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Exciton diffusion and optical interference in organic donor–acceptor
photovoltaic cells
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The influence of the organic layer thickness on short-circuit photocurrent spectra and efficiency is
investigated in heterojunction photovoltaic cells with the electron donor materials
poly~p-phenylenevinylene! ~PPV! and Cu-phthalocyanine~CuPc!, respectively, together with C60 as
electron acceptor material. The main process of photocurrent generation after light absorption,
exciton generation, and exciton diffusion in the bulk of the absorbing material is given by the
exciton dissociation at the donor–acceptor interface. We determined a strong dependence of the
optimum layer thickness of the absorbing material on the exciton diffusion length by systematically
varying the layer thickness of the electron donor material. Additionally, a significant photocurrent
contribution occurred due to light absorption and exciton generation in the C60 layer with a
subsequent hole transfer to PPV, respectively, CuPc at the dissociation interface. Using a simple rate
equation for the exciton density we estimated the exciton diffusion lengths from the measured
photocurrent spectra yielding~1263! nm in PPV and~68620! nm in CuPc. By systematically
varying the layer thickness of the C60 layer we were able to investigate an optical interference effect
due to a superposition of the incident with backreflected light from the Al electrode. Therefore both
the layer thickness of the donor and of the acceptor layer significantly influence not only the
photocurrent spectra but also the efficiencies of these heterolayer devices. With optimized donor and
acceptor layer thicknesses power conversion efficiencies of about 0.5% under white light
illumination were obtained. ©2001 American Institute of Physics.@DOI: 10.1063/1.1394920#
ju
te

di

te
y

n
th

ni
of
ive
ie

-
e
u

th
th
h
o

ju
ita

ime
ter
re-

ells
tor
the
nce

ted

d at
th

the
te-
er-
/
an
-
the
ters
lso

m-

the

to
cal
rec-
ns
I. INTRODUCTION

Organic thin film photovoltaic devices based on con
gated polymers and conjugated low molecular-weight ma
rials with high absorption coefficients are promising can
dates for efficient photon-to-current conversion.1–16 While
photovoltaic cells consisting of a single layer of a conjuga
polymer in general exhibit low efficiency of energ
conversion,4–7 blends8,12,17,18 and heterojunctions1,3,10,19,20

with materials having high electron affinity considerably e
hance not only the photon-to-current efficiency but also
more important power conversion efficiency.

The primary step of photocurrent generation in orga
thin film photovoltaic devices is due to the creation
strongly bound excitons after light absorption in the act
absorbing parts of the devices with exciton binding energ
EB of some tenths of an eV~e.g.,EB50.4 eV for excitons in
the conjugated polymer PPV!.6,21 The generation of sepa
rated charges occurs as a result of dissociation of th
strongly bound excitons by interaction with interfaces, imp
rities, or defects, or in high electric fields. Competing pa
ways are radiative and nonradiative recombination,
former being important especially in materials with hig
photoluminescence efficiency. A very efficient exciton diss
ciation process has been found by Sariciftciet al.22 in the
ultrafast photoinduced electron transfer from excited con
gated polymers to the lowest unoccupied molecular orb
~LUMO! of the Buckminsterfullerene C60. This ultrafast

a!Electronic mail: thomas.stuebinger@uni-bayreuth.de
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electron transfer takes place on a subpicosecond t
scale,3,22–26which is about three orders of magnitude fas
than typical radiative lifetimes of a few nanoseconds. The
fore the main dissociation process in heterojunction c
takes place only at or in the vicinity of the donor–accep
interface. Dissociation processes in the bulk region of
materials can be neglected. The fact that photoluminesce
quenching occurs within a range of 5 nm in a conjuga
polymer in contact with an additional C60 layer27 confirms
the assumption that exciton dissociation is sharply locate
the donor–acceptor interface if the exciton diffusion leng
is small like in PPV.

The generation of excitons is strongly dependent on
distribution of the light intensity inside the absorbing ma
rial, which consequently influences the photovoltaic prop
ties of the cells.20 Additionally, reflections at the metal
organic interface leading to optical interference effects c
significantly affect the distribution of the light intensity in
side the device. Therefore the layer thicknesses of both
donor and the acceptor layers are important parame
which influence the quantum efficiencies of the cells, a
because of the low charge carrier mobilities~,1 cm2/V s!
and low conductivities in the respective materials as co
pared to inorganic semiconductors.28–31

Different models have been developed to describe
photovoltaic action spectra.4,32–36 Harrison et al.34 give a
thorough description of some of these models. Common
all of them is the assumption that the intensity of the opti
electric field shows an exponential decrease along the di
tion of propagation inside the device structure, reflectio
2 © 2001 American Institute of Physics
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and interference are neglected. These effects become e
cially important for thin film structures, where layer thick
nesses are comparable to the penetration depth of the
dent light, and also in the case of a highly reflecting re
contact as, for example, in the case of the metal electro
normally used in organic photovoltaic cells.

