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JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 10 15 NOVEMBER 2003
Cathode dependence of the open-circuit voltage of polymer:fullerene
bulk heterojunction solar cells

V. D. Mihailetchi,a) P. W. M. Blom, J. C. Hummelen, and M. T. Rispens
Molecular Electronics, Materials Science CentrePlus, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

~Received 3 July 2003; accepted 28 August 2003!

The open-circuit voltage (VOC) of bulk-heterojunction solar cells based on@6,6#-phenyl C61-butyric
acid methyl ester ~PCBM! as electron acceptor and poly@2-methoxy-5-
~38,78-dimethyloctyloxy!-p-phenylene vinylene# (OC1C10-PPV) as an electron donor has been
investigated. In contrast to the present understanding, it is now demonstrated that for non-ohmic
contacts the experimentalVOC is determined by the work function difference of the electrodes. A
total variation of more than 0.5 V of theVOC was observed by variation of the negative electrode
~cathode! work function. For ohmic contacts theVOC is governed by the LUMO and HOMO levels
of the acceptor and donor, respectively, which pin the Fermi levels of the cathode and anode. The
band bending created by accumulated charges at an ohmic contact produce a considerable loss in
VOC of 0.2 V at room temperature. The experimentally observed voltage loss inVOC of 0.38 V due
to the presence of ohmic contacts at both interfaces strongly limits the maximum open-circuit
voltage of OC1C10-PPV/PCBM solar cells. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1620683#
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I. INTRODUCTION

Photovoltaic devices prepared from blends of conjuga
polymers and fullerene derivatives are promising candida
for solar energy conversion due to their mechanical flexi
ity, lightweight, and potential low cost of fabrication o
large areas.1 The efficient photoresponse of these devic
originates from the ultrafast electron transfer from the c
jugated polymer~donor! to fullerene ~acceptor!.2 Over the
last few years, a sustained effort has been made to imp
the device performance of organic solar cells based
methanofullerene @6,6#-phenyl C61-butyric acid methyl
ester ~PCBM! as electron acceptor an
poly@2-methoxy-5-~38,78-dimethyloctyloxy!-p-phenylene vi-
nylene# (OC1C10-PPV) as an electron donor. The develo
ment of the bulk-heterojunction~BHJ! concept, as well as
improving the solid state morphology of the components a
that of the blend, has lead to power conversion efficienc
up to 2.5% under AM1.5 illumination for this specifi
donor–acceptor tandem.3

Essential parameters which determine the power con
sion efficiency of thin film photovoltaic devices are th
short-circuit current (JSC), the open-circuit voltage (VOC),
and the fill factor. It has been shown that theJSC is sensitive
to the film morphology, solvent type, or depositio
method.4,5 Formation of a bulk heterojunction by mixing th
polymer ~donor! and the fullerene~acceptor! lead to an en-
hancement ofJSC due to an increased interface area
charge separation. However, it is still much lower than
JSC reported for inorganic devices. This lower photocurre
is mainly due to the spectral mismatch between the sunl
and the absorption spectrum of the polymers~and fullerenes!
used, as well as the limited transport of the separated ch

a!Electronic mail: v.d.mihailetchi@phys.rug.nl
6840021-8979/2003/94(10)/6849/6/$20.00
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carriers to the electrodes due to the low charge carrier
bility in organic materials.

On the other hand, organic solar cells produce quite
spectable open-circuit voltages. It has been demonstr
that for a photodiode, based on a single layer of a conjuga
polymer, theVOC scales with the work function differenc
between electrodes, and thus follows the metal-insula
metal ~MIM ! model.4 In bilayer devices made by electron
and hole-accepting polymers, theVOC also scales linearly
with the work function difference, however, with an add
tional contribution depending on the light intensity.6 This
contribution is due to the accumulation of charge carriers
the organic/organic interface, giving rise to a diffusion cu
rent which must be compensated by a drift current at o
circuit. In BHJ solar cells, a linear correlation of theVOC

