
were determined by Kraft et al. [76]. As is obvious from Figure 7.6, the barrier to p CdTe is
always rather high, and it can be influenced only to a limited extend by a proper choice of
contact material. Also, the contact barrier can only roughly be predicted from Equation (7.3)
with proper constants. An accurate value should be determined for each contact experimentally.

The material properties of CdTe do not favour a large choice of acceptable contact metals.
The contact properties can be improved if the CdTe layer is heavily doped. However, obtaining
a doping density exceeding 1016 cm−3 in CdTe also is a problem, since CdTe is prone to self
compensation. This is related to the rather high value of the bandgap, to the introduction of
chlorine by the activation treatment and to many possible interactions and complex formations
between impurities and native defects in CdTe (see sections 7.2.2 and 7.3.1).

The contact should not only be low resistive, it should also be stable. That means that no
impurities should diffuse from the contact to the cell during the cell’s operation (only diffusion
at high temperature during the cell fabrication can be tolerated), and the contact material should
not chemically interact with the CdTe absorber. When a bilayer or multilayer structure is used,
no layer should interact with its neighbors.

Thus, making a good, stable contact to CdTe is an art in itself, and it comprises several
steps: surface pretreatment (e.g. etching in bromine–methanol or in nitric–phosphoric acids),
control of diffusion of extrinsic dopants from the contact or buffer layer to the CdTe layer,
the application of buffer layers to prevent unwanted diffusion or reactions. Copper containing
contacts initially perform well (copper forms a shallow acceptor in CdTe), but their long
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term performance can be a problem [77], as the copper under certain circumstances diffuses
through the CdTe layer and accumulates at the CdS junction and in the CdS layer. Diffusion
of impurities, copper and otherwise, from graphite contacts and its effect on cell doping
and stability, was studied e.g. in [78–83]. Stable contact structures containing no intentional
copper were extensively explored. The chemical stability between CdTe, several buffer layers
and contact materials was studied e.g. in [11] and [84]. Finally, a stable copperless contact
structure was defined in [85]: CdTe/etching/Sb2Te3/Mo.

The presence of a contact barrier affects the I -V characteristics of a CdTe thin film solar
cell in a characteristic way (see further, Figure 7.11): the I -V curves show a kink in the forward
biased quadrant, which is commonly called ‘roll over’ of the I -V curves [86]. The main effects
on the cell performance are a decrease in fill factor FF when �b exceeds about 0.45 eV, and
the associated efficiency loss [86, 87]. A useful approximate formula for the efficiency loss
was given in [87]:

η = η0

(
1 − kT

qVoc

ln

(
1 + JL

Jc

))
(7.6)

where η0 is the efficiency if no contact barrier were present, JL is the light current density, and
Jc is the saturation current density of the contact Schottky barrier; Jc is thermally activated
with energy �b. There is hardly any efficiency loss to fear as long as the contact saturation
current is lower than the light current.

Several secondary effects are reported:

(1) A minority carrier (electron) current can be present at the CdTe back contact, giving rise to
‘cross over’ of the I -V curves [87]; in special cases, all I -V curves of a set of experiments
can cross over in one single point [88]; these effects are favoured by red light illumination,
by thin cells (< 5 μm) [89] and by a large apparent electron diffusion length, which can
be caused by two-dimensional effects [88].

(2) When the CdTe doping at the back contact is sufficiently high, the hole current through
the contact is described by drift and diffusion (e.g. [14] p 258) through the space charge
layer (SCL); this effects weakens the aspect of the roll over, and eventually the room
temperature I -V curve looks as if there is only a weak barrier, or even no barrier at all [90].

(3) Also, high doping at the contact makes the apparent barrier dependent on bias voltage and
illumination [90]. Though these effects render the determination of the barrier from room
temperature I -V measurements doubtful, they generally influence the fill factor and the
efficiency in a positive way.

7.3.3 Environmental issues

A treatment of cadmium telluride solar cells cannot be complete without a paragraph on health
and environmental issues. This is true for any thin film or bulk solar cell [91], as it is for any new
industrial product. Due to some sensitivity of the general public, the subject has been studied
intensively, and we strongly recommend the interested reader to consult [92] and the references
therein. A few facts constitute the leitmotiv: cadmium is a by-product of zinc production,
and as such is present in huge quantities and has many large scale industrial applications;
cadmium is toxic, however insoluble Cd compounds are much less toxic; all measures should be
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taken – and are taken – to prevent cadmium entering in the ecosystem, and expose humans to
ingestion or inhalation. The risk assessment and prevention distinguishes between four stages
in the life-cycle of potentially hazardous materials in the industrial product [93–98]: (i) the
mining and production of the CdTe and CdS material; (ii) the production of solar modules;
(iii) the active life (>20 year) of the solar module in a PV installation; (iv) the dismantling,
disposal, recycling of the modules after their lifetime.

The toxicity of some solar cell materials is reviewed in [99]. As little information is avail-
able on the compound CdTe, the toxicity of CdTe is inferred from the parent element Cd. It
is accepted that insoluble, low volatility compounds such as CdS and CdTe are less harm-
ful by ingestion. Therefore the US National Renewable Energy Laboratory (NREL) and the
Brookhaven National Laboratory BNL) argue for a toxicological investigation of the CdTe
compound itself [100]. The major zinc ores contain about 0.25 % Cd, hence a few tens of
thousands of tons of Cd are produced annually [92]. If this Cd is not industrially processed,
it has to be disposed of as hazardous waste. More than half of the Cd is used in rechargeable
batteries, the rest is applied in pigments, plastic stabilizers, plating, soldering, etc. A GW/yr
scale CdTe PV production would take up about 1 % of the Cd consumption only.

The health and environmental aspects of CdTe PV production were well documented by
the leading production companies First Solar [101] and Antec [4]. Handling and processing
potentially hazardous materials is not an uncommon industrial activity at all. As with all other
industrial activities, CdTe PV is subject to safety laws and regulations. Careful design of the
plant and tight control of the production equipment, permanent monitoring of the workers
environment and possibly medical monitoring of the personnel are key points. Though not
legally required for the exposure levels occurring in the plant, First Solar has carried out
medical monitoring of the personnel [101], and all blood and urine Cd levels measured were
way below the threshold concern levels. It appears to be technically and economically possible
to design and operate a factory with zero Cd emissions [10].

The main perceived risks during the active lifetime of a solar panel are leaching out of
broken modules and fire hazards. First results are that in typical residential fires, where a
temperature of 800–1000 ◦C is reached, no Cd compound is released, due to the low vapour
pressure of CdTe and CdS at these temperatures, but that these compounds are encapsulated in
the molten glass instead [102]. Leaching of hazardous materials from crushed CdTe and CIGS
modules was also investigated [103], however, the concentrations measured in all scenarios
were below the limit or tolerable concentrations.

According to current laws, end-of-life or broken modules pass the leaching criteria for
nonhazardous waste. However, disposal of such modules (CdTe as well as others) in landfills
is not a scenario that is promoted by any PV actor. Instead, recycling schemes have been set
up for used PV modules, including broken modules or fragments from manufacturing. These
schemes include scraping, crushing, melting and regeneration of materials that will reenter in
the production lines [10].

7.3.4 Other research areas and trends

7.3.4.1 Purity: ‘just pure enough’

Impurities are always present, even if not intended. They can originate from the source mate-
rials, from processing, e.g. contamination with evaporation sources, vacuum chamber walls or
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components, (electro)chemical deposition baths, handling and storage in general and from the
other solar cell materials (substrate, cell layers and encapsulation materials). So even if most
labs use a CdTe source material of nominally 5N or 6N purity (that means a relative amount of
impurities below 10−5 or 10−6), it is not guaranteed that the CdTe layer in the final cell is any-
where near as pure. Usually one finds contaminants in huge quantities, in the 1017–1019 cm−3

range [11]. These concentrations are far above the electrically active concentrations; this can
be due to self compensation. There is as yet no black and white list of malign and benign
impurities. Impurity is a substantial element of production cost and control. The goal ‘just
pure enough’ is worth devoting substantial research to.

7.3.4.2 Cell thickness: thinner cells

In present production, CdTe is too thick: 5 to 10 μm, whereas 1–2 μm should suffice for the cell
operation, though really thin cells are expected to suffer a little bit from reduced response in the
infrared. The actual cell thickness is a disadvantage for materials usage and deposition speed,
thus production cost. Also, the environmental cost is higher than necessary. Unfortunately, thin
or porous films tend to decrease the production yield, especially when wet etching processes
or treatments are present. Thus when the production technique does not yield compact, closed
films, a minimum thickness is required for technological reasons. Some experimental work
on thin absorber films has been done [62, 104]. The influence of CdTe thickness for ideal,
compact cells has also been addressed by modeling, e.g. [89].

When the CdTe thickness is further reduced to the 100 nm range and below, a planar cell
concept does not allow absorbing a substantial part of the light in the CdTe. Cells with an
extremely thin absorber (ETA cells) use a porous window material, usually TiO2, and an
extremely thin CdTe layer penetrating into the TiO2 [105–107].

7.3.4.3 Grain boundaries

A general account of possible grain boundary effects is given e.g. in [17]. The grain size
in polycrystalline CdTe solar cells depends on technology, but is of the order of 1 μm. It is
thus comparable to the various characteristic lengths of a solar cell: absorption depth 1/α,
diffusion length Ln, depletion width W . Hence, an influence of the grain structure on the cell
performance is to be anticipated. The quantitative influence of the polycrystalline nature of
CdTe cells was estimated by Sites et al. [108], who compared single crystalline GaAs with
polycrystalline CdTe. Both materials have the same band gap Eg = 1.45 eV, and have thus,
in principle, the same photovoltaic potential. However, the efficiency span between the best
GaAs cell (25.7 %) and the best CdTe cell (16.5 %) is 9.2 %, and between half and two thirds
of that difference is ascribed to polycrystallinity. On the other hand, polycrystalline CdTe cells
perform remarkably well when compared to their single crystalline counterparts (they are even
better). These intriguing observations have motivated ample research on the subject, which
was recently boosted with a dedicated Workshop [109].

Several effects can cause distortions in the energy band diagram around a grain boundary
(GB): charged interface states, reduced or enhanced doping in the interior of the grain close
to the GB, diffusion to and segregation at the GBs of impurities, material modifications at the
GB. It is not surprising that there is quite some scatter in the literature reports, as there can be a
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Figure 7.7 Energy bands crossing a grain boundary (GB) in CdTe: some possible situations. (a) Barrier

for electrons, accumulation of holes at barrier; (b) barrier for holes: depletion of holes at barrier; (c) double

barrier: barrier for electron and for holes, depletion of holes at barrier.

very large sample-to-sample variation due to technological details. Grain boundaries can under
certain circumstances be preferred paths for diffusion of all kind of species, including Na from
the substrate, In from the TCO window, S from the CdS bufferand Te, Cu and Sb from the
contact structure (see previous sections, and [110, 111]). The discussion of the electrical effect
of the GBs on the final cell characteristics is schematized in the energy diagrams of Figure 7.7.
In Figure 7.7a, the GB constitutes a barrier for the minority carriers, and accumules majorities.
As a consequence, there is enhanced hole conduction and decreased electron recombination
in the GB. Such band structure was inferred in [112–115]. However, the structure of Figure
7.7b, with depleted GBs, which form a barrier for the majority holes, has been inferred from
R-EBIC measurements in undoped CdTe; near to Te inclusions, the band diagram was as in
Figure 7.7a [116]. Direct evidence for depleted grains (Figure 7.7b) was found by capacitance
scanning microscopy [117]. Both opposing viewpoints are reconciled by Woods et al. [112,
113] who postulated a double barrier, one for holes and one for electrons, from frequency
dependent conductance measurements (Figure 7.7c). Structures where the GB is constituted
of another material, and hence has a bandgap differing from the bulk Eg are not considered in
Figure 7.7. Applying simple rules of thumb, the structures in Figure 7.7 a and c are thought to
be beneficial for photovoltaic operation, as they ‘passivate’ the GB against electron recombi-
nation. The structure in Figure 7.7b would lead to enhanced GB recombination, and thus be
unfavorable. However, the details of electron and hole density, recombination and transport
are very complicated, and strongly depend on the GB barrier height and the two-dimensional
geometry (transverse or longitudinal GB). An original view of Visoly-Fisher [118], where the
GBs in Figure 7.7b (but with a stronger band bending) are low recombination pathways of
enhanced electron transport, needs quantitative verification.

7.3.4.4 Advanced cell structures and applications

The CdTe solar cells discussed so far have the ‘superstrate configuration’ (Figure 7.8). For
applications in space, the power-to-weight ratio becomes an important figure of merit, and the
massive glass substrate should be replaced by a thin foil. The superstrate configuration can be
maintained when a transparent plastic foil is used; however, the plastic material is then exposed
to the high CdTe processing temperature. A metal foil can be used in a ‘substrate configuration’.
The problems with the plastic superstrate were solved by the group at ETH-Zürich by using
a 10 μm thin spin coated polyimide film, combined with a lift off technique from a reusable
glass substrate; an efficiency of 11.4 % was obtained [129, 130]. This advanced cell concept
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Figure 7.8 CdTe solar cells with a superstrate configuration (left) and with a substrate configuration

(right).

was developed and tested for applications in space; also applications in building integrations
are possible.

Thin film CdTe cells are very radiation resistant [131, 132]: somewhat better than CIGS,
and significantly better than crystalline GaAs or Si bulk cells. A simple explanation for this is
that defects introduced by the electron and proton radiation only start degrading the cell’s per-
formance when they begin outnumbering the defects already present in the as-made cells. The
performance of bulk crystalline cells relies on a very high minority carrier diffusion length: it
should be a factor of 100 higher than in thin- film cells, thus the trap concentration should be 103

to 104 times lower than tolerable in thin film cells. As a consequence, thin film cells only begin to
degrade at a total fluence which is orders of magnitude higher than crystalline Si or GaAs cells.
A comparison of the radiation degradation of different materials is given in Figure 7of [132].

Further technological development of the back contact is underway. By special CdTe surface
treatments, an ohmic contact of an n+-type TCO on p type CdTe could be realized [133]. This
cell structure has two transparent contacts; applications as a bifacial cell or as a component of
a tandem cell are envisaged. Other work aims to replace the wet etching step in the present
cell technology (the CdTe surface treatment before depositing the contact structure) by dry,
vacuum based processing [134]. Completely ‘dry’ cells were realized recently [135].

7.4 FABRICATION OF CADMIUM TELLURIDE
CELLS AND MODULES

7.4.1 Deposition methods for cadmium telluride based solar cells

7.4.1.1 Close spaced sublimation and related techniques

Today’s two leading CdTe PV manufacturers, Antec and First Solar, use a sublimation technique
for the deposition of the CdTe absorber. Antec uses close spaced sublimation (CSS) to deposit
about 0.1–0.2 μm of CdS and about 5–10 μm of CdTe sequentially [10]. In the CSS technique,
the source and the substrate are placed at a short distance of each other (1 mm to a few cm,
depending on the size) in a rough vacuum (0.1 to 1 Pa or 10−3 to 10−2 mbar). The source and
the substrate are heated to a high temperature (in the 500 ◦C range), the source being at a
slightly higher temperature than the substrate. As a source, one can use the CdTe compound



OTE/SPH OTE/SPH

JWBK098-07 JWBK098-Poortmans July 20, 2006 11:48 Char Count= 0

CADMIUM TELLURIDE THIN FILM SOLAR CELLS 295

Substrateheater lamps

Substrate TC

To vacuum pump Spacer
Vacuum bulb

Source TC

Source heater lamps

CdTe source powder

Substrate

graphite source

Substrate holder

Figure 7.9 Schematics of CdTe deposition by close spaced sublimation (CSS). TC means thermocouple.

in the form of a pressed tablet, or in granulate or powder form. A stoichiometric mixture of
Cd and Te powder can also be used. The driving force for the deposition is the source to
substrate temperature difference, and the surface energy at the substrate, which can depend on
the substrate composition, crystallography and morphology.

In Figure 7.9 a sketch of a batch CSS deposition apparatus is given. The technique has many
variants. An inert carrier gas, Ar or N2, can be used at pressure of e.g. 100 Pa or 1 mbar, or
even at atmospheric pressure. This form of the sublimation technique is sometimes called close
spaced vapour transport (CVT or CSVT). The technique can be used for both CdS and CdTe.

7.4.1.2 Other deposition techniques, vacuum and nonvacuum

As explained in the introduction, CdTe is a tolerant material. Device quality CdTe layers have
been fabricated by a multitude of deposition techniques. It seems that the final CdTe material
properties are determined more by the CdCl2 after-treatment than by the deposition itself. This
has triggered much research on cheap deposition techniques, including quite a few nonvacuum
techniques. We give here a nonexhaustive summary:

(1) Other vacuum techniques

(1) Evaporation and stacked elemental layers: conventional vacuum evaporation has been used
by the group at Delaware to fabricate CdS/CdTe cells with efficiencies above 10 % [119].
In the technique of stacked elemental layers (SEL), a succession of thin Cd and Te layers
are evaporated, and annealed to CdTe afterwards [120].

(2) Atomic layer deposition (ALD): when the successive elemental layers in SEL are effec-
tively limited to a monoatomic layer, the technique was originally called atomic layer
epitaxy (ALE); now the name ALD has become established. The monoatomic elemental
Cd and Te layers are deposited by periodically switching a gas flow between a Cd con-
taining and a Te containing inert carrier gas. Inorganic precursors are used (e.g. Te and Cd
or CdCl2). This technique allows excellent control of the CdS/CdTe intermixing region,
which can be limited to any number of atomic layers, e.g. 100. High efficiency (η = 14 %)
CdS/CdTe solar cells were made with this technique [121].



OTE/SPH OTE/SPH

JWBK098-07 JWBK098-Poortmans July 20, 2006 11:48 Char Count= 0

296 THIN FILM SOLAR CELLS

(3) Metal organic chemical vapor deposition (MOCVD): now the precursors for the gas phase
deposition of CdTe are metal organic compounds, e.g. dimethyl cadmium and diisopropyl
tellurium. Both gases are applied simultaneously to the substrate, and the CdTe film prop-
erties are controlled by the process parameters (gas temperature, flow and concentration,
substrate temperature) [71].

(4) Sputtering: this technique is well suited for industrial large scale production, and it has been
applied successfully to CdS/CdTe [122, 123] and to the back contact structure (Section
7.3.2 and references therein).

(2) Nonvacuum Techniques:

(1) Electrodeposition: this technique has been developed up to industrialization by BP solar
[124]. The deposition of CdS and CdTe is at low temperature, and a thermal treatment
above 400 ◦C is applied afterwards.

(2) Chemical bath deposition (CBD) for CdS: dipping in an aqueous solution containing
Cd2+ ions and S2− ions is the preferred technique for depositing the CdS buffer layer in
Cu(In,Ga)Se2 solar cells. It has also been used for CdS/CdTe cells [50]. The technique
yields very thin, closed layers. However, only films of limited thickness can be deposited
and hence the technique is not used for CdTe.

(3) Solution spray: an aqueous solution containing a Cd precursor (e.g. CdCl2) and a Te
precursor (TeO2 or an organic Te compound) can be sprayed onto a heated substrate.
The CdTe compound is formed on the substrate, and the residues are volatilized. This
technique was developed by Photon Energy, later Golden Photon, to yield highly efficient
cells (12.7 %) and modules [125, 126].

(4) Screen printing and sintering: This technique has also been developed to an advanced
industrial level by Matsushita Batteries [46, 127]. The Universities of Seoul [128] and
Gent [43, 78] also contributed to this technique. The screen printing slurry consists of CdS
or CdTe (or Cd and Te) powder, with some percentage of CdCl2 powder as a flux. After
screen printing and drying, the substrates are sintered at a high temperature (500–600 ◦C)
in ambient nitrogen. The obtained films are rather thick (10–30 μm), and have large grains.
Efficiencies up to 12 % were obtained.

7.4.2 Design of series integrated cadmium telluride modules

An essential advantage of thin film solar cells is the possibility of automated series connection
of cells in a module. This is illustrated in Figure 7.10. All layers are deposited at the full
module size. After deposition, the TCO layer(s) are patterned by laser or mechanical scribing
over the entire width of the substrate. The cuts have to be as narrow as possible (100 μm range)
and leave no TCO material which could shunt the structure; their mutual spacing follows from
an optimization design and is of the order of 5–10 mm (see Section 7.5.3.6). After deposition
of the CdS and the CdTe layer and the activation treatment, a second scribe is given which
leaves the TCO layer; this is possible because the TCO layer is usually much harder and
adherent than the semiconductor layers. In this second cut, the metallization layer(s) form an
interconnection between the left hand and the right hand cell. A third scribe then isolates the
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Figure 7.10 Series interconnection of two adjacent cells in a module by laser scribing. The black parts

indicate possible damage to the CdTe layer during the laser scribing.

back contacts of the two cells from each other. This integrated series connection technology
can be automated to handle a full 60 × 120 cm2 module at high throughput (e.g. 2 minutes)
[6, 12].

7.4.3 Production of cadmium telluride solar modules

Presently CdTe solar modules are produced in two major plants: Antec Solar Energy [136] and
First Solar [137].

In the Antec plant [4, 5, 136], the TCO is applied by sputtering, and the CdS and CdTe are
deposited by CSS. These steps, together with the activation of CdTe, the contact treatment,
the sputter deposition of the contact buffer and contact metal, and the laser scribing for the
series connection, are integrated in one production line. The size of the panels is 60 × 120 cm2,
the throughput is 2 minutes per module. This gives a production capacity of 100 000 m2/yr,
corresponding to 8 MWp/yr with the present module efficiency of 8 %. In a second production
line, the glass plates are encapsulated and sealed to finished modules. The actual production
costs below 2 £/Wp, and the energy payback time is less than one year under central European
insolation conditions.

First Solar [6, 137] uses the same module size. The CdS and CdTe layers are deposited with
high rate vapor transport deposition (HRVTD), where the vapors of subliming CdS or CdTe
are brought over the substrate plates (this is a variant of the CSS technique). The production
was 3 MWp in 2003, and a plant extension with a capacity of 25 MWp is planned to be in
operation in 2005.

Matsushita Battery in Japan has produced screen printed and sintered CdTe solar cells for
the indoor market, e.g. for Panasonic calculators [46, 127]. Although the technical status was
well developed, the activity was stopped in 2002. BP Solar also reached an advanced technical
status with their electrodeposited CdTe modules [124], illustrated by a large area panel with
efficiency exceeding 10 %. A 10 MWp plant was set up in Fairfield, California, but the activity
was stopped in 2002.

As in every industrial activity, the landscape of the companies is a very dynamic one, with
players emerging, reemerging, associating or withdrawing. For an overview of the actual status
and the historic evolution, we refer to [12].
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7.5 ADVANCED CHARACTERIZATION AND MODELING
OF CADMIUM TELLURIDE SOLAR CELLS

7.5.1 Characterization and modeling: introduction

Modern polycrystalline cells are complicated structures and the effects of some particular
phenomenon, mechanism or material parameter are often beyond intuition or simple rules of
thumb. Modeling then can be used to provide insight, to interpret measurements and to asses
the potential merits of a cell structure. Only under certain assumptions and simplifications are
analytical descriptions possible. Numerical modeling is a necessity for the realistic description
of thin-film PV devices. The large quantity of parameters needed for numerical simulation
(50 seems to be a minimum) is, however, a real concern. An exhaustive exploration of a
50-dimensional parameter space is definitely out of reach. This means that numerical modeling
needs input from specialized measurements of layers and specially prepared structures to fix
as many as possible parameters with some level of confidence. In that respect one can truly
say that characterization and modeling go together like a horse and carriage. Also, choosing
a parameter set to simulate a measurement is not a blind job which can be left to a computer,
but it requires physical insight and feeling. Simple, analytical or numerical “‘submodels’”,
which describe the gross action of (a small) part of the parameters (e.g. at the back contact of a
CdTe cell), are of great help in acquiring such physical insight and feeling. We will first briefly
discuss some advanced characterization methods that can help to shine some light in the jungle
of parameters. Afterwards, we will start our discussion of modeling with the analytical ‘two
diode’ model which is particularly successful for the CdTe back contact.

7.5.2 Characterization methods for cadmium telluride
materials and cells

7.5.2.1 Electrical characterization

Routine I -V in light and dark learn us the four basic photovoltaic parameters: the efficiency
η, the short-circuit current density Jsc, the open circuit voltage Voc, and the fill factor FF.
Phenomena typical for CdTe thin film solar cells are immediately displayed by the I -V curves:
‘roll over’, which is ascribed to a contact phenomenon, and ‘cross over’, which can have a
variety of causes (see further Figure 7.11).

Dark I -V measurements as a function of temperature are almost routine measurements.
When the log I -V plot shows a linear region, extrapolation to V = 0 yields the dark diode
saturation current Js, whilst the slope yields the diode ideality factor n. When done as a function
of temperature, a plot of log Js versus 1/T yields the activation energy �E , if it shows a straight
part and if n does not depend on T . The restrictions means that the I -V (T ) curves should be
decently described by a Shockley law:

J (V, T ) = Js (T )

(
exp

(
qV

nkT

)
− 1

)
− JL with Js (T ) = Js0 exp

(
−�E

kT

)
(7.7)

at least in some voltage and temperature ranges. Several current mechanisms can give rise to
a Schockley like I -V law (see below). When one finds that the diode ideality factor n is larger
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Figure 7.11 Dark (dashed line) and illuminated (solid line) J -V characteristics of a thin film CdTe/CdS

solar cell. Definition of terms: ‘roll over’ and ‘cross over’.

than two and decreases with increasing temperature, tunneling could be the current mechanism.
An analytical expression that can be used for combined emission over and tunnelling though
a Schottky barrier is [74]:

J = Js exp

(
V

E0

)
with E0 = E00 coth

(
q E00

kT

)
and E00 = q

h̄

2

√
NA

m∗εsε0

(7.8)

where Js is a complicated function of the temperature, barrier height and semiconductor prop-
erties; Js is only weakly dependent on bias voltage [138]. If displayed in a standard ln J -V
plot, the apparent ideality factor n(T ) depends on temperature and can be quite large (n > 2).

The dark I -V measurement can be severely disturbed by a series resistance Rs and/or a
shunt conductance Gsh. Equation (7.7) should then be replaced by:

J (V, T ) = Js

[
exp

(
q (V − Rs AJ )

kT

)
− 1

]
− JL + (V − Rs AJ )

Gsh

A
(7.9)

where A is the cell area. Curve fitting should be used to extract the parameters JL, Js, n, Rs and
Gsh for each temperature. When a series resistance is the only dominating effect, it is easier
to vary, at each temperature, the illumination intensity and to record Jsc and Voc. Then one
can construct the Jsc − Voc(T ) curves. Unless the series resistance is very high, Jsc and Voc

are not affected by it, and the Jsc − Voc(T ) curves contain, in principle, the same information
as the dark J − V (T ) curves without series resistance. However, in CdTe and other thin film
solar cells, the light current is not a simple translation of the dark current, as it is in crystalline
cells. Hence Js, n and �E derived from the Jsc − Voc measurement can differ from the same
parameters derived from a dark J -V measurement. This explains the somewhat mysterious
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Table 7.4 Dark current parameters Js, �E, n and Voc(0 K) for some common current mechanisms.

The p region (CdTe) is assumed to be the lower doped region. QNR is the quasi neutral region and SCL

is the space charge layer in the CdTe; Egi is the interface bandgap defined in Figure 7.3; Ni and Si are

the interface states density and recombination velocity. The other symbols have their usual meaning

n Js(NA, τ) �E of Js(T ) qVoc(0 K)

Recombination in QNR 1 ∝ 1

NA

√
τ

Eg Eg

Recombination in SCL

(midgap defect)

2 ∝ 1

τ
√

NA

Eg

2
Eg

Recombination in SCL

(nonmidgap defect at

Ei + Et)

low V : n = 1 ∝ 1

τ
√

NA

Eg

2
+ Et

Eg

2
+ Et

high V : n = 2 ∝ 1

τ
√

NA

Eg

2
Eg

Interface recombination 1 + NA

ND

≈ 1 for n+p-juction ∝ Si n (0) Egi = Eg − �EC if �EC > 0

Egi = Eg if �EC < 0

Tunneling through and

emission over barrier

n = E00

kT
coth

(
E00

kT

)
≈ 1 + E2

00

3k2T 2
if E00 � kT

Tunneling trough barrier n.kT = E00 (n > 1)

formulation ‘dark diode current parameters measured under illumination’ which is sometimes
used in the literature. In ideal cells, the open circuit voltage decays linearly with temperature.
Extrapolation of the (straight part of the) Voc − T plot to 0 K also gives an indication about the
current mechanism. An overview of the parameters Js, �E, n and Voc(0 K) for some common
current mechanisms is given in Table 7.4 (compiled from several sources, e.g. [16, 139, 140]).
This table can serve as a guide for interpreting dark J -V or Jsc-Voc curves. It is important that
the interpretation be checked for self consistency, since the values of n, �E and Voc(0 K) are
interrelated.

Capacitance-voltage measurements (C-V measurements) are routinely applied to assess the
doping density. The procedure is simple: one constructs a 1/C2-V plot (Mott–Schottky plot);
the local slope of that plot is inversely proportional to the doping density at a position x away
from the junction [41]. For a one sided n+p junction (that is: the n region is much more heavily
doped than the p region), one obtains:

NA (x) = − 2

A2qεsε0

dV

d
(
1
/

C2
) where x = A

εsε0

C
(7.10)

Several remarks are in order: the doping density NA(x)probed in Equation 7.(10) is relevant
to the least doped region, which is not always known a priory. It is generally assumed that
CdS/CdTe is an n+p type solar cell, and that thus the doping density in the CdTe layer is
probed. In polycrystalline materials, it can be difficult to determine the precise area A due
to texture and two-dimensional effects; when one underestimates the area by a factor two, a
measurement point is erroneously positioned too close to the interface, and the doping density
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is overestimated by a factor four. The extrapolated intercept of the Mott–Schottky curve with
the V -axis equals Vbi–kT/q for a uniformly doped one sided junction. The value of Vbi obtained
from C-V measurements should be checked for self consistency with the dark J -V parameter
�E . The presence of deep traps complicates the C-V behaviour; also the capacitance C
becomes dependent on the measurement frequency [41]. Nevertheless, the simple Equation
(7.10) is still often used to derive the ‘apparent doping density’. The presence of a Schottky
barrier at the back contact has a thorough influence on the C-V behaviour (see Section 7.5.3.1).

Measurement of the complex impedance versus frequency yields the C- f (T ) and G- f (T )
curves. Several mechanisms can give rise to a frequency dependent capacitance, including:
dielectric relaxation in the CdTe layer, deep traps in CdTe (single level and distributed levels),
the back contact, an inversion layer at the CdS/CdTe junction, interface states. The charac-
teristic parameters (low frequency value CLF, high frequency value CHF, time constant τ and
activation energy �Eτ of τ) of these mechanisms have been analyzed in [141]. When deep
levels are supposed to cause the dispersion of the C- f curves, their density and energy distri-
butions can be estimated from an analysis of log C- f plots measured at different temperatures
[142].

To interpret the quantum efficiency, one should first calculate the internal quantum efficiency
QEint(λ) from the measured external quantum efficiency QEext(λ). In a simple optical structure,
with a front side reflection R(λ) and transmission T (λ) of the total cell, the calculation is simple:

QEint (λ) = QEext (λ)

1 − R (λ) − T (λ)
(7.11)

The relationship between QEint and QEext is more complicated when more optical phenomena
are taken into account. The long wavelength region of QEint(λ) gives information about the
back region. Some popular methods to derive the diffusion length Ln from QEint(λ) rely on an
approximation of the ideal Shockley solar cell [14, 17]:

QE (λ) ≈ [
1 − exp (−αW )

] + exp (−αW )
αLn

αLn + 1
(7.12)

Two approximations are in order:

QE (λ) → αLn

αLn + 1
or

1

1 − QE (λ)
→ αLn + 1 when αW < 1 and Ln > W

QE (λ) → α (Ln + W )

αLn + 1
≈ α (Ln + W ) when αW < 1 and W > Ln

(7.13)

The first approximation is valid in silicon cells; when the absorption coefficient α(λ) is precisely
known, the inverse of 1 – QE is plotted versus α in the long wavelength region, and Ln is derived
from the slope, when a straight line is obtained. The second approximation can be used for CdTe
solar cells [90]. The QE is measured for varying reverse voltage at a fixed long wavelength
(820 nm< λ < 860 nm), and the depletion width follows from a C-V measurement; knowledge
of α(λ) is not required. In a QE versus W plot, the extrapolation of the straight part (if any) to
the W axis yields –Ln . A critique on the validity of these and related techniques to determine
the diffusion length is given in [42].
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Deep level transient spectroscopy (DLTS) and related techniques cannot be considered as
routine techniques [41]. A cell is biased at a quiescent reverse voltage. Then a short excitation
is given to the cell: a voltage pulse which still stays in reverse bias (standard DLTS), or a
voltage pulse which gives the cell a forward bias for a short time (injection DLTS), or a short
laser pulse (optical DLTS). The cell then returns to its quiescent state, and during that transient,
the capacitance (measured at a high frequency, typically 1 MHz) is recorded. This is done at
several temperatures. Several methods can be used to process the measured C(t) transients
at each temperature, to obtain information about deep states present in the cell: their energy
levels, concentration and capture cross-sections. For DLTS results on CdTe solar cells, we
refer to the literature [143–147].

7.5.2.2 Structural, physical and chemical characterization

All kinds of standard spectroscopy (XPS, Auger, EDS, SIMS) and microscopy (SEM, TEM)
have been applied to CdTe layers and CdTe/CdS solar cells. We discuss here a few specialized
techniques in some more detail.

A direct measure of the response of the solar cell on a microscopic scale is obtained by
electron beam induced current (EBIC) and optical beam induced current (OBIC). The excitation
is a focused electron or optical beam, and the measured output is the electrical current in the
cell. An electron beam can be better focused than a laser beam, and hence EBIC has a higher
spatial resolution. The photocurrent or induced current can be probed at the same position
as the incident beam (direct EBIC, OBIC), or by an electrode which remains at some fixed
distance from the incident beam during scanning (remote EBIC, OBIC). The technique can
be applied to the surface of the cell (plane EBIC) or to a cross-section (transverse EBIC).
The information gained is the lateral homogeneity, and, with some assumptions, the diffusion
length. Electron beam induced current and related measurements have been extensively used
in CdTe solar cell research [11, 111, 114–116]. Nonuniformity of the output of CdTe/CdS solar
cells has also been studied with lock-in thermography, where the near infrared radiation from
the cell surface is scanned and converted to a temperature image [148].

Emission measurements such as photoluminescence (PL) or cathodoluminescence (CL)
can give information about the bandgap, the excitonic structure, deep states and recombination
properties. Here the excitation is a laser or electron beam, and the output is light emitted at a
longer wavelength. Applications on CdTe thin film solar cells are found e.g. in [149–153].

In ultraviolet photon spectroscopy (UPS) and X-ray photon spectroscopy (XPS) the excita-
tion is radiation with energy in the order of 10 eV (UPS) to some hundreds of eV (XPS). The
energy of the emitted electrons is measured. The method gives information about the energetic
position of the Fermi level and of the valence band edge at the surface. Combined with the
knowledge of the band gap Eg, the position of the conduction band edge and hence the com-
plete band alignment at the surface is probed [45, 76, 154, 155]. The position of the conduction
band can be probed directly with photoelectron spectroscopy (PES) [156]. The question how
the band alignment at the surface of a partial structure relates to the band alignment in the
interior of a complete cell has to be approached by other considerations.

Advanced scanning techniques are derived from atomic force microscopy (AFM) and scan-
ning tunneling microscopy (STM). They can probe the surface potential (surface photovolt-
age, SPV [157]), work function (Kelvin probe force microscopy, KPFM [158]) and electrical
current or surface capacitance with submicrometer resolution [117, 118]. Advanced optical
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measurements can be used for an accurate determination of the optical absorption α(λ) in the
subbandgap region. We refer to the work of the Prague University group [27].

7.5.3 Modeling of thin film cadmium telluride solar cells

7.5.3.1 The analytical two diode model for cadmium telluride solar cells

The contact energy barrier �b at the CdTe back contact structure gives rise to a Schottky diode
pointing in the opposite direction to the main CdS/CdTe solar cell junction. The analytical
description of a CdTe solar cell with this ‘two diode model’ shown in Figure 7.12 is remarkably
successful because it gives a simple semiquantitative description of some effects particular to
the CdTe solar cell. The model was brought up by Stollwerck and Sites to explain the gross
effects on the illuminated I -V characteristics [86], and was refined at the University of Gent
to describe also the ac behaviour, the influence of minority current at the back contact, the
voltage and illumination dependence at the back contact [87, 88, 90, 159].

The dc model states that the current Jj – JL through the CdS/CdTe junction and the current
Jc through the contact is the same, whilst the voltages are summed (Figure 7.12). For the solar
cell junction, an ideal Shockley law is assumed with an ideality constant n, and for the contact

Vj

JL

Vc

JcJj

p-CdTen-CdSTCO back contact structure

J

V

vj vc

Cj

Rj

Cc

Rc

dc-model

ac-model

Figure 7.12 The two diode model for the CdS/CdTe junction and the back contact structure. Reprinted

from Thin Solid Films,403–404, M. Kontges, R. Reineke-Koch, P. Nollet, J. Beier, R. Schaffler, J. Parisi,

Light induced changes in the electrical behaviour of CdTe and Cu(In,Ga) Se2 solar cells, p. 280–286.

Copyright (2002) with permission from Elsevier.
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a thermionic emission law. With a correct treatment of the signs, one obtains:

J = Js

(
exp

(
qVj

nkT

)
− 1

)
− JL CdS / CdTe junction

= −q NVvr exp

(
−�b

kT

) (
exp

(
−qVc

kT

)
− 1

)
contact

V = Vj + Vc (7.14)

where vr is the emission velocity of holes over the contact barrier. As a first refinement, vr can
be replaced by the drift velocity vd at the contact, which depends on the doping density and
the voltage Vc over the contact, or by an effective velocity veff describing the combined effects
of thermionic emission, drift and diffusion [14, 74]. This simple model already explains the
roll off of the I -V curves, and its dependence on the contact barrier �b. It gives a first estimate
of the dependence of the fill factor FF and the efficiency η on �b [86]. The simple formula
Equation (7.6) was derived from these Equations (7.14) in [87].

Only a few extensions to this model are required to also describe the cross over of the I -V
curves [160]. An empirical approach is to assume that one or more of the parameters in Equa-
tions (7.14) depend on illumination: the diode saturation current Js or the contact saturation
current Jc, possibly caused by a light dependence of the barrier �b. Also light dependent shunt
and series resistances have been invoked. Although all those empirical assumptions can almost
perfectly explain the cross over of one I -V curve, they do not give a physical explanation of
why and how a given parameter depends on illumination intensity and wavelength: not surpris-
ingly, they most often fail in explaining other measurements than the one I -V curve they were
conceived for. Physical approaches within the analytical two diode model, and corroborated
with measurements and numerical simulations, are:

(1) The back contact junction is photovoltaic [160]: a current source has to be placed in parallel
over the contact diode in the dc circuit in Figure 7.12. This current source has the opposite
direction to the source JL over the solar cell junction, and responds only to long wavelength
light (λ > 820 nm).

(2) Not only holes, but also minority electrons contribute to the current through the contact
[87, 88]. A term describing the electron current has to be added to the second equation
of Equations (7.14), and an estimate of the electron density at the edge of the contact
space charge layer has to be made. It turns out that this mechanism can only be impor-
tant when the diffusion length Ln is large, or the cell is thin, or two-dimensional effects
at the contact decrease the effective thickness. The source of a nonnegligible electron
concentration at the contact SCL can be direct optical generation (then this model is equiv-
alent to (1) or a sufficiently large forward bias voltage over the solar cell junction. The
model explains the single point cross over of a set of I -V curves observed under certain
conditions [88].

(3) The energy barrier depends on illumination in an indirect way [90]: long wavelength
illumination changes the occupation of deep acceptor states near the contact; this, in
turn, changes their charge state, and hence the electrostatic potential profile and the energy
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barrier in the device. This makes the majority (hole) current passing the contact illumination
dependent.

(4) Several mechanisms analogous to (3) were invoked at the front contact to explain the
short wavelength effects at forward bias [161–165]: at forward V and for λ < 520 nm,
the apparent quantum efficiency becomes negative and (in magnitude) larger than unity.
Though these models differ in details, they have a common starting point: deep acceptor
states (in the CdS or at an interface) compensate or overcompensate for the shallow donor
doping of CdS. Under illumination, and when a suitable ratio σp/σn > 1 is assumed, these
acceptors become uncharged, the effective doping density in the CdS changes and hence
the potential profile over the CdS. This can have a severe influence on the current transport
to the rest of the solar cell. In [161, 162] ovecompensation is assumed, which results in a
hump like potential profile over the CdS: this layer acts as a modulated barrier photodiode
(MBP). In [163–165] more or less complete compensation is assumed; the details of the
rather complicated behavior of the cell (both QE and I -V ) at forward voltage and short
wavelengths could be explained. These high V /short λ effects are reviewed in [166, 167].
It should be remarked that all models in this paragraph (4) exceed the analytical two diode
model, and intensively use numerical simulation. Only the MBP model could be treated
analytically with simplifying assumptions [161, 162].

The ac behaviour can also be explained quite well with the two diode model. In the equivalent
circuit in Figure 7.12, all network elements depend on the dc bias value of the voltage over the
element: Rj and Rc depend exponentially on the dc values Vj and Vc (a strong dependence),
respectively; Cj and Cc show the usual square root dependence of bias voltage: Cj ∝ √

Vbij − Vj

and Cc ∝ √
Vbic + Vc where Vbij and Vbic are appropriate built-in voltages (a weak dependence).

From elementary circuit theory one can calculate the measured capacitance C . We confine
ourselves here to the low and the high frequency limits:

CLF = R2
j Cj + R2

c Cc(
Rj + Rc

)2
CHF = CjCc

Cj + Cc

(7.15)

At negative up to moderate positive applied voltage, the current is lower than the contact
saturation current, and hence the contact does not limit the current: Rj >> Rc and hence
CLF

∼= Cj. Since Vj increases with the applied voltage V , CLF
∼= Cj increases with increasing

V . From analysis of the Mott–Schottky plot one then deduces the doping density in the CdTe
layer close to the CdS junction. At high forward voltage, however, the contact is limiting the
current, and Rc >> Rj and CLF

∼= Cc. Also Vc increases with V , but Vc is the reverse voltage
for the contact (Figure 7.12), hence CLF

∼= Cc decreases with increasing applied voltage. From
analysis of the Mott–Schottky plot one then deduces the doping density in the CdTe layer close
to the contact. One can show easily from Equations (7.15) that at an intermediate voltage, where
RjCj = RcCc, one measures the series capacitance CLF = CjCc/(Cj + Cc), which is lower than
both Cj and Cc. This explains the characteristic shape of the low frequency C-V measurements
of a CdTe solar cell with a back contact barrier: it has a minimum in between two maxima
(Figure 7.13). These results of the two-diode model allow one to determine the CdTe doping
separately in the junction and in the contact region [87, 159]; this has become a standard
procedure for CdTe solar cells with a contact barrier.
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Figure 7.13 Measured C-V characteristics at forward bias of a CdTe cell without CdCl2 activation.