In this article we report on experimental results of t
influence of the organic layer thicknesses, the exciton di
sion length, and possible optical interference effects
short-circuit photocurrent spectra of thin film organic pho
voltaic devices. We focus on donor–acceptor heterojunc
systems between the conjugated polymer poly~p-phenylene-
vinylene! ~PPV! and Buckminsterfullerene~C60!,

3,9 and be-
tween the low molecular-weight material Cu-phthalocyan
~CuPc! and C60.37 These materials have been previously
vestigated in similar configurations partially with differe
donor or acceptor materials,1,2,38,39 however, no systematic
investigations with respect to the influence of the layer thi
nesses were reported. In order to estimate the exciton d
sion lengths of the absorbing donor materials from our m
sured photocurrent spectra we used a simple rate equatio
the exciton density assuming that charge separation only
curs at the PPV/C60, respectively, the CuPc/C60 interface.

II. EXPERIMENT

A. Device fabrication and characterization

The typical device structure and the used materials
schematically shown in Fig. 1. The two different dono
acceptor systems were in both cases sandwiched betwe
transparent, conducting anode@indium tin oxide ~ITO!#,
through which the cell was illuminated, and an opaq
~backreflecting! Al counterelectrode. We used commercia
available glass substrates coated with ITO~Flachglas, 20
V/h!, which were cleaned with different solvents in an u
trasonic bath followed by an oxygen plasma treatment
order to enhance the work function of ITO and to impro

FIG. 1. Chemical structure of poly~p-phenylenevinylene! ~PPV!, Cu-
phthalocyanine ~CuPc!, poly~3,4-ethylenedioxythiophene!: poly~styrene-
sulfonate! ~PEDOT:PSS!, and Buckminsterfullerene C60 . Device structure
and direction of illumination in ITO/CuPc/C60/Al ~a! and ITO/PEDOT:PSS/
PPV/C60/Al ~b! heterolayer devices.
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wetability for the aqueous solution of poly~3,4-ethylene-
dioxythiophene!:poly~styrenesulfonate! ~PEDOT:PSS! in the
case of PPV/C60 cells.

Thin films of PPV were obtained by spin coating th
soluble tetrahydrothiophenium precursor40,41 and subsequen
thermal conversion~at 180 °C for 2 h under vacuum!. By
changing the concentration of the PPV-precursor solution
achieved a systematic variation of the layer thicknesse
the range of 20–150 nm. The PPV/C60 system consisted o
an additional PEDOT:PPS layer~'25 nm! between the ITO
anode and PPV@see Fig. 1~b!#. This polyelectrolyte~Baytron
P, purchased from Bayer AG! was used due to the fact that i
devices with PEDOT:PSS the photocurrent is improved42–45

and current–voltage characteristics do not show leak
even for very thin PPV layer thicknesses,50 nm as com-
pared to devices without PEDOT:PSS. The C60 layer in the
PPV/C60 bilayer system was evaporated on top of the po
mer under high vacuum conditions~,131026 mbar! with a
mean evaporation rate of'0.1 nm/s. The CuPc/C60 donor–
acceptor systems were built-up by evaporation of both
CuPc and the C60 layer under the same high vacuum cond
tions and also with a mean evaporation rate of'0.1 nm/s. A
systematic variation of the layer thicknesses was perform
by preparing up to six devices with different thickness
only one vacuum cycle in order to obtain the same prepa
tion conditions for comparable investigations. After evapo
tion of the fullerene layer in both donor–acceptor syste
the metal cathode~aluminum! was evaporated under hig
vacuum conditions in the same vacuum cycle as the organ
By a shadow mask four independent contacts each with
area of'14 mm2 were obtained on one substrate. In order
minimize aging effects~e.g., by oxygen or moisture!, devices
were stored inside a glove-box system with nitrogen atm
sphere after preparation and between measurements.

For the device characterization, especially for the pho
current spectroscopy and for the current–voltage charac
istics under illumination, a 150 W xenon arc lamp served
a source of white light. This white light passed through
Bentham monochromator in order to obtain monochroma
light which was then focused onto the entrance window
the cryostat. In our experiments, we used a blazed gratin
the monochromator, ruled with 1200 lines/mm, together w
appropriate long-pass filters to cover the whole visible sp
tral range~380–780 nm!. Measurements of short-circuit pho
tocurrents of the different devices were performed with
Keithley 6517 electrometer during illumination with mono
chromatic light through the transparent ITO anode. The
tensity of the light was measured separately using a c
brated silicon photodiode placed at the same position as
samples. For the current–voltage characteristics~I –V char-
acteristics! in the dark and under white light illumination
~without passing through the monochromator! we used a
Keithley 236 source-measure unit. All photoelectric me
surements were performed at room temperature under
vacuum conditions to prevent the devices from pho
oxidation. Optical absorption spectra were measured on fi
deposited on quartz glass substrates with a Perkin–El
Lambda2 UV/vis-spectrometer.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Before correcting the wavelength-dependent illumin
tion intensity we verified that there was a linear depende
of the photocurrent on the intensity of the incident lig
(Jphoto}I 0

t! for all our studied devices witht51. The light
intensity dependence of the photocurrent as described by
value of the exponentt is related to the efficiency of excito
generation and dissociation and the electrical characteri
of the photovoltaic cell. Witht51 bimolecular recombina
tion can be neglected and therefore all photocurrent spe
could easily be normalized to a constant light intensity
140 mW/cm2 for monochromatic illumination.