with the reduction potential of the acceptor has be
reported.7 The fact that a slope unity was obtained indica
a strong coupling ofVOC to the reduction strength of th
acceptors. In case of ohmic contacts, meaning that the n
tive and positive electrodes match the lowest unoccup
molecular orbital~LUMO! of the acceptor and the highe
occupied~HOMO! level of the donor, respectively, such
correlation is expected. The maximumVOC for this case is
schematically indicated byVOC1 in Fig. 1 and is thus gov-
erned by the bulk material properties. In case of non-ohm
contacts, as is depicted in Fig. 1, a reducedVOC with mag-
nitudeVOC2 is expected, according to the MIM model. How
ever, a very weak variation of theVOC of only 160 meV has
been observed when varying the work function of the ne
tive electrode from 5.1 eV~Au! to 2.9 eV~Ca!.7 This devia-
tion from the MIM model has been explained by pinning
the electrode Fermi level to the reduction potential of t
fullerene. For the design of future solar cells it is importa
to understand whether theVOC of BHJ devices can be
adapted by the choice of the electrodes and whether theVOC
9 © 2003 American Institute of Physics
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6850 J. Appl. Phys., Vol. 94, No. 10, 15 November 2003 Mihailetchi et al.
is a bulk property~as shown by solid arrow in Fig. 1! or an
electrode property~shown by dotted line in Fig. 1!, or a
combination of both. In the present study we first study
electronic properties of various negative top electrodes
PCBM-only devices. The information regarding th
alignment of the Fermi level of the various electrodes
PCBM is then applied to the experimental data
OC1C10-PPV:PCBM based solar cells. We demonstrate t
the VOC of the cells can be varied over more than 0.5 eV
changing the work function of the top electrode.

II. RESULTS AND DISCUSSION

A. Open-circuit voltage of PCBM only device

In order to study a possible pinning of the Fermi level
the negative top electrode on PCBM, devices consisting
single layer of PCBM were investigated as a reference.
devices were produced on top of a glass substrate, cov
by indium-tin-oxide ~ITO!. As a bottom electrode, a hol
transport layer of PEDOT:PSS~Bayer AG! was spin-coated
under ambient condition, then the layer was dried in
oven. Subsequently, PCBM was spin cast from a chlorob
zene solution. Finally, gold~Au! ~50 nm!, silver ~Ag! ~80
nm!, or lithium fluoride ~LiF! ~1 nm/aluminum~Al ! ~100
nm! were thermally evaporated (pressure,1026 mbar) as
the top electrode.

When a metal is making intimate contact with a sem
conductor or insulator, at equilibrium, the Fermi levels
two materials will coincide. If the work function of the meta
is higher then the LUMO level of the semiconductor,
interface barrierwb for electrons will be formed@Fig. 2~a!#.
As indicated in Fig. 2~a! for two of these blocking contacts
the VOC of the device is given by difference between t
metals work functions. For the PCBM devices a schem
diagram is shown in Fig. 2~a!, whereM2 is the bottom elec-
trode~PEDOT:PSS,wM255.2 eV) andM1 is the evaporated
top electrode~Ag,Au,LiF/Al !. From Fig. 2~a! it appears that

wb1qVOC5wM22LUMO, ~1!

whereq is electric charge,wb is electron barrier height,wM2

is PEDOT:PSS work function~5.2 eV!, and LUMO is the

FIG. 1. Schematic variation ofVOC with acceptor strength~solid double
headed arrow,VOC1) or/and electrode work function~dotted arrow,VOC2), in
a donor/acceptor BHJ solar cell. The electron transfer, occurring at
donor/acceptor interface after light excitation, is indicated by the bent ar
Downloaded 17 Feb 2004 to 129.125.25.39. Redistribution subject to AIP
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position of the PCBM LUMO level with respect to vacuu
~3.7 eV!, respectively. Equation~1! indicates that for a given
bottom electrode work function~in this case PEDOT:PSS!,
the sum of electron barrier height andVOC is constant for
different top electrodes. It is important to note that in o
PCBM devices both the barrier height (wb) andVOC can be
independently determined fromJ–V measurements. The
barrier heights for electrons going from Ag and Au into t
LUMO level of PCBM have been determined by investig
tion of the injection limited electron current~ILC!.11 It was
recently demonstrated that the injection limited current
well described by hopping of charge carriers from the Fe
level of the metal into energetically disordered localiz
states of the organic semiconductor.9,10 According to this
hopping-based model, the ILC is determined by fo
parameters;9,10 the energy width of the density of localize
statess, the nearest hopping distancea, the dielectric con-
stante r , and finally the energy distance from the Fermi lev
of the electrode to the center of the Gaussian DOS of
PCBM transport states~i.e., the barrier heightwb). From the
field and temperature dependence of the electron mobility
PCBM s50.073 eV and a53.460.1 nm have been
extracted.12 Also, the dielectric constant ofe r53.9 has been
found from impedance measurement. In Fig. 3, the cal
lated ILC of PCBM, according to the hopping based mod
is plotted, together with experimental data, obtained at
ferent temperatures. Using a barrier heightswb of 0.65 and
0.76 eV for Ag and Au, respectively, without any other fre
parameter, the calculated ILC is in a good agreement w
the experimental results. Apparently, the injection barrier
the Au/PCBM contact is strongly reduced as compared to
band offset, from which a barrier of about 1.4 eV was e
pected. It has been demonstrated by ultraviolet photoem
sion spectroscopy~UPS! that at the Au/C60 a strong interface
dipole exists, which lowers the Au/C60 interface barrier by

e
.