The measurement frequencies are 10, 20, 40 and 100 kHz. Reproduced with permission from Sol. Energy
Mater. Sol. Cells, 63, V. Singh, D. Linam, D. Dils, J. McClure and G. Lush, Electro-optical characterization

and modeling of thin films CdS-CdTe heterojunction solar cells, pp 445–466. Copyright (2000) Elsevier.

7.5.3.2 Numerical modeling tools

A numerical solar cell simulator is a computer programme that numerically solves the ‘semi-
conductor equations’ for a given solar cell structure. The dc semiconductor equations (in one
dimension) are the Poisson equation that relates the electrostatic potential ψ to the total charge
density:

d2�

dx2
= − q

εsε0

[
p (x) − n (x) + N+

D − N−
A + ρds (n, p)

]
Poisson (7.16)

and the continuity equations that relate the electron and hole current with recombination and
generation of carriers:

dJn

dx
= G (x) − R (n, p) electron continuity

dJp

dx
= G (x) − R (n, p) hole continuity (7.17)

In Equation. (716), N+
D and N−

A are the densities of the ionized shallow donors and acceptors,
respectively; ρds is the charge density contained in the deep states, which generally depends in
a nonlinear way on the electron and hole concentrations. In Equation 7.(17), G is the generation
by the illumination; it depends on the wavelength λ and the position x . The term R in Equation
(7.17) is the total recombination in the deep states, which also nonlinearly depends on the carrier
concentrations. The currents Jn and Jp are composed of a diffusion term and a drift term.
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There are thus three differential equations for three unknown functions ψ(x), n(x) and
p(x). With suitable boundary conditions, this system can be solved. In a computer algorithm,
the solar cell structure is first divided into slices, typically some tens to more than a hundred
per semiconductor layer. For a five layer system, the number of slices can be e.g. N = 500.
Each differential equation is approximated by a system of N nolinear algebraic equations.
The resulting system of 3N = 1500 equations with 3N unknowns (ψ, n and p in each slice)
are solved numerically. The program will need input for each of the five layers: thickness and
semiconductor properties, including recombination information for all shallow and deep levels
present. A large number of input parameters (50 to 100) is thus to be expected.

Solar cell simulation programmes differ in their numerical capabilities (number of layers,
number of deep levels per layer, speed of calculation, etc.), in the physical mechanisms imple-
mented (different recombination mechanisms, tunnelling, etc.), in their ease of operation (the
users interface) and in their availability and price. An overview of numerical simulators used
for thin film solar cells is given in [168]. The results discussed below were obtained with the
programme SCAPS developed at the University of Gent [169–171].

7.5.3.3 Finding a consistent parameter set

A starting parameter set for simulating the most marked features of a broad class of CdS/CdTe
thin film solar cells is the ‘baseline set’ given by Gloeckler and Sites [48]. When our aim is
predictive numerical simulation, it is a prerequisite to find a consistent parameter set. This
means a single parameter set for one cell, which describes all measured effects. By this we
mean that no ad hoc assumptions are made (e.g. an assumed voltage or illumination dependence
of some parameter, e.g. a barrier), that no numerical tricks are used (e.g. ‘neutral levels’ in
which there is recombination, but no charge – though this idealization does not correspond to
a physical reality, it is a feature implemented in SCAPS and other simulation programmes), and
that use is made of all measurements, including DLTS if available. Because the determination
of the trap density and capture cross-sections is by no means a simple routine, and can lead
to substantial errors, we consider the parameters Nt, σn and σp as fitting parameters. On the
contrary, we use all defects with their energy levels Et as determined by DLTS in the parameter
set. Finding such a consistent parameter set is a laborious task. A first set was given by fitting
the forward V /short λ effects [164, 165]. This set was refined in sequential stages to also
include a fit of the dark and illuminated J -V , the Jsc-Voc, the C-V and the C- f measurements,
all as a function of temperature, and the QE(λ, V ) measurement [172, 173]. This was done
for two particular series of Antec cells: one with CdCl2 activation treatment in air, the other
in vacuum. The defect related parameters of our baseline set are shown in Table 7.5; the other
parameters values are taken from Table 7.1.

7.5.3.4 Modeling results

This parameter set was used as a baseline for parameter variation, where each time one single
parameter was varied, the others retaining their baseline values [174]. The simulations were
carried out with scaps.
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Table 7.5 Parameter set for typical vacuum and air activated cells. Trap energies are measured from

the valence band edge; positions are measured from the CdS/CdTe junction (source: [173]).

Air activated cell Vacuum activated cell

CdS

Thickness [nm] 70 70

Shallow ND [cm−3] 5 1016 5 1016

Defect 1 Function: light dependence of CdS

Type acceptor acceptor

Et [eV] EV + 1.97 EV + 1.97

Nt [cm−3] 4.9 1016 3 1016

σn [cm2] 10−20 10−20

σp [cm2] 10−11 10−11

Defect 2 Function: recombination in CdS

CdTe

Thickness [μm] 5 8.7

Shallow NA [cm−3] 1.5 1015(0–3 μm) 2.0 1015 (0–0.55 μm)

1.0 1016 (3–5 μm) 3.0 1013 (0.55–8.2 μm)

4 1014 (8.2–8.7 μm)

μn [cm2 V−1 s−1] 110 110

μp [cm2 V−1 s−1] 70 (0–3 μm) 70 (0–8.2 μm)

1 (3–5 μm) 1 (8.2–8.7 μm)

Defect 1 Function: dark J -V , recombination, Voc

Type Acceptor Acceptor

Range [μm] 0–3.0 μm 0–8.2 μm

Et [eV] EV + 0.72 EV + 0.74

Nt [cm−3] 1.0 1015 1.0 1015(0–0.1 μm)

5.0 1014(0.1–0.55 μm)

7.7 1014(0.55–8.2 μm)

σn [cm2] 1.0 10−13 3.0 10−14

σp [cm2] 1.0 10−12 4.0 10−12

Defect 2 Function: shape of dark J -V , / recombination, Voc

Type Acceptor Acceptor

Range [μm] 0–0.1 μm 0–0.1 μm

Et [eV] EV + 1.03 EV + 1.03

Nt [cm−3] 8.0 1014 8.0 1014

σn [cm2] 1.2 10−11 1.2 10−11

σp [cm2] 1.0 10−11 1.0 10−11

Defect 3 Function: C-V at low T < 250 K

Type Donor Donor

Range [μm] 0.1–3.0 μm 0.55–8.2 μm

Et [eV] EV + 0.2 EV + 0.3

Nt [cm−3] 1.0 1015 2.7 1013

σn [cm2] 10−20 10−20

σp [cm2] 10−20 10−20

Back contact

�b [eV] 0.42 0.55
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Figure 7.14 Variation of the I -V characteristics with the energy barrier �b at the CdTe back contact.

The other parameters have their baseline values. Top: a vacuum activated cell; �b varies from 0.42 eV

to 0.60 eV (step 0.02 eV). Bottom: an air activated cell; �b varies from 0.40 eV to 0.52 eV (step

0.02 eV). Reproduced with permission from Sol. Energy Mater. Sol. Cells, 63, V. Singh, D. Linam, D.

Dils, J. McClure and G. Lush, Electro-optical characterization and modeling of thin films CdS-CdTe

heterojunction solar cells, pp 445–466. Copyright (2000) Elsevier.

(1) The Contact Barrier

In Figure 7.14, the simulated I -V curves of vacuum and air activated cells are shown when
the contact barrier �b is varied. The effects illustrate what is commonly known. When �b

increases, the I -V curves start to roll over in the forward biased quadrant from about �b ≥ 0.4
eV at room temperature, then FF decreases, and finally an S shaped I -V curve in the active
quadrant develops. The associated efficiency loss is shown in Figure 7.15. The lower efficiency
for the vacuum activated cells is due to the overall lower doping density, as we will show.
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Figure 7.15 Efficiency of a vacuum (dashed line) and an air activated (solid line) cell as a function of the

contact energy barrier �b. The baseline values for both are indicated. Reproduced with permission from

Sol. Energy Mater. Sol. Cells, 63, V. Singh, D. Linam, D. Dils, J. McClure and G. Lush, Electro-optical

characterization and modeling of thin films CdS-CdTe heterojunction solar cells, pp 445–466. Copyright

(2000) Elsevier.

(2) The Doping Profile

When the doping density at the CdTe contact is varied, the other parameters having their
baseline value for each cell, the I -V curves in Figure 7.16 are obtained. The resemblance to
Figure 7.14, where �b was varied, is striking. This illustrates that the effects of contact doping
can be mistakenly interpreted as an effect of contact barrier. In particular, a high doping density
at the CdTe contact can effectively mask the effects of a contact barrier. This result has been
presented before (e.g.[90]), but it is often overlooked. The influence of the other shallow
and deep doping and trap profiles in Table 7.5 is also studied. This is summarized in Figure
7.17 for air activated cells and Figure 7.18 for vacuum activated cells. In both cases, a high
shallow doping at the contact NAcontact is favourable. If NAcontact could be increased beyond
1016 cm−3, an efficiency gain of 0.5 % (absolute) could still be expected. The deep acceptors
at ∼= EV + 0.72 eV only contribute to the doping at reverse bias voltage, but they enhance the
recombination in the SCL in the bias active voltage bias range (0 < V < Voc): therefore, their
concentration should be limited to about 1015 cm−3 (Figure 7.17). Also the bulk doping should
be as high as possible, though the gain is only marginal for NAbulk > 5 1015 cm−3. A low shallow
CdTe bulk doping density deteriorates FF and hence η; this is illustrated for vacuum activated
cells in Figure 7.18. This has been ascribed to too low an electric field in the SCL [159].

The efficiency does not depend entirely on the doping density NAjunction near the CdS/CdTe
junction, as several effects are simultaneously present. At high NAjunction, Voc is high because of
the higher built-in voltage, but the long wavelength current response decreases because of the
small SCL width; at low NAjunction, the current collection is poor because of the electric field in
the SCL is too weak; Jsc is maximal for intermediate NAjunction

∼= 2 1015 cm−3, the maximum
being broader for air activated cells; for higher value NAjunction

∼= 5 to 8 1015 cm−3, Voc is
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Figure 7.16 Variation of the I -V characteristics of a vacuum activated cell (top) and an air activated

cell (bottom) with the doping density NAcontact at the CdTe back contact. The other parameters have

their baseline values (thus �b = 0.42 eV (air) and 0.55 eV (vacuum)). Top: a vacuum activated cell; the

NAcontact values are 1013, 3 1013, 1014, . . . , 1017 cm−3. Bottom: an air activated cell; the NAcontact values

are 1014, 3 1014, 1015, . . . , 1017 cm−3. Reproduced with permission from Sol. Energy Mater. Sol. Cells,

63, V. Singh, D. Linam, D. Dils, J. McClure and G. Lush, Electro-optical characterization and modeling

of thin films CdS-CdTe heterojunction solar cells, pp 445–466. Copyright (2000) Elsevier.

decreased because the roll over of the I -V curves already starts in the active quadrant. This
complicated behaviour makes the CdTe doping near the junction the most critical parameter
to adjust. Especially for vacuum activated cells, this parameter should be in a rather narrow
range. The simulation results obtained here may explain the sometimes contradictory effects
reported for introducing copper as a dopant from the back contact into the CdTe layer. It
definitely diffuses easily through the CdTe layer, and accumulates at the CdTe/CdS junction
and in the CdS layer [77]. We showed here, however, that the resulting cell behaviour is very
sensitive to variations in the doping profile near the junction. Hence, technologies which rely
on establishing a well tuned profile of copper related acceptors may bear a risk in terms of
producibility and stability.
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Figure 7.17 Efficiency of an air activated cell as a function of the density of the shallow doping at the

contact and at the CdS junction, and of the deep acceptor density at the junction (level at EV + 0.72 eV).

The other parameters have their baseline values. Reproduced with permission from Sol. Energy Mater.
Sol. Cells, 63, V. Singh, D. Linam, D. Dils, J. McClure and G. Lush, Electro-optical characterization and

modeling of thin films CdS-CdTe heterojunction solar cells, pp 445–466. Copyright (2000) Elsevier.

Figure 7.18 Efficiency of a vacuum activated cell as a function of the density of the shallow CdTe

doping, at the contact, in the bulk, and at the CdS junction. The other parameters have their baseline

values. Reprinted from Thin Solid Films, 480–481. M. Burgelman, J. Verschraegen, S. Degrave and P.

Nollet, Analysis of CdTe and CIGS Solar Cells in relation to materials issues p. 392–398, Copyright

(2005) with permission from Elsevier.
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Other components of deep levels were investigated in literature. It was e.g. pointed out
that deep donors close to the back contact cause a loss of Voc due to compensation of the
shallow acceptor doping in CdTe close to the back contact [89]. This is consistent with our
results shown in Figure 7.16, though a loss of FF seems to be a more dominant effect for cells
described by our parameter set.

The profile of shallow doping density in our cells is high–low–high, when going from
the back contact to the junction. Such a profile has been invoked before to explain a set of
measurements on cells of other fabrication [175]. The variations in such a high–low–high
profile have been used to explain the behaviour of CdTe cells upon ageing [176]. Other profiles
of shallow doping have also been reported, e.g. a doping density increasing steadily from the
junction to the contact [89]. The simulations shown here demonstrate that all components of
the shallow and the deep doping profile have their influence on the final I -V characteristics of
a thin CdTe solar cell.

7.5.3.5 Modeling results: other subjects

We should mention here the early work of the group at Purdue University [177–182]. Other
aspects of the CdTe cell that have been simulated extensively are: the effects in the QE and
J -V measurements at forward voltage and short wavelengths (see Section 7.5.2.1), the C-V
and C- f behaviour [141, 183–185] and various other parameter studies [186, 187].

7.5.3.6 Modeling results: (pseudo) two-dimensional modeling

Polycrystalline thin film solar cells properly require the use of two-dimensional or even three-
dimensional programs because of grain boundaries and nonplanar interfaces. Grain boundary
effects seem to be more prominent in CdTe cells than in CIGS cells. Although one-dimensional
problems effectively average the effect of grain boundary states over the bulk, they have been
surprisingly successful. Also, transition to two or three dimensions will increase substantially
the number of input parameters, many of which are presently not well known.

In a simpler approach, pseudo two-dimensional simulation is obtained by combining one-
dimensional physical simulation, e.g. with scaps, with network like treatment (e.g. spice) of
the other dimensions. A useful application of this is the monolithic series integration of thin
film cells in a module (Section 7.4.2), which is treated e.g. by the module design simulator
[188]. In this programme, all the physics of the ‘elementary unit cell’ are lumped in one
exponential diode law, to be specified by the user. All two-dimensional aspects of the series
integration are treated as a network of such unit cells and resistors. While the direct link with
cell physics is lost in this way, there is a tremendous gain in speed and interactivity when
it comes to designing the series integration. A similar network approach, combined with an
analytical effective medium model, was used by Shvydka, Karpov et al. to simulate the effect
of nonuniformities and small area defects [189–191]. The effects of nonuniform illumination
or small area contacts have also been treated in this way, e.g. [192].

As specialized, nanoscale characterization tools for the physical and chemical properties
at the grain boundaries have been developed recently (Section 7.3.4.3), it is to be expected
that these pseudo two-dimensional and full two-dimensional numerical simulations will be
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applied for a quantitative description of the influence of grain boundary effects on the cell’s
photovoltaic output.

7.6 CONCLUSIONS

In this chapter, we described the photovoltaic achievements of CdTe solar cells and modules.
The important summary for the general PV community is that CdTe solar modules are now
being produced, and are on the market. This was however not the main emphasis of this chapter:
rather it was the long scientific and technological chain from material properties to the final
cell performance.

Cadmium telluride is reputed as a forgiving material, in the sense that the solar cell prop-
erties do not suffer too much from the rather poor crystalline quality of the layers constituting
the cell. This is illustrated by the fact that good CdTe cells have been made with a multitude of
different techniques: it seems that, regardless of the deposition technology, a more or less uni-
versal recipe – activation treatment with CdCl2– leads to decent cells. This seeming simplicity
of the fabrication technology, however, hides the complexity that exists in the cell structure
and operation. Excellent scientists and skilled technicians have brought CdTe solar cell tech-
nology to the high level where it stands now, largely on an empirical basis, thereby combining
technological mastery with a remarkable intuition for materials technology. For further de-
velopments and achievements our knowledge of how to do it will have to be complemented
by our insight into why things work as they do. And our general, qualitative understanding
of the main working principles will have to evolve to a detailed quantitative understanding
of all materials and phenomena involved. Recent developments in advanced characterization
tools and in physical modeling, and a mature, active and multidisciplinary research community
are the pillars that further CdTe cell and module development can built on. We are confident
that, in the moving scene of PV and other energy developments, CdTe photovoltaics will con-
tinue to contribute to that shared dream of humanity – clean, affordable energy from the Sun,
for all.
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8.1 INTRODUCTION

Made from cheaper materials, organic solar cells promise to open up new markets for solar en-
ergy, potentially powering everything from watches and calculators to laptop computers. Their
flexibility and minimal weight will allow them to be placed on almost anything from tents that
would provide power to those inside, to clothing that would power personal electronic devices.
Advantages of organic materials and polymers for photovoltaic applications are obvious [1–3]
but these materials have several serious drawbacks.

At variance with conventional crystalline semiconductors like Si, Ge, GaAs, etc., photoex-
citation of an organic material does not immediately create free charge carriers. Primary optical
excitations in organic materials, both crystalline and amorphous, are Frenkel type molecular
singlet excitons with a binding energy of around 0.5 eV or larger. It should be stressed that an
increase in photon energy beyond the absorption edge cannot change the nature of primary pho-
toexcitations. The reason is that, due to weak Van der Waals interactions between constituents
in a molecular solid, the oscillator strength is very small for direct photoionization even at high
excess photon energies beyond the S1 ← S0 0–0 transition. Energetic photons rather generate
highly excited Franck–Condon states that dissipate their excess vibronic energy on a timescale
of around 100 fs. Therefore, the first and major problem of organic photovoltaics is how to
make excitons dissociate into free charge carriers.

The next problem, common in both organic and inorganic solar cells, is full collection
of photogenerated charges. In organic, especially disordered, materials, carrier mobility is
several orders of magnitude smaller than in crystalline inorganic semiconductors like silicon.
This imposes severe restrictions on the maximum thickness of organic photovoltaic devices.
Furthermore, it is very difficult to get appreciable mobilities of both electrons and holes in the
same organic material. Accumulation of less mobile carriers in the bulk will hamper charge
collection at the electrodes and thereby dramatically reduce the solar cell efficiency.

Thin Film Solar Cells Edited by J. Poortmans and V. Arkhipov
C© 2006 John Wiley & Sons, Ltd
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Another problem is efficient harvesting of excitons. Since, owing to a large binding energy,
intrinsic dissociation of relaxed excitons into free carriers is virtually impossible, diffusion of
excitons towards either charge transfer centers or donor/acceptor interfaces is a prerequisite for
charge photogeneration. Typical exciton diffusion length in disordered organics is not larger
than 10–20 nm which restricts the size of the donor phase to 20–40 nm only. A 40 nm organic
film is still too thin to provide full light absorption. A solution could be either multiplayer planar
or bulk heterojunction solar cells. The former approach is more relevant for small molecule
materials that can be vacuum deposited with well controlled thicknesses and morphologies of
individual layers. The major problems of such devices remain exciton harvesting and charge
collection at the electrodes.

Fabrication of polymer based planar heterojunction devices by spin coating or screen print-
ing is problematic because it requires the use of solvents, which can dissolve the donor polymer
but not the acceptor material and vice versa. Semiconducting polymers are used in so-called
bulk heterojunction solar cells. These devices exploit the phase separation that occurs in poly-
mer donor/acceptor blends on the scale of a few nanometers to a few tens of nanometers.
In principle, this scale matches almost perfectly the exciton diffusion length, which provides
conditions for efficient exciton harvesting via dissociation at the donor/acceptor interface.
However, the dissociation mechanism is not yet fully understood. Furthermore, while full
phase separation is proven on the acceptor (typically, C60 based) side, it is not yet clear if pure
donor polymer phase is formed on the scale of ∼10 nm or if the polymer is homogeneously
mixed with the acceptor. On the more technological side, the major problems to be solved in
bulk heterojunction devices are: (i) full light absorption in a typically 100 nm thick device,
(ii) the decrease of opencircuit voltage upon blending of a donor polymer with a strong elec-
tron acceptor, and (iii) charge transport via random interpenetrating percolation networks for
electrons and holes.

The present review is focused on the processes and mechanisms related to charge photogen-
eration in pristine, weakly, and heavily doped conjugated polymers rather than on technological
aspects. We discuss exciton quenching and dissociation into geminate pairs of charge carriers
at charge transfer (CT) centers, the role of energetic disorder in the Onsager type dissociation
of geminate pairs, interfacial exciton dissociation and geminate recombination in polymer
donor/acceptor blends, etc. The center of gravity will be shifted to recent experimental and
theoretical advances. Detailed discussion of more traditional issues like the excitonic nature
of optical excitations in conjugated polymers, the exciton binding energy, exciton energy re-
laxation and site-selective spectroscopy, etc. can be found elsewhere [4–7].

8.2 EXCITON DISSOCIATION IN NEAT AND HOMOGENEOUSLY
DOPED RANDOM ORGANIC SEMICONDUCTORS

8.2.1 Intrinsic photogeneration in conjugated polymers

It is well established that in conjugated polymers the primary optical excitations are neutral
singlet or triplet excitons. A direct spectroscopic proof of this notion is the observation of
an energy gap between singlet and triplet states of about 0.7 eV [8–12]. Since this quantity
is a measure of the strength of the exchange interaction between the electron and the hole
comprising the exciton, it proves that the excitons are tightly bound. In the singlet state the root
mean square (rms) electron–hole seperation is about 1 nm as inferred from the electroabsorption
data and quantum chemical calculations [13–15]. This implies that the dissociation of a singlet
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excitation should require an energy of �kT at room temperature. Unfortunately, the exciton
binding energy, Eb, is not amenable to direct spectroscopic probing except in the case of
crystalline polydiacetylenes. In these materials Eb is known to be ≈0.5 eV [16].

Because of Eb being 0.5 eV or larger, one would expect that photoconduction starts at a
photon energy hν = E(S1) + Eb where E(S1) is the energy of the singlet excitation. Action
spectra of cw photoconduction in films of various conjugated polymers, such as substituted
polyphenylenevinylenes (PPVs) [17], ladder type poly (paraphenylenes) [18], or polythio-
phenes [19], do, in fact, bear out a pronounced increase well above the absorption edge set by
the spectroscopic S1 ← S0 0–0 transition. This increase is an indication of the onset of intrinsic
photogeneration, very much like in conventional molecular crystals [4]. It is generally agreed
that there it is the signature of autoionization from a nonrelaxed higher energy Franck–Condon
state [20]. It generates coulombically bound electron–hole pairs that can either recombine gem-
inately or dissociate fully in the course of a temperature and/or electric field assisted diffusive
random walk. A similar phenomenon occurs in conjugated polymers. The extra energy needed
to form a coulombically unbound electron hole pair relative to the energy of a relaxed singlet
exciton can also be delivered via a two quantum process, such as a two photon absorption, a
sequential photoionization of a relaxed S1 excitation or via a bimolecular encounter of two
excitons [21–23].

The only way to dissociate a relaxed singlet excitation, i.e. a singlet excitation after any
vibrational excess energy has been dissipated, in a neat system is to apply a high electric
field. It should compensate for the loss of coulombic binding energy required to expand the
electron–hole pair. In a molecular crystal of the anthracene type this process is beyond the range
of accessible electric fields because Eb is too large. In a 100 nm thick film of a conjugated
polymer it does occur and commences at an electric field of typically 106 V/cm, i.e. well below
breakdown fields. A signature of field assisted dissociation of S1 excitons is fluorescence
quenching at high electric fields [24, 25]. This phenomenon is well known for inorganic
semiconductors like GaAs but, owing to the low exciton binding energy, it already occurs at
fields in the 10 kV/cm range.

The occurrence of field assisted dissociation of singlet excitons can be monitored directly
via transient absorption. There are several reports in the literature testifying that, upon exciting
with 100 fs laser pulses, a polymer film generates a transient absorption signal near 2 eV, i.e.
well below the optical gap of the film [26, 27]. This is due to the generation of radical cations
and anions, conventionally termed polarons. From the temporal growth of that signal one can
conclude that: (i) dissociation occurs within the entire intrinsic lifetime of the vibrationally
relaxed S1 excitons, typically 300 ps, and (ii) it does not occur at a well defined rate, but
follows dispersive kinetics [27]. This is a characteristic feature of an energetically random
system featuring inhomogeneously broadened absorption spectra [28, 29]. The condition for
dissociation is that there must be a nearby charge accepting state whose energy, dependent on
the electric field, is comparable to the energy of the exciton. It is obvious that energetic disorder
must translate into a distribution of reaction distances and, concomitantly, reaction rates.

The reaction product is a metastable coulombically bound electron—hole pair (e–h pair),
i.e. a geminate e–h pair that has the options of subsequent complete dissociation or geminate
recombination. There is abundant evidence for this notion:

1. Upon turning off the stimulating electric field, delayed fluorescence is emitted from the
sample. It decays in a power law fashion, IDF(t) ∝ t−n with n ≈ 1 [24] and reflects the
monomolecular recombination of the geminate pair that leads to a fluorescent S1 state [30].
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2. In a delayed field collection experiment, in which the sample is excited at a certain electric
field, one measures a photoconductive response after some delay time well after the prompt
fluorescence has decayed. The result proves that exciton dissociation produces metastable
e–h pairs that decay in a power law fashion.

3. Thermally stimulated luminescence emitted from conjugated polymers upon photoexcita-
tion at low temperatures can be observed hours after excitation and must originate from e–h
pairs that can have a very long lifetime depending on temperature [31].

8.2.2 Sensitized photogeneration of charge carriers in homogenously
doped conjugated polymers

8.2.2.1 Experiments

According to results outlined in Section 8.2.1 there should be no photogeneration of charge
carriers in single component conjugated polymers at low to moderate electric fields because
dissociation of a singlet excitation is impeded by a large coulombic binding energy. Never-
theless, it is well established that there is, indeed, photoconduction near the absorption edge
at moderate electric fields [17–19]. However, the yield is orders of magnitude less than unity,
strongly field dependent but only weakly temperature dependent. This is clearly at variance
with what a semiconductor band model would predict. Action spectra bear out a plateau within
a photon energy range of almost 1 eV. Obviously, some of the S1 excitations are liable to sub-
sequent dissociation although the energy needed to overcome the coulombic attraction is not
fully revealed in the temperature dependence of the effect.

The pioneering work by Lee et al. [32] on photoconduction in poly(2-methoxy, 5-(2′-ethyl-
hexoxy)-1,4-phenylenevinytene (MEH-PPV) doped by C60 raised the suspicion that dissocia-
tion is aided by inadvertent dopants that act as sensitizers. Controlled doping is the method of
choice to check this hypothesis. Representative data will be described below. A copolymer of
phenylenevinylene type with phenyl alkoxy substituents (PhPPV), manufactured by the Covion
Organic Semiconductor Company, with a high degree of purity was chosen as a host material.
Dopants were either trinitrofluorenone (TNF) or perylenediimide (PdI). Both are strong elec-
tron acceptors. Figure 8.1 shows the absorption and photoluminescence spectra of a pristine
PhPPV film and a film containing 1 % (per weight) of TNF [33]. Since TNF absorbs in the UV
its presence does not alter the absorption spectrum of the doped film while the fluorescence
of the host material is strongly quenched. There is a concomitant shortening of the lifetime of
the S1 excitations of the PhPPV. Time resolved fluorescence measurements indicate that the S1

lifetime of a PhPPV chain, isolated in a solid 5.10-methenyltetrahydrofolate (MTHF) poly(2-
methoxy, 5-(2′-ethyl-hexoxy)-1,4-phenylenevinytene) matrix, is about 700 ps while in a neat
film it drops to 350 ps. This lifetime shortening effect can be ascribed to exciton quenching
by unidentified impurities with a concentration of 0.04 %. The concentration dependence of
the fluorescence can be explained in terms of incoherent exciton diffusion towards dopants
[29]. Since there is no spectral overlap between the polymer emission and the absorption of
the dopants the quenching event has to be identified as CT, more specifically electron transfer
from an excited PhPPV segment to a nearby dopant molecule.

Photocurrent action spectra, measured under stationary conditions upon shining light
through a semitransparent Al electrode in a symmetric Al/film/Al diode are presented in Fig-
ure 8.2. The quantum yield turns out to be almost constant up to a photon energy of about 3.5 eV.
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Figure 8.1 Photoluminescence (PL) and absorption (OD) spectra of PhPPV (dashed line: PL spectrum

of pure PhPPV; solid line: PL spectrum of TNF doped PhPPV; solid line with squares: OD spectrum

of pure PhPPV). The normalized PL spectra are shown in the inset. Reproduced with permission from

C. Im, E. V. Emelianova, H. Bässler, H. Spreitzer, and H. Becker, J. Chem. Phys. 117, 2961 (2002).

Copyright (2002) American Institute of Physics.

Figure 8.2 Spectral dependences of the charge carrier photogeneration quantum yield η in Al/PhPPV/Al

configuration at 293 K. The electric field was 2.7 × 105 V/cm in the doped film and 2.5 × 105 V/cm

in the undoped film. The yield was calculated by normalizing current to number of photons absorbed

in the bulk. Reproduced with permission from C. Im, E. V. Emelianova, H. Bässler, H. Spreitzer, and

H. Becker, J. Chem. Phys. 117, 2961 (2002). Copyright (2002) American Institute of Physics.
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Remarkably, in the spectral range covering the S1 ← S0 absorption band, the addition of 1 %
of the dopant increases the photoresponse by not more than about a factor of two although the
host fluorescence is reduced by more than a factor of ten. At first glance this result is intriguing.
However, it can be readily explained by considering that even in the neat PhPPV film, about
50 % of all S1 excitations are already quenched by 0.04 % of unidentified impurities. Therefore,
the photoresponse cannot increase by more than a factor of two.

Since the field and temperature dependencies of the photocurrent in the neat and the doped
film are virtually identical (see below) one can go one step further and conclude that the
ubiquitously measured photocurrents within the spectral range of the S1 ← S0 transition at
moderate electric fields are, in fact, sensitized by predominantly electron accepting impurities.
Evidence for the presence of impurities with high electron affinity, like oxidation products of
the polymers or dissolved oxygen, is inferred from the absence of electron signals in studies
of the mobility of charge carriers in conjugated polymers with low ionization potentials. Since
in a defect free matrix isolated polymer the hole and electron mobilities are comparable [34],
this proves that in a bulk film electron motion is trap limited. Note that in p type materials the
lowest unoccupied molecular orbital (LUMO) is usually well above that of common impurities.
Therefore, impurities such as oxidation products of polymer chains act as deep electron traps
yet not as hole traps.

Figure 8.3 shows the field dependences of the photocurrent in a neat PhPPV film and in a
PhPPV film doped with 1 % TNF. These data were recorded using pulsed excitation because
under these conditions the experiments can be extended to higher fields without the risk of
spurious prebreakdown effects [35]. Within the overlapping field range, transient and cw data

Figure 8.3 Field dependence of the charge photogeneration yield in PhPPV and PhPPV doped with

1 % TNF at low photon dose (filled symbols: ITO positive bias; open symbols: ITO negative bias). The

data on MeLPPP are shown for comparison. Reproduced with permission from M. Weiter, V. I. Arkhipov,

and H. Bässler, Synth. Met. 141, 165 (2004). Copyright (2004) Elsevier.
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were mutually consistent. The quantum yield has been calculated by integrating the transient
photocurrent normalized to the number of absorbed photons. In the calculation, bimolecular
electron–hole recombination has been neglected because the photocurrent turned out to be
strictly linear in light intensity. The quantum yield of photogeneration is a strong function of
the electric field. If one had analyzed the data in terms of the three-dimensional version of
Onsager’s theory for geminate electron–hole recombination one would have ended up with
initial pair separations of ≈ 1.4 nm and 1.55 nm for the pristine and doped films, respectively.

It is a common observation that in conjugated polymers the temperature dependence of
photocurrents is weak. Data for PhPPV confirm this fact (Figure 8.4). They pertain to an
undoped sample but the results for a doped film were no different. The maximal value of the
activation energy, inferred from the high temperature slope of an Arrhenius plot at a moderate

Figure 8.4 Temperature dependence of the quantum yield in a PhPPV film at different electric fields as

a function of temperature. Reproduced with permission from M. Weiter, V. I. Arkhipov, and H. Bässler,

Synth. Met. 141, 165 (2004). Copyright (2004) Elsevier.
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electric field, is ≈ 70 meV. Note that in a medium with a dielectric constant of 3.5, the coulombic
binding energy of an e–h pair with 1.4 nm separation would be 0.33 eV. An extreme case
appears to be the ladder type poly (paraphenylene). At a field of 105 V/cm the quantum yield
of photocarrier generation is ≈10−4 only, virtually independent of temperature [18].

Replacement of TNF as a dopant by PdI at moderate concentration does not alter the phe-
nomenology of photogeneration although PdI acts both as an electron acceptor and as an
acceptor of singlet excitations of the polymer host [36]. The flat photocurrent action spectrum
indicates that energy transfer does not fully quench excitons and that photogeneration must
involve excited PdI molecules. Since both the yield as well as the field dependence are com-
parable to those in the TNF doped system, the charge delivering process must be identical, i.e.
the precursor entity must be a coulombically bound pair of a PhPPV cation and a PdI anion
that requires field assistance for further dissociation. However, at high dopant concentrations a
remarkable threshold effect has been observed. Beyond 10 % dopant, the field dependence of
the yield is shifted to lower fields and saturates at moderate fields (Figure 8.5). Concomitantly,
the yield, measured at a given moderate electric field, say 5 × 105 V/cm, bears out a strong
increase between 1 % and 10 % doping (Figure 8.5). Obviously, the probability of geminate
pair dissociation in that particular system increases by more than two orders of magnitude.
Since the implications of this observation for photovoltaics are obvious (see Section 8.2.3) it
would be rewarding to measure the sensitizer concentration dependence of the photogenera-
tion yield in e.g. systems doped with C60 [32] covering a large concentration range in order to
establish criteria for that threshold effect.

8.2.2.2 Monte Carlo simulation

The experimental results on sensitized photogeneration in doped conjugated polymers cannot
be simply rationalized in terms of Braun’s amendment [37] (see Section 8.3.1) of Onsager’s
theory of optically generated geminate electron–hole pairs [38]. The key problem is the weak
temperature dependence of the yield, which is incompatible with its strong field dependence.
A straightforward conjecture has been that this is a signature of disorder associated with any
random system. It is well established that in systems in which charge transport occurs via
hopping among an energetically dispersed manifold of sites with a Gaussian density-of-states
(DOS) distribution, the charge carrier mobility features a super Arrhenius type of temperature
dependence. This is caused by thermally activated jumps of carriers localized in tail states of
the DOS to states close to a so-called transport energy [39, 40]. Since under quasiequilibrium
the energy of the former decreases with decreasing temperature, the activation energy itself
is proportional to 1/T . This has important implications not only for charge carrier motion but
also for their initial generation.

A well tested example is charge carrier injection from a metallic electrode into a random
dielectric [41–43]. Since the transport energy decreases with decreasing temperature (assuming
that the carriers are negative) the energy required for injection also decreases with T . As a
consequence the temperature dependence of the injection current is weaker than expected if
disorder were absent. By analogy, one would also expect that the liberation of one of the charge
carriers comprising a geminately bound e–h pair, i.e. the ‘injection’ into states close to the
transport energy of the DOS, costs less energy and the temperature dependence is lowered.

The above conjecture was tested by computer simulation [44]. In a hopping system with a
Gaussian DOS of variance σ from 0.05 eV to 0.15 eV and a dielectric constant of 3.5, pairs of a
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Figure 8.5 Dependence of the charge carrier photogeneration quantum yield η at 293 K on the dopant

concentration for various sample configurations. Reprinted with permission from C. Im, W. Tian,

H. Bässler, A. Fechtenkötter, M. D. Watson, and K. Müllen, J. Chem. Phys. 119, 3952 (2003). Copyright

(2003) American Institute of Physics.

stationary positive and a mobile negative charge with variable e–h separation were generated.
A Miller–Abrahams type hopping rate was assumed. The rate for the final recombination event
was taken as the rate for a downhill jump in energy. Figure 8.6 demonstrates that disorder,
indeed, has a major influence on e–h pair dissociation. The data pertain to an e–h pair with
initial pair separation of 2.4 nm in a material with a Gaussian DOS variance of 0.1 eV in an
applied electric field of 104 V/cm. While at high temperatures the yield η approaches the ex-
pected Arrhenius behavior with an activation of 0.168 eV, the η(T ) dependence flattens and
becomes almost constant at lower temperatures. The latter effect is retained even if the initial
pair separation was decreased from 2.4 nm to 1.2 nm. The inset to Figure 8.6 shows that the
enhancement of the yield relative to the value expected for a fully ordered system scales
exponentially with the degree of disorder, quantified in terms of the DOS variance.
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Figure 8.6 Temperature dependence of escape probability ϕ of a charge carrier started at a distance

of r0 = 24 Å from its counter charge in a hopping system characterized by a Gaussian DOS of variance

σ = 0.1 eV (ε = 3.55, E = 106 V/m). The dash-dotted line is the prediction of three-dimensional Onsager

theory for geminate pair dissociation. The inset shows the variation of ϕ with increasing σ at T = 250 K.

The data point for σ = 0 is the theoretical value obtained from Onsager’s theory. Reproduced with per-

mission from U. Albrecht and H. Bässler, Chem. Phys. Lett. 235, 389 (1995). Copyright (1995) Elsevier.

Operationally, the field dependence of the yield (Figure 8.7) can be fitted by the three-
dimensional version of Onsager’s theory assuming an apparent pair separation of 3.1 nm instead
of 2.4 nm. At this stage it is worth recalling that the field and temperature dependences of a
stationary photocurrent are solely determined by carrier generation rather than by transport
because eventually all carriers must reach the electrode(s) unless bimolecular recombination
or trapping at ‘infinitely’ deep traps is occurring. This notion has an important bearing on the
efficiency of a photovoltaic cell.

It is obvious that by taking into account disorder, one can at least qualitatively recover both
the field and temperature dependencies of photogeneration in conjugated polymers doped with
sensitizers at low to moderate concentrations [45]. It is an open question, though, whether or
not disorder effects alone can explain the experimental results. There is at least one system
in which disorder is insufficient in explaining the temperature dependence of the yield. It is
a film of methyl-substituted ladder-type poly(p-phenylene) (MeLPPP). Due to the rigidity of
the polymer backbone it is the polymer with the lowest degree of disorder. Nevertheless the
photocurrent measured within the region of the S1 ← S0 transition decreases by a factor of
two only upon lowering the temperature from 295 K to 120 K [18]. Alternative mechanisms
to explain the results are: (i) optical release of the mobile charge carriers, i.e. the hole, of the
geminate pair by triplet excitons [46] and (ii) the consideration of zero point oscillations of
the mobile charge carrier on the polymer chain [47]. The latter idea will be elaborated further
in Section 8.3.1.
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Figure 8.7 Field dependence of ϕ (r0 = 24 Å, T = 300 K, σ = 0.1 eV). The dashed and solid curves are

the prediction of three-dimensional Onsager theory for r0 = 31 Å and r0 = 24 Å, respectively, calculated

under the premise that all carriers are started in down field direction from the counter charge. Reproduced

with permission from U. Albrecht and H. Bässler, Chem. Phys. Lett. 235, 389 (1995). Copyright (1995)

Elsevier.

8.2.3 Photogeneration of charge carriers at a donor–acceptor interface

In the previous section, photogeneration of charge carriers in random organic dielectrics,
notably conjugated polymers, homogeneously doped with an electronegative sensitizer has
been discussed. It has been demonstrated that even at moderate dopant concentration, i.e. 0.1 %
to 1 % by weight, virtually all absorbed photons are converted to geminately bound electron–
hole pairs via efficient energy transfer followed by CT from the excited donor to the acceptor
[33]. However, the fraction of pairs that escape geminate recombination is strongly dependent
on the collecting electric field. At moderate fields, e.g. 105 V/cm, the yield is typically 10−3

only [33]. This is detrimental for using such a system in a photovoltaic cell.
In a particular system, i.e. a copolymer of PPV (PhPPV) doped with PdI it has been observed,

however, that the quantum yield increases drastically as the concentration of the electron
accepting PdI reaches ≈ 20 % [36]. On the other hand, it was found that practically all optical
excitations are already harvested by the dopants at much lower doping levels. Consequently,
one has to conclude that this increase is solely due to improved dissociation of the geminate
e–h pairs. Evidence for this notion comes from the field dependence of the photocurrent at
different dopant concentrations. Beyond a critical concentration of 30 % the yield saturates
at ≈3 × 105 V/cm (Figure 8.8). This shift of the saturation field as a function of the electric
field is a clear indication that at higher acceptor concentrations the initially generated e–h pair
is more expanded. This is of paramount importance for the operation of a photovoltaic cell.
In the following section this effect will be discussed together with other pertinent aspects of
photovoltaics such as: (i) the distinction between dopants that act as energy or as CT centers,
(ii) the generation of free charge carriers, and (iii) their recombination.
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Figure 8.8 Field dependencies of the charge carrier photogeneration quantum yield η in the

ITO/PhPPV:PdI/Al configuration at 293 K for various PdI dopant concentrations. Excitation wavelength

was 550 nm (2.25 eV). Reprinted with permission from C. Im, W. Tian, H. Bässler, A. Fechtenkötter,

M. D. Watson, and K. Müllen, J. Chem. Phys. 119, 3952 (2003). Copyright (2003) American Institute of

Physics.

8.2.3.1 Energetics at donor–acceptor interfaces

The key requirement for the optically generated e–h pair at a donor–acceptor pair is that its
energy be lower than the energy of the lowest excited singlet state of either the donor or
acceptor. Otherwise, energy transfer would populate the lowest lying singlet state that can
decay radiatively. This is a prerequisite for efficient electroluminescence in light emitting
diodes (LEDs). Conceptually, this is straightforward. However, predicting which system is
suitable for either an LED or a photovoltaic device is not at all straightforward. The ambiguity
is related to the lack of precise knowledge of the energy levels of the e–h pair. This energy
is the difference between the energy of a radical cation of the donor, i.e. its ionization energy
or, equivalently, the energy of the highest occupied molecular orbital (HOMO), and that of a
radical anion as set by its electron affinity or, equivalently, the energy of the lowest unoccupied
molecular orbital (LUMO), albeit diminished by the coulombic binding energy of the pair.

In practice, one often makes the estimate that the energy of the pair is solely determined
by the oxidation and reduction potentials of both components as measures of the HOMO and
LUMO levels and ignores the coulombic binding energy of the pair. Even worse, often only
one of the potentials of the components is available via cyclic voltammetry and the missing
potential is inferred from the optical S1 ← S0 0–0 transitions. This ignores the coulombic
binding energy of the excited singlet state that is usually � 0.5 eV. On the other hand, even
if one can measure the oxidation and reduction potentials of the components simultaneously
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via cyclic voltammetry, a systematic error is encountered because these data measure CT from
an electrode to a molecule/polymer. However, a in polar solution the solvation energy of the
cation/anion is increased relative to that in a solid dielectric because reorganization within the
solvation shell is absent in the latter case. A conclusive test of whether energy or CT prevails
in a donor–acceptor system, had to be complemented by spectroscopy. Only a simultaneous
measurement of the donor fluorescence quenching and either the onset of acceptor fluorescence
or the appearance of transient absorption of the radical anion/cation [48] would be a stringent
test of energy transfer and vice versa. The above ambiguity becomes irrelevant if the dopant is
highly electronegative, such as C60 or TNF because their LUMOs are at least 1 eV below those
of common donors such as PPV or polyfluorene type systems. In these cases CT is always
favored.

