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Measuring the current-voltage characteristic of organic bulk heterojunction solar devices sometimes reveals
an S-shaped deformation. We qualitatively produce this behavior by a numerical device simulation assuming a
reduced surface recombination. Furthermore we show how to experimentally create these double diodes by
applying an oxygen plasma etch on the indium-tin-oxide anode. Restricted charge transport over material
interfaces accumulates space charges and therefore creates S-shaped deformations. Finally we discuss the
consequences of our findings for the open-circuit voltage Voc.
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I. INTRODUCTION

Since the efforts to build organic photovoltaic devices be-
gan, groups around the world tried to create the ideal semi-
conductors and device configurations.1,2 The first experi-
ments with bilayer solar cells where soon superseded by
devices with a blended active layers of two different semi-
conductors. Those bulk-heterojunction solar cells nowadays
achieve power-conversion efficiencies of up to 8% bringing
the economical break even within reach.3,4

Experiments with innovative organic semiconductors, but
also well-known systems, sometimes show an S-shaped de-
formation of the device current-voltage characteristic. In-
stead of an exponential current-voltage ratio as expected for
diode structures, the response of such a device in conducting
direction shows a local saturation and a later again increasing
current around at a certain applied voltage region. A similar
behavior was reported for inorganic copper-indium-gallium
diselenide �CIGS� based devices which was attributed to the
influence of a chargeable cadmium sulfide buffer layer, cre-
ating an illumination-dependent energetic barrier.5 In organic
multilayer solar cells this deformation was observed several
times in literature and was attributed to surface dipoles.6–8

For numeric simulations a careful description of device
interfaces therefore should lead to a double diode character-
istic. In most publications metal-organic interfaces are de-
scribed by a Schottky contact. The boundary condition for
the charge-carrier densities therefore is defined by the ther-
mionic emission theory resulting in a fixed charge-carrier
density at the interface.9–11 Restrictions in the ability to trans-
fer charges from one side of the junction to the other can be
expressed by the surface recombination rate.12 By the latter,
models such as mirror charge effects at metal-organic inter-

faces can be described, resulting in surface charge-carrier
densities different than predicted by the thermionic emission
theory.13 For organic solar cells the importance of low sur-
face recombination rates on the power-conversion perfor-
mance was already discussed, mainly for minority
charges.14,15

Beside these boundary conditions at the interfaces various
models for physical effects inside the solar-cell bulks are
available for numerical simulations. Optical interference cal-
culations are used to determine the spatial charge-carrier
generation by absorbed light for different device
geometries.16,17 Assuming the existence of charge-transfer
states during the generation process an electric field depen-
dence can be assigned based on the assumption of Gaussian-
distributed exciton binding distances.10 From the energetic
and spatial disorder in organic materials charge-transport
models for the mobility of electrons and holes could be de-
duced using Monte Carlo simulation techniques.18–20 Combi-
nations of those models are often used to compare and evalu-
ate experimental data.21,22 Nevertheless none of these models
is able to predict S-shaped current-voltage characteristics in
simple device geometries as discussed in this paper.

Within this paper, we will show how to experimentally
create S-shaped current-voltage characteristics of organic
bulk heterojunction solar cells by an extended oxygen
plasma etching of the indium-tin-oxide �ITO� anode. Using a
numerical simulation, we qualitatively reproduce this double
diode assuming reduced surface recombination velocities at
the anode. We will discuss the effects able to create S-shaped
deformations as well as the consequences of our findings for
organic photovoltaic devices.
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II. METHODS

A. Experimental methods

For the solar-cell preparation structured ITO glass was
successively cleaned in soap water, acetone, and isopropanol
in each case for 10 min in an ultrasonic bath. The anode was
exposed to an oxygen plasma etching with a certain nitrogen
concentration for various time scales to change the ITO work
function.23 On this substrate, an optional layer of poly �3,4-
ethylenedioxythiophene� poly�styrenesulfonate� �PEDOT-
:PSS� was spin coated and transferred into a nitrogen atmo-
sphere before annealing the PEDOT:PSS for 10 min at
130 °C. The active layer consisting of poly �3-hexyl
thiophene� �P3HT� as donor and �6,6�-phenyl-C61 butyric
acid methyl ester �PCBM� as acceptor was spin coated from
a chlorobenzene solution �ratio 1:0.7�. Finally, a second an-
nealing step at 130 °C for 10 min and the evaporation of the
metal Ca/Al cathode completed the solar-cell assembly. The
materials were purchased from H.C. Starck �PEDOT:PSS�,
Rieke Metals �P3HT�, and Solenne �PCBM�. The current-
voltage characteristics were recorded by a Keithley 237
source measurement unit under an artificial AM1.5g sun
spectrum with a spectral radiance of 100 mW /cm2, simu-
lated by a 300 W xenon lamp adjusted by a mismatch factor.
Layer thicknesses and the ITO roughness were determined
by a Veeco Dektak 150 profilometer.