FIG. 2. Schematic band diagram of a metal-insulator-metal~MIM ! device
with non-ohmic contact for electrons and holes~a!, and electron ohmic
contact~b!. Before metal contact~upper image! and after contact and unde
short-circuit condition~lower image!. Thewb andDVb are injection barrier
height for electrons at a non-ohmic contact and the voltage loss at an o
contact, respectively.wM1 andwM2 are the metal work functions.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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0.64 eV.13 With the band offset of 1.4 eV this would give ris
to an injection barrier of 0.76 eV, which exactly equals t
barrier as extracted from theJ–V measurements. This inter
face dipole is then responsible for the relatively lar
injection-limited electron current of the Au/PCBM contac
indicating that the Au work function is pinned at about 4.
eV, in contact with PCBM. The Ag electrode is in the po
tion ~4.35 eV! where is expected from its work function, a
was also demonstrated by UPS measurements.13

As a further control experiment, theJ–V characteristics
under illumination for ITO/PEDOT:PSS/PCBM/cathode d
vices with silver and gold cathodes were determined. Th
data are shown in Fig. 4. The relatively low photocurre
exhibited by the pure PCBM device is due to the poor lig
absorption in visible range. The obtainedVOC for Ag ~0.84
V! and Au ~0.74 V! were measured in the saturation regim
~by checking at different light intensities!. For both elec-
trodes the sum of the barrier height~ILC measurements! and
VOC ~photocurrent! equals 1.5 V, which in turn equals th
energy distance between the Fermi level of the PEDOT:P
~5.2 eV! and the LUMO of PCBM~3.7 eV!, as predicted by
Eq. ~1!. Thus the position of the metal Fermi level with r
spect to the LUMO level of PCBM is confirmed by tw
independent measurements.

The next issue to address is the situation in which
metal work functionwM1 is reduced to such an extent that
is even below the LUMO level of the semiconductor@as
shown in Fig. 2~b!#. In this case, alignment of the Ferm

FIG. 3. Injection limited electron current~ILC! J vs V as a function of
temperature~symbols! for an ITO/PEDOT:PSS/PCBM/top electrode devic
with thicknessL5110 nm. The top electrode is~a! Ag or ~b! Au. TheJ–V
characteristics, calculated according to the hopping model, are plotte
solid lines. The estimated built-in voltageVbi has been subtracted from th
applied bias.
Downloaded 17 Feb 2004 to 129.125.25.39. Redistribution subject to AIP
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level is achieved by charge transfer of electrons from
metal into the semiconductor, and an ohmic contact
formed. As a result, the electrode work function becom
pinned close to the LUMO level of the semiconductor,
shown in Fig. 2~b!.14 Furthermore, the accumulated charg
at the interface will create a band bending, which leads t
reduction of the electric field in the bulk of the device.15 The
resulting voltage loss, indicated byDVb in Fig. 2~b!, can be
numerically calculated as a function of the barrier heightwb ,
using a model by Simmons.16 In Fig. 5 the result is shown
for a device with thicknessL595 nm, at room temperature
It appears that for a barrier heightwb.0.25 eV the voltage
loss is negligible, since the barrier prevents the flow of el
trons from the metal into the semiconductor. However,
wb,0.25 eV the contact becomes ohmic and for zero barr
as shown in Fig. 2~b!, a voltage loss of typically 0.2 V has t
be taken into account. Thus, for an ohmic contact Eq.~1! is
modified to:

as

FIG. 4. J–V of ITO/PEDOT:PSS/PCBM/cathode devices, illuminated w
a white light halogen lamp~80 mW/cm2!. The cathodes are silver~dashed
line! and gold~dotted line!. The device was illuminated through the gla
substrate.