An interesting situation is encountered when the level off-sets between donors and acceptors
are only a few 0.1 eV. In this case an exciplex may be formed. An exciplex is the equivalent to
an excimer that involves two chemically identical chromophors. It has a repulsive ground state
and its wavefunction is composed of polar and nonpolar contributions. The intermolecular
character implies a reduced oscillator strength in emission and a rather broad and featureless
emission spectrum. The fluorescence decay time is typically >10 ns, i.e. appreciably longer
than that of singlet excitations of uncoupled chromophores whose fluorescence lifetimes are
usually on a sub-ns time scale. The exciplex should not be confused with a CT state or a
geminately bound electron hole pair in which CT is complete. It is an open question whether
or not transition from an exciplex to a tightly bound e–h pair is an exothermic or an endothermic
process because two opposing effects are involved. On the one hand, the spatial expansion of
the exciplex to form an e–h pair costs coulombic binding energy; on the other hand, there is a
gain of electronic polarization energy when a state with only partial CT is converted to a fully
charge separated state embedded in a polar organic solid.

The importance of exciplexes in donor–acceptor type photovoltaic cells has already
been recognized [49]. The recent spectroscopic work of the Cambridge group elaborates
on this phenomenon on a more quantitative way. The system is a blend of poly(9,9-
dioctylfluorene-co-benzohiadiazole) (F8BT) with either poly(9,9-dioctylfluorene-co-bis-N,N-
(4-butylphenyl)-bis-N,N-phenyl-1,4-phenylenediamine (PFB) or poly(9,9-dioctylfluorene-co-
N-(4-butylphenyl)diphenylamine (TFB) [50, 51]. Upon spin coating the blend under rapid
drying conditions the usual demixing of both polymers is diminished and a film is formed
with a large interfacial area between the two polymers. It turns out that a PFB:F8BT blend
displays a high charge separation yield (4 % photocurrent external quantum efficiency) and low
electroluminescence efficiency (<0.64 lm/W) whereas in TFB:F8BT the electrolumiescence
is efficient (19.4 lm/W) and photovoltaic response weak. Fluorescence studies indicate that in
both systems an interfacial exciplex is formed as evidenced by the broad emission, bathochro-
matically shifted relative to the superimposed emission of the noncomplexed emission of the
F8BT. The different behavior illustrates the importance of fine tuning of the energy levels of
both components. In the PFB:F8BT system, the monomer fluorescence near 530 nm is weak
and associated with an activation energy of 200 ± 50 meV while in the TFB:F8BT system,
monomer and exciplex emissions are comparable and the activation energy for the population
of the monomer emissions is 100 ± 30 meV only (Figure 8.9). Since the lifetime of the exciplex
is as large as 40 ± 5 ns it serves as a reservoir of excitations with longer lifetimes that can either
regenerate the monomer singlet state of F8BT or fully dissociate. If the temperature activated
regeneration of the exciton prevails, the system features electroluminescence. Otherwise the
system can serve as a photovoltaic device.
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Figure 8.9 (a) Photoluminescence intensity (PL, filled circles) and reduction of photoluminescence

intensity due to an applied reverse bias of 10 V (�PL, solid line) for a PFB:F8BT blend device at 340 K.

PL and �PL are plotted in the same scale and reflect their relative intensities. (b) �PL spectra (at 10 V)

from the same device as in (a) at different temperatures. (c) PL (filled circles) and �PL at a reverse bias

of 15 V (solid line) for a TFB:F8BT blend device at 340 K. (d) �PL spectra from the same device as in

(c) at different temperatures. For comparison, the PL spectrum from an F8BT only device (open circles)

is plotted in both parts (a) and (c). The structures of PFB, F8BT, and TFB are also shown. Reproduced

with permission from A. C. Morteani, P. Sreearunothai, L. M. Herz, R. H. Friend, and C. Silva, Phys.
Rev. Lett. 92, 247402 (2004). Copyright (2004) American Physical Society.

Another system in which exciplex formation has been detected spectroscopically is a
blend of electron donating poly(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene)
(MDMO-PPV) and electron accepting poly(oxa-1,4-phenylene-(1-cyano-1,2-vinylene)-
(2-methoxy-5-(3,5-dimethyloctyloxy)-1,4-phenylene)-1, 1-(2-cyanovinylene)-1,4-phenylene)
(PCNEPV) [52]. Figure 8.10 demonstrates that while the absorption spectrum of the blend is
a superposition of the absorption of the components, its emission is red shifted relative to the
parent fluorescence spectra featuring a peak at 1.85 eV. It was assigned to emission from the
exciplex. Astonishingly, its initial lifetime is only 1.6 ns, intermediate to the fluorescence life-
times of MDMO-PPV (0.36 ns) and PCNEPV (14 ns). Consistent with a low radiative yield –
note that in Figure 8.10 the exciplex emission is enlarged by a factor of 34 relative to that of
PCNEPV – this suggests that it is controlled by a nonradiative channel. One might conjecture
that this is dissociation to a coulombically bound electron–hole pair, i.e. a genuine CT state,
in which the loss of some coulombic binding energy is overcompensated by an increase in
the electronic stabilization energy as mentioned above. However, this is inconsistent with the
observation that the yield of exciplex emission decreases upon applying an external electric
field. It suggests that the transition from exciplex to CT state is weakly endothermic rather
than exothermic as illustrated by Figure 8.11. So far, the origin of the low exciplex yield,
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Figure 8.10 Normalized UV-vis absorption and emission spectra of films of PCNEPV, MDMO-PPV,

and the 1:1 wt % blend at room temperature (excitation at 2.29 eV). The excitation spectrum of the emis-

sion at 1.85 eV for the blend is shown by the dashed line. Reproduced with permission from T. Offermans,

P. A. van Hal, S. C. J. Meskers, M. M. Koetse, and R. A. J. Janssen, Phys. Rev. B 72, 045213 (2005).

Copyright (2005) American Physical Society.

Figure 8.11 State energy diagram of the various singlet (S), triplet (T), exciplex (ex), and charge-

separated (CS) states in the donor (D)—acceptor (A) blend of MDMO-PPV and PCNEPV; and transitions

(ET = energy transfer; CS = charge separation; PL = photoluminescence; ISC = intersystem crossing)

between these states. Crosses indicate processes that do occur in the pure materials, but that are quenched

in the blend. Reproduced with permission from T. Offermans, P. A. van Hal, S. C. J. Meskers, M. M.

Koetse, and R. A. J. Janssen, Phys. Rev. B 72, 045213 (2005). Copyright (2005) American Physical

Society.
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which, by the way, is complemented by a comparably low photovoltaic efficiency, remains
unclear. From these results one would agree that the formation of an exciplex at the interface of a
donor–acceptor blend is rather unfavorable for the efficiency of a photovoltaic cell, particularly
if the energy of the exciplex exceeds the triplet state energy of either the donor or acceptor.
If the exciplex and CT states are close in energy there can be frequent charge exchange and,
accordingly, efficient generation of the triplet state of the exciplex. The latter can readily decay
to a lower triplet state of one of the components and be lost for either photocarrier generation
or electroluminescence [52].

8.2.3.2 Generation of charge carriers

An obvious requirement for efficient solar power conversion in a photovoltaic cell is that
all photons should generate electron–hole pairs that may subsequently dissociate completely.
This condition can be met in two or multicomponent donor–acceptor systems only because in
a single component system the large exciton binding energy prevents dissociation. Since the
initially generated excited state is the singlet exciton in either the donor or the acceptor phase
it has to diffuse towards a reaction center. Although in conjugated polymers exciton diffusions
lengths are as large as 10–20 nm [29, 53], this precludes the use of, say, 100 nm thick bilayer
assemblies and calls for blend systems in which exciton dissociation occurs throughout the
entire sample.

If both components are polymers, phase separation occurs because of the low entropy of
mixing and excitons have to diffuse towards an internal interface between the components.
Studies of fluorescence quenching as a function of composition within the range 1:5 to 5:1
in the PFB:F8BT system [54] (for compounds see Section 8.2.3.1) indicate, however, that
all excitons reach the internal interface regardless of composition. Any dependence of the
photovoltaic efficiency has, therefore, to be associated with the subsequent fate of the geminate
e–h pair. It turns out that once an exciton has diffused towards a reaction center or if absorption
occurred next to it already, CT is an ultrafast process. By monitoring the rise of the transient
absorption it has been proven that transfer of an electron from a MEH-PPV chain to a nearby
C60 molecule only takes 45 fs [3, 55].

In a two component donor–acceptor system the photovoltaic efficiency, monitored, for
instance, by photocurrent measurements, depends on both the concentration of the acceptor
and the morphology of the sample. It is determined by the dissociation efficiency of a photon
induced e–h pair at a CT center under the action of either an external electric field or the built-in
field in the diode. There are several key observations pertaining to this fact (often made on
different systems, though):

1. Varying the concentration of the acceptor in the PhPPV:PdI system between 0.1 % and
> ≈30 % shows that the dissociation yield increases by more than two orders of magni-
tude as the PdI concentration increases. This correlates with the observation that the η(F)
dependence saturates at lower fields (see Figure 8.8).

2. Improvement of the phase structure in blend systems has a positive effect on the efficiency. It
can be accomplished by thermal annealing, for instance, in the MDMO:PCNEPV system, or
by varying the composition as in the PFB:F8BT system (for components see Section 8.2.3.1).
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3. Studying the external photogeneration quantum yield in a photovoltaic cell containing a
blend of poly(2-methoxy-5-(3-7-dimethyl-octyloxy)-1,4-phenylenevinylene (0C1C10-PPV)
and the soluble fullerene derivative (6,6)-phenyl-C61-butyric acid methyl ester (PCBM)
sandwiched between poly(3,4-ethylene dioxythiophene (PEDOT) and Al electrodes as a
function of light intensity, temperature, and applied voltage shows that the yield is almost
constant when the light intensity varies between 0.02 and 100 mW/cm2. Within a tempera-
ture range of 120 to 325 K it is weakly temperature dependent with an activation energy of
50 meV.

4. Transient optical studies of charge recombination dynamics in an MDMO-PPV polymer
blended with PCBM features a power law time dependence extending into the millisecond
range [52].

The essential question raised is which properties are responsible for the observation that the
yield increases dramatically as the concentration of the acceptor phase exceeds 20 %. Is it: (i)
the ultimate monomolecular recombination of a donor radical cation and the acceptor radical
anion, (ii) that the e-h hole pair is more liable to subsequent escape from the coulombic potential
because charge transport is facilitated when the percolation limit for transport is reached, or
(iii) that the coulombic attraction is not relevant at all and the finite yield is caused by carrier
recombination at traps and by low charge carrier mobility because of imperfect morphology
of the active layers?

The charge carrier mobility must certainly affect the performance of a photovoltaic cell. At
low concentrations of electron acceptor the generated electron will be deeply trapped. Eventu-
ally, a space charge will be built up that will have a feedback effect on charge generation and
will give rise to bimolecular charge recombination. Opening a percolative path for the motion
of the minority carriers alleviates this problem. On the other hand, even beyond the percolation
threshold there is usually an asymmetry regarding electron and hole motion. It is dictated by
the energies of the intrinsic HOMO and LUMO levels of the components because they deter-
mine whether an impurity acts as a trap or not. For instance, in a blend of a methanofullerene
and a PPV derivative (OC1C10-PPV) [56] the electron is more mobile than the hole because
the extremely low lying LUMO of C60 prevents electron trapping at any possible impurity.
The situation may be different with electron acceptors that are less electronegative than C60,
such as F8BT. Nevertheless, it has been argued that in the PFB:F8BT system, efficient col-
lection of charges at the electrodes requires the presence of a conduction path in the minority
phase. In fact, the charge collection efficiency is found to scale with the surface area of the
interface between the mesoscale PFB rich and the F8BT rich phases formed via phase separation
(Figure 8.12). This requirement is satisfied when charge generation occurs close to the interface
between both phases. It has been suggested that a mesoscale phase separation of the order of
the thickness of the film could optimize the morphology of such polymer blend devices. This
will maximize the interfacial area between the phases and establishes a network for charge
carrier motion towards the collecting electrodes [54].

Experimentally, it has been established that the charge photogeneration yield in these sys-
tems normally reaches maximum at a acceptor/donor ratio as high as 3:1 [57] which is ap-
parently much larger than the thresholds of both electron percolation and phase separation.
Furthermore, it has been recently shown that the most efficient 3:1 polymer/C60 derivative
blends do not reveal full phase separation on the polymer side: such blends consist of pure C60

derivative phase and approximately 1:1 polymer/C60 mixture as ‘donor’ phase [58]. Although
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Figure 8.12 External quantum efficiency at 400 nm illumination for devices of blend ratios 1:1, 4:5,

3:5, 2:5, and 1:5 PFB/F8BT, (from left to right on graph), versus interfacial area between the mesoscale

phases. The line is the best fit straight line. Reproduced with permission from H. J. Snaith, A. C. Arias,

A. C. Morteani, C. Silva, and R. H. Friend, Nano Lett. 2, 1353 (2002). Copyright (2002) American

Chemical Society.

it is not yet clear whether or not this mixture is really homogeneous on the 2–5 nm scale, a high
density of strong electron acceptors should dramatically reduce the exciton lifetime anyway
and, concomitantly, the exciton diffusion length.

Improved morphology of devices, be it accomplished by thermal annealing or by changing
the composition of the blend, could also affect the properties of the initially generated geminate
e–h pair. It could even be the key factor for the increase of the device efficiency [52]. This
notion implies that the initially generated entity is a coulombically bound rather an entirely
free electron–hole pair. The former assumption is supported by the facts that: (i) in organic
systems with dielectric constants ranging between three and four, coulombic interactions have
got to be important and (ii) the photovoltaic efficiency is linearly dependent on light intensity,
indicating that charge carrier recombination is kinetically a first rather than a second order
process. Note that geminate recombination of an e–h pair is a strictly monomolecular process.

The observation that in the PhPPV:PdI system, the field dependence of the efficiency of
photocarrier generation is shifted towards lower fields at higher concentrations of PdI provides
a strong argument in favor of the conjecture that, indeed, primary CT is the process that changes
at higher concentrations of the acceptor. This field dependence is controlled by the diffusive
escape of the e–h pair from its mutual coulombic potential. It is described by Onsager’s theory
if modified by the disorder effects (see Section 8.2.2.2). The field dependence, notably the field
at which the yield saturates, is determined by the initial separation of the e–h pair. The fact that
the saturation field shifts to lower values (see Figure 8.8) proves that e–h pairs generated at
higher PdI concentrations are more loosely bound than those at lower acceptor loading. Since
the dissociation of an e–h pair with separation of 2.4 nm saturates near 106 V/cm, a saturation
field of 3 × 105 V/cm, observed with Pd concentrations of � 30 %, indicates the initial pair
separation is as large as ≈7 nm. In Figure 8.13 the saturation fields are translated into the
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Figure 8.13 Initial separation between charges in e–h pairs as a function of PdI content in the PhPPV:PdI

blend. The data shown in Figure 8.4 were recalculated to the initial separation on the basis of the Onsager

model of geminate recombination.

initial e–h separation as a function of PdI concentration. Note that in a system with a dielectric
constant of 3.5 an e–h pair of separation of 7 nm has a coulombic binding energy of 60 meV.
This is comparable to the activation energy reported for a 0C1C10-PPV:PCBM blend [59].

Although it may not be legitimate to generalize the above conclusion, it is obvious that at
least in the PhPPV:PdI system, the rate limiting factor is the so-called thermalization length
of the e–h pair formed in a system above a critical acceptor concentration. The origin of
this phemonenon is still open to conjecture. Advances regarding conceptual understanding
are discussed in Section 8.3.2, but not until recent results on the kinetics of geminate pair
recombination have been discussed.

8.2.3.3 Kinetics of geminate electron–hole pairs

The most recent study of the recombination and dissociation kinetics of geminately bound e–h
pairs at a donor–acceptor interface is the simulation work of Offermans et al. [60]. The key
assumption is that an optical excitation generates a nearest neighbor e–h pair, the electron/hole
being located at the acceptor/donor phase, respectively. Both phases have dielectric constants
of four and are represented by cubic lattices with lattice constant of 1 nm. The hopping sites
form a Gaussian DOS distribution characterized by different variances of σe = 70 meV and
σh = 120 meV. A variable electric field acts perpendicular to the interface and hopping obeys
Miller–Abrahams rates. Different from the earlier simulation of the Marburg group [30, 44] it
was assumed that the rate of the nonradiative ultimate e–h recombination event is 1 ns−1 while
the prefactor rate for intersite hopping is 10 ps−1. In the simulations one monitors independently
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the fraction of holes and electrons near the interface as well as their distance from the interface
for low and high electric fields and their average energies within the DOS as a function of
time. For F ≥ 2 × 105 V/cm the dissociation yield increases strongly and saturates at a field of
2 × 106 V/cm. If one would replot the original data on the temperature dependence in Ref. [60]
on an Arrhenius scale one would end up with a similar dependence as that shown in Figure 8.6,
i.e. at high temperatures the yield approaches activated behavior with an activation energy of
50 meV while at lower temperatures the dependence becomes weaker.

The simulation results can be rationalized in terms of stochastic motion of particles in a
disordered lattice. Initially, the carriers are bound coulombically and localized at adjacent
donor–acceptor sites. A carrier can readily move away from its sibling of opposite polarity
only if the loss of coulombic binding energy is compensated by the energy gained by hopping
to a site with lower energy. In a system with the dielectric constant ε = 4 and a lattice spacing
of 1 nm this energy is as large as 0.18 eV. For holes this is easy to accomplish since 0.18 eV is
only 1.5σh, σh being 120 meV. The situation is difficult for an electron since for σe = 070 meV
the probability of finding a site 0.18 eV deep below the center of the DOS is much lower. The
process is facilitated if the hole has already jumped away from the interface because then the
electron feels a reduced coulombic attraction. However, this simulation is unable to recover
the experimental observation that in the PhPPV:PdI system, the carrier yield saturates at lower
electric fields at acceptor concentrations around and above 10 %.

This reasoning leads to a step model of geminate pair dissociation at the interface. In the first
step, the hole jumps to a low energy site, away from the interface. Afterwards the probability for
recombination of electron and hole will be strongly suppressed and the expanded pair may be
considered to be metastable. In the second step, this expanded pair can dissociate via diffusive
motion of the electron in the potential well created by the coulombic attraction exerted by the
more distant hole. At the same time the hole may jump back to the interface, allowing for fast
geminate recombination.

This simulation reflects how a complex system behaves under the imposed premises. Ac-
cordingly, deviations from this behavior in a real world sample indicate in which aspect the
model system differs from it. Particularly, one can compare the above simulation results with
the properties of an ITO:PEDOT/MDMO-PPV:PCBM/LiF/Al photovoltaic cell studied by
Dyakonov [59] and the photoconductivity data for the 70 % PhPPV:PdI system. It turns out
that in both cases the photoconductive yield already saturates at lower electric fields. In the
first case the collection efficiency per absorbed photon is ≈50 % at an internal electric field
of about 2 × 105 V/cm, assuming a built-in voltage of 2 V across a 10 nm thick sample. This
is comparable to the yield reported in Figure 8.5. We conjecture that the main difference be-
tween the real world sample and the simulation sample is the increase of the e–h separation
at the internal interface. The effect is believed to be due to the ultrafast motion of the hole
inside a conjugated polymer chain. However, this effect can profitably be exploited only if the
slower carrier, i.e. the electron, can move away from the interface quickly. This requires the
establishment of a percolative network. This, in turn, requires sample architectures that favor
charge transport.

Transient absorption provides access to the kinetics of optical charge carrier generation at
a donor–acceptor interface. As mentioned in Section 8.2.3.1 the formation of an interfacial
geminate e–h pair is an ultrafast process occurring on a <100 fs timescale. Any retardation
of it must be caused by diffusion of the primary excitation towards the interface. Transient
absorption recorded at longer timescales monitors the subsequent decay of the charges. Op-
erationally it is unimportant if the recombination kinetics is measured as the temporal decay
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of the absorption of the generated charge carriers, usually that of the radical cation, or of
the spectral hole burnt into the S1 ← S0 transition of the neutral donor phase, as the latter
becomes charged and, therefore, the transition is removed from the original spectral position.
Unfortunately, those spectral features do not allow one to conclude whether or not a charge
is coulombically bound to a sibling or not, because a coulombic electric field would cause
only a marginal spectral shift. Those spectral features are intramolecular properties associated
with considerable inhomogeneous broadening. This is a serious handicap in the interpretation
of experimental data. For instance, Montanari et al. [61, 62] interpreted the temporal decay
of the positive MDMO-PPV polarons, i.e. the radical cation, in an MDMO-PPV:PCBM com-
posite, in terms of recombination of localized charges, ignoring their coulombic interaction.
Their decay features an algebraic t−1/2 law, assigned to the recombination of holes that relax
towards tail states of the density of states distribution. In the same system, Offermans et al.
[63] measured the decay of the spectral hole burnt into the tail of the S1 ← S0 0–0 transi-
tion of the MDMO-PPV after it had been excited by 2.76 eV photons (see Figure 8.14). The
temporal decay features a similar algebraic t−1/2 law (Figure 8.15), consistent with Ref. [61],
and carries useful information on the spectral relaxation of the localized holes. The authors
of Ref. [63]were able to interpret their results by simulating the recombination of were able
to interpret their results by simulating the recombination of geminate e–h pairs. On the other
hand, the Montanari results [61] have also been analyzed successfully, based upon a simula-
tion in which geminate recombination is ignored altogether with the shape of the DOS being
exponential. Obviously, the results of the simulation are not unique and additional criteria
have to be invoked in order to conclude on the importance of geminate versus nongeminate
recombination. The reason for this ambiguity is that an algebraic decay law of reactant in a
disordered material is quite insensitive to the exact shape of the DOS and the superposition of
a coulombic potential. Earlier simulation results on geminate pair recombination in a single
component system with a Gaussian DOS also revealed that the decay of the reactants obeys
a similar law while the reaction rate follows, more or less, a t−1 law [30]. The latter result
has been confirmed by the decay of delayed fluorescence emitted from a single component
ladder type poly(para-phenylene) [64]. The conclusion that, in this case, delayed fluorescence
is, indeed, due to geminate recombination of an e–h pair rather than bimolecular annihilation
of two triplet excitons was proven by experiments in an electric field, which acts on charges
yet not on neutral excitons.

8.2.3.4 Nongeminate recombination of electron–hole pairs

It is obvious that an efficient solar cell requires that all charge carriers, escaped from their
initial coulombic potential wells, must reach the electrodes in order to be collected without
any further loss. This establishes a criterion on the efficiency of bimolecular, i.e. nongeminate,
recombination indicating that the transit time of a carrier must be less than the bimolecular
recombination time [65, 66]. In the simplest case of equal mobilities μ+ = μ− = μ and con-
centrations n+ = n− = n of electrons and holes, the rate equation for generation and loss of
carriers is given by:

dn

dt
= G − n

τtr

− βn2 (8.1)
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Figure 8.14 (a) Absorption spectrum of spectral holes (excitation at 2.76 eV, acquisition delay 33 ns,

gate width 10 ns, T = 80 K) in a MDMOPPV:PCBM blend. (b) Time dependence of spectral holes.

Spectra were recorded at delay time/gate width combinations of: 10 ns/2 ns; 33 ns/10 ns; 233 ns/30 ns;

1 ms/100 s, 3 ms/300 ns; and 10 ms/300 ns. Spectra were recorded with excitation at 2.76 eV (fluence

2.0 mJ/cm2) at T = 80 K and are shifted upward in successive steps for clarity. Reprinted with permission

from T. Offermans, S. C. J. Meskers, and R. A. J. Janssen, J. Chem. Phys. 119, 10924 (2003). Copyright

(2003) American Institute of Physics.

where β is the constant of bimolecular recombination, G the yield of coulombically decoupled
electron–hole pairs, τtr = d/μF the transit time, and d the electrode separation in a sand-
wich cell. The condition that monomolecular recombination, i.e. discharge at the electrodes,
dominates over bimolecular recombination is βn < τ−1

tr which yields:

n <
μF

βd
(8.2)

The general notion is that, in molecular solids, bimolecular electron–hole recombination is of
the Langevin type, i.e. it occurs once the charge carriers enter their mutual coulombic potential
defined by the capture radius rc = e2/4πε0εkT where ε0 is the permittivity of free space and
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Figure 8.15 Decay of the depth of the spectral hole in MDMO-PPV:PCBM as a function of time.

Excitation 2.76 eV, pump fluences: (�) ∼2 mJ/cm2; (◦) ∼1 mJ/cm2; (�) ∼0.5 mJ/cm2; and (♥) ∼ 0.05

mJ/cm2. Solid lines represent fits of �T ∼ t−α to the data with (�) α = 50 ± 0.01; (◦) d = 0.46 ± 0.02;

(�) α = 0.45 ± 0.03; and (∇) α = 0.46 ± 0.16. Reprinted with permission rom T. Offermans, S. C. J.

Meskers, and R. A. J. Janssen, J. Chem. Phys. 119, 10924 (2003). Copyright (2003) American Institute

of Physics.

ε the relative dielectric constant. The Langevin model predicts that:

β

μ
= e

ε0ε
(8.3)

It is well established that the Langevin relationship between the mobility and recombination
constant should be correct irrespective of whether or not the sample is crystalline or amorphous,
such as an organic light emitting diode [67]. Substituting Equation (8.3) into Equation (8.2)
yields:

n <
ε0εF

ed
(8.4)

Since ε0εF/e is the surface density of charge carriers on the plates of a capacitor, Inequality
(8.4) implies that bimolecular recombination becomes important if the total charge inside a
diode of thickness d is comparable to the capacitor charge. This sets a limit on the linear regime
of the stationary photocurrent generated in a solar cell. Suppose that in a 300 nm thick cell, a
photon flux of 100 mW/cm2 is completely absorbed and generates pairs of free electrons and
holes at an external efficiency of 10 % yielding a generation rate of 4 × 1020 carriers/cm3s. If
the built-in voltage is Vbi = 0.5 V, the capacitor charge carrier density in the bulk is 1015 cm−3.
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The meet inequality (8.4) the carrier transit time must be ≤ 2.5 × 10−6 s implying a carrier
mobility as high as μ ≥ 8 × 10−4 cm2/Vs.

The above requirement becomes even more stringent if one sort of carrier has a significantly
lower mobility. In that case the stationary concentration of the less mobile carriers, say the
electrons, is n− = (μ+/μ−)n+. Therefore, the critical stationary concentration of the more
mobile carriers is controlled by the motion of the less mobile carriers:

n+ <
μ−
μ+

ε0εF

ed
(8.5)

Inequalities (8.4) and (8.5) confirm the general notion that the charge carrier mobilities
should be as high as possible and symmetric. Otherwise the mobility of the slower carri-
ers controls the onset of bimolecular recombination of carriers that have escaped geminate
recombination.

Recently, the time dependent mobility and recombination of the photoinduced charge car-
riers in a solar cell in which the active element was a spin coated blend of poly[2-methoxy-
5-(3,7-dimethyloctyloxy)-phenylenevinylene] (MDMO-PPV) acting as a hole acceptor and
1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6)-C61 (PCBM) being the electron acceptor have
been studied employing the CELIV (charge extraction in a linearly increasing voltage) tech-
nique [68]. Originally, this technique was developed to measure transport of charge carriers
present in a sample in the dark, by extracting them upon applying a linearly rising voltage [69].
In Ref. [68] charge carriers were photoinjected by a strongly absorbed 3 ns laser flash. The
temperature range was from 120 to 300 K. In order to avoid injection from the electrodes, a
reverse bias voltage pulse was applied after an adjustable delay time tdel ranging from 1 μs to
1 s. Within this time interval those carriers that had already escaped geminate recombination
and avoided bimolecular recombination were probed, up to t = tdel . It turned out that the
carrier mobility was time dependent featuring an algebraic power law, which is a signature of
carrier energy relaxation towards the tail states of a Gaussian distribution of states in an en-
ergetically disordered organic hopping system. The bimolecular rate ‘constant’ β(t) was also
time dependent following the same power law as expected because β(t) is controlled by carrier
diffusion. One message extracted from the results is that the ratio β(t)/μ(t) is independent of
time and close to the value that Langevin’s theory predicts – see Equation (8.3).

However, a 1:2 blend of regioregular poly(3-hexyl-thiophene) (RRP3HT) [70] and PCBM
behaves very differently as far as bimolecular recombination of photogenerated charges is con-
cerned [66]. The sample had a thickness of 80–100 nm and an optical density OD = 1.9(αd =
4.4, where α is the absorption coefficient). Transient photocarrier response was measured upon
exciting the sample by 3 ns laser pulses with a maximal energy of 0.3 mJ/pulse under the con-
dition that the Resistance-Capacitance (RC) time constant was much larger than the carrier
transit time. From the extracted charge normalized to the capacitor charge, which approaches
30 at the highest light intensity, and the extraction time, the bimolecular recombination co-
efficient was calculated as β = 2 × 10−13 cm3/s. Combined with a mobility of the fastest
carriers of μ = 4 × 10−3 cm2/Vs, measured independently, but on the same solar cell employ-
ing the time-of-flight technique, this yields β/μ = 5 × 10−11 Vcm, i.e. about four orders of
magnitude smaller than the value e/ε0ε predicted by Langevin’s theory. This is a remark-
able result that demonstrates the enormous impact of the morphology of the donor–acceptor
blend. Obviously, the self alignment of the polythiophene chains imposed by regioregularly ar-
ranged substituents reduces bimolecular recombination greatly because it creates a continuous
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interpenetrating network that helps to establish independent pathways of electrons and holes.
It is open to conjecture if this phenomenon is related to the reduced rate of geminate recombi-
nation of initially generated e–h pairs at appropriate compositions of the blend. In any event,
this testifies to the crucial role of mesoscopic ordering in blended organic solar cells.

8.3 MODELS OF EXCITON DISSOCIATION IN
HOMOGENEOUSLY DOPED CONJUGATED POLYMERS AND
IN POLYMER BASED DONOR/ACCEPTOR BLENDS

Before embarking on a discussion of the theoretical aspects of research into organic solar cells,
experimental results will be briefly summarized. The excitonic approach to photophysics of
conjugated polymers suggests the following scenario for free carrier photogeneration. Ex-
citation of a conjugated polymer by light within the absorption band creates Frenkel type
singlet excitons with the binding energy Eb of around 0.5 eV. Photon absorption generates
Franck–Condon states that can be either vibronically relaxed or ‘hot’, the latter being the case
if the energy of incident photons is in excess of the absorption edge. Upon relaxation of a
hot Franck–Condon state through a vibronic progression, the excess photon energy is trans-
ferred into intrasegmental vibronic excitations and the exciton occupies a hot segment. Fast
dissociation of such excitons into pairs of free carriers is feasible even at moderate external
electric fields [71–73], while the field assisted intrinsic dissociation of a relaxed exciton would
require fields in the MV/cm range. However, a relaxed singlet exciton can be quenched and
dissociate into a (geminate) pair of charges at a CT center. A typical CT center in a conjugated
polymer consists of a conjugated segment and an adjacent electron scavenger (deep electron
trap). Exciton dissociation at a CT center is possible if the electron affinity of the scavenger is
large enough in order to compensate for the exciton binding energy.

However, exciton quenching at a CT center does not yet yield free carriers. Instead, a strongly
coulombically bound geminate pair of charges is generated. The respective Coulomb binding
energy can be estimated as 0.5 eV for a distance between the conjugated segment and electron
scavenger of 1 nm and the dielectric constant of three. This estimate shows that the charges
in a geminate pair are bound no more weakly than in a vibronically relaxed singlet exciton.
This notion explains the notorious difference between the photoluminescence (PL) quenching
efficiency and the carrier photogeneration yield in doped conjugated polymers [33, 36]. While
the PL intensity drops to almost zero at a quencher concentration of 1 % the onset of efficient
charge generation typically requires a doping level in excess of 10 % [31] i.e. photogeneration
of free carriers is possible in donor/acceptor blends rather than in homogeneously doped
polymers.

8.3.1 The Onsager–Braun model

It seems straightforward to try to rationalize the experimental results on photocarrier generation
in donor—acceptor type organic solar cells in terms of Braun’s extension of Onsager’s theory of
geminate pair dissociation. Recall that in 1934 Onsager formulated a theory for the dissociation
of infinite lifetime ions in a weak electrolyte [74]. In 1938 he treated the case of a radiatively
induced pair of charges that recombine instantaneously once having collided (infinite sink
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approach) [38]. In 1984 Braun [37] considered the case that the pair has a finite lifetime. It
implies multiple excursions of a pair that can eventually fully escape its mutual coulombic
potential or ultimately recombine. This should be relevant for blended organic solar cells
because efficient photogeneration is premised upon the lowest energy state of the system being
an electron–hole pair located at a pair of donor and acceptor moieties that has a finite lifetime.
Any prolongation of its lifetime by multiple excursions within the cycle exciton–exciplex–CT
state would inevitably increase the yield of complete pair dissociation η(F, T ) that is given
by:

η (F, T ) = kd (F, T )

kd (F, T ) + krec

(8.6)

where kd is the rate constant of complete dissociation of a geminate pair and krec the rate of its
monomolecular recombination. According to Braun [37], kd is given by:

kd (F, T ) = 3β

4πa3
exp

(
− Eeh

kT

) (
1 + b + b2

3
+ b3

18
+ b4

180
+ · · ·

)
(8.7)

where a is the initial separation of the carriers bound in an e-h pair at a donor-acceptor interface
with the binding energy Eeh, b = e3 F/8πε0 〈ε〉 (kT )2, 〈ε〉 being the spatially averaged relative
dielectric constant, and β is the rate constant for Langevin-type electron-hole recombination,
i.e. β = e 〈μ〉 /ε0 〈ε〉, with 〈μ〉 being the sum of the spatially averaged electron and hole
mobilities. In a disordered system, one has also to consider that the intra-pair separation is
associated with a distribution. It is often parameterized by a distribution function of the form
ρ (r ) = r2 exp(−r2/a2). Accordingly, Equations (8.6) and (8.7) should be integrated over the
distribution of r and Equation (8.6) becomes:

η (F, T ) = 4√
πa3

∞∫
0

drρ (r ) η (r, F, T ) (8.8)

Michailetchi et al. [75] used Equation (8.8) in order to rationalize photocurrent data of
a bulk heterojunction device using poly(2-methoxy-5-(3′,7′-dimethyloctyloxy)-p-phenylene-
vinylene) (OC1C10-PPV) and PCBM with a 20:80 composition. Using 〈ε〉 = 3.4, a = 1.3 nm,
and a pair lifetime of 1μs, the experimental field dependence could be reproduced. From the
temperature dependence, measured at very low applied voltage (0.01 V) and at the built-in volt-
age, the activation energies were estimated as 94.1 and 35.4 meV, respectively. They would
translate to e–h separations of 4.5 and 12 nm, i.e. considerably larger than the average mean
value of 1.5 nm based on a = 1.3 nm. This discrepancy is ubiquitously observed in random
organic systems and might be attributed to disorder (see Section 8.2.2.2). Another question
relates to the chosen value for the lifetime of the geminate e–h pair or an exciplex as a precur-
sor which should be controlled by nonradiative coupling of the pair to molecular vibrations.
It is plausible that the lifetime of a charge transfer state exceeds that of an exciplex, which is
typically in a 1–50 ns range, but this notion requires experimental verification.

The Onsager–Braun formalism including disorder effects provides a plausible, if consis-
tent regarding parameterization, explanation of charge photogeneration in bulk heterojunction
organic solar cells but, is it compelling? It certainly can neither account for the sudden increase
in the generation yield at critical dopant concentration beyond the limit at which photon har-
vesting and primary e–h pair generation are complete, nor explain the increase of the yield in
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morphologically optimized systems. In the following section a theoretical concept is advanced
that might offer an explanation of the abovementioned problems.

8.3.2 Exciton dissociation in conjugated polymers homogeneously
doped with electron scavengers

Two effects can be responsible for the steep increase in charge photogeneration yield at high
dopant concentrations: (i) the formation of interpenetrating percolation networks for (hopping)
transport of both electrons and holes as well as (ii) the onset of full or partial separation of donor
and acceptor phases which allows for exciton dissociation at the developed donor/acceptor in-
terface. Bipolar transport is obviously a must for full charge collection, but it cannot provide
high photovoltaic yield without efficient exciton dissociation as a first step in light harvesting.
Full harvesting of excitons at the interface is essential for efficient carrier photogeneration,
which is possible only if the exciton diffusion length is larger than or, at least, comparable
with the maximum distance an exciton has to cross in order to reach the nearest interface.
This condition can be fulfilled in optimized planar multilayer photovoltaic devices by con-
trollable deposition of individual layers. The control of morphology in bulk heterojunction
donor/acceptor systems is much more difficult.

From the energy conservation point of view, dissociation of a relaxed exciton into a free
hole and a localized electron at a CT center is, in principle, feasible if the difference � between
energies of the host and guest LUMOs is larger than the exciton binding energy. However, this
general notion does not provide answers to some important questions raised in experimental
studies of this process:

1. If no intermediate states are involved charge generation at a CT center has to be described
as an adiabatic quantum mechanical transition from the initial state of two carriers bound
in an on-chain singlet exciton to the final state in which the electron is localized in the
LUMO of the nearby acceptor and the hole occupies an on-chain state at a distance larger
than the Onsager radius, which is around 20 nm at room temperature. It is unlikely that the
respective matrix element is large enough for the typical time of exciton dissociation to be
shorter than 100 fs.

2. Provided that the energetic requirements are fulfilled, the yield of direct exciton disso-
ciation into free charge carriers should depend neither upon external electric field nor
upon temperature. However, measurements do reveal a strong field dependence of the
yield although its temperature dependence turns out to be rather weak, especially at low
temperatures.

3. Since CT has to be an adiabatic process, the excess energy should afterwards be released
and dissipated within the acceptor molecule occupied by the transferred electron. Since
the energy dissipation time is typically shorter than 100 fs it is fairly unlikely that, over
such a short time, the electron could escape from the Coulomb potential well by hopping,
even if the concentration of acceptor molecules is close to 50 % or larger. Therefore, full
separation of charges is feasible only due to motion of the on-chain hole, but then it is not
clear how the excess energy, released upon deep trapping of the electron, can be transferred
back to the on-chain hole.
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After exciton dissociation into a (short) geminate pair the on-chain hole is still coulombically
bound to the trapped electron. The respective potential U (x) can be described as a modified
one-dimensional Coulomb well:

U (x) = − e

4πε0ε(x2 + a2)1/2
(8.9)

where a is the distance from the chain to the electron scavenger. Since the hole is free within the
polymer chain (or within a conjugated segment thereof) its ground state energy must include
the energy of the on-chain zero point oscillations. Unfortunately, the respective Schrödinger
equation cannot be solved analytically for the potential given by Equation (8.9). However, the
ground state energy E0 can be estimated if this potential distribution is approximated by a
parabolic potential Uosc(x), calculated by expanding U (x) into a power series at x = 0. The
result reads:

Uosc (x) = − e2

4πε0εa

(
1 − x2

2a2

)
, E0 = − e2

4πε0εa
+ eh̄

4
√

πε0εa3meff

(8.10)

where meff is the effective on-chain hole mass. This parameter virtually determines the effective
binding energy Eb = −E0 of the geminate pair and, therefore, plays a key role in the process
of free carrier photogeneration.

The value of meff in conjugated polymers is still subject of controversy. Quantum chemical
calculations performed for several polymers [14] showed that meff is around (0.03–0.08)me,
where me is the free electron mass. The use of such values of meff in Equation (8.10) yields
zero or almost zero binding energy of geminate pairs, implying their immediate dissociation
into free carriers even without an external electric field. However, experimental studies of
the dopant assisted exciton dissociation did reveal a strong field dependence of the yield [33,
35, 36]. Another indication in favor of larger values of the effective on-chain carrier mass,
came from the study of microwave conductivity in conjugated polymers [76]. It turned out
that the on-chain mobility of relaxed polarons is still not higher than 0.1–1 cm2/Vs indicating
an effective carrier mass of (1–2)me while the mobility of freshly generated carriers can be as
large as 1500 cm2/Vs [76].

This apparent contradiction between theoretical calculations and experimental data can be
explained if one bears in mind the difference between the timescales of exciton dissociation and
on-chain charge transport. The former is a quasiinstantaneous process and its immediate result is
an on-chain hole that is not yet embedded into a structurally and, possibly, electronically relaxed
molecular environment. Its effective mass can indeed be as small as predicted by the calculations
of Ref. [14]. It is worth noting that electroreflection experiments, done on single crystalline
polydiacetylenes [77] did reveal an on-chain carrier mass much smaller than me and close to
its calculated value. Since both polaronic and vibrational relaxations in conjugated polymers
occur on the timescale, shorter than 100 fs, one can expect that conductivity measurements on
a longer timescale would reveal a contribution of only relaxed polarons.

Another indication of a large difference between effective masses of ‘freshly generated’ and
relaxed carriers comes from the comparison between charge transfer rate in photogeneration
experiments and jump rate estimated from charge transport measurements. On the one hand,
electron transfer from a photoexcited PPV segment to C60 occurs on a timescale of 50 fs [55].
On the other hand, the prefactor of carrier mobility, inferred from μ versus 1/T 2 plots at
T → ∞, is usually 10−2 cm2/Vs. By assuming eD = kT μ and D = a2ν/6 this translates into



OTE/SPH OTE/SPH

JWBK098-08 JWBK098-Poortmans July 20, 2006 12:42 Char Count= 0

CHARGE CARRIER PHOTOGENERATION IN DOPED 353

a disorder free interchain jump time of 1/ν = 1 ps. A plausible explanation for this difference
could be that the latter time corresponds to an adiabatic transfer of a relaxed charge carrier
having an effective mass of >2me while the former is the time of a ‘vertical’ transition into a
state with a low effective mass.

Based on these facts, the following scenario of exciton dissociation at a CT center can be
envisaged. Immediately after transfer of the negative charge from a polymer chain to a nearby
electron scavenger, the nonrelaxed light on-chain hole occupies the ground state or one of the
excited states within the potential well formed by the negative charge of the trapped electron.
Since the effective mass of the hole is still small prior to polaronic relaxation, the energy of
its zero point oscillations must be relatively large and, therefore, sharing in the excess energy
released upon deep trapping of the electron, has to be in favor of the on-chain hole. In the
course of fast (<100 fs) polaronic and vibronic relaxations, the effective mass of the on-chain
hole increases up to (1–2)me, which leads to a concomitant decrease �E of the zero point
oscillation energy. From Equation (8.10), the value of �E can be estimated as:

�E = eh̄

4
√

πε0εa3

⎛⎝ 1√
m(inst)

eff

− 1√
m(rel)

eff

⎞⎠ (8.11)

where m(inst)
eff and m(rel)

eff are the instantaneous effective mass and the effective mass of the relaxed

hole, respectively. For m(inst)
eff = 0.03me, m(rel)

eff = 2me, and a = 0.5 nm, Equation (8.11) yields
�E ≈ 1.2 eV. This excess energy has to be funneled into the local vibrational bath making
the segment temporarily hot. As has been previously suggested in the model of hot exciton
dissociation [71, 72], this energy can be used by the on-chain hole in order to escape from the
Coulomb potential well of its negative twin via a Boltzmann like thermally activated release
process. Since the initially occupied conjugated segment is hot, the escape probability only
weakly depends upon the ambient temperature [72]. However, the field dependence of the yield
remains strong because the external field determines the height of the potential barrier that the
hole has to cross in order to become free.