B. Optical absorption spectra

The different absorption spectra of the used materials
shown in Fig. 2. The absorption coefficients were obtain
on films with layer thicknesses of'50 nm comparable to the
thicknesses in the photovoltaic devices. PPV shows a br
absorption band in the high energy range of the visible sp
trum with an absorption peak atl5420 nm and an absorp
tion edge atl5520 nm leading to an optical band gap of 2
eV. Because of the lack of absorption in the long wavelen
range~550–780 nm! PPV is not very suitable for white ligh
applications over the whole visible spectrum and especi
not for the air mass 1.5 solar spectrum. The absorption c
ficient at the absorption peak of PPV is very high (amax

'3.33105 cm21! resulting in a short penetration depth
only dmin'30 nm. So even at very thin layer thicknessesd
<dmin there is still considerable light absorption in PP
making thin film photovoltaic devices possible.

CuPc shows high absorption in the long wavelen
range ~amax'23105 cm21 at l5620 nm! and hardly any
absorption in the short wavelength range of the visible sp
trum between the two absorption edges atl5390 and 500
nm. The corresponding penetration depthdmin'50 nm at the
wavelength of the absorption peak in the low wavelen
range also permits the investigation of thin CuPc layers w
d<50 nm. However, the main absorption peak appears in
UV with amax'2.53105 cm21 at l5330 nm, which is not
very favorable for sunlight applications.

FIG. 2. Absorption spectra of poly~p-phenylenevinylene! ~PPV!, Cu-
phthalocyanine~CuPc!, and Buckminsterfullerene C60 in thin films. CuPc
and C60 show complementary absorption spectra in the visible spec
range.
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In the long wavelength range~l>550 nm! C60 shows
almost no absorption but high absorption in the ultravio
range. A significant contribution to the absorption spectr
also occurs in the short wavelength range with an absorp
maximum atl5440 nm~amax'1.13105 cm21!.

For PPV/C60 there is a significant overlap of the absor
tion spectra in the short wavelength range~380–550 nm! and
a very weak absorption of both materials in the long wa
length range. By contrast, in the CuPc/C60 bilayer system
CuPc and C60 have nearly nonoverlapping but compleme
tary absorption spectra in the whole visible spectral ran
Therefore we can distinguish between light absorption in
CuPc layer and in the C60 layer by choosing the adequa
wavelength, making it possible to investigate separately
fects like exciton generation and diffusion in the absorb
material or optical interference. Therefore the CuPc/C60 het-
erolayer device is the more favorable system to be syst
atically investigated in comparison with the PPV/C60 system
with its overlapping absorption spectra.

III. RESULTS AND DISCUSSION

For organic single layer photovoltaic devices, the re
tionship between the photocurrent and absorption spectra
be classified into two types: symbatic and antiba
response.34 In the former case the photocurrent spectrum c
relates well with the absorption spectrum, so that the ma
mum photocurrent is obtained at the wavelength of the str
gest absorption. In the latter case, there is a local minim
of the photocurrent at maximum absorption and the max
of the photocurrent spectrum occur for photon energies n
the absorption edge. In single layer devices with one oh
and one Schottky contact antibatic behavior typically occ
for illumination through the ohmic contact and symbatic r
sponse for illumination through the Schottky contact.34,35 In
this case the main exciton dissociation takes place at
Schottky contact due to the high internal field in the vicin
of the electrode.

The typical symbatic–antibatic transition can be o
served by increasing the layer thickness of the organic se
conductor material from very thin layers comparable to
penetration depth~d&dmin! to very thick layers~d@dmin!
resulting in thickness-dependent photocurrent spectra.

A. Thickness dependence of photocurrent spectra

In the following experiments we used bilayer system
with C60 in order to locate the main exciton dissociation
the donor–acceptor interface due to the photoinduced e
tron transfer. The additional fullerene layer does not cha
the distance between the illuminated ITO electrode and
dissociation interface but improves the photon-to-elect
conversion efficiency not only in PPV/C60 systems but also
in CuPc/C60 systems as compared to the respective sin
layer devices with the same donor layer thicknesses.