B. Numerical methods

In order to simulate current-voltage characteristics, we
use the elliptic differential equation system of Poisson equa-
tion,

�F

�x
=

q

�0�r
�p�x� − n�x�� , �1�

two charge-transport equations for electrons and holes,

Jn = q�n�nF + Dn � n/�x� , �2�

Jp = q�p�pF − Dn � p/�x� , �3�

and the continuity equations in steady state,

�Jn

�x
= q�G�x� − R�x�� , �4�

�Jp

�x
= − q�G�x� − R�x�� . �5�

Discretized and combined with models for charge-carrier
generation G�x� and recombination R�x�, this can be solved
numerically using approximations according to Gummel and
Scharfetter.9,24–26

As basic parameters information on the charge-carrier
mobilities for electrons �n and holes �p, the corresponding
effective charge-carrier densities Nc, Nv, the temperature T,
and the material effective dielectric permeability �r are re-
quired. F denotes the electrical field.

Inside the blend, excitons generated by light on the poly-
mer chains are splitted up on a femtosecond time scale when

reaching a donor-acceptor �polymer-fullerene� interface.27

The hole remains on the donor’s highest occupied molecular
orbital �HOMO� whereas the electron is transferred to the
lowest unoccupied molecular orbital �LUMO� of the accep-
tor due to the energetic advantage of this state. Assuming an
effective medium approach this process is allowed every-
where inside the active layer leading to free charge carriers
which are transported through the device. The energy differ-
ence between the acceptor’s LUMO and the donor’s HOMO
energy is used as the effective band gap Eg. For all presented
calculations, the charge-carrier generation rate G�x�=G0 is
set to be constant throughout the device.

The charge-carrier recombination process inside the ac-
tive layer which is bimolecular and nongeminate is described
by the Langevin theory28,29

R =
q

�0�r
��n + �p��np − ni

2� . �6�

This rate is proportional to the product of charge-carrier den-
sities for electrons n and holes p until the thermally activated
ground state is reached, which is indicated by the intrinsic
charge-carrier density

ni = �NcNv exp�Eg/2kBT� , �7�

using the Boltzmann constant kB and the dielectric vacuum
permeability �0.

According to the thermionic emission theory, we calculate
the thermally activated charge-carrier densities at the con-
tacts by the energetic distance between the anode work func-
tion and hole conducting HOMO level at the interface, de-
fined as the injection barrier �p

nth = Nc exp��− Eg + �p�/kBT� , �8�

pth = Nv exp�− �p/kBT� . �9�

Vice versa the injection barrier �n is the difference between
the electron conducting LUMO and the cathode Fermi level
at the cathode.

In analogy, the local charge-carrier density inside the ac-
tive layer can be calculated from the energetic distance of
conductive bands and their corresponding quasi-Fermi levels
EFn and EFp,

n = Nc exp��EFn − ELUMO�/kBT� , �10�

p = Nv exp��EHOMO − EFp�/kBT� . �11�

In order to represent metal-semiconductor charge-transfer
processes in a general way, we use the surface recombination
rate for electrons and holes defined by

Js = qS�n − nth� . �12�

Since this equation does not exclusively describe recombina-
tion, but an extraction of charge carriers out of the bulk it
also can be considered as an extraction rate. In contrast to the
thermionic emission theory the amount of surface charges n
is changed by the surface recombination velocity S, which
defines the current transferred across the metal-
semiconductor interface. As we consider an active material
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between two metallic electrodes, we assume four indepen-
dent surface recombination velocities Sn,p

a,c, for electrons and
holes at each electrode, as listed in Table I. Due to the dif-
ferent amount of charge carriers, holes and electrons at the
anode are denoted as majority and minority charge carriers.
Vice versa at the cathode, holes and electrons are the minori-
ties and majorities. Straightforward we distinguish between
majority and minority surface recombination velocities.

All presented calculations were performed with the pa-
rameter set given in Table I unless otherwise noted.

III. RESULTS

A. Experimental results

In Fig. 1 typical current-voltage characteristics of the
P3HT:PCBM organic solar cells without a PEDOT:PSS layer
under various oxygen plasma treatment time scales are
shown. Within the first 10 s the power-conversion efficiency
increases from 0.72% to 2.9%. The open-circuit voltage is
enhanced from 270 to 560 mV, the fill factor from 0.36 to
0.56 and the short-circuit current from 7.37 to
9.23 mA /cm2.

