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Modeling photocurrent action spectra of photovoltaic devices based
on organic thin films

Leif A. A. Pettersson,® Lucimara S. Roman, and Olle Inganas
Department of Physics and Measurement Technology,” pingoUniversity, S-581 83 Linking, Sweden

(Received 27 October 1998; accepted for publication 25 February) 1999

We have modeled experimental short-circuit photocurrent action spectra of3ydly(1",4",
7"-trioxaocty)pheny)thiophene (PEOPT/fullerene (G thin film heterojunction photovoltaic
devices. Modeling was based on the assumption that the photocurrent generation process is the
result of the creation and diffusion of photogenerated spdeiesitons, which are dissociated by
charge transfer at the PEOPTF{interface. The internal optical electric field distribution inside the
devices was calculated with the use of complex indices of refraction and layer thickness of the
materials as determined by spectroscopic ellipsometry. Contributions to the photocurrent from
optical absorption in polymer and fullerene layers were both necessary to model the experimental
photocurrent action spectra. We obtained values for the exciton diffusion range of 4.7 and 7.7 nm
for PEOPT and &, respectively. The calculated internal optical electric field distribution and
resulting photocurrent action spectra were used in order to study the influence of the geometrical
structure with respect to the efficiency of the thin film devices. In this way the photocurrent was
optimized. © 1999 American Institute of Physids$§0021-89789)05113-0

I. INTRODUCTION and Spencer give a thorough description of some of these
models!® Common for the models is the assumption that the
-~ [ntensity of the optical electric field is considered to have an
gated molecules and polymers have been shown to be high xponential decrease along the direction of propagation in-

.. 1-3 . . - .
efficient:™~The high conversion efficiencies are the result Ofside the device structure. Effects such as reflections and in-

efficient absorption of light and charge generation inside th? . .
: . . ; . . . terference are neglected. These effects become especially im-
devices. While photovoltaic devices of a single active conju-

gated polymer layer in general exhibit low efficiency of en- portant for thin film str_uctures where layers are thin
ergy conversion, blends and heterojunctidhiayers with compared to the penetration depth and/or the wavelength of

molecules having high electron affinity and low ionizationthe incident light, and also in the case of a highly reflecting

potential considerably enhance the efficiency. Although pres'

interface present inside the device, as, for example, in the
ently the subject of some controversy, the mechanism fof2Se of the metal electrodes normally used in photovoltaic
generation of photocurrent in organic thin film photovoltaic 9€Vices.

devices is believed to be due to the creation of bound VW€ report our attempts to model the experimental pho-
electron-hole pairs, excitons, by absorption of light in thetocurrent action spectrum of thin film organic photovoltaic
active parts of the devices. Charge generation occurs asdgvices concentrating on a donor—acceptor heterojunction
result of dissociation of the excitons by interaction of thebetween a conjugated polymer and fullerengg)Ca con-
excitons with interfaces, impurities of defects, or in high figuration which has previously been investigatéd:** In
electrical fields. The incorporation of dissociation sites isorder to model the experimental photocurrent action spectra,
thus the reason for the higher efficiency of devices made ofve extracted optical properties in terms of the complex index
blends and bilayers. In the case of thin film photodiodes, af refraction as well as layer thickness by analysis of spec-
number of layers are stacked on top of each other in @roscopic ellipsometry data. These were then used in the
multilayer configuration. Reflections at interfaces affect theproper calculation of the optical electric field distribution
distribution of the optical electric field inside the thin film inside the device. From this distribution, we are able to cal-
photodiodes. The generation of excitons is directly depeneulate the distribution of optical absorption in the device
dent on the distribution of the optical electric field energylayers. Assuming that charge generation occurs at the
dissipation, which consequently will influence the photocur-poly(3-(4’-(1",4", 7"-trioxaocty)pheny) thiopheng(PEOPT/
rent action spectra of the devices. For that reason the distr&,, interface, we can integrate this distribution into a diffu-
bution of the Optical electric field energy inside the device iSSion equation for excitons in the device, and predict the pho_
an important aspect to consider in studying and determiningocurrent density and quantum efficiency. Since the effi-
device properties. ciency of the device is dependent on the distribution of the
A number of studies have employed different models tOinternal optical electric field, geometrical aspects are impor-
describe the photovoltaic action spectrdHarrison, Giner,  tant for enhancing the efficiency of the device. We can also
extract the diffusion length of excitons in PEOPT angh C
dElectronic mail: Ipe@ifm.liu.se layers within this model.