In the two donor–acceptor systems PPV/C60 and CuPc/
C60 we systematically varied the layer thicknesses of e
donor layer~PPV, CuPc! at a constant C60 layer thickness
and of the C60 layer thickness at constant donor layer thic
nesses in order to investigate the influence of the differ
layers separately.

al
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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First the PPV/C60 donor–acceptor system was inves
gated with the variation of the PPV layer thickness. In F
3~a! the photocurrent spectra for different PPV layer thic
nesses are shown. The C60 layer thickness was kept consta
at ~3864! nm in all cases. The typical transition from sym
batic to antibatic behavior can be seen with increasing P
layer thickness. The photocurrent peak shifts towards lon
wavelengths with increasing donor layer thickness and
photocurrent spectra no longer correlate with the absorp
spectra of PPV. There is a maximum photocurrent for a P
layer thickness of~2364! nm, which is slightly lower than
the penetration depth of PPV. With increasing PPV la
thickness the photocurrent response becomes more anti
similar to single layer devices with a PPV/Al-Schottky co
tact. There is also a small contribution from the C60 layer to
the photocurrent at short wavelengths~l5350 nm! and in the
long wavelength range~l5620 nm!.

In a second experiment with a PPV donor layer thickn
of ~2464! nm, we systematically varied the C60 layer thick-
ness. The results of the photocurrent spectra can be se
Fig. 3~b!. With increasing C60 layer thickness the shape o
the main photocurrent peak does not change significa
There is a maximum peak value for a C60 layer thickness of
~2762! nm. The photocurrent spectra clearly exhibit the co
tribution of C60 with increasing layer thickness in the sho
wavelength range atl5350 nm. The optimum C60 layer
thickness can be a result of an optical interference betw
incident light and light backreflected at the Al electrod
However, due to overlapping absorption spectra~see Fig. 2!

FIG. 3. Photocurrent spectra of ITO/PEDOT:PSS~25 nm!/PPV/C60/Al het-
erolayer devices.~a! Variation of the PPV layer thickness at a fixed C60 layer
thickness of~3864! nm and~b! variation of the C60 layer thickness at a
fixed PPV layer thickness of~2464! nm.
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we cannot distinguish between the influence of PPV a
C60.

Therefore our investigations were mainly focused on
CuPc/C60 donor–acceptor system. First the variation of t
CuPc layer thickness for a fixed C60 layer thickness is inves
tigated. There are two main contributions to the photocurr
in the CuPc/C60 bilayer system as can be seen in Fig. 4~a!.
The first one in the long wavelength range~550–780 nm! is
due to absorption in the CuPc layer. A second contribution
the photocurrent spectra is found in the wavelength rang
negligible CuPc absorption between 400 and 500 nm. In
range the C60 absorption is high and exciton generation o
curs in the bulk of C60. In order to achieve such a significan
photocurrent contribution an efficient dissociation mech
nism at the donor–acceptor interface is required. This can
achieved by a hole transfer from generated excitons in C60 to
the highest occupied molecular orbital~HOMO! of CuPc.
There is also the typical transition from symbatic to antiba
response of the photocurrent spectra with increasing C
layer thickness in the long wavelength range~550–780 nm!,
the region of bare CuPc absorption. For thin CuPc layerd
,80 nm the photocurrent maximum occurs at the wa
length of the absorption peak. At thicker CuPc layers t
photocurrent maximum turns into a local minimum repr
senting the antibatic response. Further there is a global m

FIG. 4. Photocurrent spectra of ITO/CuPu/C60/Al heterolayer devices.~a!
Variation of the CuPc layer thickness at a fixed C60 layer thickness of
~3864! nm and~b! variation of the C60 layer thickness at a fixed CuPc laye
thickness of~5764! nm.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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mum of the photocurrent for a CuPc layer thickness
~5866! nm. In the wavelength region of bare C60 absorption
there is no significant change of the shape of the photo
rent contribution with increasing CuPc layer thickness.

Through the variation of the C60 layer thickness from
~1965! nm to ~13367! nm at a constant CuPc donor lay
thickness of~5764! nm we obtained significant changes
the photocurrent spectra in the whole visible spectral ra
@see Fig. 4~b!#. In the range of CuPc absorption~550–780
nm! the photocurrent first increases with increasing C60 layer
thickness, then reaches a maximum photocurrent at
wavelength of the absorption peak for a C60 layer thickness
of ~7465! nm and afterwards decreases with further incre
of the C60 layer thickness until it starts to increase aga
around 600 nm for the thickest C60 layer. Because of the
constant CuPc layer thickness no transition from symbati
antibatic response is visible. At shorter wavelengths~400–
500 nm! there is an equivalent behavior, but the global ma
mum is already reached at a thinner C60 thickness of~4464!
nm, which means that the optimum C60 layer thickness is
dependent on the wavelength of the incident monochrom
light. There is also a continuous redshift of the photocurr
peak in the short wavelength range, which is repeating p
odically with increasing C60 layer thickness. These chang
of the shape and magnitude of the photocurrent spectra
cate an optical interference effect at the dissociation interf
leading to periodically modulated photocurrent spectra.
order to prove this effect we rearranged the obtained dat
order to get a more detailed impression of this effect in
following section.