After 500 s of oxygen plasma treated the samples undergo
an efficiency loss to 0.0017%. This can be attribute to the
drastically drop of short-circuit current to 0.047 mA /cm2.
The open-circuit voltage decreases slightly to 235 mV, the
fill factor to 0.15. The measured roughness of the ITO sub-
strate was not changed during the oxygen plasma etching
within the profilometer noise level of 5 nm. The active-layer
thickness of all measured samples was about 230 nm.

Deposing a PEDOT:PSS layer on top of the treated ITO
anode slightly improves the initial solar-cell working effi-
ciency. In contrast to a cell without PEDOT:PSS the first 10

s of oxygen plasma etch do not improve this value. Longer
treatment durations result in an equivalent S-shaped charac-
teristics behavior but with a constant Voc level �not shown�.

B. Numerical results

In order to explain the experiment qualitatively, we focus
on the effect of metal-semiconductor interfaces, namely, a
reduction of the surface recombination velocities at the hole
extracting contact �anode� for majority charge carriers. By
limiting the majority surface velocity from infinity �numeri-
cally �1050 m /s� to 10−4, 10−6, 10−9, and 10−11 m /s,
S-shaped IV curves are produced as shown in Fig. 2. With
the parameters given in Table I and infinite surface recombi-
nation velocities, we retrieve an open-circuit voltage of 609
mV. For the given reduced surface recombination velocities,
Voc drops down to 360 mV. The calculated short-circuit cur-
rent decreases from 7.41 to 4.34 mA /cm2, the fill factor
from 0.41 to 0.18.

IV. DISCUSSION

Metal-organic junctions posses an intrinsic charge-carrier
density described by the injection barrier according to the
thermionic emission theory. By this parameter no prediction
on the amount of conducted charge is made. If there are any
restrictions on the charge-extraction process this needs to be
expressed by the surface recombination velocities according
to Eq. �12�. If we assume a constant current that has to be
transported through the interface, a reduction of the surface
recombination velocity S has to be compensated by addi-
tional charges at the junction �n−nth�, maintaining the passed
currrent. These piled-up charges therefore create an applied
voltage-dependent space-charge region which modifies the
device energetic band structure. In Fig. 2 the effect of con-

TABLE I. Standard parameters used in the macroscopic simula-
tion except as noted otherwise. An infinite surface recombination
velocity is represented as 1050 m /s in the numeric calculations.

Parameter Value Description

Eg 1.1 eV Effective band gapa,b

�n, �p 0.0 eV, 0.1 eV Injection barriers

�n, �p 10−8 m2 /V s Mobilitiesc

L 100 nm Active layer thickness

G0 6.0�1027 m−3 s−1 Generation rate

T 300 K Temperature

Nc, Nv 1026 m−3 Effective density of states

�r 3.4 Relative static permittivityd

Surface recombination velocities:

Sp
c →� Minority, cathode

Sn
a →� Minority, anode

Sn
c →� Majority, cathode

Sp
a 10−9 m /s Majority, anode

aReferences 30.
bReference 31.
cReference 32.
dReference 33.
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FIG. 1. �Color online� Measured current-voltage characteristics
of a bulk heterojunction solar cells without PEDOT:PSS layer under
illumination. The cell with an additional 10 s oxygen plasma treat-
ment of the ITO substrate shows a regular solar-cell behavior
whereas an extension leads to a distinct S-shaped behavior reducing
the solar-cell efficiency.
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stant majority surface recombination velocities at the anode
is shown creating a typical S-shaped current-voltage curve.

From literature we known planar semiconductor hetero-
junctions to cause equivalent S-shaped characteristics. The
physical origin of this effect is depicted in the upper row of
Fig. 3. The heterojunction is defined �I �a�� by the energy
differences between the two LUMO ��n� and the two
HOMO bands ��p� of both semiconductors directly at the
interface. Driven by an electric field �I �b�� additional elec-
trons above the intrinsic neutrality level can cross such an
interface without transport problem if they are transferred
from the energetically unfavorable level to a more favorable
one. However, by band bending of the two semiconductors a
local potential well is created if the polarity of the applied
voltage is changed �I �c��, charging a depending local space
charge and creating an S-shaped current-voltage
characteristic.7,8,34 The same effect has been seen in CIGS
devices where such an S-shaped behavior was assigned to by
light-filled traps in an intermediate cadmium-sulfide layer
creating an illumination-dependent energetic barrier.5

In device geometries such as bulk heterojunctions, with-
out any planar semiconductor heterojunction, this approach
cannot be applied. Due to the constant metallic work func-
tion metals are not able to create potential wells as shown in
Fig. 3 �II�. The injection barrier �n �II �a�� defines the intrin-
sic charge-carrier density at the interface as defined by the
Boltzmann equation �Eq. �8��. Hence creating a local space
charge needs the definition of an additional parameter, the
surface recombination velocity. If, under extraction condi-
tions �II �b�� charges are transported faster toward the inter-
face than they can be extracted, those charges will pile up
creating a space charge depending upon the applied electric
field. Under injection conditions �II �c�� the injection of
charges gets reduced if the surface recombination velocity is

expected to be constant. Hereby the influence of the intrinsic
holes rises, creating a local depletion zone. The injection
barrier at metal-organic interfaces is not able to create
S-shapes on its own.