Remarkably, the above estimate for the excess energy released upon polaronic relaxation
of the on-chain hole, favorably agrees with both the excess photon energy typically required
for the onset of intrinsic hot exciton dissociation [18, 78, 79] and the electron affinity of
those acceptor materials that provide efficient exciton dissociation in organic donor/acceptor
blends. Particularly, if the gain of energy upon electron transfer is not large enough to provide
sufficient energy for zero point oscillations of the temporarily light hole, one should expect a
much slower CT process that directly creates a relaxed on-chain hole or an exciplex state, both
being unfavorable for the eventual full charge separation. In principle, this notion can explain
a low exciplex yield in the MDMO-PPV/PCNEPV blend discussed in Section 8.2.3.1.

8.3.3 Exciton dissociation at a polymer donor/acceptor interface

It has been shown in the previous section that, in conjugated polymers strongly doped with
electron acceptors, i.e. in polymer donor/acceptor blends, the yield of intrinsic charge carrier
photogeneration can increase up to almost 100 % provided that the morphological demands are
met [36, 57]. Moreover, such efficient exciton dissociation can be achieved even at moderate
electric fields and low temperatures. This indicates a really efficient mechanism preventing
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geminate pairs from recombination at a polymer/acceptor interface. A strong difference be-
tween exciton dissociation in weakly and strongly doped polymers is also supported by the fact
that e–h pairs can be detected at small concentrations of acceptors while in polymer/acceptor
blends mostly free charges and/or loosely bound long pairs have been observed [80]. The fast
and efficient dissociation of geminate pairs suggests that a bottleneck for geminate recombina-
tion must exist at a polymer/acceptor interface. Below, we describe a model of interfacial exci-
ton dissociation in donor/acceptor blends that shows how this bottleneck could be formed [81].

The model rests on the notion that a dipolar layer can exist at a polymer/acceptor interface,
as testified by the observation of a vacuum level shift of 0.25 eV at the interface between the five
ring conjugated oligomer p-bis [(p-styryl)styryl]benzene and C60 [82]. An optical excitation,
generated in a conjugated polymer, can diffuse towards the interface and dissociate into an
e–h pair. Immediately after dissociation, the electron will be localized at the electron acceptor
molecule while the hole remains on the polymer chain next to the interface. The potential
energy of the on-chain hole, Ep, is determined by its interaction with the negatively charged
nearest electron acceptor and partial charges of dark dipoles as shown in Figure 8.16. By
neglecting contributions of all partial charges except for the four nearest ones, the coordinate
dependence of the potential energy along the chain can be estimated as:

Ep (x) = e2

4πε0ε

(
− 1√

x2 + b2
+ α

a + x
+ α

a − x
− α√

(a + x)2 + b2
− α√

(a − x)2 + b2

)
(8.12)

Figure 8.16 Potential energy distribution and total energy of a hole occupying a polymer chain either

nearest or next-to-nearest to a polymer/acceptor interface. The potential distributions are caused by dark

interfacial dipoles and the sibling electron trapped at an acceptor next to the interface. From V. I. Arkhipov,

P. Heremans, and H. Bässler, Appl. Phys. Lett. 82, 4605 (2003).
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where a is the distance between electron acceptors, b the distance between the chain and
electron acceptors, and α the share of elementary charge transferred from the chain to an
acceptor in the dark.

Although an on-chain hole is supposed to occupy an extended state it cannot move freely
along the chain mainly because of positive partial dipole charges residing on the same chain to
the right and to the left of the hole. Together with negatively charged acceptors, these charges
form an on-chain potential well for the hole and restrict its otherwise free motion along the
chain. In order to estimate the energy of zero point oscillations within this potential well,
one can approximate the real potential distribution given by Equation (8.12) by the parabolic
oscillatory potential as:

E (x) ≈ e2

4πε0ε

(
−1

b
+ 2α

a
− 2α√

a2 + b2

)
+ e2

8πε0ε

[
1

b3
+ 4α

a3
− 6αa2

(a2 + b2)5/2

]
x2

(8.13)

The total energy Et
(1) of a hole, occupying the ground state on the chain nearest to the

interface, is a sum of the minimum potential energy Ep(x = 0) and the kinetic energy of zero
point oscillations:

E (1)
t = e2

4πε0ε

(
−1

b
+ 2α

a
− 2α√

a2 + b2

)

+ h̄

2

√
e2

4πε0εmeff

[
1

b3
+ 4α

a3
+ 2α

(a2 + b2)3/2
− 6αa2

(a2 + b2)5/2

]
(8.14)

If the hole has been transferred from the chain nearest to the interface to the next nearest
one, its coulombic potential energy increases but, at the same time, its kinetic energy drops
significantly because the caging effect is eroded. The calculation, similar to that described

above, leads to the following expression for the total energy E (2)
t of such a hole:

E (2)
t = e2

4πε0ε

[
− 1

(b + d)
+ 2α√

a2 + d2
− 2α√

a2 + (b + d)2

]

+ h̄

2

√√√√ e2

4πε0εmeff

{
1

(b + d)3
− 2α(

a2 + d2
)3/2

+ 6αa2(
a2 + d2

)5/2
+ 2α[

a2 + (b + d)2
]3/2

− 6αa2[
a2 + (b + d)2

]5/2

}

(8.15)

where d is the distance between polymer chains. The energy difference E (1)
t – E (2)

t is shown
in Figure 8.17 as a function of the effective carrier mass for different values of the dark
charge transfer parameter α. Remarkably, this energy difference is positive at sufficiently small
values of the effective carrier mass, i.e. a repulsive potential barrier separating a negatively
charged acceptor, and a hole, occupying a segment of a chain next nearest to the interface, is
established. This prevents geminate recombination and stabilizes the interfacial geminate pairs
provided that the effective mass is ∼0.2 me or less. However, even if on-chain holes are heavier
and the total energy of holes increases upon their transfer from nearest to next nearest chains,
this increase is weaker than it would be without the cage effect. From the Onsager theory of
geminate recombination it is known that even a small reduction in the attraction potential,
especially at short distances, leads to a strong increase in the dissociation probability. This
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Figure 8.17 Dependence of the repulsive barrier height upon the effective on-chain carrier mass for

different values of the dark charge transfer parameter α. From V. I. Arkhipov, P. Heremans, and H.

Bässler, Appl. Phys. Lett. 82, 4605 (2003).

can explain the apparent increase of the e–h pair separation in the PhPPV:PdI system beyond
the threshold concentration of the acceptor. Therefore, the cage effect should also strongly
enhance dissociation of geminate pairs into free carriers at larger values of the effective carrier
mass.

Since the model requires polymer chains to be fully parallel to the interface within, at
least, the two molecular layers nearest to the interface, and the array of acceptor molecules
to be ordered, it readily explains why the molecular ordering near the internal donor/acceptor
interface combined with a sufficiently high concentration of acceptors is crucial for attaining a
high photovoltaic efficiency. Because of the importance of the on-chain zero point oscillations
it is also obvious why polymeric photovoltaic cells are normally more efficient than small
molecular devices.

This model explains the increase of the photogeneration efficiency at higher acceptor con-
centrations in terms of the increase of the Geminate Pair (GP) dissociation rates. Alternatively,
one could invoke the onset of percolative motion of the electron across the array of acceptor
molecules. However, any change of the carrier diffusivity without an independent increase in the
dissociation rate constant could not affect the trade-off between dissociation and recombination
of geminate pairs. The model also has several practical implications:

(1) The interface morphology must strongly affect the exciton dissociation yield as experi-
mentally verified. Any structural disorder at the interface is counterproductive because it
will diminish the energy of zero point oscillations and, therefore, destroy the bottleneck
for geminate recombination.
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(2) The existence of a dipolar layer at the donor/acceptor interface facilitates dissociation.
Although, as evidenced by the data plotted in Figure 8.17, the degree of dark charge
transfer has a relatively minor effect on the exciton dissociation yield, the latter must
increase with increasing α especially in weak electric fields.

(3) Efficient dissociation of excitons is possible at moderate fields only if carriers within e–h
pairs are separated by potential barriers, which prevents geminate recombination. This is
not the case for so-called ‘double-cable’ polymers with acceptor moieties directly attached
to the main donor chain [83].

Therefore, the present model of interfacial dissociation predicts a relatively low efficiency
of photovoltaic devices based on the double cables.

8.4 CONCLUSIONS

Efficient power conversion in an organic solar cell requires: (i) that all primary optical exci-
tations reach a CT center and generate metastable geminate electron–hole pairs, (ii) that such
a pair must escape easily from its mutual coulombic potential and avoid geminate recombi-
nation, and (iii) that the liberated charge carriers are collected by the built-in electric field
without suffering bimolecular recombination and/or deep trapping. Owing to the large exciton
binding energy in a single component organic solid, the first condition can only be fulfilled
in two component systems in which the energy of the charge transfer state is lower that of
the singlet excitations of either donor or acceptor. Efficient light harvesting also requires that
the exciton diffusion length is at least comparable to the length scale of donor and acceptor
phases. Since the former are <10 nm this sets an upper limit on the structural dimensions
of blend systems in which phase separation occurs. Organized interpenetrating networks can
fulfill these requirements.

What is still open to debate, however, is the detailed mechanism by which a geminate
electron–hole pair, generated at the internal donor/acceptor interface, escapes from its mutual
coulombic potential. One possibility to interpret experimental results is to apply the Onsager–
Braun model for dissociation of an e–h pair with finite lifetime. However, in order to explain
the notoriously weak temperature dependence of the yield, one has to assume that the ultimate
lifetime of the pair is 1 μs or assure that the rate constants for geminate recombination and
dissociation are comparable (see Equation (8.6)). Otherwise, the dissociation would be strictly
proportional to the rate constant for dissociation, which is determined by the coulombic binding
energy of the e–h pair. This would imply unrealistically large e–h separations. Invoking disorder
effects would alleviate this problem to some extent.

Nevertheless there is an urgent need to prove or disprove the assumption of a long lifetime
of the e–h pair via experimental studies of the dynamics of photogenerated geminate pairs as a
function of in the concentration of the electron acceptors. The Onsager–Braun model contains
only two adjustable parameters, i.e. the pair lifetime and its separation, yet not the acceptor
concentration. On the other hand, it is known that the yield depends strongly on acceptor
concentration. For one particular system, i.e. PhPPV:PdI, an increase of the photocarrier yield
by more than two orders of magnitude has indeed been observed. It is an open question if this
is an indication that primary charge transfer is facilitated by donor–acceptor blending or if
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this simply due to opening of a transport path for electrons thus alleviating recombination and
space charge effects.

Another question that calls for experimental clarification is whether or not the excess energy
dissipated upon dissociation of an exciton into a geminate e–h pair facilitates the generation
of e–h pairs with larger intrapair distances. At first sight this might explain why systems
containing C60, which is one of the strongest electron acceptors because of its low lying
LUMO, are preferred candidates for efficient organic solar cells. On the other hand, it has been
observed that in the PhPPV:PdI system the quantum efficiency of photogeneration reaches
20 %. Remarkably, the spectrally resolved yield of that process is constant within the entire
absorption spectrum of the blend, whose optical gap is set by the PdI absorption. Evidently, is
makes no difference if the PdI is excited via a energy dissipating Förster type energy transfer
or by direct excitation. This proves that it is the excited singlet state of PdI that dissociates
into a PhPPV/PdI pair regardless of how it has been excited. Since the energy of the singlet
state of PdI is 2.2 eV only, the excess energy relative to that of the e–h pair has got to be small.
The same argument applies to the PFB:F8BT system (see Section 8.2.3.1). This is clearly at
variance with the notion that the magnitude of the excess energy is a key parameter in the
design of an efficient organic cell. Nevertheless, a systematic study of the possible influence
of the excess energy would shed light on the mechanism of the e–h pair formation.

Recently, a model has been advanced aiming at understanding efficient photogeneration
in donor–acceptor blends in which at least one component is a π-conjugated polymer. The
essential idea is that at the first moment when a charge carrier is generated on a polymer chain,
its mobility is determined by strong electronic intrachain coupling. It can reach a value on the
order of 103 cm2/Vs [76] and the effective mass is about 0.05 me [14]. Although a carrier will
relax quickly on a sub-ps timescale because of scattering at chain imperfections, molecular
vibrations and phonons, this ultrafast motion guarantees that the initial separation of the e–h
pair can be a multiple of the length of a repeat unit of the chain. The pair will certainly suffer
geminate recombination unless the coulombic potential is screened, for instance, by a dipole
layer that is established at the internal interface of the donor–acceptor heterojunction and/or
at potential fluctuations. This would have a concomitant effect on nongeminate recombination
because the latter is also determined by the attractive coulombic potential. This illustrates the
crucial role of morphology and its control in organic solar cells.

REFERENCES

[1] J. J. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R. H. Friend, S. C. Moratti, and A. B.

Holmes, Efficient photodiodes from interpenetrating polymer networks, Nature 376, 498 (1995).

[2] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, Polymer photovoltaic cells – enhanced

efficiencies via a network of internal donor-acceptor heterojunctions, Science 270, 1789 (1995).

[3] B. Kraabel, J. C. Hummelen, D. Vacar, D. Moses, N. S. Sariciftci, A. J. Heeger, and F. Wudl, Sub-

picosecond photoinduced electron transfer from conjugated polymers to functionalized fullerenes,

J. Chem. Phys. 104, 4267 (1996).

[4] H. Pope and C. E. Swenberg, Electronic Processes in Organic Crystals and Polymers, 2nd ed.

(Oxford, Univ. Press, 1999).
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9 Nanocrystalline Injection
Solar Cells

Michael Grätzel
Laboratory of Photonics and Interfaces, Ecole Polytechnique Fédérale
de Lausanne, Switzerland

9.1 INTRODUCTION

Thin film photovoltaic cells have been dominated so far by amorphous silicon, cadmium tel-
luride (CdTe) and copper indium gallium diselenide (CIGS) p-n junction devices, profiting
from the experience and material availability of the semiconductor industry. However, there is
an increasing awareness of the possible advantages of devices based on mesoscopic inorganic
or organic semiconductors commonly referred to as ‘bulk’ junctions due to their interconnected
three-dimensional structure. These are formed, for example, from nanocrystalline inorganic
oxides, ionic liquids and organic hole conductor or conducting polymer devices, which offer
the prospect of very low cost fabrication without expensive and energy intensive high temper-
ature and high vacuum processes. They are compatible with flexible substrates and a variety of
embodiments and appearances to facilitate market entry, both for domestic devices and in ar-
chitectural or decorative applications. It is now possible to depart completely from the classical
solid state cells, which are replaced by devices based on interpenetrating network junctions.
The mesoscopic morphology produces an interface with a huge area, endowing these systems
with intriguing optoelectronic properties. Contrary to expectation, devices based on interpene-
trating networks of semiconductors have shown strikingly high conversion efficiencies, which
compete with those of conventional devices. The prototype of this family of devices is the
dye sensitized solar cell (DSC), invented in the author’s laboratory at the Ecole Polytechnique
Fédérale de Lausanne [1]. This accomplishes the separation of the optical absorption and the
charge separation processes by the association of a sensitizer as light absorbing material with a
wide bandgap semiconductor of mesoporous or nanocrystalline morphology [1, 2]. The DSC
currently reaches >11 % energy conversion efficiencies under standard reporting conditions
(AM1.5 global sunlight at 1000 W/m2 intensity, 298 K temperature) in liquid junction devices
[3] rendering it a credible alternative to conventional p-n junction photovoltaic devices. Solid
state equivalents using organic hole conductors have exceeded 4 % efficiency [4] whereas
nanocomposite films composed of inorganic materials, such a TiO2 and CuInS2 have achieved
efficiencies between 5 and 6 % [5, 6]. New dyes showing increased optical cross-sections and
capable of absorbing longer wavelengths are currently under development. Similarly, the per-
formance of mesoscopic TiO2 films employed as electron collectors is benefiting greatly from
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recent advances in nanomaterial research. Taking advantage of the highly transparent nature
of the sensitized nanocrystalline oxide film a tandem structre employing a DSC and CIGS top
and bottom cell having a conversion efficiency >15 % has been realized [7].

Obtaining long term stability for DSCs at temperatures of 80–85 ◦C had remained a major
challenge for over 10 years and has only recently been achieved [8]. Solvent free electrolytes
such as ionic liquids or solid polymers as hole conductors have been introduced to provide
solutions for practical applications. Stabilization of the interface by using self assembly of
hydrophobic sensitizers in conjunction with amphiphilic coadsorbents has been particularly
rewarding. Stable operating performance under both prolonged thermal stress (at 85 ◦C) and
AM1.5 light soaking conditions (at 60 ◦C) has been achieved [9]. These devices retained 98 %
of their initial power conversion efficiency after 1000 h of high temperature aging. Long term
accelerated testing shows that DSCs can function in a stable manner for over 20 years, if the
interfacial engineering issues are properly addressed. The present review gives an overview of
the state-of-the-art of the academic and industrial development of this new solar cell, emphasis
being placed on the work performed in the author’s laboratory.

9.2 BAND DIAGRAM AND OPERATIONAL PRINCIPLE
OF THE DYE SENSITIZED SOLAR CELL

Figure 9.1 shows a band diagram of the DSC explaining its operational principle. In contrast to
silicon or other p-n junction thin film PV cells, the DSC separates the light absorption process
from the transport of charge carriers. Sunlight is harvested by a sensitizer that is attached to the
surface of a large bandgap semiconductor, typically an oxide such as TiO2 film. Photoexcitation

Figure 9.1 Energy band diagram of the DSC. Light absorption by the dye (S) produces an excited state
(S*) that injects an electron into the conduction band of a wide bandgap semiconducting oxide, such
as TiO2. The electrons diffuse across the oxide to the transparent current collector made of conducting
glass. From there they pass through the external circuit performing electrical work and reenter the cell
through the back contact (cathode) by reducing a redox mediator (ox). The reduced form of the mediator
(red) regenerates the sensitizer closing the cyclic conversion of light to electricity.
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Figure 9.2 The two coupled redox cycles involved in the generation of electricity from light in a dye
sensitized solar cell.

of the dye results in the injection of electrons into the conduction band of the oxide. The dye
is regenerated by electron donation from the electrolyte, usually an organic hole conductor or
an electrolyte, such as an ionic liquid containing most frequently the iodide/triiodide couple as
a redox system. This intercepts the recapture of the conduction band electron by the oxidized
state of the sensitizer S+. The iodide is regenerated in turn by the reduction of triiodide at the
counterelectrode, where the circuit is completed via electron migration through the external
load. The voltage generated under illumination corresponds to the difference between the
quasi-Fermi level of the electron in the solid and the redox potential of the electrolyte, or the
work function of the hole conductor. Thus the device is regenerative, producing electricity
from light without any permanent chemical transformation.

Figure 9.2 shows the coupling of redox cycles involved in the solar energy conversion
process. In analogy to natural photosynthesis, light acts as an electron pump initiating charge
flow from the sensitizer via the conduction band of the oxide semiconductor to the external
circuit. The dye is regenerated by electron donation from iodide producing iodine or triiodide.
The latter diffuses to the counter electrode where the electrons injected into the circuit by the
sensitizer reduce it back to iodide thus closing the two redox cycles involved in the energy
conversion process. The turnover frequency of the sensitizer is 25 s−1 in full sunshine and
during 20 years of outdoor service it must support 100 million turnovers.

9.3 THE IMPORTANCE OF THE NANOSTRUCTURE

The nanocrystalline morphology of the semiconductor oxide film is essential for the efficient
operation of the device. On a flat surface, a monolayer of dye absorbs at most a few %t
of the light because it occupies an area that is several hundred times larger than its optical



OTE/SPH OTE/SPH
JWBK098-09 JWBK098-Poortmans July 9, 2006 13:0 Char Count= 0

366 THIN FILM SOLAR CELLS

Figure 9.3 Transmission electron microscope picture of a mesoscopic TiO2 (anatase) film. Note the
bipyramidal shape of the particles having (101) oriented facets exposed. The average particle size is 20 nm.

cross-section. Using multilayers of sensitizer does not offer a viable solution to this problem.
Only the molecules that are in direct contact with the oxide surface would be photoactive, the
remainder merely filtering the light. Apart from poor light harvesting, a compact semiconductor
film would need to be n-doped to conduct electrons. In this case energy transfer quenching
of the excited sensitizer by the electrons in the semiconductor would inevitably reduce the
photovoltaic conversion efficiency.

Figure 9.3 is a scanning electron microscopy picture of a mesoscopic TiO2 (anatase) layer.
The particles have an average size of 20 nm and the facets exposed have mainly (101) orien-
tation, corresponding to the anatase crystal planes with the lowest surface energy. Employing
such oxide nanocrystals covered by a monolayer of sensitizer as light harvesting units allows
one to overcome the notorious inefficiency problems, which have haunted all solar energy
conversion devices based on the sensitization of wide bandgap semiconductors.

9.3.1 Light harvesting by a sensitizer monolayer adsorbed
on a mesoscopic semiconductor film

Consider a 10 μm thick mesoscopic oxide film composed of 20 nm sized particles whose real
surface area is over 1000 times greater than the projected one. Due to the small size of the
particle, such films show high transparency and negligible light scattering. Lambert Beer’s law
can be applied to describe the light absorption yielding for the reciprocal absorption length:

α = σc (9.1)
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Figure 9.4 Structure of the N3 dye cis–RuL2(SCN)2 (L = 2,2-bipyridyl-4,4′dicarboxylate).

here σ and c are the optical absorption cross-section of the sensitizer and its concentration in
the mesoporous film, respectively. The value of σ can be derived from the decadic extinction
coefficient ε of the sensitizer using the relation:

σ = ε 1000 [cm2/mole] (9.2)

Figure 9.4 shows the structure of the widely used N3 dye cis–RuL2(SCN)2 (L = 2,2-
bipyridyl-4,4′dicarboxylate). The optical cross-section of this sensitizer at 530 nm, where it
has an absorption maximum, is 1.4 × 107 cm2/mole and its concentration in the nanocrystalline
film at full monolayer coverage is typically 2 × 10−4 mole/cm3. Hence α = 2.8 × 103 cm−1

and the absorption length 1/α is 3.6 μm for 530 nm light. The light harvesting efficiency (LHE)
is derived from the reciprocal absorption length via:

LHE(λ) = 1 − 10−αd (9.3)

where d is the thickness of the nanocrystalline film. Using d = 10 μm and α = 2.8 × 103 cm−1,
one obtains LHE = 99.8 %. This explains the deep coloration of the nanocrystalline TiO2 layers
despite the fact that they are covered only by a monolayer of sensitizer. A film exhibiting ordered
mesoporous structure, such as shown in Figure 9.5 has a significantly higher internal surface
area than one that is composed of randomly associated nanoparticles [10]. Because more
sensitizer is adsorbed for the same film thickness the absorption length is reduced enhancing
the absorption of solar light and hence the conversion yield.
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Figure 9.5 Top view of an ordered mesoporous TiO2 (anatase) film produced by a block copolymer
templating method [10].

9.3.2 Enhanced red and near infrared response by light containment

The light harvesting by the surface adsorbed sensitizer can be further improved by exploiting
light localization and optical enhancement effects. For example, incorporating 100–400 nm
sized anatase particles enhances significantly the absorption of red or near infrared photons by
the film. A scanning electron micrograph of such particles is shown in Figure 9.6. These light
management strategies employ scattering and photonic bandgap effects [11–13] to localize
light in the mesoporous structure, augmenting the optical pathway significantly beyond the
film thickness and enhancing the harvesting of photons in a spectral region where the optical
cross-section of the sensitizer is small. The benefits from using such a light management
strategy are clearly visible below, where the light scattering layer is shown to enhance the
photocurrent response of the DSC in the near infrared and visible regions of the solar spectrum.
The gain in short circuit photocurrent through these optical containment effects can be as high
as 30 %.

Figure 9.6 Scanning electron micrograph showing anatase crystals of ca. 400 nm size, employed as
light scattering centers to enhance the red response of the DSC. (Courtesy of Dr. Tsuguo Koyanagi,
Catalysts & Chemicals Ind. Co. Ltd., Japan).
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9.3.3 Light induced charge separation and conversion of photons
to electric current

The incident photon to current conversion efficiency (IPCE) sometimes referred to also as
‘external quantum efficiency’ (EQE) corresponds to the number of electrons measured as
photocurrent in the external circuit divided by the monochromatic photon flux that strikes the
cell. The flowing product can express this key parameter:

IPCE(λ) = LHE(λ) φinj ηcoll (9.4)

Here LHE(λ) is the light harvesting efficiency for photons of wavelength λ, φinj is the
quantum yield for electron injection from the excited sensitizer in the conduction band of the
semiconductor oxide and ηcoll is the electron collection efficiency. Having analyzed the light
harvesting efficiency of dye loaded mesoscopic films above we discuss now the other two
parameters.

The quantum yield of charge injection (φinj) denotes the fraction of the photons absorbed by
the dye that are converted into conduction band electrons. Charge injection from the electron-
ically excited sensitizer into the conduction band of the semiconductor is in competition with
other radiative or radiationless deactivation channels. Taking the sum of the rate constants of
these nonproductive channels together as kdeact gives:

(φinj) = kinj/(kdeact + kinj) (9.5)

Typical kdeact values lie in the range 103 to 1010 s−1. Hence injection rates in the ps range
have to be attained in order to obtain φinj values close to one. The currently used sensitizers
satisfy this requirement. These dyes incorporate functional groups, for example carboxylate,
hydroxamate or phosphonate moieties [14], that anchor the sensitizer to the oxide surface.
By forming a strong coordinative bond with the titanium surface ions, these groups enhance
electronic coupling of the sensitizer LUMO with the conduction band of the semiconductor.
The lowest energy electronic transition for ruthenium polypyridyl complexes such the N3 dye
is of MLCT (metal to ligand charge transfer) character.

Thus, upon excitation, the electron density shifts from the ruthenium metal to the surface
attached ligand from where very rapid electron injection into the semiconductor takes place,
Figure 9.7. With molecularly engineered sensitizers like these, the injection times are in the ps
or fs range [15–18] and the quantum yield of charge injection generally exceeds 90 %. In fact,
for several sensitizers the electron transfer into the conduction band of the oxide is so rapid
that it occurs from vibrationally hot excited states [16–18].

Shown in Figure 9.8 is the transient absorption signal following fs laser excitation of the
N-719 dye (cis–RuL2(SCN)2 (L = 2,2-bipyridyl-4,4′dicarboxylate)) adsorbed on the surface
of nanocrystalline titania [19]. The formation of the oxidized sensitizer and conduction band
electrons due to heterogeneous charge transfer from the excited ruthenium complex into the
conduction band of the oxide occurs on a fs timescale. Figure 9.8 indicates that the reaction is
completed within the fs laser excitation pulse. Fitted data provide a cross-correlation time of
57 fs that is consistent with the instrument response measured by Kerr gating in a thin glass
window. This temporal resolution does not allow determination of the rate of the injection
process accurately, but its time constant can be estimated as being definitely shorter than 20 fs
corresponding to a rate constant kinj > 5·1013 s−1. Such a high rate can be rationalized in terms
of electronic coupling of the π* sensitizer LUMO with the t2g wavefunction of the Ti(3d)
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Figure 9.7 Interfacial electron transfer involving a ruthenium complex bound to the surface of TiO2

via a carboxylated bipyridyl ligand. Orbital diagram for the forward electron injection (rate constant k(f)

from the π* orbital of the bipyridyl ligand into the empty t2g orbitals forming the TiO2 conduction band
and the backward electron transfer from the conduction band of the oxide into the Ru(III) d orbitals.

Figure 9.8 Transient absorption signal for N719 adsorbed on nanocrystalline titania (	) (pump wave-
length 535 nm, probe 860 nm). Fitted instrument response is 57 fs (——–). Simulated exponential rises
with time constants of 20 fs (——) and 50 fs (· · · · · · ·) and convoluted with the same instrument response
are shown.
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conduction manifold and a large density of acceptor states in the semiconductor. Since nuclear
motion in the molecule and its environment takes place within a time frame of at least 20 fs,
the observed charge injection dynamics are certainly beyond the scope of vibration mediated
electron transfer models [20]. The process rate is therefore likely to be limited only by the
electron dephasing in the solid. Interestingly, much slower injection kinetics extending into
the ps time domain were observed when the sensitizer was present in an aggregated form at
the surface of the titania films [19].

As the next step in the conversion of light into electrical current, a complete charge sep-
aration must be achieved. On thermodynamic grounds, the preferred process for the electron
injected into the conduction band of the titanium dioxide films is the back reaction with the
oxidized sensitizer. Naturally this reaction is undesirable, since instead of electrical current it
merely generates heat. For the characterization of the recombination rate, an important kinetic
parameter is the rate constant kb. It is of great interest to develop sensitizer systems for which
the value of kinj is high and that of kb low.

While for the N3 type sensitizer the forward injection is a very rapid process occurring in
the fs time domain, the back reaction of the electrons with the oxidized ruthenium complex
occurs on a much longer timescale of μs to ms. One of the reasons for this striking behaviour
is that the electronic coupling element for the back reaction is one to two orders of magnitude
smaller for the back electron transfer. As the recapture of the electrons involves a d-orbital
localized on the ruthenium metal, the electronic overlap with the TiO2 conduction band is
small and is further reduced by the spatial contraction of the wavefunction upon oxidation of
Ru(II) to Ru(III).

A second important contribution to the kinetic retardation of charge recombination arises
from the fact that this process is characterized by a large driving force and small reorganization
energy, the respective values for N-719 being 1.5 and 0.3 eV, respectively. This places the
electron recapture clearly in the inverted Marcus region reducing its rate by several orders
of magnitude. For the same reason the interfacial redox process is almost independent of
temperature and is surprisingly insensitive to the ambient that is in contact with the film [21].

Charge recombination is furthermore inhibited by the existence of an electric field at the
surface of the titanium dioxide film. While the depletion layer field within the oxide is negligible
due to the small size of the particles and their low doping level, a dipole layer is established at
the surface by proton transfer from the carboxylic acid groups of the ruthenium complex to the
oxide surface In aprotic media, Li+ or Mg2+ are potential determining ions for TiO2 [22] and
they may also be used to charge the surface positively. The local potential gradient from the
negatively charged sensitizer to the positively charged oxide drives the injection in the desired
direction and inhibits the electrons from reexiting the solid.

Finally, the back reaction dynamics are strongly influenced by the trapping of the conduction
band in the mesoscopic film. If the diffusion of trapped electrons to the particle surface is rate
determining, the time law for the back reaction is a stretched exponential [23]. If, by contrast,
the interfacial back electron transfer is so slow that it becomes rate determining, then the back
reaction follows first order kinetics.

9.3.4 Charge carrier collection

The question of charge carrier percolation over the mesoscopic particle network is presently
attracting a great deal of attention. This important process leads to nearly quantitative collection
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of electrons injected by the sensitizer. These large bandgap semiconductor oxide films are
insulating in the dark, however, a single electron injected into a 20 nm sized particle produces
an electron concentration of 2.4 × 1017 cm−3. This corresponds to a specific conductivity of
1.6 × 10−4 S cm−1 if a value of 10−4 cm2/s is used for the electron diffusion coefficient [24]. In
reality the situation is more complex as the transport of charge carriers in these films involves
trapping, unless the Fermi level of the electron is so close to the conduction band that all
the traps are filled and the electrons are moving freely. Therefore the depth of the traps that
participate in the electron motion affects the value of the diffusion coefficient. This explains
the observation [25, 26] that the diffusion coefficient increases with light intensity. Recent
Monte Carlo modeling gives an excellent description of the intricacies of the electron transport
in such mesoscopic semiconductor films [27]. Of great importance for the operation of the
DSC is the fact that charges injected in the nanoparticles can be screened on the mesoscopic
scale by the surrounding electrolyte, greatly facilitating electron percolation [28]. The electron
charge is screened by the cations in the electrolyte, which eliminates the internal field, so
no drift term appears in the transport equation. Figure 9.9 illustrates this local screening
effect.

The electron motion in the conduction band of the mesoscopic oxide film is coupled with an
interfacial electron transfer reaction and with ion diffusion in the electrolyte. Bisquert [29] has
used an infinite transmission line description to model these processes. The mesoscopic film is
thought to be composed of a string of oxide nanoparticles, Figure 9.9. Apart from recapture by
the oxidized dye, the electrons can be lost to the electrolyte by the reaction with the oxidized
form of the redox mediator, e.g. triiodide ions:

I−3 + 2e−
cb(TiO2) → 3I− (9.6)

electrolyte channel

Figure 9.9 Transmission line description of the conduction band electron motion trough a network of
mesoscopic semiconductor particles. The electrical equivalent circuit treats each particle as a resistive
element. Interfacial electron transfer to the triodide is modeled by a charge transfer resistance connected
in parallel with the capacitance of the particle–electrolyte interface. The red dots present cations from
the electrolyte.
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The equivalent electrical circuit shown in the lower part of the figure treats each particle as a
resistive element coupled to the electrolyte through the interface. The latter is presented by the
electric double layer capacitor (C) connected in parallel with the resistance (rct) for interfacial
electron transfer. The red dots denote electrolyte cations.

It is clear from Figure 9.9 that the movement of electrons in the conduction band of the
mesoscopic films must be accompanied by the diffusion of charge compensating cations in the
electrolyte layer close to the nanoparticle surface. The cations screen the Coulomb potential
of the electrons avoiding the formation of uncompensated local space charge, which would
impair their motion through the film. This justifies using an ‘ambipolar’ or effective diffusion
coefficient, which contains contributions from both the electrons and charge compensating
cations [30, 31] to describe charge transport in such mesoscopic interpenetrating network
solar cells. Impedance spectroscopy gives useful clues to rationalize the intriguing findings
made with these films under bandgap illumination [32].

Figure 9.10 illustrates the injection and recombination processes. Mastering the interface to
impair the unwanted back reactions remains a key target of current research [33]. The efficient
interception of recombination by the electron donor, e.g. iodide:

2S+ + 3I− −−−→ 2S + I−3 (9.7)

e
-

e
-

S+/S

S+/S*

+

-

Oxidation
Potential

TiO
2

1 2

3

4
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Red/Ox
Couple

Figure 9.10 Photoinduced processes occurring during photovoltaic energy conversion at the surface
of the nanocrystalline titania films. 1: sensitizer (S) excitation by light, 2: radiative and nonradiative
deactivation of the sensitizer, 3: electron injection in the conduction band followed by electron traping and
diffusion to the particle surface, 4: recapture of the conduction band electron by the oxidized sensitizer
(S+), 5: recombination of the conduction band electrons with the oxidized form of the redox couple
regenerating the sensitizer and transporting the positive charge to the counterelectrode. Grey spheres:
titania nanoparticles, red dots: sensitizer, green and blue dots: oxidized and reduced form of the redox
couple.
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is crucial for obtaining good collection yields and high cycle life of the sensitizer. In the
case of N3 or its amphiphilic analogue Z-907, time resolved laser experiments have shown the
interception to take place with a rate constant of about 105 − 107 s−1 at the iodide concentrations
that are typically applied in the solar cell [34]. This is more than a hundred times faster than the
recombination rate and >108 times faster than the intrinsic lifetime of the oxidized sensitizer
in the electrolyte in the absence of iodide.

In order to reach IPCE values close to 100 %, provisions must be made to collect all
photogenerated charge carriers. A key parameter is the electron diffusion length:

Ln =
√

Deτr (9.8)

where De and tr are the diffusion coefficient and lifetime of the electron, respectively. Collection
of charge carriers is quantitative if the electron diffusion length exceeds the film thickness (d):

Ln > d (9.9)

The film in turn needs to be significantly thicker than the light absorption length (1/α) in
order to ascertain nearly quantitative harvesting of the light in the spectral absorption range of
the quantum dot or the molecular sensitizer:

d > 1/α (9.10)

The thickness of the nanocrystalline layer required to satisfy the last conditions is typically
of the order of a few μm depending on the optical cross-section of the sensitizer and its
concentration in the film as discussed above.

9.3.5 Quantum dot sensitizers

Semiconductor quantum dots (QDs) can replace dyes as light harvesting units in the DSC
[35, 36]. Light absorption produces excitons or electron–hole pairs in the QD. The electron is
subsequently injected into the semiconducting oxide support while the hole is transferred to a
hole conductor or an electrolyte present in the pores of the nanocrystalline oxide film. Efficient
and rapid hole injection from PbS quantum dots into triarylamine hole conductors has already
been demonstrated and IPCE values exceeding 50 % have been reached without attempting
to optimize the collector structure and retard interfacial electron hole recombination [35].
Quantum dots have much higher optical cross-sections than molecular sensitizers, depending
on the their size. However, they also occupy a larger area on the surface of the mesoporous
electrode decreasing the QD concentration in the film. As a result, the value of the absorption
length is similar to that observed for the dye loaded films.

A recent exciting discovery shows that multiple excitons can be produced from the absorp-
tion of a single photon by a quantum dot via impact ionization (IMI) if the photon energy
is three times higher than its bandgap [36, 37]. The challenge is now to find ways to collect
the excitons before they recombine. As recombination occurs on a fs timescale, the use of
mesoporous oxide collector electrodes to remove the electrons presents a promising strategy,
opening up research avenues that ultimately may lead to photovoltaic converters reaching IPCE
values of over 100 %.
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9.4 PHOTOVOLTAIC PERFORMANCE OF THE DYE SENSITIZED
SOLAR CELL

Having dealt with the fundamental features of operation of a DSC we present now recent per-
formance data obtained with this new type of thin film photovoltaic cell. A cross-sectional view
of the cell structure used in these experiments is shown in Figure 9.11. Both the front and back
contact are made of soda-lime float glass covered by a transparent conducting oxide. The latter
material is fluorine doped tin dioxide (FTO) having a sheet resistance of 10–15 Ohm/square
and an optical transmission of 80–90 % in the visible, including reflection losses. The back
contact is coated with a small amount of Pt to catalyze the interfacial electron transfer from the
SnO2 electrode to triiodide, the typical loading being 50 mg/m2. The nanocrystalline TiO2 film
is deposited by screen printing onto the FTO glass serving as the front electrode followed by
a brief sintering in air at 450 ◦C to remove organic impurities and enhance the interconnection
between the nanoparticles. Adsorption of the sensitizer monolayer occurs from solution by self
assembly. The cell is sealed using a Bynel (Dupont) hotmelt. Redox electrolyte is introduced
by injection through a hole on the back contact.

9.4.1 Photocurrent action spectra

Mesoscopic TiO2 films are currently prepared mainly by hydrothermal methods, which have
been standardized to yield films composed of 15 to 20 nm sized anatase. The mesoscopic
morphology has a dramatic effect on the performance of a dye sensitized solar cell. Figure 9.12
compares the photocurrent action spectrum obtained from a single crystal of anatase to that
of a nanocrystalline film, both being sensitized by the standard N-719 ruthenium dye. i.e. cis–
RuL2(SCN)2 (L = 2,2-bipyridyl-4,4′dicarboxylate). The incident photon-to-current conversion
efficiency (IPCE) or external quantum efficiency is plotted as a function of wavelength. The
IPCE value obtained with the single crystal electrode is only 0.13 % near 530 nm, where the
N-719 sensitizer has an absorption maximum, while it reaches 88 % with the nanocrystalline

Figure 9.11 Cross-sectional view of the embodiment of DSC used in the laboratory for photovoltaic
performance measurements.
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Figure 9.12 Conversion of light to electric current by dye sensitized solar cells. The incident photon
to current conversion efficiency is plotted as a function of the excitation wavelength. Left: single crystal
anatase cut in the (001) plane. Right: nanocrystalline anatase film. Pictures of the two electrodes used as
current collectors are also presented. The electrolyte consisted of a solution of 0.3M LiI and 0.03 M I2

in acetonitrile.

electrode. As a consequence, in sunlight the photocurrent augments more than 1000 times when
passing from a single crystal to a nanocrystalline electrode. This striking improvement defies
expectation as such large area junctions should fare poorly in photovoltaic energy conversion,
the presence of defects at the disordered surface enhancing recombination of photogenerated
charge carriers.

Taking into account the optical losses in the FTO glass that serves as a front contact,
the conversion of incident photons is practically quantitative in the 500–600 nm range were
the sensitizer has an absorption maximum. It is apparent from Equation 9.4 that the light
harvesting, electron injection and charge carrier collection efficiency must be close to unity to
achieve this result. Impedance studies have shown the diffusion length of the conduction band
electrons in the DSC to be typically in the 20–100 μm range. This exceeds the thickness of the
nanocrystalline TiO2 film explaining why all photoinduced charge carriers can be collected.

9.4.2 Overall conversion efficiency under global AM1.5 standard
reporting conditions

The overall conversion efficiency of the dye sensitized cell is determined by the photocurrent
density measured at short circuit (Jsc), the open circuit photovoltage (Voc), the fill factor of the
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Figure 9.13 Photocurrent density versus voltage curve for a DSC employing the N-719 dye ad-
sorbed on a double layer of nanocrystalline TiO2 (Figure 9.4) and scattering particles. (Figure 9.6). The
iodide//triiodide based redox electrolyte employed a mixture of acetonitirel and valeronitrile as a solvent.
The conversion efficiency in AM 1.5 sunlight was 11.18 %.

cell (FF) and the intensity of the incident light (Is)

ηglobal = Jsc × Voc × FF/Is (9.11)

Under full sunlight (AM1.5 global, intensity Is = 1000 Watt/cm2), short circuit photocur-
rents ranging from 16–22 mA/cm2 are reached with state-of-the-art ruthenium sensitizers,
while Voc is 0.7 to 0.86 V and FF values 0. 65–0.8. A certified overall power conversion effi-
ciency of 10.4 % was attained [38] in 2001. A new record efficiency over 11.2 % was achieved
recently [4] and Figure 9.13 shows the current voltage curve obtained with this cell.

9.4.3 Increasing the open circuit photovoltage

We have identified additives, such as guanidinium ions, which are able to suppress the dark
current at the titania–electrolyte junction. Although these effects remain yet to be fully under-
stood it appears that these ions assist the self assembly of dye molecules at the TiO2 surface,
rendering it more impermeable and reducing in this fashion the dark current of the cell. In
addition guanidinium butyric acid was found to suppress the number of surface states acting
as a recombination centers [39].