B. Interference effect

In order to prove the occurrence of the optical interf
ence effect at the dissociation interface, the obtained ph
currents are plotted versus the C60 layer thickness for differ-
ent wavelengths in Fig. 5. A periodic modulation of th
photocurrent with the C60 layer thickness with increasing pe
riod for larger wavelengths can be seen. The lines in Fig
are fit curves using a simple interference model which w
be discussed below and where C60 absorption is neglected.

The light intensity at the dissociation interface
strongly influenced by optical interference effects due to
reflecting Al backcontact, which is the most domina
boundary condition. By increasing the C60 layer thicknessd
also the distance between the backreflecting Al electrode
the dissociation interface is changed leading to a perio
modulation of the light intensity inside the device. The lig
intensityI 1(d,l) at the donor–acceptor interface is given
the following equation~only light propagation perpendicula
to the substrate plane is considered!:

I 1~d,l!5I 0~l!sin2@k~l!d2w~l!#

with

k~l!5
2pn~l!

l
. ~1!
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Therein I 0(l) is the intensity of incident monochromati
light ~after passing the CuPc layer!, k(l) the wave vector in
C60, n(l) the refractive index of C60, and w(l) a phase
shift.

Equation~1! is only correct if C60 absorption is negli-
gible. The additional phase shiftw~l! is introduced to allow
for a possible shift of the active zone away from the CuP
C60 interface, which can occur when the exciton diffusio
length in one of the materials is in the same range as
layer thickness. In this case excitons generated away f
the dissociation interface also contribute to the photocurr
leading to a shift of the effective interface position. It h
been found thatw'0 in the wavelength range of C60 absorp-
tion andw,0 for CuPc absorption, which indicates a rel
tively large exciton diffusion length in CuPc~to be discussed
in the next section!. On the other hand the possibility of
finite penetration depth of the light waves into the me
electrodes in the range of a few nanometers can also shif
nodes of the standing light waves.

Fits of Eq.~1! to the observed periodic modulation of th
photocurrent are shown as lines in Fig. 5. The obtained
fractive index of C60 is about~2.560.3! in the wavelength
range 400–650 nm and about~2.060.3! above this range,
which is comparable to literature data.20,46The drop at about
650 nm can be ascribed to a slight decrease of C60 absorption
at about the same wavelength~see Fig. 2!.

A problem with the simple interference model given b
Eq. ~1! appears at short wavelengths and for thick C60 layers.
In the short wavelength range C60 absorption is sufficiently
high leading to exciton generation in C60 and a non-
negligible photocurrent contribution as mentioned abo
Thus the simple interference model has to be modified
additional terms including absorptiona~l! and exciton gen-
erationc(l) in the C60 layer. The light intensity at the dis
sociation interface is then given by

FIG. 5. Dependence of the photocurrent on the C60 layer thickness at a fixed
wavelength in ITO/CuPc/C60/Al heterolayer devices. Data are taken fro
Fig. 4~b!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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I 2~d,l!5I 1~d,l!exp@2a~l!d#1c~l!

3@12exp~2a~l!d!#. ~2!

The result for the modified model is shown in Fig. 6 f
a wavelength of 440 nm~region of strong C60 absorption!.
The exponential decay of the photocurrent due to C60 absorp-
tion @first term in Eq.~2!# is clearly seen together with a
increasing offset of the photocurrent for thicker C60 layers
@second term in Eq.~2!#, which saturates for infinite C60

layer thickness at a value of'I 0(l)/4.
As can be seen in Fig. 5 the maximum value of t

photocurrent occurs at the first maximum of the perio
modulation with increasing C60 layer thickness and is there
fore dependent on the wavelength of the incident monoch
matic light. By choosing the corresponding thickness
photocurrent efficiency of the device could be maximiz
under monochromatic light illumination. For the whole vi
ible spectral range and white light illumination, however, t
best C60 layer thickness must include both main contrib
tions to the photocurrent and should be in the range of 40
nm.

The predicted optimum~35 nm! and worst~80 nm! C60

layer thickness calculated for a polymer/C60 heterostructure
by Petterssonet al.20 show good agreement with our expe
mental results at the corresponding wavelength~l5460 nm,
see Figs. 5 and 6!. Beckeret al.47 reported that nonradiative
energy transfer is important for distancesd<(90/n) nm from
the metal electrode~n: refractive index!. In our case, how-
ever, we have found no evidence for exciton quenching
to the Al-metal cathode even for thin C60 layers~d,40 nm!
since the photocurrent modulation can be simply descri
by optical interference. The optimum layer thickness
therefore not influenced by quenching effects of the me
electrode, at least for the investigated C60 layer thickness
above 20 nm.