Organic thin film photovoltaic devices based on conju-
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FIG. 1. Schematic presentation of the thin film photovoltaic device struc-
ture: glass/ITO/PEDOT/PEOPT{QAI. / \
S n
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In addition, the distribution of the excited species due to :

the optical electric field is given as an analytical expression. PEDOT PSS”
This distribution has not only implications for photovoltaic _ .
devices, but also describes the distribution of excited stater':'ﬁl.G . 2. Chemical structures of pdfy(4'-(1'4",7" trioxaocty)pheny)
2 ] . ’ iopheng (PEOPT), poly(3,4-ethylenedioxythiophemne (PEDOT), and

for radiative decay of photoluminescence in layered media.poly(styrenesulfonateanion (PSS).

In Sec. Il we describe experimental details, followed by
a theory section describing the theory of the photocurrent
generation mode(Sec. Ill). This is divided into three parts: illumination of the device through the glass/ITO side with
assumptions used in the model, the treatment of the interndonochromatic light from an MS 257 Oriel monochromator
optical electric field and the energy dissipation due to ar@nd a tungsten—halogen lamp. The intensity of the light was
incident plane wave in layered media, and the exciton transMeasured using a calibrated silicon photodiode at the same
port described by the diffusion equation. In Sec. IV, modelPosition as the samples.

and experimental results are presented and discussed. The complex index of refractioi= 7+ «, of each ma-
terial and the thickness of each layer are needed in the mod-

eling of the photocurrent action spectra and were determined
by analysis of spectroscopic ellipsometry data. Ellipsometric
The organic heterojunction photovoltaic devices studieciata were acquired with a rotating analyzer NIR-VIS-UV
in this work were of the thin film(sandwich structure type variable-angle spectroscopic ellipsometdr A. Woollam
as shown schematically in Fig. 1. The device consistedCo., Inc). Measurements were performed at multiple angles
of a poly(3,4-ethylenedioxythiophnepoly(styrenesulfonaje  of incidence on separate layers of the materials. In order to
(PEDOT-PS$ see Fig. 2,(Baytron—Bayer AG layer spin  relate the measured ellipsometry data to the actual material
coated onto an indium tin oxidéTO)/glass substrate as hole characteristics in terms of the complex index of refraction, a
collecting electrode and Al as electron collecting electrodenumerical data analysis must be performed. In this analysis,
The PEDOT-PSS layer is used due to the fact that thehe complex index of refraction and the thickness of the lay-
injection/collection conditions for electrons/holes are muchers were varied to obtain a best fit between model and ex-
better for the PEDOT-PSS/PEOPT interface compared to thperimental ellipsometry daf4.
ITO/PEOPT interface resulting in improved current—voltage
characteristics of the device. The donor—acceptor heterojun¢y. THEORY
tion is built up by poly3-(4'-(1",4",7"-trioxaocty)
pheny)thiopheng (PEOPT), see Fig. 2, and £ (TechnoCar-
bon, 99%. The polymer layer was spin coated from a 5 The primary process for generation of photocurrent in an
mg/ml chloroform solution and thegglayer was sublimed organic photovoltaic device is the generation of bound
on top of the polymer. The current—voltage characteristicelectron-hole pairgexcitons by absorption of energypho-
and the quantum efficiency of this device have been reportetbng from the optical electric field. Once created, the exciton
previously, where a more detailed description of the devicédnas a lifetime determined by recombination through radiative
preparation was givehMeasurements of the photocurrent or nonradiative decay or by dissociation into free charge car-
were performed with a Keithley 485 picoammeter duringriers. The desired process, to make charge collection pos-

Il. EXPERIMENTAL DETAILS

A. Photocurrent generation model
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Ambient Layer 1 Layer j Layer m Substrate complex index of refractiofi;= 7;+i «; (or complex dielec-

E E! E E, E., tric function’; = €/ +ie/ =) which is a function of wave-
L L L L L length(energy of the incident light. The optical electric field
i X at any point in the system can be resolved into two compo-
ﬂ ﬂ f_mI Enu nents corresponding to the resultant total electric field; one
component propagating in the positixelirection and one in
|<T.| the negativex direction, which at a positiow in layer| are
i denotedEJ*(x) andE; (x), respectively. An interface matrix

S S, (matrix of refraction then describes each interface in the

FIG. 3. A general multilayer structure having layers between a semi- structure

infinite transparent ambient and a semi-infinite substrate. Each jafjer 171 r

=1,2,..m) has a thicknesd; and its optical properties are described by its o ik (1)
complex index of refraction. The optical electric field at any point in Igyer ik tik ik 1/

is represented by two components: one propagating in the positive and one )

in the negativex direction,E;” andE; , respectively. whererj and t;, are the Fresnel complex reflection and

transmission coefficients at interfage For light with the
electric field perpendicular to the plane of inciden@e

gible, is the. disspci_ation of the exciton into free _chgrge Carpolarized or TE wavesthe Fresnel complex reflection and
riers. The dissociation can be forced by an electric field or by, 5nsmission coefficients are defined by

interaction of the excitons with interfaces, impurities, or de-
fects where charge transfer can occur. Since the diffusion g~ 0k (29)