The ruthenium dye N-719 is adsorbed at the TiO2 surface via two of the four carboxylate
groups. The spatial configuration of the adsorbed dye at the (111) oriented surface of the TiO2

nanocrystals has been assessed by FTIR analysis and molecular dynamics calculation. The
dye monolayer is disordered and the lateral repulsion of the negatively charged dye molecules
is attenuated by spontaneous coadsorption of cations. It is desirable to increase the order of
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the dye monolayer at the interface and render it denser. The goal here is to make the dye
layer insulating in order to block the dark current across the interface. The resulting gain in
open-circuit voltage can be calculated from the diode equation:

Voc = (nRT/F)ln[(isc/ io) − 1], (9.12)

where n is the ideality factor, whose value is between 1 and 2; io is the reverse saturation current
and R and F are the ideal gas and Faraday’s constant, respectively. Increasing the injection and
lowering the recombination rates are critical for maximizing the open circuit voltage of a cell
as shown by Equation (9.12). Using 1.5 as a value for the ideality factor in DSC, the reduction
of the dark current by a factor of ten would result in a voltage increase of 90 mV, boosting the
conversion efficiency of the cell by at least 15 %. The fact that the dye itself blocks the dark
current of the DSC has been confirmed recently [38].

9.5 DEVELOPMENT OF NEW SENSITIZERS
AND REDOX SYSTEMS

While the improvements in DSC performance obtained recently are remarkable, it would
be very difficult to reach much higher efficiencies with the standard N-719 sensitizer unless
the redox system was changed. Due to the mismatch of the redox levels of the N-719 and
the iodide/triiodide couple, the regeneration reaction of the sensitizer consumes too large a
fraction of the absorbed photon energy as is apparent from the band diagram shown in Figure
9.1. Work on alternative redox systems whose Nernst potentials are better adapted to that of the
N-719 dye are currently being developed [40] and should ultimately lead to DSCs exhibiting
Voc values above 1 V.

Alternatively, if the present iodide based redox system is maintained, introducing panchro-
matic sensitizers or dye mixtures can boost the efficiency of cells further. To give 15 % con-
version efficiency, these should be designed to yield at least 24 mA/cm2 short circuit current
under full sunlight and fill factor as well as open circuit voltage values similar to those that are
presently obtained. To achieve such photocurrents the light harvesting in the 650 to 900 nm
range needs to be significantly improved.

Scheme 9.1 shows the structure of a heteroleptic ruthenium complex coded K-19 which due
to the extension of the π -system in one of its ligands has an enhanced absorption coefficient. An
analogue of this dye with long alkyl side chains on the bipyridyl group, named Z-907, showed
excellent light conversion performance and cell stability [8]. These dyes of Z-series have
proved themselves to be very useful to solid state DSC, where their hydrophobic nature indeed

Scheme 9.1 K-19 sensitizer with an extended p system in one of its ligands.



OTE/SPH OTE/SPH
JWBK098-09 JWBK098-Poortmans July 9, 2006 13:0 Char Count= 0

NANOCRYSTALLINE INJECTION SOLAR CELLS 379

Figure 9.14 J -V data for a 4 % efficient solid state DSC [4].

became a helpful factor. Subsequently, they enhanced the performance of systems containing
ionic electrolytes and hole conductors. The K-19 dye also exhibits excellent conversion yield
and stability [9].

9.6 SOLID STATE DYE SENSITIZED SOLAR CELLS

Solid state DSCs employing the hydrophobic Z-907 dye and the hole conductor spiro-OMeTAD
[41] in conjunction with additives such as Li(CF3SO2)2N, t-butyl pyridine and N(PhBr)3SbCl6
as a p dopant have shown >4 % energy conversion efficiency under AM1.5 global illumination
[4]. The data is shown in Figure 9.14. Here again the self assembly of the dye molecules to a
dense layer on the TiO2 surface plays an important role, the COOH groups serving as anchors
and the hydrophobic chains as a blocking layer between the hole conductor and TiO2.

9.7 DYE SENSITIZED SOLAR CELL STABILITY

While long term accelerated light soaking tests have confirmed the intrinsic stability of current
DSC embodiments [42], stable operation under high temperature stress 80–85 ◦C has been
achieved only recently by judicious molecular engineering of the sensitizer used in conjunction
with a robust and nonvolatile electrolyte.

9.7.1 Criteria for long term stability of the dye

Scheme 9.2 illustrates the catalytic cycle that the sensitizer performs during cell operation.
Critical for stability are any side reactions that may occur from the excited state S* or the
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Scheme 9.2 The catalytic cycle of the sensitizer during cell operation.

oxidized state of the dye (S+), which would compete with electron injection from the excited
dye into the conduction band of the mesoscopic oxide and with the regeneration of the sensitizer.
These destructive channels are assumed to follow first or pseudo-first order kinetics and are
assigned the rate constants k1 and k2. By introducing the two branching ratios, P1 = kinj/(k1 +
kinj) and P2 = kreg/(k2 + kreg) where kinj and kreg are the first order or pseudo-first order rate
constants for the injection and regeneration processes, respectively, the fraction of the sensitizer
molecules that survives one cycle can be calculated as the product P1 × P2. Also, the upper
limit for the sum of the two branching ratios can be calculated for a cell operation of 20 years and
is shown to be 1 × 10−8. The turnover frequency, averaged over seasons and day–nighttime,
of the dye has been derived as 0.155 s−1.

9.7.2 Kinetic measurements

As indicated above, for most of the common sensitizers the rate constant for electron injection
from the excited state to the conduction band of the TiO2 particles is in the fs range. Assuming
kinj = 1 × 1013 /s, a destructive side reaction with k1 < 105/s1 could be tolerated. Ruthenium
sensitizers of the N3 type readily satisfy this condition. They can undergo photoinduced loss
or exchange of the thiocyanate ligand, which, however, occurs at a much lower rate than the
105 /s limit. It is also debatable whether this pathway is destructive, as the product formed still
acts as a charge transfer sensitizer. In ethanolic solution prolonged photolysis of N3 dye leads
to sulfur loss and formation of the cyanato-ruthenium complex probably via photoxidation by
oxygen. However this reaction is not observed when the dye is adsorbed on oxide surfaces.

Precise kinetic information has also been gathered for the second destructive channel in-
volving the oxidized state of the sensitizer, the key parameter being the ratio k2/kreg of the
rate constants for the degradation of the oxidized form of the sensitizer and its regeneration.
The S+ state of the sensitizer can be readily produced by chemical or electrochemical oxida-
tion and its lifetime determined independently by absorption spectroscopy. Data from a recent
study of Z-907 shows that the formation of its oxidized form occurs over the first 8–10 min
after the addition of an oxidant. The subsequent decay occurs with a lifetime of 75 minutes
corresponding to k2 = 2.2 × 10−4 s−1. The regeneration rate constant for this sensitizer in
a typical iodide/triiodide redox electrolyte is at least 2 × 105 /s. Hence the branching ratio is
about 10−9, which is well below the limit of 10−8 admitted to achieve the 100 million turnovers
and a 20 year lifetime for the sensitizer.



OTE/SPH OTE/SPH
JWBK098-09 JWBK098-Poortmans July 9, 2006 13:0 Char Count= 0

NANOCRYSTALLINE INJECTION SOLAR CELLS 381

9.7.3 Recent experimental results on dye sensitized solar cell stability

Many long term tests have been performed with the N3 type ruthenium complexes confirming
the extraordinary stability of these charge transfer sensitizers. For example, a European con-
sortium financed under the Joule program [42] has confirmed cell photocurrent stability over
10 000 hours of light soaking at 2.5 sun equivalents corresponding to ca. 56 million turnovers
of the dye without any significant degradation. These results corroborate the projections from
the kinetic considerations made above. A more difficult task has been to reach stability under
prolonged stress at higher temperatures, i.e. 80–85 ◦C. Recent stabilization of the interface
by using self assembly of sensitizers in conjunction with amphiphilic coadsorbents has been
particularly rewarding by allowing the DSC to meet, for the first time, the specifications laid
out for outdoor applications of silicon photovoltaic cells. For example, the new amphiphlic
sensitizer K-19, shows increased extinction coefficients due to extension of the π conjugation
of the hydrophobic bipyridyl and the presence of electron donating alkoxy groups. Taking
advantage of the enhanced optical absorption of this new sensitizer and using it in conjunction
with decylphoshponic acid (DPA) as coadsorbent and a novel electrolyte formulation, a ≥8 %
efficiency DSC has been realized showing strikingly stable performance under both prolonged
thermal stress and light soaking [9].

Hermetically sealed cells were used for long term thermal stress tests of cells stored in the
oven at 80 ◦C. As shown in Figure 9.15, the Voc of such a device drops only by 25 mV over 1 000
hours aging at 80 ◦C, while there is a ∼70 mV decline (not shown) for device B in the case of
film stained with the K-19 sensitizer alone. The stabilizing effect of the DPA is attributed to
the formation of a robust and compact molecular monolayer at the mesoscopic TiO2 surface,
reducing the amount of adsorbed water and other interfering impurities. This stabilization
of the Voc allows device A to sustain the high conversion efficiency during extended heat
exposure. Figure 9.15 shows that this device maintained over 98 % of its initial conversion
efficiency after 1000 hours aging at 80 ◦C. While no change was observed for the fill factor,
after 1000 hours aging, the measured Jsc of 15.38 mA/cm2 was even higher than its initial
value of 15.16 mA/cm2. The opposing changes of Jsc and Voc probably reflect a small positive
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Figure 9.15 Temporal evolution of photovoltaic parameters (AM1.5 full sunlight) of device A during
continued thermal aging at 80 ◦C in the dark.
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Figure 9.16 Temporal evolution of photovoltaic parameters (AM1.5 full sunlight) of device A during
continued one sun equivalent visible light soaking at 60 ◦C.

shift of flat band potential of the mesoporous titania film under the thermal stress, which can
result in a net enhancement of photoinduced charge separation efficiency in DSC.

Cells covered with a 50 μm thick polyester film (Preservation Equipment Ltd, UK), as a
UV cut-off filter (up to 400 nm), were irradiated at open circuit and 60 ◦C in a Suntest CPS
plus lamp (ATLAS GmbH, 100 mW/cm2). As shown in Figure 9.16, device A showed an ex-
cellent stability under the dual stress of heating and visible light soaking, retaining 97.7 % of
its initial power conversion efficiency. Impressively, the measured Jsc of 15.53 mA/cm2 after
1000 hours aging was still higher than the initial value of 15.15 mA/cm2 while a 16 mV drop
in Voc and less than 3 % decrease in fill factor were observed. This confirms again the photo-
chemical inertness of the styryl unit attached to the bipyridyl ligand to prolonged visible light
soaking [9].

9.7.4 First large scale field tests and commercial developments

Over recent years industrial interest in the dye sensitized solar cell has surged and the devel-
opment of commercial products is progressing rapidly. A number of industrial corporations,
such as Konarka (www.konarkatech.com) in the USA, Aisin Seiki in Japan, and well as RWE
in Germany and Solaronix in Switzerland are actively pursuing the development of modules,
both flexible and glass based. Particularly interesting are applications in building integrated
photovoltaic elements such as electric power producing glass tiles. The Australian company
Sustainable Technologies International (www.sta.com.au) has produced such tiles on a large
scale for field testing and several buildings have been equipped with a wall of this type. Aisin
Seiki in Japan in collaboration with Toyota has started DSC prototype production. The lay-
out of these modules is shown in Figure 9.17. Note the monolithic design is using carbon as
interconnection and cathode material in order to keep the cost down.

These DSC pannels have been installed in the walls of the Toyota Dream House shown in
Figure 9.18, house offering a building intergrated source of solar power to the inhabitants.
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Figure 9.17 Production of DSC prototypes by Aisin Seiki in Japan. Note the monolithic design of the
PV modules and the use of carbon as interconnection and counter electrode material. The red dye is
related to N-719 while the black dye has the structure RuL′(NCS)3 where L′ = 2, 2′, 2′ ′-terpyridyl4,4,′4′ ′

tricarboxylic acid.

Figure 9.18 The Toyota Dream House featuring DSC panels made by Aisin Seiki. For details see web
announcment http://www.toyota.co.jp/jp/news/04/Dec/nt04 1204.html.
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9.8 FUTURE PROSPECTS

Reaching much beyond 12 % conversion efficiency for DSC, by relying mainly on panchro-
matic and IR absorbing dyes or surface modifications, will require enhanced light collection
in the 700–900 nm region. An alternative and promising approach will be the use of a tandem
concept, where the top and bottom cells are judiciously chosen to absorb complimentary com-
ponents of the available light including the infrared region. Such a device was recently tried in
our laboratory and obtained 15 % conversion efficiency. A preliminary report on this work was
given at the 2005 European conference in Barcelona and we shall disclose further details shortly.
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[35] R. Plass, S. Pelet, J. Krüger, M. Grätzel and U. Bach. J. Phys. Chem. B, 106, 7578–7580 (2002).
[36] A. J. Nozik, Quantum dot solar cells, Next Gen. Photovolt. 196–222 (2004).
[37] R. Schaller and V. I. Klimov, Phys. Rev. Lett. 92, 186601 (2004).
[38] M. K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphrey-Baker, E. Müller, P. Liska, N. Vlachopoulos

and M. Grätzel, J. Am. Chem. Soc. 115, 6382 (1993).
[39] Z. Zhang, S. M. Zakeeruddin, B C. O’Regan, R. Humphry-Baker, and M. Grätzel, Influence of

4-guanidinobutyric acid as coadsorbent in reducing recombination in dye-sensitized solar cells,
J. Phys. Chem. B. **vol, page 2005.

[40] H. Nusbaumer, S. M. Zakeeruddin, J. E. Moser and M. Grätzel, Euro. J. Chem. 9, 3756 (2003).
[41] U. Bach, D. Lupo, P. Comte, J. E. Moser, F. Weissörtel, J. Salbeck, H. Spreitzert and M. Grätzel,
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10 Charge Transport and
Recombination in
Donor–Acceptor Bulk
Heterojunction Solar Cells

A. J. Mozer and N. S. Sariciftci
Linz Institute for Organic Solar Cells (LIOS), Johannes Kepler University, Linz, Austria

10.1 INTRODUCTION

The idea of utilizing organic materials for solar energy conversion has been the subject of
fascinating research for several decades. Organic materials are typically inexpensive, easily
processable and their functionality can be tailored by molecular design and chemical synthesis.
The most important functionality is the highly polarizable π electron systems of organic
molecules. Although the electronic structure of organic materials is different from typical
inorganic crystalline materials, the delocalized π electron systems assign material properties
that are traditionally assigned to inorganic semiconductors, e.g., light absorption and emission
in the visible and the near infrared spectral range, the wide range of conductivity from insulator
to metallic, and the ability to transport charges over macroscopic distances.

In 1985 Tang [1] first demonstrated an organic solar cell exhibiting power conversion
efficiency around 1 %. This cell was based on a bilayer structure of two known photoconductors
Me-Ptcdi (N, N’-dimethyl-perylene-3,4,9,10-dicarboximide)/ZnPc (zinc-phtalocyanine), both
of which are rather inefficient photovoltaic materials when used in a single layer structure. This
is because charge generation efficiency in organic materials is typically low, attributed to the
small mean free path (low mobility) of charge carriers, which is smaller than the Coulomb radius
rc = e2/4πε0 kT (small dielectric constant) [2]. Therefore the primary photoexcitations are
bound neutral excited states (binding energies of 0.04 eV up to 1 eV) [3, 4], and the generation
of free charge carriers requires excess energy gained by e.g., electron transfer from the donor
containing the excitation to lower lying molecular orbitals of the electron acceptor moieties or
to interfaces. The device concept of multilayer small molecule photovoltaic devices has been
pursued until today, and power conversion efficiencies in excess of 3.5 % in laboratory scale
have been presented [5].

Since their initial discovery in 1977 [6], conductive polymers gained interest due to their
metallic or semiconducting properties accompanied by the easy processing and flexibility
of common plastics [7]. The fabrication of the first diodes in 1987 based on a soluble

Thin Film Solar Cells Edited by J. Poortmans and V. Arkhipov
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poly(3-hexylthiophene) sandwiched between a transparent conductive oxide and evaporated
aluminum contacts marked the beginning of the field of plastic electronics [8]. It is expected
that several electronic devices, such as displays based on polymer light emitting diodes [9],
integrated electronic circuits based on polymer field effect transistors [10], and plastic solar
cells [11] will enter the market in applications where inexpensive material and fabrication costs
accompanied by flexibility and light weight are desirable (‘throw away electronics’).

The most promising candidates for flexible plastic solar cells are based on the bulk hetero-
junction concept, which consists of an interpenetrating network of a conjugated polymer and a
fullerene. The current state of this rapidly expanding field is discussed here, focusing on novel
materials and advanced characterization techniques.

The review is organized as follows: in Section 10.2, the photogeneration mechanism, namely
ultrafast photoinduced electron transfer [12] between a photoexcited conjugated polymer and
buckminsterfullerene observed by various optical techniques will be reviewed, and early device
work will be summarized. In Section 10.3, the operational principles of state-of-the-art bulk
heterojunction solar cells is discussed, focusing on two main issues of nanomorphology opti-
mization and improving the spectral sensitivity of bulk heterojunction solar cells. In Section
10.4, the charge carrier mobility and recombination is studied using novel transient conduc-
tivity techniques. First, the intercorrelated properties of the chemical structure, morphology
and charge carrier mobility are emphasized in regioregular MDMO-PPVs (poly(2-methoxy-
5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene). Next, the mobility of photogenerated and
doping induced charge carriers is compared in the same samples of a regioregular poly(3-
hexylthiophene) using the time of flight (ToF) and charge carrier extraction by linearly increas-
ing voltage (CELIV) techniques. This comparative study shows that the principally different
techniques of ToF and CELIV deliver a mutually consistent picture of charge carrier mobility.
Finally, the photoinduced charge extraction by linearly increasing voltage (photo-CELIV) tech-
nique is introduced to simultaneously determine charge carrier mobility and lifetime in bulk
heterojunction solar cells. The determined mobility and lifetime values are then compared to the
current density versus voltage curves of bulk heterojunction solar cells with varying active layer
thicknesses. Finally, a short summary and a brief outlook for further developments is given.

10.2 DEVELOPMENT OF BULK HETEROJUNCTION
SOLAR CELLS

In π conjugated polymers, the semiconducting properties are accompanied by the attractive
mechanical properties and processing advantages of conventional polymers [7]. Fullerenes
[13] as new forms of carbon are another interesting class of functional materials. Buckmin-
sterfullerene (C60) is a strong electron acceptor capable of taking as many as six electrons, and
forms charge transfer salts with a variety of strong donors.

Mixing C60 with semiconducting polymers, no significant ground state interaction is ob-
served. Upon photoexcitation of the conjugated polymer donor, a cascade of reactions is initi-
ated leading to charge separation as schematically illustrated by the following equations [14]:

D + A → 1,3 D∗ + A (excitation on donor) (10.1)
1,3 D∗ + A → 1,3 (D · · · A)∗ (excitation delocalized on the

donor–acceptor complex) (10.2)
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1,3 (D · · · A)∗ → 1,3 (
Dδ+ · · · Aδ−)∗

(partial charge transfer) (10.3)

1,3 (
Dδ+ · · · Aδ−)∗ → 1,3 (

D+• · · · A−•) (ion radical pair formed) (10.4)

1,3 (
D+• · · · A−•)∗ → 1,3 (

D+• + A−•) (charge separation) (10.5)

The photophysical process described above (—Equations 10.1–10.5) is a photoinduced
electron transfer, and the experimental evidence for its occurrence between nondegenerate
conjugated polymers and C60 by various optical probes is summarized as follows:

(1) The optical absorption spectrum of the (2’-ethyl-hexyloxy)-p-phenylene vinylene (MEH-
PPV):C60 blend is a simple superposition of the two components and no indication of
ground state interaction is observed [14].

(2) Instead of the triplet–triplet absorption band centered around 1.35 eV in the photoinduced
absorption (PIA) spectrum of pristine MEH-PPV, a sharp PIA edge at 1.1 eV and a plateau
at 1.6–2.0 eV is observed in the PIA spectrum of the MEH-PPV:C60 blend (Figure 10.1)
[15].

(3) From photoinduced absorption detected magnetic resonance (PIADMR) [16], the 1.35 eV
peak in the pristine polymer has been attributed to triplet–triplet absorption, which is com-
pletely quenched in the blends with C60. The photoinduced charge transfer is sufficiently
fast to quench singlet to triplet intersystem crossing in MEH-PPV resulting in absorption
features attributed to positive radical cations (photodoping) [14].

Figure 10.1 Photoinduced absorption spectra of MEH-PPV (◦) and MEH-PPV/C60 composite (•)
at 80 K obtained by pumping with an argon ion laser at 2.41 eV with 50 mW. Reprinted Figure 3 with
permission from Smilowitz et al., Physical Review B 47, 13835, 1993. Copyright (1993) by the American
Physical Society.
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Figure 10.2 Transient photoconductivity of pristine MEH-PPV (•) and its various blends with C60.
Reprinted figure 2 with permission from Lee et al., Physical Review B 48, 15425, 1993. Copyright
(1993) by the American Physical Society.

(4) Subpicosecond transient absorption studies [17] have revealed that the photoinduced charge
transfer happens within 40 fs of photoexcitation, quenching even the coherent vibrational
excitations of the conjugated polymer [18]. This ultrafast timescale of charge transfer
ensures a nearly 100 % quantum yield for photoinduced charge separation.

(5) Steady state photoconductivity (PC) experiments showed that blending conjugated poly-
mers with only 1 % C60 can increase the PC by orders of magnitude. From time resolved
photoconductivity experiments it was concluded that the increased steady state photo-
conductivity is the cumulative effect of increased charge generation and increased charge
carrier lifetime (Figure 10.2) [19].

(6) Definitive evidence for the occurrence of photoinduced charge transfer was obtained by
light induced electron spin resonance (LESR) studies [12, 20]. Upon photoexcitation of
the MEH-PPV:C60 mixture with energy larger than the π − π* gap of the conjugated
polymer, two LESR signals are detected. The signal around g < 2 is characteristic of a
C−

60 radical anion alongside with the g ∼ 2.002 value, which is typical of a conjugated
polymer radical cation. Time resolved LESR studies also showed that the signature of the
charges at liquid helium temperatures may remain detectable for hours indicating persistent
photoconductivity at low temperatures [21].

(7) Transient absorption studies in the ns–ms time regime showed that the photogenerated
charges are long living with a power law relaxation kinetics indicating that some portion
of the charge carriers might be deeply trapped [22].
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The above experimental observations are consistent with an ultrafast photoinduced elec-
tron transfer between the photoexcited state of the conjugated polymer and fullerene with a
quantum yield of charge generation approaching unity. The photogenerated charge carriers are
metastable with lifetimes up to milliseconds. An immediate realization was that by the applica-
tion of selective electrical contacts to the above described system, a photovoltaic device may be
fabricated. First, bilayer devices of a spin coated MEH-PPV layer and an evaporated C60 layer
sandwiched between indium tin oxide (ITO) coated glass and aluminum have been presented
[23]. These flat heterojunction devices exhibited four orders of magnitude rectification in the
current versus voltage curves in the dark, and a few μA cm−2 short circuit current and 0.5 V
open circuit voltage under ∼1 mW cm−2 monochromatic (514 nm) illumination through the
ITO side. The spectral response of the diodes showed that the majority of the photocurrent in
such bilayer devices is generated within the thin interface between the MEH-PPV and C60 he-
terojunction. The real breakthrough was achieved by creating an interpenetrating network of the
electron donor and electron acceptor materials extending the interface area over the whole pho-
toactive layer resulting in a device architecture often referred to as the bulk heterojunction [11].

10.3 BULK HETEROJUNCTION SOLAR CELLS

10.3.1 Operational principles

The concept of a bulk heterojunction is shown in Figure 10.3 together with a band structure
displaying the highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) of the electron donor and electron acceptor, and the work function of the
electrodes. The chemical structure of some of the materials commonly used in organic solar
cells is shown in Figure 10.4.

The charge carriers are generated by photoinduced electron transfer. For efficient charge
generation, an exciton photogenerated anywhere in the blend has to reach an acceptor interface
within its lifetime; therefore the magnitude of the maximum allowed phase separation is de-
termined by the exciton diffusion length. For intimately mixed blends, experiment has shown

Figure 10.3 Schematic illustration of a bulk heterojunction based on the interpenetrating network of
a conjugated polymer and PCBM. The electronic levels relevant to the device performance are also
displayed.
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Figure 10.4 Chemical structures of materials used in the Tang solar cells: zinc phthalocya-
nine and Me-Ptcdi (perylene-3,4,9,10-tetracarboxylic-N, N’-dimethyl-diimide); and in plastic solar
cells: MDMO-PPV (poly-[2-(3,7-dimethyloctyloxy)-5-methyloxy]-p-phenylene vinylene); MEH-PPV
(2’-ethylhexyloxy)-p-phenylene vinylene); PTPTB (poly-N-dodecyl-2,5-bis(2’-thienyl)pyrrole-2,1,3-
benzothiadiazole); P3HT (poly(3-hexylthiophene-2,5-diyl); and PCBM (1-(3-methoxycarbonyl)propyl-
1-phenyl[6,6]C61).

that only a few weight % of the electron acceptor is sufficient to quench virtually all excitations
(Figure 10.5) [14]. For efficient photovoltaic devices, however, the created charge carriers need
to be transported to the corresponding electrodes within their respective lifetimes, which will
depend on the charge carrier mobility. The ability to transport both charges in a blend of donor
and acceptor materials will be also a sensitive function of the blend nanomorphology, i.e.
details of the interpenetrating, bicontinuous network of both materials. For obtaining a signif-
icant photocurrent, a nearly 20 mol % load of 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61

(PCBM) is necessary (Figure 10.5).
As a last step, charge carriers are extracted from the device through two contacts. A trans-

parent ITO coated glass matching the HOMO level of the conjugated polymer (hole contact) is
used on the illumination side, and an evaporated thin lithium fluoride/aluminum metal contact
matching the LUMO of PCBM (electron contact) is used on the other side. In the state-of-the-art
devices, a thin (100 nm) hole injection layer, a highly doped poly(3,4-ethylenedioxythiophene)-
poly(4-styrenesulfonate) (PEDOT-PSS) interfacial film, is used, which also serves to smoothen
the surface of the ITO and to increase device stability.

The active layers of bulk heterojunction solar cells can be formed by various solution
processing techniques, such as spin coating [24], doctor blading[25], screen printing [26], and
spray coating [27]. Spin coating can be conveniently used in laboratory scale academic research;
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Figure 10.5 Photoluminescence quenching (•) and short circuit photocurrent (�) of a blend of MEH-
PPV: PCBM as a function of the concentration of PCBM in the blend.

meanwhile the various printing techniques enable the production of large scale prototype plastic
solar cells [28].

The main parameters determining the power conversion efficiency of solar cells is the open
circuit voltage (Voc), the short circuit current (Isc) and the fill factor (FF) according to Equation
10.6:

η (%) =
(

Pout

Pin

)
× 100 = FFVoc Jsc

Pin
× 100 (10.6)

where Pout is the output electrical power of the device under illumination and Pin is the incident
light power.

In single layer polymer diodes the open circuit voltage (Voc) corresponds to the difference
between the work functions of the anode and cathode materials (metal–insulator–metal, MIM
diode) [29, 30]. The open circuit voltage of an MDMO-PPV:PCBM device is ∼0.8 V at room
temperature, and increases slightly to ∼0.9 V at lower temperatures [31]. The open circuit
voltage is proposed to correspond to the energy level difference between the LUMO of PCBM
(4.1 eV [32] or 4.3 eV [33]), and the HOMO of MDMO-PPV (5.3 eV) [34]. Moreover, the open
circuit voltage only weakly depends on the work function of the cathode material used, but
exhibits a strong dependence on the LUMO of the electron acceptor [35]. These observations
indicate that a simple MIM picture cannot account for the built-in field of bulk heterojunction
solar cells. An open circuit voltage of + 0.6 V is observed in a device using Au as the cathode
even though the work function of Au is very similar to the work function of the ITO/PEDOT-
PSS anode; therefore the built-in field in a simple MIM picture should be close to 0 V. It
has been proposed that the cathode work function is aligned with the LUMO of PCBM via a
mechanism often referred to as ‘Fermi level pinning.’ [36] Mihailetchi et al. [37] showed that
the relatively insensitive Voc of bulk heterojunction solar cells with a cathode of higher work
function material than the LUMO of PCBM, e.g., (LiF/Al and Ca) may be attributed to the
formation of an ohmic contact to PCBM.

The work of Gadisa et al. [38] examined the Voc dependence of bulk heterojunction solar
cells based on polythiophenes with varying HOMO levels. The authors observed an almost
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linear dependence of Voc by changing the HOMO of the conjugated polymer, which confirms
that the maximum Voc is also influenced by the HOMO of the polymer.

The Isc depends on the spectral sensitivity of the photoactive materials (the fraction of
incident light absorbed by the photoactive layer), the efficiency of charge generation and the
efficiency of charge collection. The charge generation and collection efficiency for certain ma-
terial combinations depends strongly on the phase separated nanomorhology of the photoactive
blend, which is discussed in Section 10.3.2.

The limited photon harvesting of bulk heterojunction solar cells can only be overcome using
novel materials with light absorption in the longer wavelength range (low bandgap materials).
Some of the recent developments in improving light harvesting in bulk heterojunction solar
cells are discussed in Section 10.3.3.

Finally, the fill factor is strongly influenced by the product of the mobility (μ) and lifetime
(τ ) of the charge carriers. A viable way to improve the charge carrier mobility of conju-
gated polymers and therefore improve the fill factor of bulk heterojunction solar cells is using
regioregular polymers as demonstrated in Section 10.4.

10.3.2 Nanomorphology–property relations

10.3.2.1 Investigation of the nanomorphology

The power conversion efficiency of bulk heterojunction solar cells based on an MDMO-
PPV:PCBM mixture of 1:4 weight % is improved from approximately 1 % (AM1.5) to 2.5 %
by simply changing the solvent from which the active layer has been cast [24]. Atomic force
microscopy (AFM) investigations showed that rather large (i.e., 100–200 nm) clusters are
formed in toluene cast films, while a smooth surface morphology was observed for chloroben-
zene cast films. Transmission electron microscopy (TEM) and AFM studies [39] assigned
the large clusters to a PCBM rich phase. In a more detailed study, the phase separation in
MDMO-PPV:PCBM blends with increasing PCBM content spin coated from chlorobenzene,
was followed in three dimensions by a combination of AFM, TEM, and depth profiling ex-
periments using dynamic time of flight secondary ion mass spectrometry (TOF-SIMS) [40].
The study showed very smooth films by AFM and no observable contrast in the TEM ex-
periments up to 50–60 % PCBM content. The film surface was increasingly uneven at higher
PCBM loads (>67 %), and correspondingly, two phases in the TEM images could be identi-
fied. The darker phase, which was growing with increasing PCBM content, was identified as a
rather pure PCBM phase similarly to [39]. The distribution of a deuterated PCBM-derivative
(d5-PCBM) over the film thickness was studied using ToF-SIMS, and a uniform distribution
was observed for all d5-PCBM concentrations and film thicknesses. The electronic properties
of the various MDMO-PPV:PCBM blends under illumination and dark was also studied, and
an increasing photocurrent and power conversion efficiency between 50—and 70 % PCBM
load was observed. In summary, the optimum device performance around 80 % PCBM load-
ing into the polymer matrix arises from improved electron transport and reduced bimolecular
recombination, and is closely related to the observed nanoscale phase separation.

Fine details of the nanoscale morphology in the photoactive layer using AFM and scanning
electron microscopy (SEM) has been recently reported by Hoppe et al. [41]. The SEM images
obtained for chlorobenzene cast films at 1:2, 1:4, and 1:6 MDMO-PPV:PCBM ratios by weight
are compared in Figure 10.6 a, b, and c, respectively. In all cases, small (20–30 nm) bright
nanospheres embedded in a rather uniform matrix are observed, except for the 1:6 film, in
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Figure 10.6 a, b, and c: Cross-section SEM images of films prepared by spin coating of MDMO-
PPV:PCBM 1:2, 1:4, and 1:6 weight ratios from chlorobenzene solution; and d, 1:3 weight ratio MDMO-
PPV:PCBM from toluene solution. Reprinted with permission from Hoppe et al., Adv. Funct. Mater.,
14, 1005, Nanoscale morphology of conjugated polymer/fullerene-based bulk-heterojunction solar cells.
Copyright (2004) by Wiley-VCH.

which larger clusters are also observed. These large clusters are clearly visible, and their size
is dependent on the PCBM load, in films cast from toluene (Figure 10.6 d), therefore being
assigned to the PCBM phase similarly to [39, 40]. The small, bright nanospheres, however,
can be found in all films studied, e.g., in the ‘thin skin’ surrounding the large clusters in the
toluene cast films, or uniformly distributed in the chlorobenze cast films. Their size seems to
be independent of the solvent type and the PCBM content. The authors attribute these bright
nanospheres to an MDMO-PPV phase, in which the polymer chains attain coiled conformation.
This notion is supported by annealing experiments, in which the contrast between the different
phases is improved due to the tendency of PCBM to diffuse and crystallize. Large holes appear
instead of the PCBM clusters indicating the diffusive motion of PCBM towards crystallization
centers. Interestingly, however, the small spheres remain at the same position. Consequently,
the PL of the MDMO-PPV reappears upon annealing, which strongly supports the assignment
of the small nanospheres to the MDMO-PPV polymer.

Figure 10.7 shows AFM images of MDMO-PPV:PCBM 1:4 weight ratio films cast from
toluene with varying MDMO-PPV concentrations from 0.1 to 0.3 %. Clearly, larger scale
phase separation is observed using more concentrated solutions, which is attributed to the
longer drying times of thicker films. The effect of drying conditions on the morphology has
been observed earlier [42], and can influence the results of spectroscopic investigations.

10.3.2.2 Donor–acceptor ‘double cable’ polymers

The above morphology studies demonstrated that although the preparation of bulk heterojunc-
tion solar cells is very simple, the proper control of the processing parameters is complex,
and involves detailed studies of the influence of many factors, incl., the choice of solvent, the
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Figure 10.7 AFM images of MDMO-PPV:PCBM 1:4 ratio films cast from toluene solutions with
increasing poymer content. Reprinted with permission from Hoppe et al., Adv. Funct. Mater., 14, 1005,
Nanoscale morphology of conjugated polymer/fullerene-based bulk-heterojunction solar cells. Copyright
(2004) by Wiley-VCH.

concentration of the solution, the weight ratio of the active components, etc. The optimum set
of parameters may obviously change with different material combinations. In order to achieve
control of the morphology at the molecular level, the concept of ‘double cable’ polymers has
been introduced (Figure 10.8) [43]. These are electron donor conjugated polymers carrying a
number of adjacent electron acceptor moieties as covalently linked substituents. It is expected
that an electron created by photoinduced electron transfer will travel by hopping between the
acceptor moieties; meanwhile the rather high on-chain hole mobility as well as subsequent
interchain hopping will transport the positive charge. Ideally, phase separation in these mate-
rials is prevented, or, in other words, the interface between the electron acceptor (n-type) and
the electron donor (p-type) materials is brought down to the molecular level. As such, ‘double
cable’ polymers can be viewed as molecular heterojunctions (Figure 10.8). Major criterion
for the application of these materials in photovoltaic elements is the absence of ground state
interaction between the electron donor and acceptor moieties (the ‘cables’ must not short). This
can be achieved by introducing an insulating spacer between the n-type and p-type ‘cable.’
The spacer may also increase the solubility of the macromolecule; however, its length must be
appropriate so as not to hinder photoinduced electron transfer.

Figure 10.8 Ideal representation of ‘double cable’ polymers. The charge carriers generated by pho-
toinduced charge transfer can be transported within one molecule, therefore viewed as a ‘molecular
heterojunction’.
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Due to the rather low solubility of donor–acceptor dyads, the first ‘double cables’ were
prepared by electropolymerization. The bipolar character of the macromolecules was clearly
observed using electrochemical techniques. Soluble ‘double cable’ polymers have also been
chemically synthesized, and preliminary work in photovoltaic elements of ‘double cable’
materials have been published. Barriers to overcome for higher power conversion efficiency
are the rather low percentage of the fullerene load limiting charge transport, and the still rather
low solubility of ‘double cable’ polymers [44].

10.3.3 Improving the photon harvesting

The absorption of the MDMO-PPV:PCBM blend is compared to the terrestrial total photon
flux at AM1.5 conditions in Figure 10.9. The absorption of the MDMO-PPV:PCBM blend is
limited in spectral regions around <1.8 eV [45]. To improve the spectral sensitivity of bulk
heterojunction solar cells, conjugated polymers with lower π–π* bandgaps are required (i.e.
low bandgap materials). The need to tune the emission color of conjugated polymer based
light emitting diodes (LEDs) has triggered the development of several synthetic strategies
to influence the band- gap of conjugated polymers. Today a detailed understanding of the
molecular structure–bandgap correlation has been reached (‘bandgap engineering’) [46].

An alternating electron rich N-dodecyl-2,5-bis(2’-thienyl)pyrrole and an electron-deficient
2,1,3-benzothiadiazole unit (PTPTB) (see Figure 10.4), has received attention as a low bandgap
polymer showing promising characteristics in bulk heterojunction solar cells. The onset of the
absorption of PTPTB is around 780 nm (Figure 10.9), corresponding to an optical bandgap of
∼1.6 eV. This polymer exhibits efficient photo- and electroluminescence in the near infrared
part of the spectra (maximum around 800 nm). When PTPTB is mixed with PCBM, the PL
is quenched and the typical absorption features of the photoinduced charges (polarons) are

Figure 10.9 Spectral photon flux and integrated total photon flux of AM1.5 solar spectra. The absorption
of the MDMO-PPV:PCBM blend and the low bandgap polymer PTPTB are displayed for comparison.
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Scheme 10.1 Conversion of the precursor polymer to the conjugated poymer poly(thieneylene vinylene)
via the sulfinyl route.

detected in a PIA experiment. Bulk heterojunction solar cells based on a PTPTB:PCBM blend
with power conversion efficiency around 1 % have been fabricated. The spectrally resolved
photocurrent measured under short circuit conditions (incident photon to converted electron,
IPCE) follows closely the absorption of the conjugated polymer. The spectral sensitivity of the
PTPTB:PCBM blend is extended to longer wavelengths by almost 200 nm as compared to the
MDMO-PPV:PCBM blend, where the solar photon flux is more intense. The rather low fill
factor is mainly responsible for the limited overall performance of these devices.

Another interesting class of low bandgap polymers is poly(thienylene vinylene)s (PTVs)
[47]. They exhibit one of the highest charge carrier mobilities in a field effect transistor (FET)
structure [48]. On the other hand, PTVs are generally insoluble. To overcome problems with sol-
ubility, Vanderzande et al. have recently developed a precursor approach to bulk heterojunction
solar cells based on 3,4-dichloro and 3,4-dibromo derivatives of poly(thienylene vinylene)s. A
precursor polymer is synthesized via the sulfinyl route, which is converted to the conjugated
polymer PTV by mild heat treatment according to Scheme 10.1. The bandgap of the resulting
PTV derivative is 1.55 eV. The precursor polymer is very soluble, and can be deposited using
the usual solution processing techniques. For the fabrication of bulk heterojunction solar cells,
films containing a mixture of the precursor polymer and PCBM are converted at temperatures
where PCBM is still stable. The power conversion efficiency of bulk heterojunction solar cells
based on a PTV derivative and PCBM prepared via such a precursor route is around 0.2 %,
and mainly limited by the small open circuit voltage and the fill factor. Initial studies showed
that optimizing the thermal conversion process is the key to further improvements. It was also
demonstrated that a subsequent post production treatment of the diodes can improve the Voc and
FF of the diodes, possibly due to reducing shunts and pinholes in the films of the photoactive
layer.

Another problem associated with the limited spectral sensitivity of conjugated polymer/C60

solar cells is the low absorption coefficients of fullerenes in the visible region of the spectrum.
This is because the lowest energy electronic transitions (440–640 nm) of C60 are symmetry
forbidden [49]. Therefore, the main component of the photovoltaic blend currently used in
bulk heterojunction solar cells is mostly optically inactive. Wienk et al. have demonstrated
that by using less symmetrical fullerenes, such as a C70 derivative of PCBM (70-PCBM),
the short circuit current of bulk heterojunction solar cells can be improved due to the signifi-
cantly increased visible absorption of the C70 derivate. Moreover, the increased (lower energy)
absorption of the C70 derivative does not overlap with the absorption of the conjugated poly-
mer MDMO-PPV and therefore the 70-PCBM could be selectively photoexcited within the
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blend . Upon photoexcitation of the fullerene, the optical signatures of the positive charges on
MDMO-PPV were clearly observed by photoinduced absorption experiments, which indicates
that a photoinduced hole transfer from the photoexcited state of the fullerene to the conjugated
polymer occurs. Such a charge generation mechanism was previously assumed, but this is the
first time it has been clearly demonstrated. The power conversion efficiency of the MDMO-
PPV:70-PCBM solar cell is around 3 %, which is limited by the slightly smaller Voc (0.77 V)
and FF (0.51) of these devices as compared to the standard MDMO-PPV:PCBM solar cells.

The above examples showed that optimizing one parameter (morphology or bandgap) may
deteriorate other properties, such as charge carrier mobility, or the film forming properties. In
order to improve the power conversion efficiency of bulk hetereojunction solar cells, materials
that perform all the necessary functions are required. One of the important functions is to
efficiently transport the photogenerated charges over macroscopic distances. The experimental
methods to determine and synthetic strategies to improve charge carrier mobility in bulk
heterojunction solar cells will be summarized in the next Section.

10.4 CHARGE CARRIER MOBILITY AND RECOMBINATION

10.4.1 Measurement techniques

The drift distance of charge carriers photogenerated anywhere within the active layer of the
solar cell is given by ld = μ × τ × E , where μ is the mobility, τ is charge carrier lifetime and
E is the electric field. This equation assumes that the charge carriers are electric field driven
[50]. Due to the rather low mobility of organic materials, high concentrations of photogener-
ated charge carriers are required to reach a short circuit current density of ∼10 mA cm−2, e.g,
n ∼ 1016cm−3 if μ = 10−4 cm2 V−1s−1. High charge carrier concentration generally leads to
increased bimolecular recombination resulting in short lifetimes (τ (t) = [βn(t)]−1 and conse-
quently, short drift and diffusion distances.

Charge carrier mobility and the lifetime of the charge carriers are not independent in most
organic materials. The bimolecular recombination coefficient of a Langevin type recombination
typical for low mobility organic materials is written as βL = e(μe + μh)/εε0, where μe (μh) is
the electron (hole) mobility and e, ε, ε0 are the elementary charge and dielectric constants of
the material and vacuum, respectively. The important questions are, therefore, how to measure
charge carrier mobility (μ) and lifetime (τ ) in bulk heterojunction solar cells, and how μ and τ

are correlated within the interpenetrating network of the electron donor and electron acceptor
materials.