C. Exciton generation and diffusion

In Sec. III A we have shown that for the variation of th
PPV or CuPc donor layer thickness at a constant C60 layer
thickness a typical transition from symbatic response for
photocurrent spectra for thin layers to an antibatic respo

FIG. 6. Interference effect in the ITO/CuPc/C60/Al heterolayer device: com-
parison of measured data with the interference model once including
once neglecting the additional C60 contribution.
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for thick donor layers occurs. As seen in Figs. 3~a! and 4~a!
there is a global maximum of the photocurrent at a PPV la
thickness of~2364! nm and at a CuPc layer thickness
~5866! nm in the visible spectral range. We will now an
lyze this behavior in more detail. Furthermore we will sho
that the optimum layer thicknesses allow us to estimate
exciton diffusion length in the respective material by using
simple exciton diffusion equation.

Several theoretical models have already been develo
to relate the photocurrent response to the absorption s
trum. However, their assumptions are different regarding
nature of the initially photoexcited species and the mec
nisms of charge generation and transport. In the pape
Harrison et al.34 the different models developed by Ghos
et al.,35 Tang and Albrecht,33 DeVore,36 Ghosh and Feng,4

and Désormeauxet al.32 were thoroughly discussed. Al
though in a qualitative sense, all of these models offer
intuitively reasonable description of the experimental resu
at room temperature and since the models predict very s
lar photocurrent responses, it is extremely difficult to dist
guish between whether charge carriers are generated dir
as a result of photoexcitation~intrinsic photogeneration!, or
indirectly by interaction of photoexcited excitons with imp
rities, defects, traps, and interfaces~extrinsic photogenera
tion!. The latter is predominantly the case for single lay
devices with the exciton dissociation at the organic/me
interface.

In the used heterolayer devices with C60 as an electron
acceptor it is obvious that the main exciton dissociat
mechanism is the ultrafast photoinduced charge transfer22 at
the donor–acceptor interface. Our model in principle is
mixture of the models of Ghosh and Feng,4 Tang and
Albrecht,33 and Désormeaux32 where the charge carrier dif
fusion is described by the standard diffusion equation. Ho
ever, in our case we do not describe the diffusion of gen
ated charge carriers, but the diffusion of generated neu
excitons in the bulk of the absorbing material.20,27,48Further
on, our model is extended to take into account the photo
duced electron transfer at the donor–acceptor interf
within the thin film structure. Further assumptions in o
model are that~1! the absorbing layer is semi-infinite, so th
far away from the illuminated electrode all light is absorb
and optical interference effects cannot occur.~2! There is no
contribution to the photocurrent spectra from possible ex
ton dissociation in the bulk, i.e., no intrinsic dissociation.~3!
Effects of reabsorption of fluorescent light, which has be
shown to have a non-negligible influence on the spatial
citon distribution in molecular single crystals,49 are not taken
into consideration in this model because they only play
minor role in these devices. In the case of PPV, which ha
photoluminescence~PL! efficiency of about 15%–20%, ther
is a fairly large spectral redshift of the PL with respect to t
absorption spectrum so that reabsorption should not pla
major role. In the case of CuPc the PL is much weaker
that reabsorption effects are negligible.~4! Bimolecular re-
combination does not occur, and finally~5! all generated
charges are contributing to the steady state photocurrent,
no trapping of charges occurs inside the device.

nd
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Starting from the continuity equation for neutral excito
and additional terms for exciton generation and exciton
combination the time-dependent exciton diffusion equat
becomes:34,50

]nexc~x,t !

]t
5gaN0~ t !~12R!e2ax2

nexc~x,t !

texc

1Dexc

]2nexc~x,t !

]x2 2F~x2xint!nexc~x,t !.

~3!

In Eq. ~3! the time-dependent exciton densitynexc is de-
scribed by four different terms all dependent onx, which is
the distance from the illuminated ITO electrode into the b
of the absorbing material. The first one represents the exc
generation with the number of incident photonsN0(t) and
the internal photon-to-exciton efficiencyg. Because of re-
flectivity losses at the glass substrate an additional term
2R) is included. The exciton generation term is mainly d
termined by the exponential decay of the light intensity
the absorbing layer. The second term represents exciton
combination with a recombination lifetimetexc. The exciton
diffusion is expressed by the third term with the exciton d
fusion constantDexc. The last term on the right-hand side
Eq. ~3! stands for exciton dissociation at the donor–accep
interface~xint) with the dissociation rateF(x2xint).

The time-dependent differential equation for the excit
density nexc @Eq. ~3!# is solved for stationary illumination
(]nexc/]t50) and with the boundary conditionsnexc(x50)
50 ~drain of excitons at the illuminated ITO electrode! and
nexc(x→`)50 ~no exciton creation far away in the bulk
because all light is absorbed before! by

nexc~x!5
gN0~12R!