range of the excitons is limited, only those excitons within a ik—qj +q’

diffusion range of the dissociation sites will contribute to the

photocurrent. Our model in principle follows the model of ty= (2b)
Ghosh and Fengwhere the exciton diffusion is described a;+ 0k

by the standard diffusion equation. However, in our case th@nd for light with the electric field parallel to the plane of
model is extended to take into account the distribution of thencidence(p-polarized or TM wavesas

total exciting optical electric field inside the thin film struc- o o

ture. Assumptions in our model are tHap layers included S I (3a)

in the device are considered to be homogeneous and isotro- Ik 'ﬁkzq,-JrﬁJqu’

pic, so that their linear optical response can be described by

a scalar complex index of refractiof®) interfaces are par- tk=m7— 27—
allel and flat compared to the wavelength of the light; &)d NiQ; +Njk
the light incident at the device can be described by plangyhere

waves. (4) Exciton diffusion is described by the diffusion L w2 2 1o
equation/see Eq(26)] and(5) those excitons that contribute Q; =T cos¢;=[Nj — 77 Sin o] (4)
to the photocurrent dissociate into charge carriers at interand 7, is the refractive index of the transparent ambiefy,
faces that act as dissociation site); the diffusion range of is the angle of incidence, angl, is the angle of refraction in
excitons is not dependent on excitation enefiggvelength,  |ayerj. The layer matriXphase matrixdescribing the propa-
and finally (7) that all generated charges are contributing togation through layeyj is described by

the steady state photocurrent, i.e., no trapping of charges

2N.N,q;
j kqj (3b)

= ) e g9 0
occurs inside the device. L= _ (5)
: 0 eddi)
B. Internal optical electric field and energy where
dissipation due to an incident plane wave
. - .. 2
When considering stratified media in terms of the elec- gj:qu (6)

tromagnetic theory of light, many different approaches are
possible in order to obtain the reflection and transmissiorand ¢;d; is the layer phase thickness corresponding to the
coefficient of the electromagnetic field. One of the more elphase change the wave experiences as it traversesjlayer
egant approaches for multilayer structures is to employ maBy using the interface matrix and the layer matrix of Ed3.

trix methods. Stratified structures with isotropic and homo-and(5) the total system transfer matr{gcattering matrixs,
geneous media and parallel-plane interfaces can be describadhich relates the electric field at ambient side and substrate
by 2X 2 matrices due to the fact that the equations governingide by

the propagation of the electric field are linear and that the

+ +
tangential component of the electric field is continu&t. E‘l ZS[ET“ , 7
Consider a plane wave incident from left at a general Eo m+1
multilayer structure havingn layers between a semi-infinite can be written
transparent ambient and a semi-infinite substrate as sche- m
matically described in Fig. 3. Each laye(j=1,2,...m) has S:[Sll 812}:( I L ) A ®)
a thicknesdd; and its optical properties are described by its Syi Spp) \pe1 vTDmy)immED:
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When light is incident from the ambient side in the positivewhere r{_= —

Pettersson, Roman, and Inganas

{-=—5/1J4S{11- An internal transfer coefficient

x direction there is no wave propagating in the negative which relates the incident plane wave to the internal electric

direction inside the substrate, which means thgt ,=0.

field propagating in the negative direction in layerj at

For the total layered structure the resulting complex reflecinterface {—1)j can also be derived as

tion and transmission coefficients can be expressed by using
the matrix elements of the total system transfer matrix of Eq. - =

(8) as
Eo Sn
r=—=—, 9
E S, ©
Emer 1
= —=— 10

In order to calculate the internal electric field in layethe

layer system can be divided into two subsets, separated by
layerj, which means that the total system transfer matrix can

be written as
S= S]-’ LjSJ-’ . (11

The partial system transfer matrices for laydiFig. 3) are
defined

+
Bol_g|5i_

’ ’ i—1
S, . 11 j12 _ | L |
] Sj,21 Sj,22 =h (v=1v*-v (J=Dj»

where Ej’+ and E{ " refer to the left boundaryj(-1)j of
layerj and

r+

E

12

+ +
£ _ [ Enen
E/',_ - J - 3
] m+1
) ) m 13
11 912
s=| = Lo 1yokn ] -1 ,
] 8?21 j,22 u=1;[+l (v—1)v-v m(m+1)

whereE}’* andEj~ refer to the right boundary(j+1) of

layerj. Also for the partial systemS/ andS/, it is possible
to define complex reflection and transmission coefficients for A

layerj in terms of the matrix elements

’
y_Sj21

=< (14
11
1
tj/ ==, (15
i11
=g (16
i11
n 1
tj ZS,—,. (17)