FIG. 5. Calculated voltage loss (DVb) due to the band banding, as a fun
tion of the barrier height (wb), for an ohmic contact. The parameters used
calculation are thicknessL595 nm, temperatureT5295 K, effective den-
sity of states in the conduction bandNc5331020 cm23 and the dielectric
constante r53.9.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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wb1qVOC1qDVb5wM22LUMO, ~2!

whereDVb , is the voltage loss due to the band banding
the ohmic contact.

The electron current injected from LiF/Al contacts w
shown to be space-charge limited~SCL!,12 indicating that
LiF/Al forms an ohmic contact for electron injection into th
LUMO level of PCBM.8,12As a result, the current is limited
by the bulk properties of the PCBM layer and no informati
about the contact, like a barrier height, can be obtained f
theJ–V measurements. Furthermore, direct measuremen
the VOC by using the photocurrent of an ITO/PEDOT:PS
PCBM/LiF/Al device was not possible due to the poor lig
absorption of the PCBM, leading to an unsaturatedVOC for
this device. Thus the experimental methods used on the
and Au devices do not apply to the PCBM devices w
LiF/Al contacts. However, it is possible to determine t
built-in potential in the device directly from theJ–V mea-
surements. It should be noted thatVOC is an accurate esti
mate for the built-in potential at low temperatures, but
room temperature it might underestimate the built
potential.7 In Fig. 6 the darkJ–V characteristics of an ITO
PEDOT:PSS/PCBM/LiF/Al device is shown. It can be o
served from Fig. 6 that the darkJ–V characteristic of a
PCBM device has three distinct regimes: At low voltage~0–
0.8 V!, the measured current is dominated by local leak
currents due to weak spots in the film, giving rise to ohm
behavior, which is symmetric for reverse bias. In the ran
0.8–1.3 V, the current increases exponentially with volta
In this regime the current is diffusion dominated, since
built-in electric field opposes the direction of the curre
When the flat band condition is reached, the current beco
space charge limited~drift dominated!.12 Consequently, the
built-in voltage can be read at the cross point between
exponential and SCLC regime, which amounts toVbi51.28
60.02 V. This value can be taken as an upper limit forVOC

in this device, but does not provide accurate informat
about the band bending at the LiF/Al-PCBM contact.

The results of the PCBM-only devices are summariz
in Table I. For non-ohmic contacts~Ag,Au! the sum of bar-

FIG. 6. Dark J–V characteristics~circles! of a PCBM-only device with
thicknessL5140 nm, together with calculated exponential current~dotted
line! and SCLC~solid line!, at room temperature.
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rier height and theVOC of the device is constant, being th
difference between work function of the bottom electro
and the LUMO level of PCBM. In the case of an ohm
contact theVOC is reduced due to band bending as a resul
accumulated charges. These results are relevant for the
derstanding of the open-circuit voltage of the polym
fullerene BHJ solar cells, which will be addressed in the n
section.

B. Open-circuit voltage of the OC 1C10-PPV:PCBM
blend device

With the position of the Fermi level of the Ag, Au, an
LiF contact known, with regard to the LUMO of PCBM, th
influence of the metal work function on theVOC of conju-
gated polymer:fullerence BHJ solar cells is investigated. T
active layer consists of a blend of conjugated polym
poly@2-methoxy-5-~38,78 dimethyloctyloxy!-phenylene vi-
nylene# (OC1C10-PPV) used as the electron donor and@6,6#-
phenyl C61-butyric acid methyl ester~PCBM! as the electron
acceptor. The PPV and PCBM was used in a ratio of 1:4
weight and it was spin coated from a chlorobenzene solu
on glass/ITO/PEDOT:PSS substrates. For the solar cells
~Au!, silver ~Ag!, palladium~Pd!, or lithium fluoride~LiF51
nm/aluminum~Al5100 nm! were thermally evaporated as
top electrode. The work function of PEDOT:PSS (wM2

55.2 eV) matches the HOMO level of OC1C10-PPV (5.3
60.1 eV), resulting in an ohmic contact for holes in the BH
solar cell, under forward bias condition. On the other si
LiF/Al makes an ohmic contact for electron injection into th
LUMO level of PCBM ~3.7 eV!. It should be stressed tha
for the PCBM-only devices with Au and Ag contacts, there
no band bending at either electrode, whereas for the s
cells with the same contacts there is additional band bend
at the PEDOT/OC1C10-PPV interface. Furthermore, in th
BHJ solar cell with a LiF/Al contact band banding occurs
both interfaces. For this particular device Eq.~2! modifies to:

q~VOC1DVb!5HOMOdonor2LUMOacceptor, ~3!

whereDVb is the sum of the voltage losses at each cont
due to the band bending. Equation~3! shows that for two
ohmic contacts theVOC is given by the difference betwee
the HOMO level of the donor (OC1C10-PPV) and the
LUMO level of the acceptor~PCBM!, minus the voltage
losses at these contacts due to the band banding. Follow
the same approach as in PCBM only devices, we started
the investigation of theVOC dependence on the metal wor
function with non-ohmic contacts.