As explained in Fig. 3 for electrons the issue holds for
holes as well. For moderately reduced values of
Sp

a�10−4 m /s� �Fig. 2�, an S-shaped current-voltage charac-
teristic is created at higher injecting voltages. It does not
influence the solar-cell efficiency parameters Voc, Jsc, and the
fill factor significantly. Decreasing the surface velocity fur-
ther, the deformation will approach Voc creating a horizontal
current plateau. Hence, all mentioned solar-cell parameters
are reduced.

A. Energetic structure

The deformation of the current-voltage characteristics
originates from the internal energetic band structure and
charge-carrier distributions of electrons and holes. Figure 4
shows the device band structure under applied voltages of �a�
Va=300 mV and �b� Va=900 mV, hence under extracting
and injecting conditions, respectively. The energy levels of
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FIG. 2. �Color online� Simulated S-shaped current-voltage char-
acteristics due to a reduced majority surface recombination velocity
Sp

a for holes at the hole conducting anode. With decreasing velocity,
the S-shape gets more distinctive limiting the power-conversion ef-
ficiency by diminishing open-circuit voltage, fill factor, and short-
circuit current. At the lower right corner a magnification of the Voc

dependence on decreasing surface recombination velocity is shown.
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FIG. 3. �Color online� Space-charge accumulation in semicon-
ductor devices. �Upper row, �a�� At a semiconductor heterojunction
the two LUMO energy levels possess a work-function difference of
�n at the interface. �b� Additional electrons above the intrinsic con-
centration, injected by an external electric field cross this interface
from an electric unfavorable state to the more favorable one without
restrictions. �c� If electrons are forced to overcome this energetic
barrier in the opposite direction, a local potential well is established
creating a pile up of electrons at the heterojunction. �Lower row,
�a�� At a metal-organic interface the work-function difference be-
tween the metal Fermi level and the semiconductor LUMO level �n

defines the intrinsic electron concentration at the interface. Due to
the constant metal work function no potential well or space charge
can be created. �b� By a finite surface recombination velocity Sn

electron transport through the interface is limited. Electrons which
are transported faster toward the interface than they are removed
create a space charge. �c� The amount of injected charge carriers is
reduced by finite surface recombination velocities creating a local
charge-carrier depletion zone at the interface.
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LUMO and HOMO bands �ELUMO, EHOMO� are indicated by
the thick solid lines, those of quasi-Fermi levels EFn and EFp
by the blue �lower� and red �upper� dashed lines. At the
anode �left contact� a limiting surface recombination velocity
of Sp

a =10−9 m /s is assumed. For comparison, the underlying
gray lines show the same solar cell with an infinite surface
recombination velocity which will not lead to an S-shaped
deformation.

From these diagrams, position-dependent information on
the electric field, the charge-carrier density, and the current
flux inside the device can be determined. The electric field is
proportional to the slope of the energetic bands ELUMO and
EHOMO�F=−q�E /�x�. The local charge-carrier densities are
exponential functions of the energetic distance between the
band energy level and the corresponding quasi-Fermi level
�Eqs. �10� and �11��. Multiplied with the slope of the related
quasi-Fermi level these charge-carrier densities result in the
local current densities �Jn=�nn�EFn /�x� caused by drift as
well as diffusion.35

Within the solar-cell working regime charges generated
by light are extracted from the active layer into the metal
electrodes. A reduced majority surface recombination veloc-
ity Sp

a will hinder an efficient holes extraction by the anode
and holes are piled up at the interface �Fig. 4�a��. Conse-
quently, at the anode interface the quasi-Fermi level of holes

is shifted toward its HOMO level creating a quasi-Fermi
level discontinuity between EFp and the anode Fermi level.
The interface hole density is higher than predicted by the
thermionic-emission theory. Additionally to the already high
hole concentration at the anode interface for infinite surface
recombination velocities additional majority charges will be
added creating a space charge. Due to Coulombic interaction
these charges increase the local electric field at the contact
and consequently reduce the potential drop inside the semi-
conductor bulk.36 In a solar cell dominated by drift, charges
are transported more slowly through the device, thus increas-
ing the probability of recombination.