E;  tir] e .
(== g =ty 1] €249, (19)
Eo 1-r/_r{-e®% 7

With use of Eqs(18) and (19) the total electric field in an
arbitrary plane in layer at a distance to the right of bound-
ary (j—1)j in terms of the incident plane wa&, is given
by

Ei(x)=E; (x)+E[ (X)
=[t] &+t e 1GX]Ey
=t/ e +r]e G ES (20)

for O=<x=d;. The expression in E¢20) can also be ex-
pressed in terms of the matrix elements of the partial system
transfer matrices as

7 A—i&i(di—x) "o al&i(di—x)
Sjire ' 1 +S5- €'t J - 21
Sj1iSjiy €%+ 15 €44 70

Since the number of excited states at a given position in a
structure is directly dependent on the energy absorbed by the
material, the energy dissipation of the electromagnetic field

in the material is the quantity that is of interest in the case of

photovoltaic devices. The time average of the energy dissi-

pated per second in layg@t positionx at normal incidence

is given by(c, speed of lightiey, permittivity of free space

Qj(X) = 3¢ce€0aj | Ej(x)|%. (22

This means that the energy absorbed at posikan the
layered structure is proportional to the product of the modu-
lus squared of the electric fie|e;(x)|?, the refractive index
n;, and the absorption coefficient

Ej(x)=

4mk;
aj=

(23

at the actual positior. Thus, the number of excited states in

a layer is proportional to the number of absorbed photons
and, hence|E|? versus positiorx in the film directly repre-
sents the production of excited states at each point. Expand-
ing Eq. (22) with the use of Eq.20), the result for light
incident at normal incidence becomes

— —a: 2 — i (2d — Cwd
Qj(x)=aTjlg| e ¥+ p{* e 6247+ 2p]. "4

A, ,
-cog ——(dj=x)+ 4 ||, (24)

where |, is the intensity of the incident light,T;

Combining Egs.(9)—(17) an internal transfer coefficient = (771-/7;0)|tj+|2 is the internal intensity transmittance, ap{d
which relates the incident plane wave to the internal electriand 6}’ are the absolute value and the argument of the com-

field propagating in the positive direction in layerj at in-
terface (—1)j can be derived as
E t!

i N I
Y TES 1-r{ rj-e?5%’ (18

plex reflection coefficient for the second subsystem given by
Eqg. (16). As can be seen in Eq24), the energy dissipation

in a layered structure at each positioim layerj is described

by three terms. The first term on the right originates from the
optical electric field propagating in the positixedirection,
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(the same direction as the incident electromagnetic field isnteraction of the exciton at interfaces, impurities or defects.
propagating the second from the field propagating in the After the dissociation of the exciton, charge collection is
negativex direction, and the third is due to interference of possible. Ifn is the exciton density the diffusion equation
the two waves. This interference term becomes especiallgives
important for optically thin layers and when the layered
structure has a highly reflecting interface in the structure, as, a2n
for example, in the case of metal electrodes in the device E:DW
described in this work. The distribution of the optical electric
field [Eq. (24)] is also of importance in photoluminescence whereD is the diffusion constantr is the mean lifetime of
studies of radiative decay in layered media. The distributiorthe exciton,d, is the quantum efficiency of the exciton gen-
of the optical electric field is directly related to the distribu- eration, anchv is the excitation energy of the incident light.
tion of the excited states in the device and thus describes tHa Eq. (26) the first term on the right represents excitons
excitation profile in a layered structure. moving away by diffusion, the second term is a recombina-
We note that with other modéis’ the generation of ex- tion term, and the third term represents the generation rate of
citons or carriers has been described by an excitation profilexcitons(photogeneration At steady statéequilibrium), the

n o6
-—t mQ(X), (26)

corresponding to exciton density is time independent and E2f) can be writ-
ten as
Q(x)=alye™ . (25)
2
In this expression, reflection at the front surface of %zﬂzn(x)—%Q(x), (27)
the device and the optical mode structure inside the X

device are neglected and will therefore only give anwhere B=1/L=1/\Dr, i.e., the reciprocal of the diffusion

approximate description in the case of a single layer thafengthL. The general solution to E€R7) with the generation
is thick compared to the penetration depth of lighte,1/ o as given by Eq24) is

of the material. In the case of a thin film photovoltaic
device the situation is more complex and E@4) is for

that reason a better description of the generation of (x)= 01‘;—1—'\'2 A-e P4 B.efXte ™4 C,- e
excited species in the active regions of the photovoltaic D(B*—a)
device. 4y

In the model calculations of our actual device structure +Csy- cos(T(d—x)Jr 5", (28

special care must be taken to the transparent glass substrate.
The transmission of a beam of light through the glass mustwhere N is the number of incident photons at the device
due to the large thicknegd mm) and nonuniformity in the per unit time per unit areéincident photon flux A and B
thickness of the glass, and the finite bandwidth of the lightare constants given by the boundary condition in the model
source, be treated as being incoherent with respect to othend

beams. This was in this work accomplished by calculating

the resultant transmission through the glass substrate by C,=p"%e 224, (29)
summation of transmitted energi€mtensities instead of

complex amplitudes.