TABLE I. PCBM characteristics forwb , DVb , andVOC for different cath-
odes together with calculation values according to Eq.~2!.

Cathode
wb

~eV!
VOC

~V!
DVb

~V!
wb1VOC1DVb

~eV!

LiF/A1 0 1.28a

Ag 0.65 0.84 0 1.49
Au 0.76 0.74 0 1.5

aValue estimated from the built-in field~Fig. 6!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Figure 7 shows theJ–V curves under illumination, of
four typical ITO/PEDOT:PSS/OC1C10-PPV:PCBM/electrode
BHJ devices using either LiF/Al, Ag, Au, and or Pd as t
negative electrode. The measuredVOC values are summa
rized in Table II, together with values for the respective el
tron barrier heights (wb). As stated above, in the BHJ sola
cells with Au and Ag contacts, there is additional band be
ing at the anode as compared to the PCBM-only devices
a result, the difference inVOC between the PCBM-only de
vices and the BHJ solar cells equals the voltage lossDVb due
to band bending at the ohmic hole contact. For both Au a
Ag this difference amounts to 0.1660.02 V, which is the
voltage loss due to band bending at the anode. This dem
strates that the solar cells with Ag and Au electrodes, w
corrected for the band bending at the anode, behave as
pected from the results of the PCBM only devices. Furth
more, the position of the Ag and Au electrode with regard
the LUMO of the PCBM is not modified by the presence
the polymer in the blend.

For the LiF/Al contact the situation is more complicate
the upper limit for theVOC in a solar cell can be determine
from the temperature dependence ofVOC.17 At T50 K the
diffusion of charges into the semiconductor and result

FIG. 7. J–V curves of ITO/PEDOT:PSS/OC1C10-PPV:PCBM ~1:4 wt %!/
cathode BHJ photovoltaic devices under illumination, with different me
electrodes~symbols!. The device was illuminated with a halogen lamp wi
a power intensity of 80 mW/cm2. The VOC was found to be in saturation
regime in all cases.

TABLE II. OC1C10-PPV:PCBM BHJ solar cells characteristics@VOC; total
voltage loss due to ohmic contact (DVb) as a function of different top
electrodes; electron barrier heights (wb) are taken from the PCBM-only
characteristics from Table I;wM15LUMOPCBM1wb is the estimated effec-
tive metal work function, taking the barrier height into account#.

Cathode
wb

~eV!
VOC

~V!
DVb

~V!
wM1

~eV!

LiF/Al 0 0.902 3.7
Ag 0.65 0.674 0.158 4.35
Au 0.76 0.59 0.158 4.46
Pd 0.944a 0.398 0.158 4.644

aValue calculated from Eq.~2!: the measuredVOC from Fig. 7, taking into
account the average voltage losses at the Ag and Au interfaces.
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band bending are suppressed, andVOC approaches its
maximum value. In Fig. 8 the temperature dependence
VOC is shown, and extrapolation toT50 K gives aVOC of
1.3 V, in agreement with an earlier reported result.17 How-
ever, from the HOMO–LUMO difference betwee
OC1C10-PPV (5.3 eV) and PCBM~3.7 eV! an upper limit of
1.6 V for VOC would be expected. The question is wh
this maximumVOC amounts to only 1.3 V. It should be note
that the band diagrams as drawn in Fig. 2 assume a
defined band edge. However, both OC1C10-PPV and PCBM
are disordered semiconductors, in which the charge trans
is characterized by hopping in an energetically broade
Gaussian density of states~DOS!. The widths of the Gauss
ian DOS s for OC1C10-PPV and PCBM amount to 0.11
and 0.072 eV, respectively. The transport levels in the Gau
ian DOS are located at25/9* s2/kT from the center,18

implying that for OC1C10-PPV and PCBM the transpor
levels are located 0.25 and 0.1 eV from the cen
of the DOS, respectively. Consequently, th
HOMO~OC1C10-PPV!-LUMO~PCBM) distance of 1.6 eV,
deduced from the maxim of the Gaussian DOS, is effectiv
reduced to about 1.25 eV, which corresponds closely to
maximum obtainableVOC in the solar cells. Correcting the
upper-limit of Voc51.3 V for the band bending at ambien
temperature for two Ohmic contacts reduces theVoc further
to 0.9 V, which is in close agreement with the experimenta
observed value.