At voltages above the built-in potential additional charges
will be injected into the semiconductor bulk by the metal
contacts �Fig. 4�b��. A finite majority surface recombination
velocity therefore will reduce the number of injected holes at
the anode interface. Thus, the quasi-Fermi level for holes EFp
at the interface is shifted away from EHOMO. Within the in-
terface region fewer holes and more electrons �due to the
limited bulk recombination rate, Eq. �6�� will be available.
Consequently the electric field at the interface is reduced
and—as in case of Fig. 4�b�—is even able to change signs.
The transition between both cases creates an S-shaped kink
in the current-voltage characteristics of organic solar cells
and leads to a space-charge-limited current �SCLC� at higher
voltages.

B. Open-circuit voltage

With decreasing surface recombination velocity the open-
circuit voltage drops according to Fig. 2. In Fig. 5 the band
diagrams for �a� infinite and �b� finite �Sp

a =10−9 m /s� sur-
face recombination velocities with their corresponding open-
circuit voltages of 0.61 and 0.47 V are shown. As in the case
of charge-carrier extraction the electric field at the anode is
enhanced. Nevertheless the quasi-Fermi level distributions
change only slightly except for their split-up directly at the
anode contact.
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FIG. 4. �Color online� Energy structure of a solar cell with the
energetic levels of HOMO and LUMO �solid and dotted lines� as
well as their corresponding quasi-Fermi levels EFn and EFp �dashed
red �upper� and blue �lower� lines� under illumination. The thick
lines indicate the structure under a surface recombination velocity
of Sp

a =10−9 m /s. Thin lines correspond to perfectly conducing con-
tacts �Sp

a→��. In the case of hole injection by the anode, compare
to Fig. 3 �II �b��, at an applied voltage of 300 mV the quasi-Fermi
level of holes split up at the anode. Describing the charge-carrier
density this generates a space charge combined with a higher elec-
tric field ���ELUMO /�x�. At a voltage of 900 mV holes are injected
into the bulk by the anode, compare to Fig. 3 �II �c��. Created by the
surface recombination, less majority charges are present at the in-
terface creating an electron depletion zone which decreases the lo-
cal electric field. The cathode energy level �right side� was set to a
fixed value of −4.25 eV.
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FIG. 5. �Color online� Device band diagram at the open-circuit
voltage for surface recombination rates of �a� infinity and �b� Sp

a

=10−9 m /s. Due to the condition of zero net current �J� = jn� + jp�
=0� holes pile up at the anode creating a space charge which di-
rectly reduces Voc. Whereas the quasi-Fermi distribution changes
only slightly due to bulk recombination effects, but splits up di-
rectly at the contact the band bending and hence the electric field at
the anode increases.
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Under open-circuit conditions, the total current at every
location inside the device must be zero. Accordingly, the
internal current densities for electrons and holes are equal
and of different sign, J��x�= jn� �x�+ jp� �x�=0. Since an unlim-
ited �infinite� minority surface recombination always creates
a steady diffusive recombination current toward the anode,
this current has to be neutralized by an equivalent majority
surface recombination current. If the surface recombination
velocity according to Eq. �12� is reduced, the condition of
zero net current can only be fulfilled by an accumulation of
majority charges at the surface. The resulting creation of a
space charge leads to an S-shape around Voc and can even
reduce Voc �Fig. 5�.

C. Analytical approximation of Voc

Considering the dependence of Voc on the anode majority
recombination velocity �Fig. 6�a�� two different regimes can
be distinguished. At high majority surface recombination ve-
locities Voc remains constant whereas at lower values Voc
decreases logarithmically. Additionally the open-circuit volt-
age is lowered by the injection barrier �p.

The open-circuit voltage can be calculated, using the local
electric field F�x�=� /�x�qEHOMO�x�� by37

Voc =
Eg − �n − �p

q
− �

0

L

F�x�dx . �13�

At high surface recombination velocities, Voc is dominated
by the injection barriers. The barrier �p changes the thermal

equilibrium charge-carrier densities nth and pth �Eqs. �8� and
�9�� to balanced conditions at the contact. Since the electric
field generated by charge carriers is smaller for balanced
densities, the band bending at the interface is reduced. Po-
tential losses due to injection barriers are compensated,
hardly reducing the effective open-circuit voltage. If the
band bending at the anode is fully compensated, any higher
injection barrier therefore linearly reduces Voc.