In the following section all the equations and _ (B~ a®) 2p"e~d (30)
parameters refer to one layer and hence the irjdeil be 2 (B2 (4myIn)?) '
dropped.

Assuming that the interfaces of the active layer act as perfect
sinks for the excitons, i.e., all excitons can either recombine
or dissociate into free charges at the interfaces resulting in

Consider photogenerated excitons formed by photoexciboundary conditions=0 atx=0 andx=d. Solving for the
tation within an active layer. The excitons can diffuse fromtwo constantsA and B using these boundary conditions to-
the position where they were created and be dissociated hyether with Eq(28), the result becomes

C. Exciton transport—diffusion equation

4
(efd—e edy+ C (efl-e*d)+C, eﬁd~cos<¥d+ 5”) —cog 5”)}

A= (efﬁd_eﬁd) (31)

4
(e Pl—g )+ C (e Pl-ev)+C,y e Pl cos( - Tavesr|- cog 5”)}
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FIG. 4. Complex index of refractiofi=7+ix of poly(3-(4'-(1".4",7"- FIG. 5. Complex index of refractiofi= +i« of Cg in the wavelength
trioxaocty)pheny)thiopheng (PEOPT in the wavelength range 300-1000 range 300—1000 nrfl.24—5.00 eV. The inset shows a magnification of the
nm (1.24-5.00 eV. extinction coefficient in the wavelength range 550—750 nm.

The short-circuit exciton current density at the interface functions of the other materials included in the photovoltaic
=0 can be found as device, were used in the modeling of the experimental pho-
dn tocurrent action spectra. The absorption coefficients of
— , (33 PEOPT and & in the wavelength range corresponding to

dx x=0 the action spectrum of the photovoltaic devices were calcu-

which is related to the short-circuit photocurrent throughlated and are shown in Fig. 6. The PEOPg/@terface of
Jpnot= 0023, Whereq is the electron charge arg is the  bilayer structures of PEOPTéQon $|02/8| substrates was
efficiency of the exciton dissociation at the interface. Thedls0 studied with spectroscopic ellipsometry, and the inter-

resulting short-circuit photocurrent density generated at thi§ace was found to be sharp with no mixing of the two mate-
interface therefore is rials. The optical function of PEOPT shows an extinction

DuTN 4 coefficient with maximum at 475 nr{2.61 e\), which cor-
qoa ™ responds to a maximum in absorption at 468 (@65 e\) as
Jphodx=0=727—2-| —BA+BB—a+aCy+ —C
Photdx=0 (ﬂz—a2)< PAT BB ataCyt =6y given by Eq.(23). The onset of absorption is at about 620
nm (2.00 eV. In the case of g, the onset for absorption is
, (34) at about 725 nn(1.71 e\) with a rather sharp peak in the
extinction coefficient at 345 nr8.59 e\j and broader fea-
where the total quantum efficiency of the free charge generdlires with peaks at 447 n@.77 eV, and 611 nn{2.03 eV},
tion is defined a®= 6, 6,. In the same way for interface  respectively. It should also be noted that there is a shoulder
=d the short-circuit exciton current density can be found agt about 490 nni2.35 eV) and also a small shoulder at about
670 nm(1.85 e\j. The result for the optical function of thin
dn films of Cg4 is in good agreement with previous reported
Jee=—D ™ (35) 0 g g p p

Jexe=D

41
-sin T’?d+ 5

resultst’~1°

resulting with the generated short-circuit photocurrent den- With the use of the optical functions presented in Figs. 4
9 9 P and 5 and those obtained for the other materials inside the

x=d

sity as
q0aTN - . .
JPhothx=d:(BZTZ) BA-e Fi—pB.eflt a.-e” AL
4wy 5 osd
—aC,-e%d— — Ca-sin 4] . (36) = 087
o
] 1
From Egs.(34) and(36) it is seen that the generated photo- % 0.6
current is directly proportional to the intensity of the incident 8 ;
light at the photovoltaic device, since the intensity of the 5 047
incident light, I, is related to the incident photon flux s 00 ]
through,l,=hvN. 2 %]
< ]
0.0 4 S
IV. EXPERIMENTAL RESULTS AND DISCUSSION 400 450 500 550 600 650 700

Optical functions as determined from spectroscopic el- Wavelength (nm)

lipsometry data analysis of the active materials in the phOtof:IG. 6. The absorption coefficienteE 4mx/\) of PEOPT(solid line) and