First it will be demonstrated that improving the charge carrier mobility of conjugated poly-
mers is a viable way to improve the power conversion efficiency of bulk heterojunction solar
cells. The charge transport properties of regioregular MDMO-PPV is compared to its regio-
random counterpart, and the importance of molecular structure–morphology–charge carrier
mobility is emphasized. Next, the principally different techniques of time of flight (ToF) and
charge carrier extraction by linearly increasing voltage (CELIV) are compared in samples
of regioregular poly(3-hexylthiophene). Finally, it will be demonstrated how to determine the
charge carrier mobility and lifetime of the charge carriers simultaneously in bulk heterojunction
solar cells using the novel photo-CELIV technique.
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10.4.1.1 Transient conductivity techniques: ToF, CELIV and photo-CELIV

The measurement principles and the schematic responses of the ToF, CELIV and photo-CELIV
techniques are illustrated in Figure 10.10. In the time of flight technique, the transit time (ttr) of
a two-dimensional sheet of photogenerated charge carriers drifting through a sample of known
thickness (d) is determined under an applied external electric field (E = U/d). The ToF mo-
bility is then calculated as μ = d2/(U × ttr). The condition of surface photogeneration in a ToF
technique requires large film thicknesses with high optical density (OD > 10). Photocurrent
transients can be characterized as nondispersive exhibiting a well developed plateau, in which
case the transit time is defined as the intersection of the plateau with the tail of the photocurrent
transient as shown in Figure 10.10. In the presence of strong dispersion, the recorded pho-
tocurrent transients do not exhibit a plateau, but decrease constantly. In this dispersive case the
transit time is defined as the intersection of the two linear regimes in the log photocurrent versus
log time plots [51]. The electric field is assumed to be uniformly distributed over the sample,
a condition which is maintained by: (i) limiting the number of photogenerated charge carriers
to less than 10 % of the capacitive charge (CU), (ii) the dielectric relaxation time (τσ )being
larger than the transit time τσ = ε0/σc > ttr = d2/μU , where σc is the conductivity in � cm−1

units. Otherwise the number of equilibrium or doping induced charge carriers (ep0d, where
p0 is the charge carrier concentration) are sufficient to screen and redistribute the electric field
prior to the arrival of the photoexcited charge carriers at the electrodes [52].

In conductive samples with short τσ, the complementary technique of CELIV can be used.
In the CELIV technique, the equilibrium charge carriers are extracted from a dielectric under
a reverse bias voltage ramp (A = dUmax/dtpulse) [53]. The mobility of extracted charge carriers
is calculated from the time when the extraction current reaches its maximum (tmax). The
CELIV measurement is most conveniently performed when the current due to the capacitance
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Figure 10.10 The pulse sequence and schematic response of the ToF, CELIV, and photo-CELIV tech-
niques. The calculation of mobility and typical device thicknesses are also displayed.
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displacement current ( j(0) = A × ε0/d), equals the extraction current at its maximum �j. This
experimental condition is achieved by e.g. selecting an appropriate thickness of the sample.
In contrast to ToF, the CELIV technique can be used to determine charge carrier mobility in
samples of only a few hundred nm thickness.

Due to the rather large bandgap of most organic materials, the amount of equilibrium charge
carriers is too low to be determined by CELIV, and needs to be increased by e.g., chemical
doping. Alternatively, charge carriers can be photogenerated by a short laser flash. The pho-
togenerated charge carriers undergo recombination or are extracted under the built-in field
through the external circuit (short circuit conditions). The built-in field can be compensated
by applying a DC offset bias (Uoffset) leading to flat band conditions, in which case the pho-
togenerated charge carriers are forced to meet and recombine. The remaining charge carriers
can be extracted under a reverse bias voltage ramp after an adjustable delay time (tdel) deter-
mining their lifetime (photo-CELIV). The calculation of the mobility using the photo-CELIV
technique shown in Figure 10.10 assumes bulk generation of charge carriers, which limits the
active layer thickness to approximately 300–400 nm depending on the absorption coefficient
at the excitation wavelength.

10.4.2 Charge transport in conjugated polymers

Conjugated polymers can be viewed as one-dimensional semiconductors, in which the semi-
conducting properties are attributed to the extended π electron systems formed by the πz elec-
trons of the σ-conjugated backbone. Although microwave conductivity techniques [54, 55],
showed that the on-chain mobility of conjugated polymers can reach very high values, the
macroscopic transport properties are controlled by orders of magnitude slower interchain hop-
ping processes. The solubility and processability of conjugated polymers are achieved by
attaching side chains to the conjugated backbone. Naturally, the length of the insulating side
chain affects the interchain electronic coupling, thereby influencing mobility, as is evidenced
by the decreasing charge carrier mobility in a series of regioregular polyalkylthiophenes with
increasing side chain length [56]. Furthermore, the regularity of the side chain attachment
plays an important role in the solid state morphology and ordering. For example, regioregular
poly(3-hexylthiophene), in which the solubilizing side chains are attached in a regular pattern,
forms crystalline phases [57], while regiorandom poly(3-hexylthiophene-2,5-diyl (P3HT) is
typically amorphous. The electronic properties of these two materials are also quite different.
Regioregular P3HT exhibits one of the highest mobilities among conjugated polymers in the
FET structure, meanwhile mobility in regiorandom P3HT is three to four orders of magnitude
lower [58, 59].

The effect of side chain substitution on charge carrier mobility was investigated for a series
of alkoxy-PPVs in the work of Martens et al. [60]. The charge carrier mobility measured by
space charge limited current measurements of the symmetrically substituted OC10C10-PPV
is one order of magnitude higher than the asymmetrically substituted, regiorandom OC1C10-
PPV (also known as MDMO-PPV). From the temperature and electric field dependence of the
mobility studies it was concluded that increased on-chain and interchain disorder is mainly
responsible for the lower mobility of regiorandom MDMO-PPV.

Based on the above arguments, it is expected that increasing the regioregularity of conju-
gated polymers is viable way to improve their charge carrier mobility. Lutsen et al. [61] have
recently synthesized a soluble regioregular MDMO-PPV polymer based on the sulfinyl pre-
cursor route [62]. The charge transport properties of this regioregular polymer were compared
to the commercially available regiorandom MDMO-PPV using the ToF technique.
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10.4.2.1 Regioregular MDMO-PPVs

A series of MDMO-PPV copolymers has been synthesized by mixing two stereoisomers of the
same monomer (monomer A) and (monomer B) via the sulfinyl precursor route as illustrated
Scheme 10.2. The solubility of the MDMO-PPV copolymers is greatly reduced as the ratio
of either of the isomers is increased above 80 %, which is attributed to aggregation of the
conjugated chains in solution. The improved tendency for aggregation is further supported by
X-ray power diffraction (XRD) measurements, which showed a clearly distinguished reflection
peak in the MDMO-PPV powders at around 3 ◦ as the regioregularity increases [63]. The exact
position of this peak was determined by small angle X-ray scattering measurements, and it
corresponds to the repeating distance between the polymer backbones separated by the side
chains (∼28 Å).

Since the preparation of devices for mobility measurements requires very soluble materials,
the conjugated polymer resulting from the polymerization of the 70:30 weight % mixture of
monomer A and monomer B (referred to as ‘70:30 MDMO-PPV’) was selected, and its charge
transport and photovoltaic properties were compared to regiorandom MDMO-PPV (referred
to as ‘RRa-MDMO-PPV’).

Figure 10.11 shows the room temperature mobility values determined by the ToF technique
for both polymers with various film thicknesses. The mobility of 70:30 MDMO-PPV is approx.
3.5 times larger at all measured electric fields for all film thicknesses as compared to RRa-
MDMO-PPV. The electric field dependence of the mobility has been determined for 70:30
MDMO-PPV and RRa-MDMO-PPV at various temperatures, and analyzed in the framework
of disorder formalism developed by Bässler and coworkers to describe the temperature and
electric field dependence of mobility in a charge transport medium with superimposed energetic
and positional disorder [64]:
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Scheme 10.2 Synthesis of the regioregular MDMO-PPV copolymers via the sulfinyl precursor route.
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Figure 10.11 Charge carrier mobility determined by the ToF technique for various thicknesses of 70:30
MDMO-PPV (solid symbols) and RRa-MDMO-PPV (empty symbols) at room temperature. Reprinted
from Figure 2 with permission from A.J. Mozer et al., J. Phys. Chem. B, 108, 5235, Novel regiospecific
MDMO-PPV copolymer with improved charge transport for bulk heterojunction solar cells. Copyright
(2004) by the American Chemical Society.

where σ [eV] is the width of the Gaussian density of states, � is a parameter characterizing
positional disorder, μ0 [ cm2 V−1 s−1] is a prefactor mobility in the energetically disorder free
system, E [V cm−1] is the electric field, and C is a fit parameter.

The logarithm of the mobility extrapolated to zero electric field (log μ(E = 0)) is plotted
versus inverse temperature squared in Figure 10.12. The ordinate intercepts of the lines de-
termine the value of the prefactor mobility (μ0), while the slope is related to the width of the
Gaussian distribution of density of states (σ ). The parameters μ0, σ , and C of Equation (10.7)
have been calculated, and are summarized in Table 10.1. The fitting constant C was calculated
from the slope of the field dependence of mobility versus (σ /kT )2. The prefactor mobility is one
order of magnitude higher for 70:30 MDMO-PPV and σ also increases slightly. Interestingly,
the zero field mobility of 70:30 MDMO-PPV in Figure 10.12 is only higher above ∼ 230 K, but
decreases faster due to the larger energetic disorder, and eventually becomes lower than that of
RRa-MDMO-PPV below 230 K. Furthermore, the field dependence of mobility characterized
by parameter C is slightly larger for 70:30 MDMO-PPV. The determined value of C agrees
well within a factor of only two with the theoretically calculated value (C = 2.9 × 10−4 [(cm
V−1)1/2]).

The prefactor mobility is primarily governed by the amount of electronic coupling between
neighboring transport sites, which is a sensitive function (exponential) of the intersite distance.
The slight increase in the energetic disorder of 70:30 MDMO-PPV may originate from lower
lying energy states of ordered nanoaggregates as compared to the amorphous matrix acting as
energetic deep traps for overall charge transport. The above model is schematically illustrated in
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Figure 10.12 Logarithm of the zero field mobility versus (1000/T )2 for 70:30 MDMO-PPV (solid
symbols) and RRA-MDMO-PPV (empty symbols). The lines represent linear fit of the data. Reprinted
from Figure 5 with permission from A.J. Mozer et al., J. Phys. Chem. B, 108, 5235, Novel regiospecific
MDMO-PPV copolymer with improved charge transport for bulk heterojunction solar cells. Copyright
(2004) by the American Chemical Society.

Figure 10.13. The first diagram illustrates charge motion in the amorphous regions of the films,
in which the energy of the transport sites experience a statistically varying environment. The
second diagram, on the other hand, depicts regions where the conjugated chains are partially
aligned with better interchain interactions. These regions are expected to create preferential
paths (‘highways’) for the charge carriers, therefore increasing the mobility. Since the more
extended electronic wavefunctions of the ordered regions are thought to be more polarizable,
the extent of the dipole induced interactions are expected to be higher in the ordered regions of
the films, which lowers the site energy. Since the ordered regions in our model are embedded
in an amorphous matrix, these lower lying energy states may act as traps and broaden the
distribution of the density of states. Charge hopping at the end of these ‘highways’ (indicated
by the large arrow in Figure 10.13) requires sufficient thermal energy and/or tilting of the
barrier by an external electric field. Therefore, at high temperatures and high electric fields,

Table 10.1 Determined values of μRT (room temperature mobility), and parameters μ0 (prefactor
mobility), σ (energetic disorder) and C of the disorder formalism (Equation 10.7)

Sample μRT[cm2V−1s−1] μ0[cm2V−1s−1] σ [meV] C[(cmV−2)1/2]

70:30 MDMO-PPV 2.8 × 10−5 2.6 × 10−3 115 1.54 × 10−4

RRa-MDMO-PPV 0.85 × 10−5 0.22 × 10−3 105 1.35 × 10−4
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Figure 10.13 Schematic illustration of charge motion and the energy of hopping sites in cases where
the conjugated chains are randomly oriented (top) and where local ordering of the conjugated chains
takes place (bottom). Reprinted from Scheme 2 with permission from A.J. Mozer et al., J. Phys. Chem.
B, 108, 5235, Novel regiospecific MDMO-PPV copolymer with improved charge transport for bulk
heterojunction solar cells. Copyright (2004) by the American Chemical Society.

films of 70:30 MDMO-PPV with better interchain packing show higher charge carrier mobility.
At low temperatures and low electric fields, however, charges might be trapped at the lower
lying energy sites of the aligned regions hence causing stronger temperature and electric field
dependence of mobility.

The proposed increased interchain interactions between the conjugated chains of the re-
gioregular MDMO-PPV is supported by the increased tendency to aggregate as the regioregu-
larity increases. Further indication is given by recent thermally stimulated luminescence (TSL)
studies [63].
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Figure 10.14 Current density versus voltage curves for bulk heterojunction solar cells based on the 1:4
ratio of 70:30 MDMO-PPV (solid line) or RRa-MDMO-PPV (broken line) and PCBM under simulated
AM1.5 conditions. Reprinted from Figure 8 with permission from A.J. Mozer et al., J. Phys. Chem.
B, 108, 5235, Novel regiospecific MDMO-PPV copolymer with improved charge transport for bulk
heterojunction solar cells. Copyright (2004) by the American Chemical Society.

Bulk heterojunction solar cells based on the 1:4 weight ratio mixture of 70:30 MDMO-
PPV:PCBM have been fabricated and compared to RRa-MDMO-PPV in Figure 10.14. Al-
though the short-circuit current and open-circuit voltage are quite similar for the two devices,
70:30 MDMO-PPV shows a slightly increased power conversion efficiency due to the very
high (0.7) FF. The current density versus voltage curves have been analyzed using a simple
one diode model according to Equation (10.8). The equivalent circuit of the one diode model
is displayed in Figure 10.15.

j = j0

[
exp

(
V − j Rrs

nkT

)
− 1

]
+ V − j Rrs

Rp
− jsc (10.8)

Figure 10.15 Equivalent circuit model of a heterojunction solar cell. The short circuit current is repre-
sented by a current source.



OTE/SPH OTE/SPH
JWBK098-10 JWBK098-Poortmans July 12, 2006 15:37 Char Count= 0

CHARGE TRANSPORT AND RECOMBINATION 407

Table 10.2 Photovoltaic performance of bulk heterojunction solar cells and the parameters of
Equation (10.8) obtained by numerical calculation

Jsc Voc FF ηAM1.5 J0 Rs RP n
mA cm−2 V % mA cm−2 � cm−2 � cm−2

70:30 MDMO-PPV 5.0 0.8 0.71 2.65 6 × 10−7 1.3 2150 1.9
RRa-MDMO-PPV 5.25 0.82 0.61 2.5 6 × 10−7 3 950 2

where j [A cm−2] and V [V] are the current density and voltage values, j0 [A cm−2] is the
reverse bias dark current, Rs [� cm−2] is the series resistance, Rp [� cm−2] is the parallel
resistance and jsc [A cm−2] is the short circuit current density under illumination. The equation
10.8 has been numerically solved, and the parameters obtained by the best fit are summarized
in Table 10.2. The series resistance of the bulk heterojunction photovoltaic devices based on
70:30 MDMO-PPV is reduced by a factor of 2.3 as compared to RRa-MDMO-PPV, which
may be attributed to the improved charge carrier mobility of the photogenerated charge carriers
as is suggested by the ToF mobility studies.

10.4.2.2 Regioregular poly(3-hexylthiophene)

A more drastic improvement of the performance of bulk heterojunction solar cells was recently
achieved using regioregular poly(3-hexylthiophene) (P3HT) as an electron donor [65, 66].
These devices show incident photon to converted electron efficiency (IPCE) close to 75 %
at the absorption maximum, which indicates nearly 100 % collection of the photogenerated
charges at the electrodes in a thin 100–200 nm device. Charge carrier mobility in P3HT is often
investigated in an FET structure; however detailed temperature and electric field dependence
of mobility studies by ToF was not available. This is partially due to the large dark conductivity
of poly(alkylthiophenes) attributed to oxygen [67, 68] or moisture [69] doping when exposed
to air, which generally limits the applicability of ToF due to the screening of the electric
field.

We have investigated the temperature and electric field dependence of mobility in low con-
ductivity, purified samples of P3HT by the ToF technique. The low conductivity of the samples
is achieved by the purification procedure described in [70]. In addition, the devices were pre-
pared, stored and characterized in a dry, inert atmosphere. The photocurrent transients recorded
at 293 and 180 K in regioregular P3HT are shown at various applied voltages in Figure 10.16.
The 3.6 μm thick sample sandwiched between ITO and Al electrodes was illuminated by 3 ns
laser pulses at 532 nm excitation wavelength through the aluminum side. The transit time of
charge carriers indicated by the arrows decreases at every temperature as the voltage increases.
Moreover, the photocurrent transients are nondispersive with a plateau and a rather short post
transit time tail at around room temperature. At lower temperatures (<180 K) the plateau re-
gion gradually disappears and the post transient tail is inhomogenously broadened. Dispersive
transients indicate that the relaxation of the charge carriers photogenerated at random energies
towards quasi-equilibrium is not completed prior to arrival at the exit electrode, or correspond-
ingly, the spatial inhomogenous spreading of the packet of charge carriers is comparable to the
device thickness.
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Figure 10.16 ToF transients of a low dark conductivity, 3.6 μm thick P3HT sample sandwiched between
ITO and Al recorded at various applied voltages and at 293 and 180 K. The transit time is indicated by
the arrows.

The calculated mobility versus the electric field squared is plotted in Figure 10.17. The
mobility follows a log μ ∝ βE1/2 Poole–Frenkel like dependence at lower temperatures, but β
turns to negative at higher temperatures (>250 K). Such negative electric field dependence of
mobility at higher temperatures has been observed in various organic semiconductors, such as
molecularly doped polymers [71, 72], molecular glasses [73] and a polysilane derivative [74],
yet this is the first time it has been clearly observed in a conjugated, semiconducting polymer
[75]. The occurrence of negative electric field dependence of mobility is understood to be
the effect of superimposed energetic and positional disorder as expressed by Equation 10.7.
With increasing temperature � exceeds σ /kT , and the sign of the field dependence ((σ /kT )2

– �2) is reversed. The slope of the field dependence versus (σ /kT )2 is plotted in Figure 10.18.
Clearly, β turns to negative at a (σ/kT )2 value of 10, and � = 3.3 is calculated. The σ value
was determined from the linear regime in the logarithm mobility extrapolated to zero electric
field versus inverse temperature squared (log μ(E = 0) versus T −2) plot as shown in the inset
of Figure 10.18. The deviation from the predicted linear dependence at lower temperatures
may be attributed to a nondispersive to dispersive transition, since Equation 10.7 is considered
valid only for charge transport under quasi-equilibrium conditions. Since the time to reach the
quasi-equilibrium level during transport is increasing faster (as trel/t0 = 10exp(1.07(σ/kT ))2)
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Figure 10.17 Electric field dependence of ToF mobility at various temperatures. The lines represent
linear fits of the data. Reprinted from Chemical Physics Letters, 389, A. Mozer and N. Sariciftci, Negative
electric field dependence of charge carrier drift mobility in conjugated, semiconducting polymers, 438–
442. Copyright (2004) with permission from Elsevier.

than the transit time with decreasing temperature, a nondispersive to dispersive (ND→D)
transition is predicted [76]. The occurrence of an ND→D transition is also indicated by the
change in the shape of the photocurrent transients in Figure 10.16.

The ND→D transition is intrinsic to the ToF technique, in which the charge carriers are
photogenerated at random energies by the strongly absorbed laser flash. On the other hand, an
ND→D transition should be absent in the CELIV technique, in which the charge carriers are in
thermodynamic equilibrium prior to extraction due to the principally different mode of charge

Figure 10.18 Slope of the electric field dependence of mobility (δ log μ/δE1/2) versus (σ /kT )2. The
lines represent linear fits between 310 and 180 K.
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Figure 10.19 Recorded CELIV curves of a 1.3 μm P3HT sample sandwiched between ITO and Al at
various maximum applied voltages and at (A) 293 K and (B) 130 K. Reprinted Figure 7 with permission
from A. Mozer, N. Sariciftci, A. Pivrikas, R. Osterbacka, G. Juska, L. Brassat and H. Bässler, Phys. Rev.
B, 71, Charge carrier mobility in regioregular poly (3-hexylthiophene) probed by transient conductivity
techniques: A comparative study, 035214, 2005. Copyright (2004) by the American Physical Society.

generation. The reversible oxygen or moisture doping observed in regioregular P3HT provides
the opportunity to determine the temperature and electric field dependence of mobility using
the CELIV technique in the same P3HT samples exposed to air [77].

Figure 10.19 shows CELIV transients measured for a 1.3 μm P3HT sample sandwiched
between ITO and Al electrodes by applying reverse bias voltage pulses with varying Umax

A, 293 K, and B, 130 K. The time to reach the maximum of the extraction current (tmax)
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Figure 10.20 Electric field dependence of mobility of doping induced carriers (samples exposed to
air, CELIV technique) and photogenerated charge carriers (low conductivity samples, ToF technique).
Reprinted Figure 9 with permission from A. Mozer, N. Sariciftci, A. Pivrikas, R. Osterbacka, G. Juska,
L. Brassat and H. Bässler, Phys. Rev. B, BT9158, Charge carrier mobility in regioregular poly (3-
hexylthiophen) probed by transient conductivity techniques: A comparative study, 2004. Copyright (2004)
by the American Physical Society.

shifts to shorter times by increasing the maximum of the voltage pulses, and features a strong
temperature dependence. The electric field varies constantly during extraction, and it can be
averaged as E = (A × tmax)/d . The temperature and electric field dependence of mobility
values determined by the CELIV technique as well ToF technique is plotted versus E1/2 in
Figure 10.20. The overall agreement obtained by these principally different techniques, and
particularly, the negative electric field dependence of mobility at temperatures above ∼250
K implies that it is not an experimental artifact of the ToF technique caused by either dark
conductivity or the effect of charge carrier diffusion. The latter effect was claimed to cause
negative electric field dependence in a ToF experiment at weak electric fields due to the
diffusive motion of charge carriers [78], which is absent in the CELIV technique due to the
equilibrium distribution of charge carriers before extraction. The observed negative electric
field dependence, therefore, is presumed to be intrinsic to the P3HT samples studied, and can
be explained as the influence of positional disorder on the motion of charge carriers.

Simulations showed that fluctuation of the intersite electronic coupling creates faster routes
as well dead ends for charge carriers executing their random walk. At high electric fields,
detour routes around a difficult site are gradually eliminated forcing the carriers to make
difficult jumps, therefore decreasing mobility.

In Figure 10.21, log μ(E = 0) versus (1000/T )2 is plotted for ToF and CELIV measure-
ments for samples with various thicknesses. The CELIV mobility follows the prediction of
Equation 10.7 over the entire measured temperature range. The ToF technique, on the other
hand, tends to yield higher values at lower temperatures, which may be attributed to the above
mentioned ND→D transition at around 180 K. The mobility values measured by both tech-
niques correspond well at higher temperatures indicating that the mode of charge generation
does not alter the charge transport properties, at least in this small charge concentration regime
[77].
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Figure 10.21 Temperature dependence of the mobility extrapolated to zero electric field for several
samples determined by the CELIV technique (solid symbols) and the ToF technique (empty symbols).
Reprinted Figure 11 with permission from A. Mozer, N. Sariciftci, A. Pivrikas, R. Osterbacka, G. Juska,
L. Brassat and H. Bässler, Phys. Rev. B, 71, Charge carrier mobility in regioregular poly (3-hexyltiophene)
probed by transient conductivity techniques: A comparative study, 035214, 2005. Copyright (2004) by
the American Physical Society.

10.4.3 Charge transport and recombination in bulk heterojunction solar
cells

10.4.3.1 Photo-CELIV technique

Charge carrier mobility in bulk heterojunction solar cells has been studied using a ToF technique
[79], or calculated from the transfer characteristics of an FET [80]. These experiments showed
that the electron mobility (PCBM phase) and the hole mobility (conjugated polymer phase) in
the photoactive blend is fairly balanced, which is counterintuitive to experiments performed
on the pristine materials. Space charge limited current measurements showed that the mobility
of injected holes in the pure MDMO-PPV thin films is several orders of magnitude lower
than injected electrons in PCBM thin films [81]. Recent ToF studies performed on MDMO-
PPV:PCBM 1:2 blends concluded that the mobility is unbalanced, the electron mobility being
at least two orders of magnitude higher than the hole mobility [82]. The apparent discrepancy
between the above examples shows that the straightforward experimental determination of
mobility using currently available methods is problematic.

The ToF technique is limited to a rather thick sample (∼1 μm at the absorption maximum),
which is at least 3–10 times higher than the optimum thickness of bulk heterojunction solar cells
requires. Both mobility and solar cell performance may exhibit strong morphology dependence.
The morphology may vary depending on the film preparation conditions, e.g. concentration of
the solution, drying time, etc. In addition, the concentration of charge carriers in a ToF technique
is limited to 10 % of the capacitive charge, which limits the concentration in a typical device
configuration to n ∼1014 cm−3. This concentration is at least 2–3 orders of magnitude lower
than the charge carrier concentration in a solar cell under AM1.5 illumination conditions.
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Mobility values obtained by FET measurements seem to fit better the predictions of numer-
ical simulations of current density and voltage curves of bulk heterojunction solar cells [83].
Nevertheless, the FET technique, in which the motion of electric field induced charge carriers is
monitored near the surface of an insulator, also has serious limitations. First of all, the mobility
obtained by the FET technique may also be strongly dependent on the morphology of the film.
The morphology of the phase separated network near the insulator may be altogether different
to the bulk. Moreover, the direction of the motion of charges in an FET is perpendicular to the
direction of motion in a sandwich type photodiode, and the presence of anisotropy of mobility,
such as observed in [84] could not be distinguished a priori.

The recombination dynamics of the photogenerated charge carriers in a blend of electron
donor and electron acceptor materials have been studied by various optical techniques, such
as light induced electron spin resonance (LESR) [20], photoinduced absorption (PIA) [85],
photoinduced reflection/absorption (PIRA) [86] and transient absorption (TA) [22]. In these
optical techniques, the charge carrier induced changes of the absorption of the films (−�T ) is
monitored either by a modulation technique (PIA) or followed in a time resolved experiment
(TA). The recorded signals are often very dispersive, especially at low temperatures and low
frequencies or long timescales. Although the nature of these long lived photoexcitations is of
practical importance, optical techniques cannot directly distinguish between mobile or deeply
trapped, immobile charge carriers. For example, transient absorption experiments on the blend
MDMO-PPV:PCBM showed power law decay of the −�T /T signal with an exponent of
α = 0.4 in the μs to ms timescale [87]. Power law decay indicates a broad distribution of
lifetimes due to strong dispersion. Moreover, optical techniques are typically applied on films
without electrodes; therefore operational devices cannot be easily studied.

Information on the recombination processes in operational bulk heterojunction solar cells
is often obtained indirectly by the incident light intensity dependence of the short circuit
current [31]. Scaling factors close to one indicate that the short circuit current is not lim-
ited by second order recombination processes, such as bimolecular (nongeminate) recom-
bination. In the latter case, an exponent close to 0.5 is expected. Unfortunately, this exper-
iment provides little information on any first order recombination processes, which scale
linearly with light intensity. Examples of such first order recombination processes are trap
mediated (quasi-) monomolecular recombination or recombination due to accumulated space
charge.

Both the charge carrier mobility (μ) and the lifetime (τ ) can be determined simultaneously in
operational bulk heterojunction solar cells using the photo-CELIV technique. In this technique,
charge carriers are photogenerated by a short laser flash, followed by either extraction of the
charge carriers under the intrinsic electric field and/or recombination. The intrinsic field may
be compensated by the application of a forward bias offset voltage minimizing the external
photocurrent and forcing recombination (flat band conditions). The remaining charge carriers
can be extracted by a linearly increasing voltage pulse after a certain delay time (tdel).

The three different stages of the photo-CELIV technique are illustrated in Figure 10.22.
Initially (stage 1), charge carriers are photogenerated via photoinduced charge transfer. During
the second, equilibration, stage, the charge carriers recombine under zero electric field condi-
tions. The zero field condition is achieved by compensating the built-in field of the device by
the application of a forward bias offset voltage (Uoffset). Simultaneously, the charge carriers
may relax towards the tail states of the distribution. In stage 3, the remaining charge carriers
are extracted by a reverse bias voltage pulse. From the time the extraction current reaches its
maximum, the mobility is calculated, and by calculating the concentration of extracted charge
carriers versus delay time, the recombination kinetics are studied.
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Figure 10.22 The three main stages of the photo-CELIV technique: (1) charge generation, (2) charge
recombination and energy relaxation, (3) charge extraction.

The effect of Uoffset on the recorded photo-CELIV curves is shown in Figure 10.23. The sand-
wich type device used for this study is a typical of a bulk heterojunction solar cell (ITO/PEDOT-
PSS/MDMO-PPV:PCBM 1:4/Al). The MDMO-PPV was prepared by the sulfinyl precursor
route according to Scheme 10.2. The device (active layer thickness 265 nm) exhibited a power
conversion efficiency of 1.8 % as determined using a calibrated solar simulator unit. The ab-
sorption coefficient of the photoactive layer at 532 nm excitation wavelength is 4 × 104 cm−1,
corresponding to OD ∼1, and thus bulk generation of charge carriers. The delay time (tdel)
between the light pulse and the linearly increasing voltage ramp (A = 4 V/10 μs) was 5μs.

Under short-circuit conditions (0 V applied voltage), most of the photogenerated carriers
exit the device prior to the reverse bias voltage pulse under the influence of the built-in field
of the device (photoconductivity). Applying 0.9 V, the photocurrent upon photoexcitation is
minimal (flat band conditions), and the extraction current due to the reverse bias voltage pulse
is increased. Finally, the photocurrent turns to negative when Uoffset > 0.9 V, which indicates
that the charge carrier motion is electric field driven. In addition, significant injection current
flows, shown by the nonzero offset current, and the injected charge carriers are also extracted
under the CELIV pulse together with the photogenerated ones. Experimentally, Uoffset is chosen
close to the built-in field of the device, yet slightly smaller in order to avoid dark injection,
which complicates the evaluation of the photo-CELIV curves. It is worth mentioning that
the built-in field could be more precisely compensated in devices without PEDOT-PSS hole

Figure 10.23 The effect of Uoffset on the recorded photo-CELIV curves at 5 μs fixed delay time.
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injection layers. Nevertheless, no significant difference in the mobility values and its time and
concentration dependence has been observed between devices with and without PEDOT-PSS.

Figure 10.24 A, shows recorded photo-CELIV curves as a function of delay time. The Uoffset

during these measurements was 0.75 V. The maximum of the extraction current decreases with
increasing delay time, indicative of charge carrier recombination, and tmax shifts slightly to
longer times [88]. The extraction current at all applied delay times decreases till the capacitance
current step value, which shows that the majority of the photoinduced charge carriers are
extracted in these photo-CELIV experiments. In Figure 10.24 B, the photo-CELIV transients
recorded at varying light intensities and at fixed 5 μs delay time are shown. The maximum
of the extraction current is constant until the threshold light intensity of ∼ 1 μJ cm−2 pulse−1

and decreases constantly at lower light intensities. In contrast to the results obtained by the
delay time dependent measurements, tmax at various light intensities remains almost constant.
Finally, in Figure 10.24 C, the photo-CELIV curves recorded as a function of the maximum of
the applied voltage pulse (Umax) at fixed 15 μs delay time and fixed light intensity are shown.
The tmax value is shorter when the maximum of the voltage pulses is increased indicating the
voltage (field) dependence of the mean charge carrier velocity.

The obtained mobility values are plotted versus delay time in Figure 10.25 A. The mobility
decreases with tdel until 10 μs, and remains almost unchanged for longer delays. In Figure
10.25 B, the mobility is plotted as a function of the concentration of charge carriers obtained
by the intensity dependent photo-CELIV measurement. Clearly, the rather strongly increasing
mobility at short time delays in Figure 10.25 A, does not correspond to the weak concentra-
tion dependence of the mobility. Figure 10.25 C shows the voltage (field) dependence of the
mobility for two different delay times: (i) 5 μs and (ii) 15 μs. The electric field dependence of
the mobility at longer delay times is a typical positive dependence, as expected for an amor-
phous semiconductor, yet at short delays it shows an anomalous negative dependence. This
comparison shows that the time dependent mobility at shorter time delays is not related to the
charge carrier concentration (occupational density) dependence of the mobility alone, which
is expected to play a role in disordered semiconductors due to e.g., trap filling effects. It may
be related to time dependent energy relaxation of the charge carriers at short timescales.

The number of extracted charge carriers is calculated by integrating the extraction current
transients, and plotted versus the delay time in Figure 10.26. The concentration decay is fitted
using a time dependent (dispersive) recombination as [89]:

dn
dt

= −β(t)n2 (10.9)

where β(t) is the time dependent recombination coefficient. The time dependence of β(t) can
be directly calculated using the data shown in Figure 10.26 as:

β(t) = −dn/dt
n2

(10.10)

and the values are shown in the inset of Figure 10.26. A power law time decay following
β(t) = β0t−(1−γ), where γ characterizes dispersion, is found. The solution to Equation 10.9
by substituting β(t) = β0t−(1−γ) yields

n(t) = n(0)

1 + (t/τγ)
(10.11)
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Figure 10.24 Recorded photo-CELIV curves as a function of (A) delay time, (B) incoming light
intensity at fixed 5 μs delay time, and (C) applied maximum voltage (Umax) at fixed 15 μs delay time
and fixed light intensity. Reprinted with permission from Figure 1, A. Mozer et al., Applied Physics
Letters, 86, 112104, Charge transport and recombination in bulk heterojunction solar cells studied by the
photoinduced charge extraction in linearly increasing voltage technique. Copyright (2005), American
Institute of Physics.



OTE/SPH OTE/SPH
JWBK098-10 JWBK098-Poortmans July 12, 2006 15:37 Char Count= 0

CHARGE TRANSPORT AND RECOMBINATION 417

Figure 10.25 The mobility values versus (A) delay time, (B) charge carrier concentration determined
from intensity dependent measurement, and (C) square root of the electric field at (a) 15 μs delay time
and (b) 5 μs delay time.

where n(0) is the initial (t = 0) concentration of photogenerated charge carriers and τB =
(γ/(n(0)β0))1/γ is an ‘effective’ bimolecular lifetime. The obtained fitting parameters are
β(0) = 6 × 10−11 cm3 s−1, τB = 1.7 × 10−6 s, n(0) = 9 × 1015 cm−3 and γ = 0.99, the latter
indicating a nondispersive (time independent) bimolecular recombination at room tempera-
ture. Temperature dependent photo-CELIV studies showed that the nondispersive bimolecu-
lar recombination law observed at room temperature (γ = 0.99) changes significantly when
the temperature is decreased, e.g., γ = 0.47 at 120 K indicative of a highly dispersive (time

Figure 10.26 Concentration of the charge carriers calculated from delay time dependent photo-CELIV
curves versus tdel. The inset shows β(t) versus tdel calculated according to Equation (10.5).
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dependent) recombination process. Moreover, the ‘effective’ bimolecular lifetime τB decreases
with increasing temperature, (∼319 μs at 120 K) clearly showing that the recombination is a
thermally activated process with calculated activation energy of ∼80 meV.

The simultaneous determination of mobility (μ) and lifetime (τ ) using the photo-CELIV
technique gives surprising results when compared to previous transient absorption (TA) stud-
ies. The different recombination law calculated from delay time dependent photo-CELIV as
compared to the TA measurement of Refs. [22, 87] might arise from the fact that the concen-
tration decay of all the charge carriers including the immobile ones is probed in the transient
absorption experiment. On the other hand, only charge carriers with reasonable mobility are
extracted in the photo-CELIV experiment. From the end of the extraction pulse extraction cur-
rent it is estimated that the number of unextracted, deeply trapped charge carriers is minimal
at room temperature. The important question, therefore, is whether these long living charge
carriers can also be extracted under operational conditions in bulk heterojunction solar cells,
or in other words, whether the μτ product determined by the photo-CELIV technique can
properly describe the measured current density versus voltage curves of bulk heterojunction
solar cells.

10.4.3.2 Thickness dependence of MDMO-PPV/PCBM solar cells

It is expected that the short circuit current of bulk heterojunction solar cells will rise with
increasing active layer thickness due to increased absorption. According to d ≥ ld = μ × τ ×
E , on the other hand, electrical losses due to recombination are expected when the thickness of
the active layer exceeds the drift distance of the charge carriers, where E = Voc/d is the electric
field. Based on these arguments, the thickness dependence of the short circuit current of bulk
heterojunction solar cells should give an estimate of the drift distance of the charge carriers,
which can then be compared to the μτ product determined by the photo-CELIV technique.

As has been emphasized, the performance of bulk heterojunction solar cells is morphology
dependent; therefore the proposed comparative study can only be meaningful if the morphology
of the active layer is unchanged by changing the thickness of the active layer. The same solution
of MDMO-PPV:PCBM 1:4 by weight (chloroform, 0.5 mg polymer /ml solution−1) was used
to prepare all the active layers of bulk heterojunction solar cells with varying thickness by
varying the spin speed during the spin coating between 1000 and 6000 rpm. It was expected
that this procedure would be more suitable for the proposed thickness dependent experiment
as compared to e.g. varying the total concentration, or the type of solvent. The thickness of the
active layer was around 125 nm at 6000 rpm, and increased nonlinearly to 280 nm at 1000 rpm.
The films prepared at lower spin speeds were somewhat less uniform, therefore eight devices
were measured, and the results averaged. The average power conversion efficiency of the bulk
heterojunction solar cells versus the film thickness of bulk heterojunction solar cells is shown
in Figure 10.27. It is around 2.5 % using a thickness of 125 nm, which drops to approx. 1.7 %
when the thickness is increased to 280 nm.

The parameters Isc, Voc, FF, and the injection current density at +2 V are shown in Fig-
ure 10.28 for comparison. The average short circuit current density increases slightly as the
thickness of the active layer is increased. It is maximal at 225 nm (∼6 mA cm−2), and drops
slightly when at 280 nm. The measured Voc is constant ∼800 mV for all active thickness. The
fill factor, on the other hand, drops constantly from 0.6 to 0.4 as the thickness of the active layer
is increased, which corresponds nicely to the reduced injection current density at +2 V. From
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Figure 10.27 The average power conversion efficiency versus the thickness of MDMO-PPV:PCBM
bulk heterojunction solar cells.

Figure 10.28 The average short circuit current density, injection current density at +2 V, open circuit
voltage, and fill factor of MDMO-PPV:PCBM bulk heterojunction solar cells versus the spin speed during
spin coating.
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Figure 10.29 The current density versus voltage curves of bulk heterojunction solar cells with varying
active layer thicknesses under illumination.

this data it is evident that the drop in the power conversion efficiency at 280 nm is attributed
mainly to the reduced fill factor, which decreases more strongly than the slight increase in the
short circuit current.

The current density versus voltage curves under illumination are shown in Figure 10.29
for various active layer thicknesses. The J-V curves are analyzed by a modified version of
a simple one diode model shown in Figure 10.15, which has been introduced by Schilinsky
et al. to explain the illumination intensity dependent J-V curves of bulk heterojunction solar
cells based on P3HT:PCBM blends [83]. The model takes into account the applied voltage
(Vext) dependent reduction of the charge collection of the photogenerated charge carriers at
the electrodes. As the external voltage is increased towards flat band conditions, the electric
field in the device is reduced. Accordingly, only charge carriers created within the reduced
drift distance ld = μ × τ × (Voc − Vext)/d will contribute to the short circuit photocurrent. In
other words, the photocurrent ( jsc) in Equation 10.8 is not constant, but depends on the applied
voltage (Vext).

Important predictions from that model are that the sign of the photocurrent changes when
Vext > Voc, and that the short circuit current is reduced when Vext is raised towards Voc. More-
over, the high fill factor of devices with 125 nm thickness indicates that only a small electric
field (Voc − Vext)/d is sufficient to collect most of the photogenerated charge carriers from the
whole device (the photocurrent reaches ∼5 mA cm−2 at 0.6 V, corresponding to 0.2 V/125 nm
electric field). On the other hand, the photocurrent density steadily increases to ∼0.1 V (cor-
responding to a field of 0.7 V/226 nm) when the device thickness is increased to 226 nm.

The μτ product of the long lived charge carriers can be calculated using the values deter-
mined by the photo-CELIV technique as:

μ × τB = 2 × 10−4 cm2 V−1 s−1 × 2 × 10−6 s = 4 × 10−8 cm2V−1 (10.12)
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The maximum thickness of the active layer (d < ld) can be calculated as:

d =
√

μ × τ × Voc =
√

8 × 10−10 cm2 V−1 × 0.8 V = 180 nm (10.13)

According to this result, the majority of the long lived charge carriers can be collected at
external electrodes in photovoltaic devices not exceeding 180 nm active layer thickness, or in
other words, bimolecular recombination of the charge carriers should not limit the short circuit
current of the device. The calculated drift distance of the long lived (μs–ms) charge carriers is
in accordance with experimental observations shown in Figure 10. 28, which implies that the
majority of long lived charge carriers can be collected in operational bulk heterojunction solar
cells. These conclusions are also supported by observed light intensity dependence of the short
circuit photocurrent density [31]. Scaling factors close to one are typically observed, which
indicates that the short circuit current is not limited by second order recombination processes,
such as bimolecular recombination.

10.5 SUMMARY

The science and technology of bulk heterojunction solar cells has been reviewed focusing on
advanced characterization techniques and novel materials. The various microscopic (AFM,
SEM, TEM) tools are used to study the correlation between the nanomorphology of the inter-
penetrating phase separated network and the efficiency of the bulk heterojunction solar cells.
The various mobility techniques (FET, space charge limited current measurements, and ToF
) are used to determine the charge carrier mobility within the bicontinous interpenetrating
network of the electron and hole transporting phases. It has been demonstrated that the novel
technique of photoinduced charge carrier extraction by linearly increasing voltage (photo-
CELIV) can be used to simultaneously determine the charge carrier mobility (μ) and lifetime
(τ ) in bulk heterojunction solar cells. The obtained μτ values are in accordance with the ob-
served performance of bulk heterojunction solar cells with varying active layer thicknesses.
The major limitation of bulk heterojunction solar cells is their limited absorption in the lower
energy part of the solar spectra. Recent developments including low bandgap polymers and
light absorbing fullerenes have been summarized.
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Charge carrier mobility in regioregular poly(3-hexylthiophene) probed by transient conductivity
techniques: a comparative study, Phys. Rev. B, 71, 035214 (2005).

[78] A. Hirao, H. Nishizawa, and M. Sugiuchi, Diffusion and drift of charge carriers in molecularly
doped polymers, Phys. Rev. Lett., 75, 1787 (1995).

[79] S. A. Choulis, J. Nelson, Y. Kim, D. Poplavskyy, T. Kreouzis, J. R. Durrant, and D. D. C. Bradley,
Investigation of transport properties in polymer–fullerene blends using time-of-flight photocurrent
measurements, Appl. Phys. Lett., 83, 3812 (2003).

[80] W. Geens, T. Martens, J. Poortmans, T. Aernouts, J. Manca, L. Lutsen, P. Heremans, S. Borghs,
R. Mertens, and D. Vanderzande, Modelling the short-circuit current of bulk heteojunction solar
cells, Thin Solid Films, 451–452, 498 (2004).

[81] V. D. Mihailetchi, J. K. J. van Duren, P. W. M. Blom, J. C. Hummelen, R. A. J. Janssen, J. M. Kroon,
M. T. Rispens, W. J. H. Verhees, and M. M. Wienk, Electron transport in a methanofullerene, Adv.
Func. Mater., 13, 43 (2003).

[82] S. A. Choulis, J. Nelson, S. M. Tuladhar, S. Cook, Y. Kim, J. R. Durrant, and D. D. C. Bradley,
Transport and recombination dynamics studies of polymer–fullerene based solar cells, Macromol.
Symph., 205, 1 (2004).