Dexc

aL2

12~aL !2 ~e2ax2e2~x/L !!. ~4!

~The latter boundary condition has to be changed if
donor layer thickness is of the same magnitude as the
etration depth and if another organic layer or a metal in
face is involved.! ThereinL is the exciton diffusion length
defined as

L5ADexctexc. ~5!

This expression@Eq. ~4!# gives the exciton density in th
bulk of the absorbing material without exciton dissociation
the donor–acceptor interface. Similar exciton concentra
profiles are reported elsewhere.48,50,51We note that while it is
generally accepted that metal electrodes completely que
the excitons in their vicinity this process has not yet be
directly proven for ITO. However, there is evidence that ph
toluminescence~and thus excitons! are quenched in a rang
of 20–25 nm from the ITO electrode,47,52 so the assumption
of an exciton sink20 as the boundary condition may be jus
fiable.

Figure 7 shows exciton density profiles according to E
~4! for different parameter values ofL anda. The maximum
exciton density always occurs at a distancexmax from the
illuminated ITO electrode given by
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xmax5
L ln~aL !

aL21
. ~6!

This position of the maximum exciton densityxmax is
only dependent on the exciton diffusion lengthL and the
absorption coefficienta of the absorbing material. For th
special case ofaL51 the maximum exciton density is ob
tained atxmax5L and its value is highest as compared
other combinations ofa andL. Therefore the exciton diffu-
sion lengthL is an important quantity that determines th
optimum thickness of the absorbing layer.

The exciton dissociation processes at donor–accepto
terfaces or at metal–organic interfaces, respectively, lead
slight modification of the exciton density model with an a
ditional rate term for the strongly located exciton dissoc
tion, which is only significant at or in the vicinity of the
specific interface, especially at a donor–acceptor interf
studied here~dissociation in the bulk region is neglected!.

An important guideline for the fabrication of donor
acceptor heterolayer devices is to place the exciton disso
tion interface right at the position of the maximum of th
exciton density, where the highest amount of excitons is
cated. This means that the optimum layer thickness of
donor material is then equal to the distancexmax from the
illuminated ITO electrode given by Eq.~6! and is therefore
only dependent on the two material parametersa andL. With
this equation we can plot the position of the maximum ex
ton densityxmax versus the exciton diffusion lengthL ~see
Fig. 8! in order to estimate the values ofL for PPV and
CuPc. This relationship is shown in Fig. 8 fora52
3105 cm21 corresponding to the photocurrent maximum
the PPV/C60 system atl5480 nm and in the CuPc/C60 sys-
tem atl5620 nm. From the experimentally obtained op
mum layer thicknesses of PPV and CuPc~see Sec. III A! we
estimate the corresponding exciton diffusion lengths
LPPV5(1263) nm andLCuPc5(68620) nm. The error esti-
mates result from the limited number of investigated lay
thicknesses and, especially in the case of CuPc, the l
spacing between different layer thicknesses. The reprod
ibility of the photocurrent values in different experiments
much better than these error estimates.@The fact that the
photocurrent spectra of CuPc/C60 devices of two independen

FIG. 7. Exciton density in the bulk of the absorbing material versus dista
x from the illuminated ITO electrode for different values ofa andL.
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evaporation processes perfectly match in the case of the
terference effect~see Sec. III B! clearly demonstrates th
high reproducibility in these cells.# The obtained values o
the exciton diffusion length are comparable to literature d
for oligo-PPV47,53and PPV,9,54 respectively, and for differen
metal-phthalocyanines.50,55Although this is only a rough es
timation of L it shows that the optimum donor layer thick
ness is mainly determined by the exciton diffusion lengthL
of the material.

With these numbers it is possible to simulate the pho
current spectra for different donor layer thicknesses qua
tively yielding the typical symbatic–antibatic transition wi
increasing layer thickness of the absorbing material. Ho
ever, due to several unknown wavelength-dependent qu
ties, like g or R, which can change the shape of the pho
current spectra, and the presence of the interference effec
are not able to calculate quantitative photocurrent spec
Further factors to be considered are the electric trans
behavior of the organic layers and the question if the se
rated charge carriers are driven by drift processes~due to the
built-in field caused by different work functions of the ele
trodes! or by diffusion processes~due to the gradient of the
carrier density at the interface!. Therefore a quantitative de
vice modeling requires further studies of these related iss

D. Photovoltaic efficiency

The efficiency of a photovoltaic device can be describ
by the incident monochromatic photon-to-current efficien
~IPCE!, which gives the ratio between the number of gen
ated charge carriers contributing to the photocurrent and
number of incident photons. The IPCE is given as

IPCE@%#5124
uJscu@mA/cm2#

l@nm#3I 0@mW/cm2#
, ~7!

whereJsc is the short-circuit photocurrent, andI 0 andl are
the intensity and the wavelength, respectively, of the incid
light.