In an earlier study7 using Ca, Ag, Al, and Au as cath
odes, it has been demonstrated that the obtained variatio
VOC was less than 200 mV. Pinning of the Fermi level
PCBM surface states was suggested as a possible exp
tion. Also in our study the variation between LiF/Al, Ag, an
Au is rather small. However, it is important to realize that t
VOC of cells with Al and Ag cathodes behave in correspo
dence with the MIM model, without an additional contribu
tion by pinning. As we have shown, Ag is exactly at th
position where it is expected from its work function. Furthe
more, the Fermi level of LiF is pinned close to that of th
LUMO of PCBM @shown in Fig. 2~b!# due to the accumu-
lated charge carriers. Because of this pinning, theVOC will

l

FIG. 8. VOC as a function of temperature~symbols! for a device with active
layer of OC1C10-PPV:PCBM. The solid line represents the linear extrap
lation to T50 K.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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be independent of the work function of the cathode whene
its work function is lower than the LUMO of PCBM. There
fore, cells with such electrodes, like Ca and LiF/Al, shou
not be included in the analysis of a work function depe
dence ofVOC. The only cell of which the measuredVOC

strongly deviates from the MIM model is the one with the A
cathode. There are two possible explanations for its spe
behavior: First, the energy level of Au at the PCBM interfa
is close to those of Ag and Al because all metals are pin
at that position due to the presence of a large numbe
interface states. The alternative is that Al and Ag are
pinned by surface states and that the energy level of Au
coincidence is at the same position because of a strong i
face dipole.13 In order to discriminate between these optio
we also investigated the Pd electrode, which has a w
function comparable to Au. As can be seen in Fig. 7, theVOC

of cells with a Pd electrode is strongly reduced to 0.39
Although Pd is apparently shifted by 0.3 V with regard to
work function, a total variation of more than 0.5 V of th
VOC was observed by varying the negative electrodes. Th
results indicate that pinning of the metal Fermi level a
specific surface state of the methanofullerene is unlikely,
that Au is a special case because of its large interface dip

In Fig. 9 the results obtained in this study are summ
rized: the measuredVOC is plotted versus the position of th
Fermi level of the negative electrode, given by LUMOPCBM

1wb as obtained from our measurements. The dashed
shows the behavior as expected from the MIM model.16 Ac-
cording to this model,VOC increases linearly with the energ
level of the cathode and then pins when the PCBM LUM
level at 3.7 V is reached. The solid line represents the ca
latedVOC when the voltage loss due to band bending at
anode interface~;0.2 V! is taken into account. For meta
approaching the LUMO of PCBM, band bending at bo
interfaces~;0.4 eV! is taken into account. For cells wit
non-ohmic contacts, the observedVOC is in agreement with

FIG. 9. VOC as a function of effective position of the Fermi level of th
negative electrode~symbols! for devices with OC1C10-PPV:PCBM active
layer, at room temperature. The solid line represents the calculated v
according to the MIM model. The dotted line indicates the linear dep
dence ofVOC with the acceptor strength of the fullerene.
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the expected values. In this case,VOC is determined by the
work function differences of the electrodes. However, for t
ohmic contact the measured value of 0.9 V is lower than
predicted value of around 1.1 V, possibly due to the energ
disorder of the charge transport levels.

III. CONCLUSIONS

In conclusion we have shown that by variation of t
negative electrode the open-circuit voltage of the polym
fullerene BHJ solar cell varies by more than 0.5 V, whi
excludes the presence of a large amount of PCBM surf
states. A clear distinction between ohmic and non-ohm
contacts was elucidated: for non-ohmic contacts the exp
mentalVOC is in agreement with the work function differ
ence of the electrodes as expected from the MIM model
case of ohmic contacts, the negative and positive electro
match the LUMO of the acceptor and the HOMO of th
donor, respectively, which govern theVOC. Furthermore, the
band bending at the ohmic contacts reduce the open cir
voltage by typically 0.2 V for each contact. These volta
losses strongly reduce the maximum attainableVOC in an
OC1C10-PPV:PCBM BHJ solar cell at room temperature.
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