V(_)ltaic device, i.e., th_e PEOPT and;4° are presen_ted in_ Cqo (dashed lingin the wavelength range corresponding to the action spec-
Figs. 4 and 5, respectively. These data, together with opticatum of the photovoltaic devices.
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FIG. 7. Calculated reflectioR and absorptioPA=1—R from a glass(1 ] /\
mm)/ITO (120 nm/PEDOT (110 nm/PEOPT (40 nm)/Cg, (35 nm/Al de- 0.0 T T

S REa
vice, which is schematically presented in the lower right corner. Y 50 100 150 200 250 300 350 400
Distance from Glass/ITO interface (nm)

; : : FIG. 8. Calculated distribution of the normalized modulus squared of the
device, the intensitfenergy reflectance can be calculated. optical electric field|E|? inside a photovoltaic device: glagé mm)/ITO

The reflectance is given &&=|r|?, wherer is given by EQ. (150 nmy/PEDOT (110 nm/PEOPT(40 nmy/Cao/Al with & e, layer thick-
(9). In Fig. 7, the calculated reflectance of a glassnm)/ ness of(a) 35 nm and(b) 80 nm for a wavelength of 460 nm.
ITO (120 nm/PEDOT (110 nm/PEOPT (40nm)/
Ceo(35nmV/Al device is presented. Since the Al layer is
much thicker than the penetration depth of light at theseseen in Fig. 8, the value ¢E|? at this interface for different
wavelengths, the total light absorption in the device is dethickness of the g, layer is very different. In Fig. 9, the
scribed by - R, which is also presented in the same figure.normalized modulus square of the electric field at the
The 1-R also represents the upper limit for the fraction of PEOPT/G, interface for a wavelength of 460 nm and for
incident photons at the device that can contribute to the phawo different thicknesses of the PEOPT layer is plotted ver-
tocurrent. Concomitantly, this must also be the upper limitsus thickness of the (g layer. A global maximum at about
for the photon to current collection efficiency of this particu- 35 nm for the G, layer thickness indicates that this is an
lar device. In this case we obtain a maximum of absorptioroptimal choice in order to maximize the photocurrent effi-
at about 460 nm where about 87% of the incident photongiency at this wavelength. It is important to note that this
are absorbed in the device. If all the absorbed photons in thenly holds for this wavelength, but this analysis still can be
device would contribute to the photocurrent, we would ob-used in order to maximize the peak efficiency of the device
tain a photon to current collection efficiency of 87%, which, by choosing the correct thickness at the proper wavelength.
of course, is not the case. However, this is of importance irOthers! have also used thegglayer as a spacer layer to
the evaluation of the design of the device. increase the optical electric field at the heterojunction in or-
The generation of photoexcited species at a particulader to enhance the photovoltaic efficiency. With thorough
position inside the thin film structure was in Sec. Ill B shown knowledge about the optical properties of the materials in-
to be proportional to the product of the modulus squared of
the electric field, the refractive index, and the absorption co-
efficient. Thus, the excitation distribution in fact is discon-

d =40 nm
=60 nm

tinuous at the interfaces since both refractive index and ex- 1 4 o

PEOPT

o
[
|

tinction coefficient changes at the interface. The calculated
distribution of the normalized modulus squared of the inci-
dent optical electric field for two device structures with two
different G, layer thicknes$35 and 80 nmfor A =460 nm
is presented in Fig. 8. It is seen th&|? is strongly influ-
enced by interference effects, which gives rise to a varying
value in the device. The /Al interface is the most domi-
nant boundary condition inside the device and is therefore
also to a large extent determining the distribution inside the
device. The active interface in the device is the PEORJ/C
interface, which acts as a dissociation site for excitons. Due
to the limited diffusion range of the excitons, only thoseFIG. 9. Calculated value of the normalized modulus squared of the optical
excitons that reach the dissociation site will contribute to theglectric field|E|? at the PEOPT/g, interface inside a photovoltaic device,
photocurrent. Thus, in order to maximize the number of ex2aSSt2 MM/ITO (120 nm/PEDOT(110 nm/PEOPT(40 nm/Ceo/Al, ver-

. L . . L sus thickness of theglayer for a wavelength of 460 nm. Arrows mark 31,
citons at this interface, we are interested in maximizing the;, and 87 nm thickness of theslayer, corresponding to photovoltaic
modulus squared of the electric field at this interface. Asdevices having their experimental IPCE shown in Fig. 11.

o e
ES =
A

IEP at PEOPT/CS0 interface
()
o
PE T

o
(=)
L

100 150 200 250 300
Thickness of C, layer (nm)

o
o ]
o
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FIG. 10. Measured photocurrent vs intensity of light at a wavelength of 50
nm incident at a photovoltaic device: gladsmm)/ITO (120 nm/PEDOT
(110 nm)/PEOPT(40 nm)/Cgq (32 nm/Al.