The obtained IPCE values for the PPV/C60 and the
CuPc/C60 donor–acceptor system with variation of the a
sorbing donor layer thickness are shown in Fig. 9. The

FIG. 8. Dependence of the position of maximum exciton density on
exciton diffusion length. With the optimum layer thicknessesdopt5xmax of
the absorbing donor materials received from the measured photocu
spectra@Figs. 3~a! and 4~a!# the corresponding exciton diffusion lengthL for
PPV and CuPc is estimated.
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tained values represent the maximum IPCE of each sp
trum, which is achieved at different wavelengths as
consequence of spectral shifts due to the symbatic–antib
transition. The maximum IPCE value in the PPV/C60 system
is about 10% and in CuPc/C60 about 3%.

Apart from the photocurrent spectra, current–volta
characteristics are necessary to obtain the most impor
photovoltaic quantities, like filling factor FF or power con
version efficiencyhP , which are defined by Eq.~8! includ-
ing the open circuit voltageVoc and the short-circuit photo
currentJsc:

FF5
u~V3J!umax

uVoc3Jscu
and hP5

uFF3Voc3Jsc

I 0
. ~8!

In Fig. 10 the I –V characteristics in the dark and und
white light illumination are shown for a typical CuPc/C60

bilayer system in a semilogarithmic plot. There is a low r
verse current and a high rectifying behavior in the da
Upon illumination the current for negative applied voltag
changes significantly due to the high photocurrent contri
tion leading also to a nonzero, positive open circuit volta
Voc.

More information can be obtained from a linear plot
the I –V characteristics in the fourth quadrant. This is sho
in Fig. 11 for white light illumination with I 0

e

nt
FIG. 9. IPCE in PPV/C60 and CuPc/C60 heterolayer devices for various laye
thicknesses of the absorbing donor materials.

FIG. 10. I –V characteristics in the dark and under white light illuminatio
in an ITO/CuPc~57 nm!/C60~83 nm!/Al bilayer device.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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518 mW/cm2 for the PPV/C60 and CuPc/C60 bilayer system
with optimized donor layer thicknesses. The short circ
photocurrent and the filling factor are comparable for b
systems, but the open circuit voltageVoc in the PPV/C60

system is more than twice as large as in the CuPc/C60 sys-
tem.

In Fig. 12 the power conversion efficiencyhP versus
short-circuit photocurrentJsc under the same illumination
conditions is shown for both donor–acceptor systems.
data were obtained from the variation of the C60 layer thick-
ness as discussed before in Sec. III A. As a results, whic
not shown, the open circuit voltage is independent of the60

layer thickness.hP is therefore proportional toJsc and hence
proportional to the quantum efficiency IPCE. This mea
that the higher values ofVoc and IPCE automatically lead t
a higher power efficiency for PPV/C60. Figure 12 shows tha
by optimizing the C60 thickness a considerable increase
the power efficiency to values exceeding 0.5% in PPV/60

and about 0.2% in CuPc/C60 can be achieved even wit
simple bilayer devices.

IV. CONCLUSION

We have investigated the influence of light absorptio
exciton diffusion, and optical interference on organic pho
voltaic devices in a bilayer donor–acceptor heterojunct

FIG. 11. I –V characteristics under white light illumination for a PPV~24
nm!/C60~19 nm! ~a! and a CuPc~57 nm!/C60~19 nm! ~b! bilayer device with
optimized donor layer thicknesses.

FIG. 12. Power efficiency versus short circuit photocurrent under w
light illumination for PPV/C60 and CuPc/C60 cells with different C60 layer
thicknesses as given in Figs. 3~b! and 4~b!.
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configuration. Assuming that charge carrier separat
mainly takes place at the donor–acceptor interface due
photoinduced electron and hole transfer, we were able
investigate the influence of the specific position of this d
sociation interface on the short-circuit photocurrent spec
of PPV/C60 and CuPc/C60 systems through the variation o
the individual layer thicknesses. The advantages of com
mentary absorption spectra of CuPc and C60 allowed us to
distinguish between an interference effect due to stand
light waves in the C60 layer and exciton generation and di
fusion in the CuPc layer separately. From the variation of
C60 layer we obtained an optimum thickness of this lay
between 40 and 60 nm depending on the illumination wa
length. The typical transition from symbatic to antibatic r
sponse, leading to the optical filter effect, is obtained
increasing the absorbing CuPc layer thickness. From
simple exciton density model we derived that the optimu
layer thickness of the absorbing material is mainly det
mined by the exciton diffusion lengthL. From the obtained
optimum donor layer thicknesses we estimated the exc
diffusion lengths in CuPc@LCuPc5(68620) nm# and in PPV
@LPPV5(1263) nm#, respectively. Power conversion effi
ciencies hP.0.5% were achieved with optimized dono
layer thicknesses under white light illumination at 1
mW/cm2.
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