OTE/SPH OTE/SPH
JWBK098-10 JWBK098-Poortmans July 12, 2006 15:37 Char Count= 0

426 THIN FILM SOLAR CELLS

[83] P. Schilinsky, C. Waldauf, J. Hauch, and C. J. Brabec, Simulation of light intensity dependent current
characteristics of polymer solar cells, J. Appl. Phys., 95, 2816 (2004).

[84] H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen, K. Bechgaard, B. M. W. Langeveld-Voss,
A. J. H. Spiering, R. A. J. Janssen, E. W. Meijer, P. Herwig, and D. M. de Leeuw, Two-dimensional
charge transport in self-organized, high mobility conjugated polymers, Nature, 401, 685 (1999).

[85] M. C. Scharber, C. Winder, H. Neugebauer, and N. S. Sariciftci, Anomalous photoinduced absorption
of conjugated polymer–fullerene mixtures at low temperatures and high frequencies, Synth. Metals,
141, 109 (2004).

[86] C. Arndt, U. Zhokhavets, G. Bobsch, C. Winder, C. Lungenschmied, and N. S. Sariciftci, Inves-
tigation of excited states in polymer–fullerene solar cells by means of photoinduced reflection-
absorption spectroscopy, Thin Solid films, 451–452, 60 (2004).

[87] A. F. Nogueira, I. Montanari, J. Nelson, J. R. Durrant, C. Winder, N. S. Sariciftci, and C. J. Brabec,
Charge recombination in conjugated polymer–fullerene blended films studied by transient absorp-
tion spectroscopy, J. Phys. Chem. B, 107, 1567 (2003).

[88] A. J. Mozer, N. S. Sariciftci, L. Lutsen, D. Vanderzande, R. Österbacka, M. Westerling, and G. Juška,
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11 The Terawatt Challenge for
Thin Film Photovoltaics

Ken Zweibel
NREL, Golden, CO, USA

11.1 PROLOGUE

It is critical to understand what this report purports to do and what it cannot do. It cannot analyze
either company or technology specific information about thin film manufacturing. It cannot
give any current actual prices, because they depend on volume and varying specifications.
Thin film photovoltaic (PV) manufacturing is changing quickly, and most crucial details are
confidential.

So what can this report do? It can assemble in one place a set of technology options, process
choices, and device designs and attempt to give a rough estimate of their status and potential.
There are long lists of these attributes (e.g., Tables 11.1 and 11.4) that seem to indicate actual
costs. But this is not the case. The lists are long to assure that as much as practical is included –
missing process steps or major materials components would be a serious shortfall. But the
actual costs estimated under each category are simply educated guesses. With time, they will
change. This is a snapshot of what the author believes is a fair picture of the landscape of
thin film PV. One cannot do more; it is really rather a question of whether one should simply
do less, and not publish at all. But in the interest of addressing a bigger question – ‘Can thin
film PV meet the Terawatt Challenge?’ – it seems worthwhile to make the effort, especially
considering the critical importance of solar (covered in the next section) in terms of climate
change and oil depletion. Solar is ‘the only big number out there’ (in the sense of the size
of the resource available to meet climate change without carbon dioxide emissions) and this
matters. This report should suffice to give a sense of the progress in thin films; their potential;
and what remain as major challenges.

Tables 11.16–11.19 summarize the results of the rough, but methodologically consistent cost
estimates. They show that a number of thin film module options have system price potentials
in the range of $1–$1.2/Wp DC. This translates (in an average US solar location like Kansas
City) to about 5–7� c/kWh AC electricity. Such electricity should be inexpensive enough to: (i)
provide intermittent, daytime electricity from grid tied systems and (ii) split water and make
hydrogen for portable fuels. If PV is to be used for dispatchable electricity, other aspects of
system design and cost must be addressed through long distance transmission and storage.

This study was conservative. There are a number of clear avenues for further PV cost reduc-
tion (e.g., through less expensive encapsulation) that could take PV prices substantially lower.

Thin Film Solar Cells Edited by J. Poortmans and V. Arkhipov
C© 2006 John Wiley & Sons, Ltd
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In addition to the cost estimates, other topics associated with the ‘Terawatt (TW) Challenge’
include materials availability, land area needs, and energy payback. These were examined as
well. In some cases there may be materials availability issues (e.g., indium and tellurium
supply), while in others only the prospect of steady growth (e.g., glass). Due to the diversity
of PV module options, no supply issue is critical. Land issues turn out to be a red herring –
land use is actually a strength of PV since: PV can be used on roofs and other structures,
it is the most efficient means of converting primary solar energy to usable form, sunlight is
ubiquitously available in sufficient quantities, and only tiny amounts of land (on a relative
basis) are in question (about 1 % of land area). Energy payback is also found to be a nonissue,
as it falls toward about 1–2 years today, and below that with further technical progress.

The evolution of PV into one of the world’s largest industries is not going to happen without
major unforeseen problems. However, this study attempts to address the obvious ones, so that
we can put aside the mythology of PV (for example, that it is only ‘boutique power’ or that one
must pave the world with it to be useful) and get on with changing the world’s energy infras-
tructure. With the years of rapid market growth now underway in PV, the author is sure this will
not be the last effort to understand the real potential and pitfalls of meeting the TW Challenge.

11.2 ‘THE ONLY BIG NUMBER OUT THERE – 125 000 TW’
(QUOTE, NATE LEWIS, 2004)

The world uses about 10 terawatt (TW) of energy (the US, about 3 TW) and by 2050 is projected
to need about 30 TW. Thus the world will need about 20 TW of nonCO2 energy to stabilize
CO2 in the atmosphere by mid century. For details about non CO2 energy needs for meeting
climate change, see Hoffert et al., 1998. Hoffert (NYU), Rick Smalley (Rice Nobel Laureate),
and Nate Lewis (CalTech) call this the ‘Terawatt (TW) Challenge,’ and whether thin film PV
can meet the challenge is the subject of this study. Shockingly, it turns out that among the
nonCO2 options, it is possible that solar is the only one that can (discussed below).

The primary barrier to TWscale use of PV is cost, and that will be the main focus of
this study. Secondary barriers, including feedstock availability, land use, and energy payback,
will also be covered. A final barrier, only touched on here, is system related: how do we use
intermittent PV electricity to provide dispatchable electricity and fuel? This is described in
outline, but deserves a separate in depth study.

But why is it crucial that PV be able to meet the TW Challenge? Why not other sources of
nonCO2 energy? This is an important question that most policy makers do not yet agree on,
and the public is another step removed from such a consensus.

In recent presentations and publications, CalTech’s Nate Lewis, 2004 has emphasized that
among the renewables, only solar has a large enough resource base to meet a major fraction
of the world’s energy needs. The rest of the renewables (wind, biomass, geothermal, hydro)
do not have adequate global resources to do so – although they can meet a fraction of a TW
each (still a very significant contribution, when one realizes that the US now uses 3 TW). But
this means that solar (with about 125 000 TW of global incident sunlight) has both a huge
opportunity and a huge responsibility.

To state clearly: any technology that can produce at least a TW of annual energy should be
considered having met the TW Challenge and contribute to the reduction of climate change. But
we go further here; we want to know how many TWs thin film PV could provide by mid century.
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Key scenarios for stabilizing CO2 in the atmosphere during the 21st century turn on the
viability of CO2 sequestration. Sequestration is capturing CO2 during, e.g., coal burning, piping
it to a storage location, and then pumping it into special underground storage, e.g., aquifers,
where it would presumably stay without leakage for millennia. This approach is unproven but
important. Much work is being done to demonstrate it.

If sequestration does not work, it is almost certain that the world will need at least 10 TW
of nonCO2 producing energy by mid century, and perhaps as much as 20 TW, to stabilize CO2

in the atmosphere. Even nuclear power would have difficulty meeting this without breeder
reactors, due to the lack of uranium fuel for present designs. But this means that nuclear has
multiple problems: proliferation of breeder reactors with plutonium fuel (with concomitant
global tensions and terror issues), waste disposal, and accidents. Let us put aside nuclear as
possibly too dangerous. Then the simplest scenario to stabilize CO2 by mid century is one in
which PV and other renewables are used for electricity (10 TW) and to make hydrogen for
transportation (10 TW); and fossil fuels (coal, natural gas, oil) are used to make residential and
industrial heat (10 TW). Departures from this strategy include using coal to make gasoline; but
this would mean more CO2. The challenges facing solar are: (i) economic (can renewables be
cheap enough? Can storage of hydrogen on vehicles be cheap enough?) and (ii) infrastructure
(we pump gasoline, not hydrogen; we use gasoline engines, not fuel cells or turbines). Under
this scenario, and given the vastness of the solar resource, there could be a huge 10–20 TW
demand for PV by mid century. (Recall that we only use about 10 TW worldwide today, so
this is a huge amount of energy.)

But what if sequestration works? Would the need for solar be eliminated or much re-
duced? Perhaps not as much as one might think. Why? Let us look a little more closely at the
coal/sequestration approach.

People are excited about the potential of sequestration, because if it works, coal could be
used to meet most electricity demand. Everyone knows there’s plenty of cheap coal. The cost
of sequestration and rising demand might add about 50–150 % to the price of coal generated
electricity, but it wouldn’t make coal use untenable. Still, even under this scenario, some
renewables would be used simply because they would be cost competitive at these higher
prices.

What about transportation?
Princeton’s Bob Williams has presented a unique scenario based on biomass CO2 seques-

tration in which coal and biomass could be used for liquid fuels and still stabilize CO2 in the
atmosphere. How? Biomass-produced CO2 sequestration could be adopted to actually remove
significant CO2 from the atmosphere. This is even better than biomass being CO2 neutral; it
provides a sink that can be played off against fossil fuels. Biomass used as energy or used as
feedstock along with coal could make liquid fuels (e.g., gasoline). By effectively removing
some CO2 from the atmosphere via the biomass, the net CO2 produced in the transportation
sector (where CO2 cannot be captured) would be low enough to allow CO2 stabilization despite
using a lot more coal.

Under the coal and biomass CO2 sequestration scenario, no other renewables would appear
to be needed for a major fraction of the world’s energy, at least until mid century (when biomass
resources would become inadequate to the task).

But this is not the last word on this key question.
Williams and Lewis have proposed an innovative idea for using solar energy to make

carbon fuels, i.e., as an alternative to biomass in the sequestration scenario. If successful, such
an approach would significantly increase the demand for PV despite sequestration’s success.
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How could PV produce carbon fuels? Lewis suggests an in situ, electrochemical approach
mimicking photosynthesis. An electrochemical solar cell would be used to combine CO2

taken from the air with hydrogen from water splitting, producing a hydrocarbon liquid fuel.
His suggested in situ approach, similar to but more complex than existing efforts to split water
electrochemically with in situ PV, would require long term research and one or more major
breakthroughs.

Perhaps we could afford the wait. Under Williams’ plan for biomass sequestration, analysis
suggests that biomass resources would become inadequate about mid century. Thus develop-
ment of in situ PV synthesis of carbon fuels could take until then and still play a major role.

However, there may be simpler and shorter term ways to harness PV to remove some CO2

from the atmosphere and make hydrocarbons. Just as there is a way to use any PV electricity
to split water using an (ex situ) electrolyzer, there may be ways to simply use flat plate PV
electricity to make carbon fuels. How? Carbon dioxide may be absorbed from the atmosphere
(as it is by leaves in photosynthesis) or taken from the emissions of coal plants, and hydrogen
from water can be combined with it to make hydrocarbons. Because concentrating atmospheric
CO2 takes too much energy, the large area of a leaf or of flat plate PV can be used to capture
CO2 from the air economically. Physical and chemical processes would have to be developed
to capture the CO2. But the rest of the processes are already being done: splitting the water with
an electrolyzer; chemically synthesizing the hydrocarbon fuel from the CO2 and the resulting
hydrogen (e.g., running a methanol fuel cell backwards), and the DC PV energy. On the PV
side, the challenge is purely economic: can PV be inexpensive enough? But it would not have
to be directly competitive with gasoline prices; it would compete (under the sequestration
scenario) with biomass, instead.

Thus even under the sequestration scenario, many TW of PV might be of value. Of course,
without sequestration (which seems more probable), solar would be essential. And under either
scenario, sequestration or not, we should establish that PV can meet the TW Challenge from
an economic and materials availability standpoint.

It may be that developing PV to produce hydrocarbons (instead of hydrogen) will be impor-
tant for transportation, even if sequestration fails. The cost of using PV to make a liquid fuel
instead of hydrogen is approximately only the added cost of the CO2 processing, since splitting
water is part of both approaches. But some of this added cost would be offset by the ease with
which liquid fuels can be transported and stored (versus hydrogen) and the presence of the
whole liquid fuel infrastructure in transportation. Then there would be further cost savings
during use in vehicles, as the weight advantage of liquid fuels is significant. In fact, many
policy makers are skeptical about whether the use of hydrogen for transportation is feasible at
all, due to these factors. One way or another, PV as the source of nonCO2 energy for making
hydrocarbons or hydrogen could play a critical role in the transportation sector.

There is another collateral value to making hydrogen or hydrocarbons – storage. Photo-
voltaic is intermittent. Measures must be taken to smooth the delivery of solar energy to meet
fluctuating demand, especially at night, during cloudy periods, or for seasonal extremes. Two
methods of doing this exist: storage and long distance transmission. Storage could be accom-
plished by making hydrogen or hydrocarbons for conversion back to electricity. Other supply
and demand mismatches could be minimized by improving long distance transmission. Na-
tional and supranational grids could be upgraded to support large proportions of intermittent
PV and wind; and to best use fossil fuels, storage, and other renewables. And multicontinent
(even multihemispheric) transmission (e.g., Colbert and Smalley, 2002) could also fill gaps.
Some of these infrastructure adjustments will be necessary to bring on the solar age.
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As always, the bottom line is PV cost. Solar can meet energy needs globally from a resource
standpoint. What would it have to cost to do it cost effectively? Each market has a different
system cost and competitive price. And competitive prices will change with time, especially in
a carbon constrained world, or if oil becomes more expensive. This study will establish that thin
film PV costs can be brought down to about 5 � c/kWh. (There are pathways that would take these
costs even lower, but they are more speculative.) A cost of 5 � c/kWh seems adequate to provide
energy (electricity and transportation fuel) at prices not-too-different from today’s prices.

The need for solar by mid century could be 10–20 TW. ‘Solar is the only big number out
there,’ as Lewis would say. We have to find ways to use that resource. Thus it is incumbent
on the PV community to rethink how it can meet the challenge, including facing issues such
as reaching ultralow costs; managing explosive growth (with any materials bottlenecks that
might occur); and producing, deploying, and using PV systems on an unheard of scale.

There may be other ways to make low cost PV than thin films (e.g., wafer silicon or
concentrating PV), but thin films are paradigmatically designed for low cost; and they are the
focus of this study.

11.3 LOW COST AND THE IDEA OF THIN FILMS

The idea of thin films is simple: use mostly low cost material (glass, metal, plastic) and very
little high cost semiconductor. A micron or so of semiconductor is about 2–6 g/m2; even
ultraexpensive material (say, $1000/kg) only costs pennies per watt at this level. This idea has
been around as long as PV, but the difficulty has been developing semiconductors that would
work well enough (have high enough conversion efficiency) and then finding ways to actually
make them cheaply at high yield. And thin films have their own peculiar stability issues,
both intrinsically and at the module level, which have also added to the challenge. However,
throughout, the idea of thin films has maintained its power, so that no single failure or long,
costly delay has destroyed thin film development. But setbacks have taught us something about
what is needed. Fortunately, thin films today are approaching technical readiness (Zweibel
et al., 2004), achieving measurable and growing market share, and may finally show that they
have an excellent chance of reaching truly low cost. This study makes an attempt to explain
why thin films are likely to be successful for meeting large scale PV electricity demands.

11.4 A BOTTOM UP ANALYSIS OF THIN FILM MODULE COSTS

Almost all thin film PV devices have a great deal in common. They attempt to minimize
material costs by using ultrathin semiconductors to convert sunlight to electricity; they attempt
to reach adequate sunlight-to-electricity conversion efficiencies; and they require excellent
outdoor reliability. In this sense, thin films are a direct response to the high materials costs of
wafer silicon PV modules.

However, thin film modules share most functional aspects with wafer silicon modules. That
is, they require top and bottom protection from the outdoor environment, so that they can last
outdoors about thirty years. They need top and bottom contacts, bus bars, and a connection to an
external circuit to carry away current. They need ways to connect the cells together to provide
the right balance of voltage and current. They need some sort of mounting scheme, or at least
the ability to be mounted if none is explicitly included. They may need edge seals and edge
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protection, such as an edge delete. All in all, there is a great deal that thin film modules have
in common with crystalline silicon modules; and with each other, no matter what the semicon-
ductor converter is. These commonalities can be called the balance of module, or BOM. Impor-
tantly, they turn out to be a significant portion of module cost. (See tables below for particulars.)

The presence of substantial BOM means that: (i) reaching the highest possible efficiencies
and (ii) reducing the manufacturing costs of the active elements of thin film modules are
essential if they are to be competitive in the PV marketplace – not to mention (the real goal of
all PV development), to be able to be competitive with fossil fuels. Cost reductions must come
from reducing semiconductor materials costs, energy costs, capital costs, maintenance costs;
and intending to use the largest substrate areas possible with easily connected cells to allow
for the fullest automation. This must all be done while also optimizing conversion efficiencies,
yield, and stability.

This simple comparison with crystalline silicon sets the stage for what follows (a comparison
among thin films in greater depth) and is a caution against the idea that all thin films are
automatically cheaper at the system level than wafer x-Si technologies. Such a system cost
advantage can be tenuous or absent, and only a full exploitation of the potential advantages
of thin films in real designs can lead to success in the marketplace; and more importantly,
to a cost low enough to meet climate change and fossil fuel depletion needs on a global
scale. Fortunately, several thin films (CdTe and a-Si products) are already competitive in the
marketplace, so many challenges have been overcome.

Thin films share enough costs in common (BOM from encapsulation, contacting, and other
shared costs; balance of system costs extrinsic to them) that efficiency is a very important
parameter for defraying these shared costs (Von Roedern I 2005).

11.4.1 Approach

A spreadsheet was developed for the estimated component costs of thin film modules of various
types. This was done in two parts – so-called commonalities or BOM of most thin film modules;
and the unique aspects of each design, being mostly the semiconductors that convert sunlight
to electricity (nonBOM). An initial production level of 25 MWp/yr was assumed, which is
like the capacity of existing facilities or those that are planned by new start-ups. Then similar
estimates were developed for future, larger scale production levels, in which both economies
of scale and technical progress were estimated.

In most cases, thin film manufacturing bifurcates into: (i) approaches that take advantage of
high quality processes that cost more but produce the best films or (ii) less expensive processes
that produce less efficient devices. Another bifurcation is between glass and flexible substrates,
and this can have implications at the system cost level (discussed below). In addition, some
technologies have low semiconductor materials costs almost independent of how wasteful the
approach; others are very sensitive to materials utilization rates. List 11.1 shows the primary
set of thin film approaches examined here and the breakdown along these lines, with some
simplifications where possible. We do not know which of these various strategies will be the
best. Nor will any of them with only current technology meet the TW Challenge – significant
R&D still needs to be done. But many of them have the potential if fully developed.

The technologies will be analyzed in these broad categories to capture the impacts of each
difference in cost and efficiency. In no cases are actual company costs used, since these are
not known and could not be used if they were. In addition, by retaining some flexibility, more
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List 11.1 Characteristic thin film designs

Technology Selected example companies

Batch amorphous silicon on glass EPV
In-line or clustered amorphous silicon or thin

film-Si on glass
Mitsubishi, Kaneka, Sharp

In-line a-Si or thin x-Si on flexible substrates UniSolar, Iowa Thin Films
CdTe on glass Antec, AVA Technologies, Solar Fields, First Solar
CIS/glass, good materials use, moderate-high

capital
ISET

CIS/glass, poor materials use, moderate-high
capital

Wurth, Shell Solar, Showa Shell, Honda

CIS/glass, good materials use, low capital
CIS/glass, poor materials use, low capital
CIS/flexible, good materials use, moderate-high

capital
CIS/flexible, poor materials use, moderate-high

capital
Global Solar

CIS/flexible, good materials use, low capital Several startups: e.g., Miasole, Daystar, Nanosolar
CIS/flexible, poor materials use, low capital

present and future variations could be examined rather than being limited to actual process
lines and device designs. It will be established that this approach does not much affect the
accuracy or ruggedness of the estimates. In fact, in all cases, there is substantial overlap that
underpins comparisons, e.g., efficiency, substrates, and BOM. The differences can be smaller
than the similarities.

In addition to the above, some newer thin film technologies were also investigated, but in a
more rudimentary fashion. These technologies are 5–20 years behind developmentally those in
Table 11.1, and the purpose of examining them is to see if they have potential to be even better
if all research challenges are overcome. However, meeting the TW Challenge does not require
that any technologies beyond those given in Table 11.1 (and existing x-Si) be developed (but
no doubt, some will be, reducing risks even further).

Various sources were used for these estimates. The most critical challenge was to get the
right process steps and the right set of materials. If process steps or materials are missing,
then the analysis can be off substantially. Literature, presentations, parallel work at NREL, and
private communications were the source of the process steps. However, it is almost certain that a
few, idiosyncratic processes were missed, as these are the least likely to be publicly discussed.
Shunt curing and photolithography are examples of processes that may be overlooked (but
actually, were not). Steps like these are not major costs, and they vary among approaches.
To capture this type of missing information, a small additional ‘miscellaneous’ category was
included for all options.

There is a further check on near term cost analysis: both the amorphous silicon and CdTe
technologies are in production at the 25 MWp/yr level, and several companies publicly an-
nounced that they are profitable (e.g., First Solar and UniSolar, May 2005). Thus one can
deduce that their costs are within a reasonable range of those of x-Si for existing produc-
tion. Similarly, many companies publish partial accounting of their costs (e.g., total capital
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investment for new plants). Both First Solar and UniSolar did this recently ($2.5/Wp for UniSo-
lar and $1.2/Wp for First Solar, from press releases). Others have as well. Another example of
an ‘easy’ cost to estimate is semiconductor materials. The feedstock costs can be found (e.g.,
Appendix 1 of Keshner and Arya 2004) and the layer thicknesses estimated from published
articles on cells. The fraction of material wasted is important, since this can vary greatly. All
in all, many aspects of production can be estimated in a like manner.

Estimates included processing equipment and the materials, and other associated costs such
as labor, energy, and rent. The BOM costs were easiest, since they are usually commodity
materials such as glass, metal, plastic, or ethylene vinyl acetate (EVA). In those cases, quotes
were taken from the internet, from vendors, or from private communications. In many cases,
common sense estimates were made based on these inputs. No number represents an absolute,
since vendors vary, prices vary with volume, and costs change. They are educated estimates,
and that’s all they should be viewed as. Where they are cost drivers, care was taken to assure
that they are reasonable.

The nonBOM portion was more challenging, but estimates are possible from publications;
and trends are relatively easy to discern. Handling and other miscellany were included. Main-
tenance was taken as 4 % of the initial capital cost for all technologies. Capital cost per unit
output was assumed to be based on a capital recovery factor of 15 % per year.

Analysis was also done of future costs, based on expected technical progress. For example,
costs can be adjusted for thinner layers and improved process waste percentages. Based on an
increase in throughput (from faster film fabrication, from thinner layers, and wider substrates,
etc.), capital, maintenance, energy, rent and other costs can be adjusted. This type of analysis
was done to project future cost trajectories.

In several cases the author received private communications of in depth breakdowns of
entire thin film processes from private sector sources. But these were always given within a
framework of confidentiality, to be used in a generic, nonattributable way. That is why they
cannot be referenced; and the particulars of processes are not broken down in parallel to any
single company’s approach. Yet detailed numbers exist that back up the results given here,
and often the author’s estimates agree quite closely or are higher than numbers mentioned in
various venues (conferences, workshops, group conversations).

In all cases, some common sense had to be used. No single cost number is usable alone;
experience and insight must be applied. A synthesis was made.

Are the estimates off? Definitely, but likely within reason. Are the process sequences off?
Probably not much, except for the proprietary aspects. It is the author’s belief that the estimates
in this chapter for Table 11.1 thin films will track real world costs within about 20 %. For others
(so-called third generation (3G) thin films), the uncertainty is much greater and will be noted
where possible.

A simple, but important arithmetic relationship underlies the analysis. Most PV costs are
given in dollars per watt peak ($/Wp). This is fine for the end user (especially if it is a system
price), but it hides the nature of the technical challenges, especially in thin films. Two compo-
nents go into a cost in $/Wp: the output or efficiency of the device, and its manufacturing cost per
unit area. By combining them you get a cost in $/Wp. However, costs and efficiency vary greatly
among thin films. There are many thin film options with very low potential costs (especially, po-
tentially low nonBOM costs), but often they have inadequate efficiencies, resulting in high $/Wp
costs. Their challenge is to raise their performance. But this is often overlooked when people
merely highlight their low nonBOM manufacturing cost. Conversely, there might be thin films
with high efficiency that have high area costs, and the balance determines their competitiveness.
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The actual relationship is very simple: the dollars per watt cost can be found simply by
dividing the manufacturing costs per unit area (say $/m2) by the output of the same area
(which for 1 m2 is 1000 Wp/m2 times the efficiency). The same relationship works at the
module level: the module cost (in $/module) divided by its output (Wp/module) is its $/Wp
cost. Obviously, the same relationships show how to go the other way: if one knows the $/Wp
cost and either the efficiency (or unit output) or the area cost, one can calculate the missing
parameter. The simple relationship is as follows:

$/Wp = (Cost/unit area)/(output/unit area) (11.1)

Unit area can be the module area; or, as in this chapter, the cost per square meter. Output
per square meter is 1000 Wp/m2 times the efficiency (or it is the module’s nameplate rating
at **STC). Thus a $10/m2 area cost for a 10 % module is $0.1/Wp; and for a 5 % module, it
is $0.2/Wp. A $1/Wp cost for an 8 % module implies an $80/m2 manufacturing area cost; but
for a 12 % module, it’s $120/m2. This is all arithmetic using the relation above. Because thin
film technologies vary across a wide spectrum in both cost and efficiency, this is the way the
analysis must be done to reveal underlying issues.

11.4.2 Results

For the commonalities (BOM) among all thin film modules, a set of distinct substrates were
chosen: glass, stainless steel, and polyimide. Only those substrates and encapsulation schemes
that are already in common use were chosen (e.g., glass/EVA, Tefzel/EVA), and this could
be viewed as a limitation of the study (since they are all rather expensive). However, since
encapsulation is crucial for reliability, it seemed the proper choice. To first order, any cost
breakthrough in encapsulation is likely to benefit all thin films (and x-Si), and could be treated
independently. (If individual technologies have uniquely lower cost options for encapsulation,
they should try to develop and implement them as fast as possible to gain a competitive
advantage over those given here. More likely, they have specific problems that require somewhat
more robust encapsulation and incrementally higher cost.)

Then estimates of the rest of the functional aspects of the BOM were added to the three
substrate options (see Table 11.1 for a detailed example with glass), except for sales, marketing,
management, R&D, warranty, shipping, taxes, and profit. (These are actually added later at
the system price level.) Each BOM design had a top and bottom contact (including transparent
concutive oxide, TCO); each had bus bars and wires out; each had adhesive where needed. All
cost categories were included: materials, equipment and maintenance, labor, facilities. Where
materials were the same between designs (e.g., EVA adhesive or Tefzel or TCO, back contact
metals) the same assumptions were used throughout, but adjusted if there were differences of
thickness or processes. Cell interconnection monolithically or by soldering was also included.

Note that this means that the only aspects of the design that will vary for the nonBOM
portion of the thin film device will be between the two contacts (where those contacts include
the top TCO and the bottom metal). This approach makes the analysis quite generic, but it
does sacrifice some aspects of specificity.

Table 11.1 shows the estimated breakdown of BOM commonalities for the simplest of all
thin film designs: a glass-to-glass superstrate with tin oxide TCO on top; and EVA adhesive
and glass on the bottom. The second case, last column of Table 11.1, is where a substrate glass
is used and the TCO is added before the top piece of glass is added. (The slightly higher cost
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Table 11.1 Estimated BOM commonalities of glass/TCO/glass module designs; direct manufacturing
cost @ 25 MWp/yra,b

Unit Component Detail Buy glass (Substrate glass
w/TCO version)

$/m2 Front contact or TCO capital cost CVD or sputtering N/a 2
$/m2 Laminator 2 2
$/m2 Scriber//cell interconnection scriber 2 2
$/m2 Back contact capital cost sputtering 2 2
$/m2 Substrate and preparation soda lime glass 10 7
$/m2 Front contact materials target or gas N/a 5
$/m2 Back contact materials target 0.6 0.5
$/m2 Maintenance 2 2.7
$/m2 Misc. handling costs glass 1.5 1.5
$/m2 Packaging and shipping 1.5 1.5
$/m2 Adhesive EVA 3.7 3.7
$/m2 Encapsulating layer and prep Soda lime glass 7 7
$/m2 equivalent Bus bars 2 2
$/m2 equivalent Wires and ‘jbox’ 4 4
$/m2 equivalent Edge seals materials and capital 1 1
$/m2 equivalent Frame or mounting scheme 3 3
$/m2 equivalent Specialty chemicals 0.5 0.6
$/m2 equivalent Utilities (BOM only) 2 3
$/m2 equivalent Rent (BOM only) 2 2
$/m2 equivalent Labor (BOM only) 5 6
$/m2 Subtotal 51 58
% Yield on BOM 0.95 0.95
$/m2 Total of BOM commonalities 54 62

a For perspective: if a module is 10 % efficient (100 W/m2), $1/m2 is $0.01/Wp; and if annual output
is 25 MW, $1/m2 is equivalent to $250 000 of annual costs (about 2 % of total BOM costs). The total
BOM (about $60/m2) would then be equivalent to about $15M/yr, or $0.6/Wp. However, at 5 % module
efficiency, the BOM by itself would be $1/Wp.

b The following are not included in Table 11.1: sales, marketing, management, R&D, warranty, ship-
ping, insurance, taxes, and profit.

for this second case reflects the volume advantage of buying glass/TCO from a glassmaker
instead of making it in small volumes.) It should be emphasized that all numbers in this chapter
are estimates and will likely change over time due to design changes, volume purchases, or
innovations. Some of that is built into later tables.

But the classic glass-to-glass module is not the only possible encapsulation design. Ta-
bles 11.2 and 11.3 provide a summary of the entire spectrum of BOM combinations at current
cost and production levels. As such, they provide a lower cost ‘floor’ for almost all thin films
today (since each thin film has one of these BOM); and that floor tends to be in the $60–
$75/m2 range, without a single active conversion element being added to the design. This is
an important result, since, for example, the long term **DOE goal for thin film modules is
under $50/m2, including all aspects. However, recall that these BOM estimates are a snapshot
of current costs. They do not include any improved designs or economies of scale. These can
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Table 11.2 Summary of estimated BOM commonalities at 25 MWp/yr level, near term

Glass/TCO/EVA/glass or Tefzel/EVA/stainless Tefzel/EVA/polyimide/EVA/tefzel
Glass/EVA/metal/glass steel/EVA/tefzel

54–62 $/m2 67–79 $/m2 70 $/m2

be expected to be significant. In fact, one may expect BOM costs to drop by about 25–50 % in
some future, steady state, high volume scenario, without significant design changes (see Table
11.5, and discussion below). With design changes (such as replacing the back encapsulation
with a thin film barrier layer, or with other radical changes that somehow maintain reliability),
the reduction could be even greater. However, a stubborn BOM debit of about $20–$40/m2

(perhaps less with design changes), even in the future, is important to include in planning for
thin film research. It tends to keep efficiency high on the research priority list.

A few observations about Table 11.2:

� The use of stainless steel or polyimide today engenders the need for a second, bottom en-
capsulation barrier, in this case EVA//Tefzel (or EVA//glass), which adds significant expense
(for comparison, glass does double duty as a substrate and encapsulant).� However, flexible modules laminated on roofs have significant balance of system (BOS)
advantages for that application, which can more than offset this extra module cost. This will
be discussed later.� Future designs to use less expensive substitutes for any of these materials will demand
substantial reliability testing.� However, volume production and on-site manufacturing (e.g., for EVA, Tefzel, glass) would
affect these costs positively. To be conservative, these are not taken into account in this study.

BOM commonalities were also developed for nonstandard designs, e.g., for twojunction
thin films both as two and four terminal devices. These required different BOM choices for
scribing, for contacts between the top and bottom junctions, and for external wiring. A summary
is given in Table 11.3.

Observations about Table 11.3:

� The two terminal design is essentially the same as the basic glass/EVA/glass design for a
single junction (i.e., this is like some existing two junction a-Si designs – only a small debit
for a tunnel junction is added to the BOM);

Table 11.3 Summary of estimated BOM commonalities at 25 MWp/yr
level, near term, for multijunctions (all glass/EVA/glass design)

Two terminal design Four terminal design

56 $/m2 73 $/m2
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� The about $15/m2 added BOM cost of the four-terminal design implies about 1 % in efficiency
debit (depending on module efficiency) versus a single junction or a two terminal BOM
design, before any additional cost for the semiconductors themselves is added. Obviously,
these added costs must be offset by greater efficiency to make this choice cost effective
versus the two terminal approach or versus a single junction competitor.� The payoff for multijunctions is in potentially higher efficiencies, which help offset BOM
and area related BOS costs.

To find total module cost, designs for the active semiconductor portions (nonBOM) of
each thin film technology were developed, including multiple designs (such as in CIS) where
warranted by different processing schemes. In other words, physical vapor deposition (PVD)
approaches, chemical vapor deposition (CVD) approaches, precursors and selenization ap-
proaches – all the recognized ways that thin films such as CIS, a-Si, and CdTe are made –
were estimated. However, no effort was made to exactly replicate any company’s specific ap-
proach, for obvious and numerous reasons (e.g., it can’t be done; and it shouldn’t be done for
confidentiality purposes). So in that sense, even at the most detailed level, there were some
limitations on precision. However, every effort was made to make the numbers true to a current
best estimate of costs for plants of the sizes given in some steady state (i.e., without first time
design costs). For a look at various cell and module designs and process sequences, see: e.g.,
Wieting, 2005; Basore, 2004; Delahoy et al., 2004; Guha and Yang, 2003; Enzenroth et al.,
2004; Powell, 2004, Jansen et al. (2005). However, this is not an all inclusive list of resources,
as pointed out in the introduction.

Table 11.4 shows the nonBOM breakdown of one technology (superstrate batch process
a-Si/a-Si on TCO/glass) with the various process steps and other inputs (parallel to Table 11.1
for BOM). Notice that it does not include anything for either top or bottom contacts. It is just
the ‘difference’ appropriate to this approach.

Table 11.4 shows the categories used to break down each of the technologies, as well as a
sense of what cost estimates were made. The resulting $1.56/Wp direct manufacturing cost for
a-Si/a-Si modules at 6 % efficiency seems quite reasonable in comparison to sales prices (about
$2.25/Wp in some markets) in today’s low volume, high overhead marketplace (at production
levels that are not yet at 25 MWp/yr). At 6 % module efficiency, 1 $/m2 is 2 � c/Wp (@ 85 %
yield), so (for example), nonBOM capital equipment and related maintenance contribute only
ten times this, or about 20 � c/Wp. This is the advantage of the a-Si batch process and some other
similarly low-capital cost approaches (e.g., CdTe). It also means the initial capital investment
is low (subtracting maintenance): only $1.8/Wp of capacity (or about $45M for 25 MWp/yr
capacity). Note that at higher efficiencies, these same dollar per square meter costs would yield
much lower dollar per watt costs and initial investments. This is the flip side for a-Si batch
processing – the efficiencies are low.

As already stated, in the case of dye sensitized, plastic cells, and quantum dots, which
are not yet in prototype production, estimates were less secure. In fact, this is a well known
problem with all cost projections: numbers that are further from being reduced to practice are
fuzziest and prone to the largest mistakes and biases. In this study, some liberalism was used
in estimating the costs of the nonBOM portions of these so-called 3G thin films (because such
costs are considered their unique strength); but a more moderate liberalism was used regard-
ing their projected efficiencies (since this is their greatest challenge). However, they were all
taken to be stable long term. This is quite optimistic. But the choice was made for a simple
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Table 11.4 Estimated nonBOM (active materials) breakdown for a-Si double junction made on
TCO–glass using the batch process (many substrates at once) @ 25 MWp/yr

NonBOM only Level 1: 1–3 years (25 MW/yr) Batch

a-Si
$/m2 Absorber capital 6
$/m2 Absorber material 1.5
$/m2 Junction partner capital 1
$/m2 Junction partner material 0.1
$/m2 Buffer capital 0.5
$/m2 Buffer material 0.2
$/m2 Back reflector 3
$/m2 Extra tunnel junctions 0.5
$/m2 Cell testing and binning 1
$/m2 Coatings to protect layers 0.2
$/m2 Specialty chemicals 1
$/m2 Misc. treatments capital and materials 1
$/m2 Rent 3
$/m2 Labor 4
$/m2 Maintenance 2
$/m2 Utilities 6

$/m2 Subtotal 31
% Yield on active materials 0.85
% Module efficiency, total area 6

$/m2 Total nonBOM 37
$/Wp Total nonBOM @ 6 % module efficiency 0.61

$/m2 Proper BOM for Glass/TCO/glass 54
$/m2 ES&H 3
$/m2 Total module 93
$/Wp Total module @ 6 % 1.56

reason: any major instability problem would probably make these technologies totally noncom-
petitive (except for unique but small niche markets). In summary: the second generation (2G)
thin films (CIS, CdTe, a-Si) were treated rather conservatively (because they are more mature
and there is more data); BOM was treated rather conservatively, with no assumptions about
large economies of scale; 3G thin films were given the ‘benefit of the doubt’ simply to show
their potential value. Predictions for 2G thin films should be seen as ‘realistic’; predictions for
3G thin films as ‘optimistic.’

To allow parametric studies of the technologies near term and at several levels of future
development and manufacturing capacity, the source spreadsheet was expanded to provide es-
timates of future developments in thin films. Both BOM commonalities and noncommonalities
(nonBOM) were varied with levels of technical maturity and throughput.

In terms of BOM commonalities, an assumed cost reduction of 10 % was applied at each
level of increased single plant throughput. The first level of production was assumed to be about
25 MWp; and subsequent levels were increased to 50, 200 and 1000 MWp/yr, with concomitant
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Table 11.5 A summary of the possible cost evolution of BOM commonalities at different
throughput/maturity levels ($/m2); BOM reduced 10 % at each larger production level

Annual single Glass/ Tefzel/EVA/ Tefzel/EVA/ Two terminal Four terminal
plant EVA/glass stainless steel/ polyimide/ Glass/ Glass/
production EVA/Tefzel EVA/Tefzel EVA/glass EVA/glass

Soon (25 MWp) 54 67 70 56 73
50 MWp 49 60 63 50 66
200 MWp 44 54 57 45 59
1 GWp 39 49 51 41 53

BOM cost reductions. In the end, the final level of BOM costs was reduced by about 25 % from
the original value for each BOM design. This is less aggressive than an 80 % learning curve
would imply from these volumes, which would have led to a reduction of about 60 %; but BOM
volume production is already being achieved through the existing x-Si volume increases, so
BOM cost reductions will likely take a more modest slope with time than nonBOM reductions
in thin films.

In a recent study (Keshner and Arya, 2004), a bottom up approach was taken with BOM,
showing that volume purchases and make-buy decisions could contribute substantially to cost
reductions; as could design alternatives. Their glass/TCO BOM costs were 50 % lower than
those assumed here for the long term (about 10–20 $/m2). Part of the reason was more aggressive
design assumptions (they replaced the back glass with a plastic barrier layer, although this is
technically unproven); and they assumed even greater volumes and resulting cost reductions
via, e.g., strategies like a front end glass plant at 3 GWp/yr plant size. In other words, the cost of
the BOM assumed here should be considered conservative. For perspective: at 10 % efficiency,
Table 11.4 is a BOM cost reduction from 55 � c/Wp today to about 40 � c/Wp; but Keshner and
Arya imply about 12 � c/Wp. That is a very large difference, and it would drive large differences
in system cost for module technologies with different manufacturing cost/efficiency ratios.
Future studies focused on BOM might be able to refine these results.

Next, the technology specific (nonBOM) aspects of each approach were looked at, and
a timeline was developed using a bottom up approach. Expected technical improvements
were delineated and their impacts assigned. Where possible, clear pathways and mechanistic
cost reduction assumptions were used. For example, if layer thickness could be reduced from
3 microns to 1 micron for ultimate, practical (efficient) devices, equal improvement increments
were chosen for the various production levels. Other projected improvements included faster
semiconductor deposition speeds; better materials use; more uniform layers; higher quality
layers; wider substrates; and incorporating a higher fraction of today’s best cell efficiencies into
future typical commercial modules. In addition, some volume economies were also assumed
(e.g., in the capital equipment costs), though not as aggressively as in Keshner and Arya, 2004.
These projections were seeded into the spreadsheet at various levels of maturity and throughput
for each of the major cases. The results were costs for the nonBOM of the technologies
that varied as follows (Table 11.6). Note the spread in projected cost reductions from the
‘25 MWp/yr’ level to the ‘1 GWp/yr’ level. The amount for a-Si is least (and thus perhaps most
conservative); CdTe in the middle; and CIS much larger. This relates to the assumed reduction
in capital costs for the CIS; and the reduction in semiconductor materials costs (from thinner
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Table 11.6 Possible evolution of technology specific (nonBOM) costs ($//m2) by technology

Annual CIS/SS (high CIS/glass (high CIS/glass (moderate CdTe a-Si/a-Si a-Si
output capital, poor capital, poor capital, poor batch in-line

materials) materials) materials) on glass on flexible (SS)

25 MWp 140 140 106 45 36 59
50 MWp 87 104 81 34 28 48
200 MWp 71 72 64 28 24 40
1 GWp 36 41 32 16 15 24
% reduction 74 71 70 65 58 59

layers and better utilization) for the CdTe and CIS. However, it also means that the amorphous
silicon projections could be viewed as less uncertain.

To get total module costs, these nonBOM costs were added to appropriate BOM common-
alities for the different packaging and substrate designs; and then an ES&H cost estimate for
in-plant costs (and recycling for CdTe) was added (this was also in Table 11.4). The total
module costs in $/m2 are shown in Table 11.7.

Again, the cost reduction for CIS appears more optimistic (as a percentage change) than
those for the other thin films, and this can be attributed to projected capital and materials cost
reductions, especially for the evaporation approaches. It could also be attributed to the fact that
the nonCIS technologies are all more mature and already in production.

But manufacturing cost is only half the story. The other half is module efficiency, and in
many cases it has driven a bifurcation in approaches between optimizing manufacturing costs
and optimizing efficiency.

Table 11.8 shows a projection of the evolution of commercial module efficiencies. It should
be borne in mind that efficiency affects both the module cost and the system cost; it applies at
both these levels to get the final value of a module in terms of the end user (system cost, which
is given below in Table 11.13). It can also have an impact in terms of specific applications: e.g.,
rooftop arrays are often area limited, favoring higher efficiencies. Two rows at the end of Table
11.8 show the relative increase in module efficiency from today’s levels; and a comparison
between the projected long term module efficiency and the best laboratory cell today.