0FIG. 11. Experimental incident monochromatic photon to current collection
efficiency IPCE action spectrésolid line) of a glass(1 mm)/ITO (120
nm)/PEDOT (110 nm/PEOPT(40 nm)/Cg,/Al devices with different thick-
ness of the g layer and the best fit from modé&lashed ling The starg*)
mark the wavelength corresponding to the prediction of the model in Fig. 9.

cluded in the device, a much more detailed and fundamental the inset a magnification of experlmenta_l and model d_ata in the wave-
. ength range 590—-700 nm for the device with a 31 nm thigk |&yer are

analysis can be performed. However, a more correct way tg, wn.

optimize the efficiency of the device for its whole action

spectrum and not only one wavelength is to consider the total

efficiency of the device, by integrating the efficiency for all varying the thickness of the (g layer and the diffusion
wavelengths in the action spectrum of the device and maxiranges of the PEOPT andy{n order to obtain a best fit of
mizing the integrated value. model data to multiple sets of experimental data. To model
Experimental data of photocurrent versus intensity of thehe experimental short-circuit photocurrent action spectra, it
incident light at one wavelength for a glagsmm)/ITO (120 was not sufficient only to use contributions to the photocur-
nm)/PEDOT (110 nm/PEOPT (40 nm)/Cg, (32 nm)/Al de-  rent from the polymer to obtain a good fit. Thus, contribu-
vice, representative for the devices studied in this work, igjons from the G, layer to the photocurrent were also in-
shown in Fig. 10. Similar results were obtained for othercluded in the modeling to obtain a reasonable fit of model
wavelengths. According to Eqs34) and (36) there should  data to experimental data. For that reason and assumption
be a linear dependence between the photocurrent and integs), stated in Sec. Ill A, both the PEOPTyQinterface and
sity of the incident light, that is)ppqis< 15, Wherer=1. The  the G /Al interface were acting as dissociation sites for the
light intensity dependence of the photocurrent as describedxcitons created in thegg At these dissociation sites the
by the value of the photocurrent-light exponerdre related  total quantum efficiency of the free charge generation was
to the efficiency of the generation and dissociation of theassumed to be unity. Figure 11 shows experimental IPCE
excitons and the electrical characteristics of the photovoltaigurves for three devices with different thickness of thg C
device. As seen in Fig. 10, there is a linear dependence beayer, 31, 72, and 87 nm, respectively. As can be seen in the
tween the photocurrent and intensity for the studied devicessxperimental IPCE curves they have a similar shape but with
with the photocurrent-light exponent very close to unity asquite a different absolute value. Arrows in Fig. 9 mark the
an indication of the validity of the assumptions used in thethickness of the & layers corresponding to these values.
modeling of the experimental photocurrent action spectrahe most efficient device has gg3ayer thickness of 32 nm,
(see Sec. lll A which is very close to the optimal thickness as described
The efficiency of a photovoltaic device can be describedyreviously. Also, there is a photocurrent above the absorp-
by the incident monochromatic photon to current collectiontion edge of PEOPT620 nnj indicating a contribution from
efficiency(IPCE), which gives us the ratio between the num- the G, to the photocurrent. This is also supported by the
ber of generated charge carriers contributing to the photocusmall peak/shoulders at about 610 and 670 nm, see the inset
rent and the number of incident photons. The IPCE, in perof Fig. 11, which were found as a peak and a shoulder at the
cent, is given as same position in the extinction coefficient o§dC Also in-
Iphoto cluded_ in the graph is a best fit of modeled data from a data
N (37) analysis where model data were fitted to the three data sets
0 simultaneously. The advantage of fitting multiple data sets
where Jpnot iS the short-circuit currentuA/cm?), 1, and\  simultaneously is the parameters such as the diffusion range
are the intensityW/m? and the wavelengtiinm), respec- of PEOPT and g, are assumed to be the same for all three
tively, of the incident light. In the IPCE value the photocur- data sets and independent of the energy with which the ex-
rent is normalized by the intensity of the incident light which citons were created. In this way the correlation between the
therefore is eliminated from Eq§34) and (36) when calcu-  diffusion range of PEOPT andggand the G, layer thick-
lating the modeled photocurrent action spectrum. The calcuress, which are the parameters varied in the fit, decreases and
lated short-circuit photocurrent action spectra were fitted tdhe confidence in the fit is increased. The data fit shows a
the experimental data with the Gauss—Newton algorithm byery good agreement between model and experimental data

IPCH%)=1240x
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25 7 let anomaly that cannot be directly understood from the poly-
] Experimental mer absorption. We consider both of these experimental
effects to be caused by absorption in thg €blid, and pro-
vide direct evidence for photocurrent generation from the
fullerene layer.