With decreasing Sp
a, additional majority charges are piled

up at the anode. This enhances the electric field at the inter-
face. In order to be able to influence Voc, the additional space
charge must be significant compared to the electric field of
infinite surface recombination solar-cell contacts, a minimal
and therefore critical additional charge-carrier density is re-
quired, indicated by a kink on the Voc�Sp

a� diagram.
In order to understand the slope of Voc on lower recom-

bination velocities, the electric field at the contact can be
calculated, solving the Poisson equation in one dimension
�Eq. �1�� together with the current transport equations for
electrons �Eq. �2�� and holes �Eq. �3�� for the electric field.
Under the condition of zero net current at Voc, we retrieve

F�x� =
Dp � p/�x − Dn � n/�x

p�p + n�n
�14�

with the Einstein relations Dn=�nkBT /q and Dp=�pkBT /q
for electrons and holes. As next to the anode contact

�pp � �nn and − �p � p/�x � �n � n/�x �15�

are valid assumptions, the electric field simplifies to

F =
kBT

q
ln�p� �16�

in analogy to organic bilayer solar cells.37 Since the contact
charge-carrier density is the sum of thermally activated and
accumulated charges by reduced surface recombination �p
− pth�, this equation can be transformed to

F =
kBT

q
�ln�pth� + ln	1 +

p − pth

pth

� . �17�

The left summand is the electrical field of a sample with
infinite surface recombination. By the right side the explicit
effect of accumulated charges due to the majority surface
recombination at the anode is considered. Therefore Eq. �13�
can be extended using the electrical field of a solar cell with-
out blocking contacts F�s→���x� and the separate charge-
carrier accumulation by the majority surface recombination
velocity at the anode contact. Since at the cathode no addi-
tional holes are accumulated, we retrieve

Voc =
Eg − �n − �p

q
− �

0

L

F�s→���x�dx −
kBT

q
ln	1 +

Js

qSp
apth



�18�

with a constant majority surface recombination velocity Sp
a, a

required surface recombination current Js by minority
charges, and the thermally activated holes pth at the anode.
An also reduced minority surface recombination can limit Js
and therefore prevent a decrease of Voc. By adding a PE-
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FIG. 6. �Color online� Open-circuit potential plotted versus the
hole surface recombination velocity at the anode. Assuming bal-
anced charge-carrier mobilities ��n=�p� �a� shows a variation of
the anode injection barrier from 0.0 to 0.4 eV in steps of 0.1 eV
whereas �b� presents the same solar cell under constant injection
barriers and charge-carrier mobilities of 10−10, 10−8, and
10−6 m2 /V s. At high surface recombination velocities no depen-
dence of Voc from the surface recombination velocity can be ob-
served in both cases. A reduction below a critical point results in a
linear decreasing of Voc on the semilogarithmic scale which can be
attributed to a logarithmic dependence of the local electric field at
the contact on the majority charge-carrier density.
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DOT:PSS layer on the ITO substrate this effect was also seen
experimentally.

Beside of surface parameters, Voc is influenced by bulk
recombination processes �Eq. �6��, hence the charge-carrier
mobility.38,39 In Fig. 6�b� the Voc dependences on balanced
charge-carrier mobilities at 10−10, 10−8, and 10−6 m2 V s at
fixed injection barriers of 0.1 and 0.3 eV are shown. High
charge-carrier mobilities possess a higher bulk recombina-
tion rate and therefore reduce Voc.

D. Space-charge-limited current

In order to extract information on the type of charge trans-
port it is appropriate to set Voc as origin of the voltage axis.
Subtracting Voc as seen in the lower right section of Fig. 2
from the voltage axis and choosing a double logarithmic pre-
sentation for the calculated current-voltage curves �Fig. 7�
reveals an Ohmic �J�V� behavior at low voltages. At higher
voltages it asymptotically changes toward a trap free SCLC
defined as

JSCLC =
9

8
��0�r

V2

L3 . �19�

This kind of charge transport was intensively studied in the
past,40–44 although the origin of S-shaped current-voltage
kinks was not described.

An S-shaped deformation created by a finite majority sur-
face recombination velocity connects this behavior to the
analytic SCLC prediction. Hence, in context of Fig. 7, an
S-shape can be interpreted as a direct transition from an
Ohmic toward a space-charge-limited current.

V. CONCLUSION

Using an extended oxygen plasma etching process of the
transparent ITO anode during organic solar-cell processing,
we were able to generate S-shaped current-voltage character-
istics. Due to the absence of planar semiconductor hetero-
junctions we were able to exclude local potential wells as
origin of the observed kink. Nevertheless, assuming finite
surface recombination velocities this behavior was qualita-
tively reproduced in a numeric macroscopic device simula-
tion.

By analyzing the calculated energetic band structure, we
assign space charges created by the reduced majority surface
recombination velocity as origin of the characteristic defor-
mation. Since also injection barriers change the charge-
carrier density at the contacts, we could see both parameters
affecting Voc, but only the surface recombination velocity
being able to create an S-shaped current-voltage characteris-
tic. Also in multilayer devices local space charges are re-
sponsible for the S-shaped generation.