Table 11.7 Possible evolution of total module costs by technology ($//m2)

Annual CIS/SS (high CIS/glass (high CIS/glass (moderate CdTe a-Si/a-Si a-Si
output capital, poor capital, poor capital, poor batch in-line

materials) materials) materials) on glass on flexible (SS)

25 MWp 230 210 170 110 94 130
50 MWp 170 160 140 93 80 110
200 MWp 140 130 120 82 70 99
1 GWp 100 91 82 65 57 77
% reduction 57 57 52 41 39 41
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Table 11.8 Estimated commercial module efficiency evolution (total area, STC; stabilized a-Si)a

Annual CIS/SS (high CIS/glass (high CIS/glass CdTe a-Si/a-Si a-Si
output capital, poor capital, poor (moderate capital, batch in-line

materials) materials) poor materials) on glass on flexible (SS)

25 MWp 8.5 % 11 % 10 % 8.5 % 6 % 7 %
50 MWp 10 % 12 % 11.5 % 10 % 7 % 8 %
200 MWp 11.25 % 14 % 12.75 % 11.5 % 7.5 % 9 %
1 GWp 14 % 16 % 15.5 % 14 % 8.5 % 10.5 %
% increase 65 % 45 % 55 % 65 % 42 % 50 %
% of today’s 72 % (of 82 % 79 % (of 85 % (of 68 % (of 84 % (of
best cell 19.5 %) 19.5 %) 16.5 %) 12.5 %) 12.5 %)

aAn up-to-date table of module efficiencies taken from websites is provided in Appendix 11.2. In some
cases, numbers differ slightly from those in Table 11.8.

The technologies highlighted in Tables 11.1–11.8 are those in first time or prototype produc-
tion. But they were not the only technology options studied. Studying others brings up a whole
new level of uncertainty, and estimates for these must be viewed with increased skepticism.
Not only is uncertainty greater, but the choices needed to make the technologies cost-effective
at all are much riskier technically. For example, are any of the new technologies stable? Since
we can’t say, we assume they are, just to get a start at comparison. But if they are not, then
these comparisons are unusable and even misleading if used out of context. (To a lesser degree
there remain reliability issues in the 2G thin films, too, and even in newly modified x-Si prod-
ucts.) There are numerous favorable assumptions made to make cost estimates of emerging 3G
thin films. It is crucial that the reader not compare them directly to more mature technologies
without this in mind.

The newer technologies share the BOM of the other technologies. This is a helpful grounding
that can result in insights. The first obvious question: can a new technology even come close to
being cost competitive with those already examined? If not, why should we try to develop them?

There were basically two categories of alternate technologies: further variations on the
classic 2G thin films (CIS, CdTe, and thin-Si) but not yet in pilot production (e.g., CIS precursor
inks, microcrystalline Si); and so-called 3G thin films such as dye sensitized cells, plastics,
quantum dots, and tandem CIS/CdTe like cells.

Table 11.9 shows a summary of the estimated cost evolution of these less mature approaches,
for just the nonBOM portions (the BOM was assumed to be the same as the others, depending on
designs). Since all of these will start production later than current options, they were assumed
to be introduced at larger throughput levels just to be competitive. However, this may not be
their actual development path. Note the very low nonBOM cost estimates for the 3G thin films –
this is their presumed strength. Complications from unknown process requirements or future
large scale production problems were not included and may raise these estimates to much
higher levels. Such complications may also exist for the other technologies, but with a reduced
probability (since they are better known and more mature). Thus all these estimates make the
key assumption that everything on the cost side will go well for these new technologies.

Table 11.10 shows the efficiency assumptions for these alternate technologies, which are cer-
tainly open to debate. Notice the radically greater spread in future module efficiency estimates
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Table 11.9 Alternative thin film module options, estimated cost evolution of nonBOM only ($/m2)

Annual CIS/glass CIS on Thin Dye Plastic Four Two Two
output moderate foil low x-Si cells or quantum terminal terminal terminal

capital, capital, (in-line) on glass dots CdTe/ CdTe/ CdTe/
good moderate on glass on plastic CISa CISa quantum dots

materials materials

25 MWp N/a N/a N/a N/a N/a N/a N/a N/a
50 MWp 47 41 59 34 N/a N/a N/a N/a
200 MWp 35 30 42 23 20 N/a N/a N/a
1 GWp 22 17 23 13 9 49 53 28

aThe ‘CdTe/CIS’ nomenclature is used to indicate a future, successful combination of high gap CdTe
and low gap CIS; however, this is unproven and not optimized at this juncture and should be considered
high risk (see Table 11.10).

versus current status. But this is unavoidable, as any new technology will always start out very
low; and without great progress, it will simply disappear.

Table 11.11 shows a qualitative assessment of relative risk among the technologies. It is
based on the gap between current efficiency levels and the long-term efficiencies needed for
success; and on technical challenges to scale up, pilot production, or commercial success,
including stability issues. These risks need to be borne in mind when assessing real status and
potential. Due to similar challenges, many early thin film options have already fallen by the
wayside despite high hopes, and this is the way the higher risk options should be viewed until
proven otherwise.

For the long term scenario (1 GWp/yr production), a breakdown of the module manufac-
turing costs by materials; labor; utilities and rent; maintenance; and capital is given in the

Table 11.10 Alternative thin film module options, estimated efficiency (%) evolution

Annual CIS/glass CIS Thin Tandem Plastic Four Two Two
output moderate foil low x-Si dye or quantum terminal terminal terminal

capital, capital, (in-line) cells dots ‘CdTe/ ‘CdTe/ CdTe/
good moderate on glass on glass on plastic CIS’ CIS’ quantum dots

materials materials

25 MWp N/a N/a N/a N/a N/a N/a N/a N/a
50 MWp 8 7 6.5 6 N/a N/a N/a N/a
200 MWp 10 10 8 7 5 N/a N/a N/a
1 GWp 14 14 11 10 8 20 19 17
% of today’s 72 % (of 72 % (of 91 % (of 83 % (of 160 % (of 137 % (of N/a N/a

best cell 19.5 %) 19.5 %) 11 %) 12 %) 5 %) 15 %)
Comment 13 % cell 11 % cell 11 % cell 12 % cell 5 % cell 15 % cell Just Not yet

on assumed today today today today today today starting tried
efficiency
levels
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Table 11.11 Estimated relative technical risks of the thin film technologies (1 is lowest risk) to reach
their ultimate cost goals (at 1 GW/yr production)

Technology Relative risk Comments on major risks

a-Si/a-Si/glass batch 1.5 (least) Commercial
a-Si/flexible in line 1.5 Commercial
CdTe 1.5 Commercial
CIS/glass moderate–high capital poor materials 2.5 A few MW
CIS/glass moderate capital good materials 3.5 A few MW
CIS/foil good capital moderate materials 3.5 A few MW
In-line x-Si/glass 3.5 a-Si/x-Si phase control, higher

efficiency and rates, larger areas
Dye sensitized/glass 4.5 Stability, module design, higher

efficiencies
Four terminal ‘CdTe/CIS’ (glass) 7 High efficiency top cell at 1.7eV, top

cell transparency
Two terminal ‘CdTe/CIS’ (glass) 8 High efficiency top cell at 1.7eV, not

killing first cell while making 2nd,

top cell transparency
Quantum dots plastic 10 Stability, efficiency
Two terminal CdTe & quantum dots glass 10 (worst) Current matched quantum dot cell,

stability, top cell transparency

following figures. Note that this is only the active (nonBOM) portion of the cost, and as such
must be combined with BOM, module efficiency, ES&H, and final BOS costs to reach system
costs. For example, this picture gives the most favorable picture of the 3G thin films.

Note that the utilities are rather high. Even though thin film modules have energy paybacks
of about a year, a year outside is about 170 kWh/m2 in an average location. At a nickel a
kWh, that’s about $8.5/m2 in electricity cost. But this is shared with the BOM (especially its
embedded energy) and will be lower with time (especially for thinner layers, where cost can
come down more than half). But even 60 kWh (3 $/m2) is a large cost in Figure 11.1. This also
shows how low the other nonBOM costs are.

From Figure 11.1, it would appear that batch a-Si has a major advantage over in-line a-Si
(from having lower capital costs). However, once all the other factors (BOM, BOS, module
efficiency are included; see Table 11.14) this apparent major advantage almost completely
disappears. Then when the advantages of flexible modules show up at the system level, the
advantage is reversed: the a-Si flexible module is a more competitive product. This pattern
occurs over and over in thin films: apparent advantages at one level of cost or efficiency can
be misleading if other factors are not included in the judgment. In fact, this is the general give
and take throughout PV technologies: cost on one side, efficiency on the other (and stability
as a general requirement). Each technology makes its ‘bet’ on its strength; but in the end, a
combination of strengths is required; e.g., CdTe may not be the best in every category, but it is
nearly the best in all of them, leading to the lowest system costs among the thin films examined
(see Table 11.14).

The CIS approaches (Figure 11.2) run the gamut from high cost, high efficiency to low
cost, low efficiency, and everything in between. The higher capital cost technologies are in
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Figure 11.1 For low risk options, a breakdown of module manufacturing costs ($/m2) for the active
junctions layers (nonBOM) for the long term scenario (1 GW/yr).
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Figure 11.2 For CIS–alloy options, a breakdown of module manufacturing costs ($/m2) for the active
junctions layers (nonBOM) for the long term scenario (1 GW/yr).
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Figure 11.3 For high risk options, a breakdown of module manufacturing costs ($/m2) for the active
junctions layers (nonBOM) for the long term scenario (1 GW/yr).

pilot production. Others are just demonstrating cells. Although most of the costs for the CIS
approaches are higher than those in Figure 11.1, CIS is known for its high efficiencies, thus
making the potential of the options in Figure 11.2 attractive.

The thin film x-Si (in Figure 11.3) is betting on the strength of crystalline silicon as a known
technology to surpass a-Si in efficiency, though this may be difficult (due to the indirect bandgap
of x-Si). Similarly, there are substantial variations in approaches to thin film x-Si; some choose
higher temperatures and may incur extra substrate costs; others at lower temperatures might not
be able to make as efficient devices. These are the type of cost uncertainties implicit in the less
well developed options. The dye sensitized approach is a radically different PV technology that
has the potential for low nonBOM, while maintaining efficiency. However, a minor shortfall
in the dye cell’s relative efficiency or some special design requirement in the modules would
easily consume this apparent cost advantage, even at the module level. Stability is also an issue,
since little is known now about actual dye cell modules outdoors.

It is interesting to contemplate how options with very different nonBOM expenses (e.g., the
‘CdTe/CIS’ two-terminal multijunction versus the quantum dot module, which is over six times
lower) can be about the same cost at the system level (see Table 11.14). That is, when BOM is
added to both, and then the relative efficiency of the multijunction is assumed to be more than
double that of the quantum dot module, the system results actually favor the multijunction. Yet
without considering the BOM, BOS, and relative efficiencies, one would miss this.

As can be seen from Table 11.16 (below), the high risk alternatives (except one hybrid
version that has never been tried) are hard pressed to approach the potential of the simpler, low
and moderate risk single junction CdTe and CIS options. This brings into question their value
as research paths. Why work on them if they do not even provide an advantage over lower risk
choices? Perhaps this is too harsh. Perhaps as part of buildings and avoiding most BOM and
BOS, the lower cost options could do well; but of course, such applications are open to the
less risky ones, too. In the end, some of the high risk technologies may find a home as special
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Table 11.12 Projected module cost evolution of thin films ($/Wp)a

25 MWp 50 MWp 200 MWp 1 GWp

CdTe/glass 1.28 0.94 0.73 0.47
Two terminal CdTe & quantum dots N/a N/a N/a 0.47
CIS/glass moderate capital, good materials use N/a 1.32 0.89 0.51
CIS/glass moderate capital, poor materials use 1.73 1.24 0.93 0.53
Two terminal ‘CdTe/CIS’ N/a N/a N/a 0.53
CIS on glass hi capital, poor materials use 1.87 1.37 0.91 0.57
Four terminal ‘CdTe/CIS’ N/a N/a N/a 0.57
Dye sensitized/glass N/a 1.4 0.96 0.58
CIS on SS low capital, high materials use N/a 1.71 1 0.59
In-line x-Si/glass N/a 1.62 1.06 0.59
a-Si batch/glass 1.56 1.21 0.97 0.67
CIS on SS, hi capital poor materials use 2.67 1.68 1.27 0.71
a-Si in-line/SS 1.88 1.44 1.13 0.73
Quantum dots or plastic/plastic N/a N/a 1.6 0.8

aBOM, nonBOM, and ES&H are included; sales, marketing, management, R&D, warranty, shipping,
taxes, insurance, and profit are not included in these direct manufacturing costs.

aspects of the other technologies, e.g., the quantum dot technology as a low cost bottom cell
to scavenge wasted long wavelength photons at minimal cost. Why might this work when the
quantum dot design by itself might not? Because very little extra BOM cost is incurred for the
two terminal design; whereas by itself, the low efficiency quantum dot technology would have
to carry the entire BOM. And the nonBOM cost of the quantum dot cell may be very small.

Combining all the above derived and assumed numbers, it is possible to summarize the
resulting evolution in module cost (in dollars per watt) for each technology (Table 11.12) and
then rank them by system price (Table 11.14) the final arbiter of PV module value.

The system level comparison requires including both BOS costs and a mark up for all the
missing marketing, management, other sundries, and profit.

Balance of system costs vary with application. For this analysis, large systems that contribute
to CO2 reduction were chosen as most apt. Two such systems are large, commercial roofs;
and ground mounted systems. Table 11.13 shows the BOS assumptions for large, ground
mounted systems. A system today that might be considered an example of such designs is the
Springerville, AZ, installation managed by Tucson Electric Power (private communication,
Hansen, 2005; and Mason, 2004). It is important to note that low module efficiencies incur
a large, area related penalty (more modules are needed to make the same output) in ground
mounted systems. (We will see later that this is usually, but not universally, true for commercial
rooftop systems.)

Tables 11.14–11.15 show the same evolution of assumptions for large, commercial rooftop
systems. However in this case, two kinds of modules and designs are assumed: glass modules
with racks, and flexible laminates without racks. The difference is that the area related costs
for the flexible modules is much lower due to the absence of racks and also simpler set up and
installation. The reduced area related costs allow lower efficiency, flexible laminates to still be
competitive with x-Si modules on glass. It also reveals that thin films made on glass modules
are not as competitive as those made on flexible substrates for this application.
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Table 11.13 Assumed BOS cost evolution for large, ground mounted systems

Hardware Nonhardware (design, BOS total Indirect: profit O&M
prep, install, ship. . . ) & marketing � c//kWh

Area Power Area Power Area Power Dollar
related related related related related related related

multiplier

25 MW 60 0.4 30 0.1 90 0.5 25 % 0.3
50 MW 50 0.35 20 0.09 70 0.44 20 % 0.2
200 MW 40 0.3 15 0.08 55 0.38 15 % 0.1
1 GW 30 0.2 10 0.07 40 0.27 10 % 0.05

Table 11.14 Assumed BOS cost evolution of large, commercial rooftop systems (glass modules)

Hardware Nonhardware (design, BOS total Indirect: profit O&M
prep, install, ship. . . ) & marketing � c//kWh

Area Power Area Power Area Power Dollar
related related related related related related related

multiplier

25 MW 90 0.6 45 0.15 135 0.77 40 % 0.9
50 MW 80 0.525 30 0.13 110 0.66 32 % 0.6
200 MW 70 0.45 23 0.11 93 0.56 24 % 0.3
1 GW 60 0.3 15 0.09 75 0.39 16 % 0.15

Table 11.15 Assumed BOS cost evolution of large, commercial rooftop systems (flexible laminates)

Hardware Nonhardware (design, BOS total Indirect: profit O&M
prep, install, ship. . . ) & marketing � c//kWh

Area Power Area Power Area Power Dollar
related related related related related related related

multiplier

25 MW 63 0.6 36 0.15 99 0.75 40 % 0.6
50 MW 56 0.5325 24 0.13 80 0.66 32 % 0.4
200 MW 49 0.45 18 0.11 67 0.56 24 % 0.2
1 GW 42 0.3 12 0.09 54 0.39 16 % 0.1
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Table 11.16 Comparison of thin film system prices for ground mounted, large systems ($//Wp DC)
based on the above data and assumptions

25 MWp 50 MWp 200 MWp 1 GWp Relative risk

Two terminal CdTe & quantum dots N/a N/a N/a 1.08 High
Two terminal ‘CdTe/CIS’ N/a N/a N/a 1.11 High
CdTe/glass 3.55 2.5 1.83 1.12 Low
Four terminal ‘CdTe/CIS’ N/a N/a N/a 1.14 High
CIS/glass moderate cap, poor material 3.9 2.76 2 1.16 Moderate
CIS/glass moderate cap, good material N/a 3.17 2.09 1.18 Moderate
CIS/glass hi cap, poor material 4 2.87 1.93 1.2 Moderate
CIS/SS low cap, good material N/a 3.78 2.23 1.26 Moderate
In-line x-Si/glass N/a 3.77 2.45 1.34 Moderate
Dyesensitized/glass N/a 3.55 2.39 1.37 Moderate
CIS/SS moderate cap, poor material 5.28 3.39 2.46 1.4 Moderate
a-Si/SS in-line 4.58 3.32 2.46 1.52 Low
a-Si/glass batch 4.45 3.24 2.42 1.55 Low
Quantum dots or plastic on plastic N/a N/a 3.5 1.7 High
Possible x-Si wafer 4.59 3.84 3.22 2.62 Low

Table 11.16 compares technologies at the system level in $/Wp for a large, ground mounted
system. For this purpose, an estimated price has been developed from the various costs. The
price includes everything: module, BOS, sales, marketing, management, R&D, warranty, ship-
ping, taxes, insurance, profit, and O&M. The assumed margin for the systems is reduced with
time and size, and becomes quite low, as one might believe that at the desired multi-100s-of-
GWp/yr level for the large volume estimates (and that is the point of this analysis), overheads,
for example, will be tiny, as they are in other energy commodity industries like coal.

A comment on Table 11.16. Why aren’t systems selling for the low prices seen here? First,
of all the options that are lower than x-Si (at $4.59/Wp), only CdTe is in manufacturing. The
price of systems is also ‘what the market will bear’. However, the CdTe system price does seem
low, given current experience. This may indicate a flaw in the analysis (perhaps the area related
BOS is higher than assumed here) or larger margins for these systems than taken into account
here. But also recall that no single company’s approach is the basis of these estimates. Also,
perhaps existing CdTe manufacturing is not quite as optimized for 25 MWp/yr production as
assumed here.

Table 11.18 shows the comparison of thin films for large, commercial rooftop systems, in
this case including the BOS advantage of flexible modules.

Some observations about the tables and figures:

� Although CIS and CdTe dominate the lowest, long term costs by about 30 %, inherent issues
with indium and tellurium availability mean that thinner cells (about 0.5–1 micron) would
help maximize their contribution to the TW Challenge (see next section). It is not clear they
can reach the efficiencies of Table 11.8 at reduced thicknesses. The CIS and CdTe cells
alone are probably not going to be the only surviving PV options. But they may be the most
economical.
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Table 11.17 Comparison of thin film system prices for ground mounted, large systems ($/Wp DC)
with risks and barriers

25 MWp 1 GWp Projected Comments and barriers
improvement from
today’s price (%)

Two terminal CdTe &
quantum dots

N/a 1.08 100 % Never been tried; totally
unproven; quantum dot or
plastic cell unproven

Two terminal ‘CdTe/CIS’ N/a 1.11 100 % Probably not worth it for this
application (if either subcell
works they will be used
instead)

CdTe/glass 3.6 1.12 67 % Thinner CdTe, manufacturability
of thin CdS design; best
combination of least risk, most
reward for this application

Four terminal ‘CdTe/CIS’ N/a 1.14 100 % Not worth it for this application
(if either subcell works they
will be used instead)

CIS/glass moderate cap,
poor material

3.96 1.16 70 % Lower capital costs; thinner CIS;
unproven manufacturing

CIS/glass moderate cap,
good material

n/A 1.18 100 % Unproven efficiency; unproven
manufacturing

CIS/glass hi cap, poor
material

4.03 1.2 70 % Lower capital; thinner CIS;
unproven manufacturing

CIS/SS low cap, good
material

N/a 1.26 100 % Better for rooftops; efficiency
unproven; thinner CIS;
unproven manufacturing

In-line x-Si/glass N/a 1.34 100 % Higher efficiency, lower capital;
unproven manufacturing

Dye sensitized/glass N/a 1.37 100 % Unproven efficiency and
stability; unproven
manufacturing; encapsulation
issues

CIS/SS moderate cap, poor
material

5.35 1.4 75 % Better for rooftops; lower capital,
higher efficiency, thinner CIS;
unproven manufacturing

a-Si/SS in-line 4.66 1.52 66 % Better for rooftops; lower capital
a-Si/glass batch 4.53 1.55 65 % Higher efficiency
Quantum dots or plastic on

plastic
N/a 1.7 100 % Completely unproven efficiency

and stability
Possible x-Si wafer 4.59 2.62 43 % Better for rooftops because of

efficiency; technically more
mature (less improvement
expected)
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Table 11.18 Comparison of thin film system prices for large, commercial rooftop systems ($//Wp DC)

25 MWp 50 MWp 200 MWp 1 GWp Relative risk

Two terminal CdTe & quantum dots N/a N/a N/a 1.51 High
Two terminal ‘CdTe/CIS’ N/a N/a N/a 1.52 High
Four terminal ‘CdTe/CIS’ N/a N/a N/a 1.54 High
CIS/SS low cap, good material N/a 4.63 2.78 1.58 Moderate
CdTe/glass 5.07 3.58 2.61 1.61 Low
CIS/glass moderate cap, poor material 5.36 3.78 2.75 1.63 Moderate
CIS/glass hi cap, poor material 5.39 3.88 2.64 1.66 Moderate
CIS/glass moderate cap, good material N/a 4.43 2.94 1.67 Moderate
CIS/SS moderate cap, poor material 6.41 4.15 3 1.73 Moderate
a-Si//SS in-line 5.66 4.1 3.04 1.9 Low
In-line x-Si/glass N/a 5.25 3.44 1.92 Moderate
Dyesensitized/glass N/a 5.04 3.42 1.99 Moderate
Quantum dots or plastic on plastic N/a N/a 4.36 2.16 High
a-Si/glass batch 6.38 4.65 3.48 2.5 Low
Possible x-Si wafer 5.96 4.88 4.0 3.16 Low

� Cadmium telluride has the opportunity to dominate all markets, but is especially attractive
for ground mounted systems. For residential roof top systems, especially small ones, x-Si
may still be more attractive due to its higher efficiency.� Long term, CIS is as attractive as CdTe, but it is about a ‘generation’ in factory size behind
CdTe and a-Si. This lag may make it hard for CIS to fully realize its potential. Risks are also
higher with CIS, and not all key challenges may have been overcome (first time manufacturing
at the 25 MWp/yr level does not exist). Thus long term comparisons that seem to show
equality with CdTe are not complete without this risk assessment.� Despite good potential, the CIS/CdTe multijunction may not play a role long term, because
it would have about the same system price as the separate single junctions but would use
more rare indium and tellurium per output watt (while also increasing manufacturability
complexity, offset somewhat by higher efficiencies). Intermediate term, it might find a niche
where efficiency outweighs system cost, e.g., on small roofs, but this is not a key market.� The ‘top cell CdTe/quantum dot bottom cell’ (current matched, two terminal approach)
provides some minor, potential cost and efficiency advantages over the single junction CdTe
or CIS separately; though counter intuitive, it is a potentially sensible way to scavenge low
energy photons if the bottom cell can be added cheaply (e.g., using quantum dots, plastic, or
dye cells), without damaging the CdTe top cell. This is an ultrahigh risk, speculative option
that has never even been fabricated in the lab.� Thin film silicon approaches (including both amorphous and nanocrystalline silicon) separate
into two categories: those on glass and those that are flexible. The ones on glass all have
system prices between traditional x-Si itself and the CIS–CdTe complex. However, near term,
the thin Si technologies on glass have a hard time competing because they are not leaders in
any category, trailing both x-Si and CdTe. However, flexible thin Si (e.g., amorphous silicon
on stainless steel) is competitive at the system level versus x-Si for large, metal roofs – an
important market.
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Table 11.19 Comparison of thin film system prices for large, commercial systems ($//Wp DC) with
risks and barriers

25 MWp 1 GWp Projected Comments and barriers
improvement from
today’s price (%)

Two terminal CdTe &
quantum dots

N/a 1.51 100 % Never been tried; totally
unproven; quantum dot or
plastic cell unproven

Two terminal ‘CdTe/CIS’ N/a 1.52 100 % Probably not worth it for this
application (if either subcell
works they will be used
instead)

Four terminal ‘CdTe/CIS’ N/a 1.54 100 % Not worth it for this application
(if either subcell works they
will be used instead)

CIS/SS low cap, good
material

N/a 1.58 100 % Better for rooftops; efficiency
unproven; thinner CIS;
unproven manufacturing

CdTe/glass 5.07 1.61 66 % Thinner CdTe, manufacturability
of thin CdS design; best
combination of least risk, most
reward for this application

CIS/glass moderate cap,
poor material

5.36 1.63 69 % Lower capital costs; thinner CIS;
unproven manufacturing

CIS/glass hi cap, poor
material

5.39 1.66 100 % Lower capital; thinner CIS;
unproven manufacturing

CIS/glass moderate cap,
good material

N/a 1.67 100 % Unproven efficiency; unproven
manufacturing

CIS/SS moderate cap, poor
material

6.41 1.73 74 % Better for rooftops; lower capital,
higher efficiency, thinner CIS;
unproven manufacturing

a-Si/SS in-line 5.66 1.9 66 % Better for rooftops; lower capital
In-line x-Si/glass N/a 1.92 100 % Higher efficiency, lower capital;

unproven manufacturing
Dye sensitized/glass N/a 1.99 100 % Unproven efficiency and

stability; unproven
manufacturing; encapsulation
issues

Quantum dots or plastic on
plastic

N/a 2.16 100 % Completely unproven efficiency
and stability

a-Si/glass batch 6.38 2.5 65 % Higher efficiency
Possible x-Si wafer 5.96 3.16 47 % Better for rooftops because of

efficiency; technically more
mature (less improvement
expected)
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Large, Ground Mounted Systems: Risks and 
Rewards (1 GWp)
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Figure 11.4 Risk and reward by technology for large, ground mounted systems (1 GWp); the CdTe
technology stands out for low cost and low risk.

� Dye cells on glass have many aspects in common with thin silicon, except they seem to have
lower capital costs. However, dye cells have not been manufactured, and skepticism remains
about their reliability outdoors. Aspects of module design to overcome stability issues may
lead to added costs.� The other 3G thin films (quantum dots, plastics) are hampered by severely low efficiencies.
They simply may be too inefficient to ever be usable except for specialty applications indoors.
Even if they progress in terms of efficiency, they are so immature that they may completely
disappear due to technical risks of scale up and outdoor reliability. To be competitive, these
type of thin films need efficiencies almost as high as the others, and proven stability.� It is unclear if any of the more exotic 3G options have materials availability issues at this
point (ruthenium dye is a clear issue, but future designs may eliminate it; this should be
studied).
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Commercial Rooftop Systems: Risks and Rewards 
(production at 1 GWp)
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Figure 11.5 Risks and rewards for commercial rooftops (1 GWp).

� For comparison (and a sanity check), an 15.6 % traditional x-Si module costing $1.85/Wp,
based on the most aggressive BOS case above, would have a long term system cost of
$2.62/Wp – which, given the current leadership of x-Si in PV, means that x-Si will likely be
around as a competitor for the entire projected period. Only thin films truly executing the
above scenarios might change this. In practice, with expected vastly expanding markets for
the foreseeable future, x-Si and thin films will likely share the marketplace.� For the most part, there are some critical issues in each thin film that could seriously ham-
per success; and those who are involved will have to tackle them while also maintaining
explosive manufacturing growth. There is no certainty this will happen successfully, and
some ‘skepticism’ factor should probably be added to the above cost projections (e.g., in
comparison with the crystalline silicon technologies, with their lower risk) to reflect this.� On the other hand, anything that would move the goals of a technology in a much more
positive direction (e.g., a major efficiency advance over the stated levels) would also affect
the leadership among thin films and in PV. Certainly, the predicted long term efficiencies of
the technologies are something that could change and be very important.
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� Any new, lower cost packaging designs beyond those assumed in this study would probably
reduce the cost of all modules for which they could be used, assuming reliability could be
maintained for any of them (but see next bullet).� Given their lack of competitive advantage in conventional applications, the 3G options
should rededicate themselves to much higher efficiency strategies (e.g., creative multijunction
structures) and to seeing whether their specific designs (e.g., lower processing temperatures)
allow a unique potential for simpler, less costly BOM than other thin films. The hurdle of
outdoor reliability also remains very challenging.� This analysis shows groupings of technologies, with single junction CIS and CdTe looking the
best because of their combination of high efficiency and low manufacturing cost. However,
within groupings, it would be premature to use the results to decide that one approach
is clearly better than another, given the inherent uncertainties and the need for successful
execution. Indeed, there is a similarity of long term potential prices if different approaches
are well executed – and the message may not be their potential similarity of cost, but the
similarity of the hurdles needed to get there.

For an average US solar location like Kansas City, $1/Wp DC is equivalent to about 6 � c/kWh
(see Appendix 11.1 for levelized energy calculations). Thus the range of costs in Tables 11.16
and 11.18 (about $1.1 for ground mounted; $1.5 for rooftop) implies about 6–9 � c/kWh AC PV
electricity. Especially for larger systems, it might be expected that the sunnier locations would
predominate, and in that case costs would be more favorable. Overall, these costs appear within
the range needed to meet the TW Challenge for PV, especially when it is recalled that rather
conservative assumptions were made for the BOM aspects of the modules and BOS for systems.

11.5 OTHER ASPECTS OF THE ‘TERAWATT CHALLENGE’

So far, the potential to achieve very low cost has been emphasized. That is critical to making
PV cost effective enough to be used economically. But there are other factors to the ‘TW
Challenge.’ The main one is materials availability. To have 10–20 TW of PV energy installed
by mid century, we need about 50–100 TW peak, due to the 15–25 % capacity factor of PV.
To accomplish this by 2065, for example, would require very high initial growth, resulting in
about 4000 GWp of annual PV production in 2065. This means that about 15 TW (not peak)
of PV would be installed and producing electricity in 2065 (given an assumed average lifespan
of 30 years). Figure 11.6 shows a growth rate for PV to reach 75 TWp installed in 2065.

The materials requirements to meet this challenge have been studied in an NREL FAQ
(NREL, 2005 http://www.nrel.gov/ncpv/pvmenu.cgi?site+ncpv&idx=3&body=faq.html) by
this author, which is summarized here.

We do not expect shortages of most basic materials (glass, steel, aluminum, and plastic)
except perhaps copper if its current extraction growth rate falls. If this happens, the problem
might be alleviated by changes in BOS design to use other conductors.

We do foresee possible availability issues for a few of the semiconductor materials. NREL,
2005 shows that only the CdTe and CIS technologies might be affected; the thin film silicon
technologies are not limited, even those with germanium (there are major amounts of unused
byproduct Ge in aluminum, coal, and zinc ore). Newer, 3G, technologies need to be studied
and are not included in the FAQ or this discussion.
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Figure 11.6 A physically reasonable world annual PV sales growth rate that would reach 75 TWp
installed in 2065. PV has grown at over 30 % per year over the last six years (and over 50 % in 2004).

Given that CdTe and CIS are important low cost technologies, Table 11.20 summarizes the
potential installed volumes of CIS and CdTe given an optimistic scenario of complete recycling
and thinner layers (0.5 micron). Note that the thickness of today’s CIS and CdTe PV is about
1–3 microns. Record efficiencies in these materials (at 2–3 micron thicknesses or more) are
16.5 % for CdTe and 19.5 % for CIS. So far, nonoptimized 1 micron CIS cells have reached
about 17 % at NREL (Ramanathan et al., 2005); and 0.9 micron CdTe cells have reached about
11 % at U. Toledo (Gupta, 2001; Gupta and Compaan, 2005); submicron cells are planned (even
down to 0.25 micron), and some work is already being done (Ernst et al., 2003). To date this has
not been an area of much research, because current module costs have not yet been optimized
for semiconductor materials costs. However, as thickness has now been identified as a key
criterion for TW production, NREL has recently shifted some funding into this area.

Table 11.20 gives CIS and CdTe production by 2065 by assuming: (i) all existing amounts
(beyond current nonPV demand, itself assumed growing at 1 %/yr) are available for use, and
within PV, (ii) there is 100 % materials use, and (iii) complete recycling. Photovoltaic materials
are not used up the way fuels are; they can be fully reused in new devices. Most data in Table
11.20 is derived from Andersson, 2000 and Sanden, 2003 and USGS, 2003. The final amount
in TWp (right column) is found by dividing the total cumulative amount of feedstock available
between now and 2065 by the amount needed per TWp.

Amounts of tellurium or indium that could be mined as primary materials (not as byproducts)
have not been included in Table 11.20. We do not know the potential size of such deposits.
Especially for tellurium, a material with very small markets to date, it seems possible there
could be significant unexploited deposits. Such deposits could change the whole picture of
materials availability for the CIS and CdTe technologies.
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Table 11.20 Potential installed TWp of CIS and CdTe in 2065 (with complete recycling)

Primary metal Percent byproduct Cumulative amount MT required Maximum
and its currently unused in 2065 (MT) using per TWp installed

assumed growth in primary metala assumed extraction in 2065 (TWp)
growth rates

Indium Zn, 1 %//yr 77 % 100 000 5600b 17 TWp
Selenium Cu & coal, 1 %/yr 87 % 2 900 000 9000 300 TWp
Tellurium Cu, 1 %/yr 96 % 330 000 11 000 30 TWp

a In all cases, most of the current byproduct is unused (Sanden, 2003); assumes 15 % efficiency, 0.5
micron layers. Future research may allow reducing layer thickness further, as well as higher efficiencies,
both of which would reduce materials demand. No feedstock sources beyond those given in the table are
considered (e.g., tellurium mines).

b Indium required in devices is reduced by 20 % replacement by Ga (as in existing devices); future
designs may include even larger substitutions. Assumes 15 % module efficiency and 0.5 micron thick
layers. Future research may further reduce layer thickness and increase efficiencies, reducing materials
demand.
Notes: The amounts in the table assume steady growth along historical lines in Cu and Zn extraction.
Of these, Cu seems more vulnerable to slowing over the next few decades. Also, the unused byproduct
amounts are very uncertain: they are based on extrapolating average Te and In levels in the primary ores.
However, actually processing this material to extract a high percentage of Te and In will be an economic
challenge. For example, only 60 %–80 % of the base metal content is extracted. In addition, the available
byproduct will be unused early in the growth of PV but must remain available for future processing as
demand increases; this is currently not a normal procedure in the mining industry.

Because such possibilities are unknown, we limit ourselves to the values in Table 11.20.
Using a factor of five to reduce to TW (not peak) on the amounts in Table 11.20, CIS could
contribute as much as 3.4 TW, and CdTe, as much as 6 TW by 2065. This means that these
technologies can each be considered capable of meeting the TW Challenge and effectively
contribute to the reduction of climate change. The amounts are also a substantial fraction of
the desired 10–20 TW amount (and of course, huge by any other measure; e.g., the size of
US energy consumption is 3 TW). Possible additions from primary materials are not counted
in this sum, so perhaps even more could be made. Further, a steady state should be attained
around 2065 in which recycled modules and ongoing PV device improvements (thinner cells,
higher performance) would stabilize the need for newly extracted materials after 2065. The
need could actually decline. But to be prudent, we should not assume that CdTe and CIS will
carry the entire load, alone, despite their potential economic leadership (and especially because
CIS is still unproven in manufacturing).

The use of certain materials used to make thin film modules deserve a brief discussion.
Although perceived as a problem by some, many studies show that no danger exists from mak-
ing, using, or disposing/recycling CdTe modules (http://www.nrel.gov/cdte/; and especially
Fthenakis, 2004). There also apparently are no issues in terms of market acceptance. The
biggest market for CdTe has been Germany, a country sensitive to environmental and heavy
metal issues.

The CIS technology has an echo of this problem due to the presence of selenium, also an
element that is viewed with concern (though its recent use as a food supplement has ameliorated
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perceptions greatly). Other PV technologies usually have smaller, parallel problems that are
less obvious – e.g., the Pb solder in x-Si technology, or the toxic/explosive gasses in thin film
silicon. In fact, it is well accepted that no energy option, no matter how ‘green’, is totally
without environmental impacts, especially on the TW scale. The best known and perhaps most
rational measures of environmental impact, energy and CO2 paybacks, are favorable for thin
films (NREL, 2005a) – about one year for the kind of large, thin film systems we are examining.

One other barrier often cited is the land area needed to supply TWs of PV. Actually, using
the original Nate Lewis number of 125 000 TW of sunlight on the Earth’s surface can easily
dissuade us of this concern. Assuming that this falls evenly on land and sea, this is about
36 000 TW falling on land. Assuming we need 20 TW of PV, and the PV systems only averaged
10 % sunlight-to-electricity conversion, that would be 0.55 % of the Earth’s land area for
modules. Assuming a (module–system area) packing factor of 40 %, this requires 2.5 times
more land, or 1.4 % of the land area. Today, 1.1 % of the US land area is used for national
defense (bases and bombing ranges) and 0.04 % is used to raise Christmas trees. Not only is the
use of 1.4 % of land for PV not a serious burden for converting our energy infrastructure to solar,
it is a positive advantage of PV (as stated in detail in the FAQ NREL, 2005a) because no other
nonCO2 resource except nuclear has anywhere near the same level of energy density/unit area
and ubiquity. The above analysis completely ignores the reduction in land area requirements
that would result from using PV on rooftops or other existing structures.

11.6 RISKS AND PERSPECTIVE

The analysis of major thin films tends to underestimate technical risks (despite Table 11.11)
and subsequent comments. Risks are pervasive in thin film development, and major setbacks
have already occurred. Perhaps the most universal cause is a lack of science base. Because thin
films are almost always different from mainstream electronics materials (as opposed to x-Si,
which shares much with the mainstream), thin film development is not much supported by
scientific understanding outside of PV. Problems that might otherwise be trivial are magnified.
Serious problems such as the Staebler–Wronski Effect in a-Si, multielement stoichiometry and
uniformity in CIS, and defects and their interactions in CdTe and its contacts are even harder
to overcome. Any efforts to follow through on the development of thin films for major energy
production should allocate some support to improving their science base if only to reduce the
risks associated with explosive growth.

Indeed, the risks associated with explosive growth are paralleled by those of getting started.
The existence of one good solar cell (say 10–15 % efficiency at 1 cm2 size) is a needed proof-
of-concept; but it is still a factor of 109 away from the size of the annual output (in square
meters of module area) needed to make a successful technology at 25 MWp/yr. Newcomers
to thin films sometimes miss this developmental challenge, to their detriment. It implies both
high technical and financial risk, making the period of scale up often the most challenging.
Producing TWs creates a second major scale up challenge – but only another factor of about
105 to get to about 4000 GWp/yr.

Further, for PV to be actually used for TWs of energy, PV electricity storage and PV
synthesized fuels (like water splitting or a reverse methanol fuel cell) will be needed. In
addition to these technical and energy systems challenges, it will be favorable if PV costs
could drop below even those outlined here. For that, further aggressive research work could
be highly beneficial.
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The point here is that due to substantial, ongoing financial and technical challenges (and the
potential for great rewards), thin films need long term, financial support from the private and
public sectors to allow them to reach their potential. As this chapter should make clear, achieving
that potential would be well worth the investment in terms of meeting the TW Challenge.
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Appendix 11.1 Calculating Levelized Energy Cost from System $/Wp DC Costs Using this
table, one can estimate the levelized energy cost (LEC) of any system (assuming the same set of
financial and other terms) by merely multiplying the system $/Wp by the proper number, above
(e.g., a $5/Wp system would be five times more than the � c/kWh level in Table 11.A1) and then
adding in the O&M, which is usually very small (about 0.1 � c/kWh for a fixed flat plate).

The LEC values in Table 11.A1 were calculated using the standard formula for amortization
of cost over time, assuming the system is financed through a loan matched to the lifetime of
the system.

LEC = (ICC×1000× CRF)/(CF×8760) + O&M, where

ICC = Installed Capacity Cost ($/Wp DC),

CRF = Capital Recovery Factor = (i∗(i + 1)∧n)/((i + 1)∧n − 1),

CF = AC Capacity Factor (0.8∗sunlight/8760 hours, reduced by 20 % losses to go from DC to
AC),

O&M = Operation and Maintenance ($/kWh),

i = interest rate,

n = system lifetime (i.e., how many years to amortize cost of system over).

Table 11.A1 Conversion of $1/Wp (DC) to � c/kWh (fixed flat plates) without O&M

Average location Below average Above average
(e.g., Kansas City) (Maine or Seattle) (Phoenix or Albuquerque)

Sunlight (kWh/m2/yr)
and capacity factor
(= 0.8*sunlight/(8760)

1700 15.5 % 1300 12 % 230021 %

Levelized Energy Cost ( � c/kWh) 5.9 � c/kWh 7.7 � c/kWh 4.4 � c/kWh
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Table 11.A2 Commercial Thin Film Modules, Data Taken from Websites (total area efficiencies)

Rated module Rated output Estimated Temperature
Efficiency (%) Description (Wp) price ($//Wp) coefficienta

11.0 WürthSolar WS31050/80 (CIS) 80 Above $3/Wp −0.36 %/◦C
9.4 Shell Solar ST-40 (CIS) 40 Above $3/Wp −0.6 %/◦Cb

9.0 First Solar FS65 (CdTe) 65 Below $3/Wp −0.25 %/◦C
6.9 Antec-Solar ATF50 (CdTe) 50 Below $3/Wp −0.18 %/◦C
6.3 Kaneka GEA/GSA (single j. a-Si) 60 Below $3/Wp −0.2 %/◦C
6.4 Mitsubishi Heavy MA100 (single j.

a-Si, VHF deposition)
100 Below $3/Wp −0.2 %/◦C

6.3 Uni-Solar US-64 (triple j. amorphous
silicon),

64 $3.3/Wp −0.21 %/◦C

5.3 RWE Schott ASI-F32/12 (same
bandgap a-Si tandem)

32.2 Varies −0.2 %/◦C

Compiled by Bolko von Roedern; 8/2005
a Temperature coefficients will vary slightly depending on local spectral content.
b Company source reports −0.48 %/◦C may be more accurate for recent product.

Disclaimer: Listing could be outdated or incomplete (missing manufacturers and//or some ‘best’ product);
prices are estimates for large quantities.

Assumptions are: O&M = $0.001/kWh, i = 7 %, n = 30 (no tax credits and no accelerated
depreciation); for these, CRF = 0.081.

For comparison, the LEC for an Advanced Combined Cycle Plant is currently 5.6 � c/kWh at a
capacity factor of 50 % and 7.6 � c/kWh at a capacity factor of 25 %, under the following assump-
tions: Plant size = 400 MWe, Heat Rate = 6422 Btu/kWh, Capital Cost = $599/kWe, Fixed
O&M = $10.34/kWyr, Variable O&M = 2.07 mil//kWh, Burner Tip Gas Price = $5/MMBtu,
20 year IRR @ 12 %, 15 year Dept @ 6 %.

Appendix 11.2 Latest (prepublication) table of thin film module efficiencies taken from web-
sites (August 2005)
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