Photoconductivity in &, layers has been observed
before, and the origin of such photoconductivity in terms
of electron-hole pair generation or exciton generation has
been discussed. More important are the theoretical studies
L T s TR R ——— of the excitations of polymer dondmolecular/polymer
400 450 500 550 600 650 700 accepto?’?8 The presence of photoinduced electron transfer

Wavelength (nm) in such structures has been modeled as a decay of an exciton
FIG. 12. Experimental and calculated incident monochromatic photon toloca.tec.j on th? pOIymer Into a Contmlflum_“ke Cha.}rge transfer
current collection efficiency, IPCE, action spectra, and the contribution fromeXC'tat'on' Within the modellng of R'Ce_GartStémno ac-
the PEOPT and & layer, respectively, as obtained in the model. count is given of the case of a photoexcited acceptor trans-
ferring a hole to the polymer donator.
Our modeling has been based on the assumption that the

resulting in diffusion ranges of 4.7 nm for PEOPT and 7.7photocurrent generation occurs by diffusion of the excited
nm for Gy, These diffusion ranges seem to be quite smalstate to do charge transfer at the polymeg/terface. We
but for PEOPT diffusion ranges of the same order whichextract values of 4.7 nm for this diffusion length and are then
have been obtained in photoluminescence studiddore-  seriously concerned with the validity of the model. This
over, in Fig. 11 stars(*) mark the wavelength N  length corresponds to 10-12 monomer units of poly-
=460 nm) corresponding to the model prediction in Fig. 9.thiophene, which is only slightly longer than the length of
The IPCE value at this wavelength is 19.3%, 8.2%, and 5.49%he diffusing object—which makes diffusion a suspicious
for the 31, 72, and 87 nm thick g layer, respectively. In terminology.
order to see the different contributions to the photocurrent ~We consider that our results imply that the excited state
from the PEOPT and & layer, respectively, Fig. 12 shows leading to charge generation can also be created by optical
the experimental data and best model fit data for the devicgbsorption in the donor. This is consistent with the sugges-
with 31 nm G, layer thickness together with these contribu-tion by Vacar and Heeger that the excited state leading to
tions. Rather unexpected is that the largest contribution teharge transfer is distributed over a long distance and ex-
the photocurrent comes from thggayer and only a smaller tending deep into the polymer lay€tonly now we must
part is due to the PEOPT over the total spectral range. Belowlso consider the inclusion of the;{JJayer in the modeling.
the absorption edge of PEOPT the total contribution is fromThe nature of this delocalized state, which must be assumed
the G as expected. The same relation between the PEOPID extend over the polymer/gjunction, is not known. An-
and G contributions is also valid for the different thick- other probe of this effect is through the disappearance of
nesses of the £ layer. We also note that it was possible to luminescence due to formation of charge transfer states. Ex-
obtain reasonable good fit of model data to experimental datperiments on the photoluminescence quenching in polymer/
by only considering the contribution from the PEOPJJC Cgq contacts—a photoluminescence solely generated from
interface, omitting the /Al interface. The obtained exciton the polymer—are presently in progress and indicate that the
diffusion ranges became in this case almost the same factive layer close to the polymerggjunction is of similar
PEOPT(5.4 nm but about twice for the g (14.1nm, and  thickness to that of the diffusion length of excitons here
with the drawback that the obtained thicknesses of the C deduced® No photoluminescence is available to probe this
layers showed a larger deviation from those obtained byffect on the G, side.
measurements using ellipsometry than in the case above. In this modeling no considerations of the electrical prop-
Diffusion ranges for g, are unfortunately not available for erties of the device were taken. This means that we assume
comparison. However, the contributions to the photocurrenall generated charge carriers to contribute to the short-circuit
from the PEOPT relative to thegglayer were the same as photocurrent. Although this assumption is not correct, the
those shown in Fig. 12. modeling of the distribution of the optical electric field and
The generation of photocurrent at polymeyd@inctions its influence on the short-circuit photocurrent action spectra
has been attributed solely to excitations inside the polymeare important factors to take into account in the construction
phase in previous experimental wdrk!>?1?ANe note, how-  of photovoltaic heterojunction devices. However, in order to
ever, that the spectral distribution of photocurrent generatiombtain a correct description of the behavior of this type of
in Cgo>® and in PPV/G, system$® shows the same small device, the electrical properties of the device should also be
bumps/shoulders at the energies at about 6102068 e\ included in the model.
and 670 nm(1.85 eV} as we observe in these systems; we  Finally, we note that the reflectance predicted for the
also observe them in various polymer bleng/@ouble layer thin film device puts an upper limit to the absorption in ac-
devices®>?® In all polymer/Gy, double layer devices studied tive materials, and we can therefore estimate the internal
so far, we also observe the dramatic enhancement of quaguantum efficiency with the ratio between experimentally
tum efficiency in the blue range of wavelengths, an ultravio-observed IPCE divided by the absorption in the device. This
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