We presented an analytic approximation showing that the
loss of open-circuit voltage on decreased majority surface
recombination velocities can be countervailed by the reduc-
tion of the minority surface recombination velocity. Finally
we were able to show the S-shape indicating the transit from
an Ohmic conductivity to a space-charge-limited current.

ACKNOWLEDGMENTS

The authors would like to thank the German Federal Min-
istry of Education and Research �BMBF� for financial sup-
port in the frameworks of the MOPS project �Contract No.
13N9867� and the OPV Stability project �Contract No.
03SF0334F�. C.D. acknowledges the support of the Bavarian
Academy of Science and Humanities. V.D.’s work at the
ZAE Bayern is financed by the Bavarian Ministry of Eco-
nomic Affairs, Infrastructure, Transport and Technology.

1 C. Brabec, U. Scherf, and V. Dyakonov, Organic Photovoltaics:
Materials, Device Physics, and Manufacturing Technologies
�Wiley-VCH Verlag, 2008�.

2 C. Deibel, V. Dyakonov, and C. J. Brabec, IEEE J. Sel. Top.
Quantum Electron. �to be published�.

3 Y. Liang, Z. Xu, J. Xia, S.-T. Tsai, Y. Wu, G. Li, C. Ray, and L.
Yu, Adv. Mater. 22, E135 �2010�.

4 M. A. Green, K. Emery, Y. Hishikawa, and W. Warta, Prog.

Photovoltaics 18, 144 �2010�.
5 I. L. Eisgruber, J. E. Granata, J. R. Sites, J. Hou, and J. Kessler,

Sol. Energy Mater. Sol. Cells 53, 367 �1998�.
6 A. Kumar, S. Sista, and Y. Yang, J. Appl. Phys. 105, 094512

�2009�.
7 C. Uhrich, R. Schueppel, A. Petrich, M. Pfeiffer, K. Leo, E.

Brier, P. Kilickiran, and P. Baeuerle, Adv. Funct. Mater. 17,
2991 �2007�.

10
0

10
1

10
2

10
3

10
4

10
5

C
ur

re
nt

de
ns

ity
[A

/m
2 ]

0.1 1 10

Voltage V - VOC [V]

ohmic

SCLC

Surface recombination

velocity S
a

p

→ ∞
10

-2
m/s

10
-4

m/s

10
-6

m/s

FIG. 7. �Color online� Calculated current-voltage characteristics
with Voc set to voltage axis origin. The anode majority surface
recombination velocity is reduced from infinity to 10−6 m /s. At
voltages near Voc an Ohmic transport regime �slope 1� can be found,
which changes to a space-charge-limited current at higher voltages
�slope 2�. The transition between both transport regimes is indicated
by an S-shaped deformation of the calculated characteristics.

S-SHAPED CURRENT-VOLTAGE CHARACTERISTICS OF… PHYSICAL REVIEW B 82, 115306 �2010�

115306-7

http://dx.doi.org/10.1002/adma.200903528
http://dx.doi.org/10.1002/pip.974
http://dx.doi.org/10.1002/pip.974
http://dx.doi.org/10.1016/S0927-0248(98)00035-X
http://dx.doi.org/10.1063/1.3117513
http://dx.doi.org/10.1063/1.3117513
http://dx.doi.org/10.1002/adfm.200600917
http://dx.doi.org/10.1002/adfm.200600917


8 K. Schulze, C. Uhrich, R. Schüppel, K. Leo, M. Pfeiffer, E.
Brier, E. Reinold, and P. Bäuerle, Adv. Mater. 18, 2872 �2006�.

9 S. Selberherr, Analysis and Simulation of Semiconductor Devices
�Springer-Verlag, Wien, New York, 1984�.

10 L. J. A. Koster, E. C. P. Smits, V. D. Mihailetchi, and P. W. M.
Blom, Phys. Rev. B 72, 085205 �2005�.

11 R. Häusermann, E. Knapp, M. Moos, N. A. Reinke, T. Flatz, and
B. Ruhstaller, J. Appl. Phys. 106, 104507 �2009�.

12 A. S. Grove, Physics and Technology of Semiconductor Devices
�Wiley, New York, 1967�.

13 J. C. Scott and G. G. Malliaras, Chem. Phys. Lett. 299, 115
�1999�.

14 T. Kirchartz, J. Mattheis, and U. Rau, Phys. Rev. B 78, 235320
�2008�.

15 A. Wagenpfahl, C. Deibel, and V. Dyakonov, IEEE J. Sel. Top.
Quantum Electron. �to be published�.

16 D. W. Sievers, V. Shrotriya, and Y. Yang, J. Appl. Phys. 100,
114509 �2006�.

17 L. A. A. Pettersson, L. S. Roman, and O. Inganäs, J. Appl. Phys.
86, 487 �1999�.

18 H. Bässler, Phys. Status Solidi B 175, 15 �1993�.
19 S. V. Novikov, D. H. Dunlap, V. M. Kenkre, P. E. Parris, and A.

V. Vannikov, Phys. Rev. Lett. 81, 4472 �1998�.
20 N. Tessler, Y. Preezant, N. Rappaport, and Y. Roichman, Adv.

Mater. 21, 2741 �2009�.
21 S. Lacic and O. Inganäs, J. Appl. Phys. 97, 124901 �2005�.
22 G. A. Buxton and N. Clarke, Modell. Simul. Mater. Sci. Eng. 15,

13 �2007�.
23 J. S. Kim, M. Granström, R. H. Friend, N. Johansson, W. R.

Salaneck, N. Johansson, W. R. Salaneck, and F. Caciallia, J.
Appl. Phys. 84, 6859 �1998�.

24 H. K. Gummel, IEEE Trans. Electron Devices 11, 455 �1964�.
25 D. L. Scharfetter and H. K. Gummel, IEEE Trans. Electron De-

vices 16, 64 �1969�.
26 C. Deibel, A. Wagenpfahl, and V. Dyakonov, Phys. Status Solidi

�RRL� 2, 175 �2008�.
27 N. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl, Science

258, 1474 �1992�.

28 P. Langevin, Ann. Chim. Phys. 28, 433 �1903�.
29 C. Deibel, A. Wagenpfahl, and V. Dyakonov, Phys. Rev. B 80,

075203 �2009�.
30 K. Vandewal, A. Gadisa, W. D. Oosterbaan, S. Bertho, F. B. I. V.

Severen, L. Lutsen, T. J. Cleij, D. Vanderzande, and J. V. Manca,
Adv. Funct. Mater. 18, 2064 �2008�.

31 D. Veldman, S. C. J. Meskers, and R. A. J. Janssen, Adv. Funct.
Mater. 19, 1939 �2009�.

32 A. Baumann, J. Lorrmann, C. Deibel, and V. Dyakonov, Appl.
Phys. Lett. 93, 252104 �2008�.

33 N. Persson, H. Arwin, and O. Inganas, J. Appl. Phys. 97, 034503
�2005�.

34 C. Uhrich, D. Wynands, S. Olthof, M. K. Riede, K. Leo, S.
Sonntag, B. Maennig, and M. Pfeiffer, J. Appl. Phys. 104,
043107 �2008�.

35 S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd
ed. �Wiley, New York, 2007�.

36 V. D. Mihailetchi, P. W. M. Blom, J. C. Hummelen, and M. T.
Rispens, J. Appl. Phys. 94, 6849 �2003�.

37 D. Cheyns, J. Poortmans, P. Heremans, C. Deibel, S. Verlaak, B.
P. Rand, and J. Genoe, Phys. Rev. B 77, 165332 �2008�.

38 C. G. Shuttle, B. O‘Regan, A. M. Ballantyne, J. Nelson, D. D. C.
Bradley, and J. R. Durrant, Phys. Rev. B 78, 113201 �2008�.

39 C. Deibel, T. Strobel, and V. Dyakonov, Adv. Mater. �to be pub-
lished�.

40 M. Pope and C. E. Swenberg, Electronic Processes in Organic
Crystals and Polymers, 2nd ed. �Oxford University Press, USA,
1999�.

41 B. Bohnenbuck, E. von Hauff, J. Parisi, C. Deibel, and V. Dya-
konov, J. Appl. Phys. 99, 024506 �2006�.

42 V. D. Mihailetchi, J. Wildeman, and P. W. M. Blom, Phys. Rev.
Lett. 94, 126602 �2005�.

43 V. I. Arkhipov, P. Heremans, E. V. Emelianova, and G. J. Adri-
aenssens, Appl. Phys. Lett. 79, 4154 �2001�.

44 S. C. Jain, W. Geens, A. Mehra, V. Kumar, T. Aernouts, J. Poort-
mans, R. Mertens, and M. Willander, J. Appl. Phys. 89, 3804
�2001�.

WAGENPFAHL et al. PHYSICAL REVIEW B 82, 115306 �2010�

115306-8

http://dx.doi.org/10.1002/adma.200600658
http://dx.doi.org/10.1103/PhysRevB.72.085205
http://dx.doi.org/10.1063/1.3259367
http://dx.doi.org/10.1016/S0009-2614(98)01277-9
http://dx.doi.org/10.1016/S0009-2614(98)01277-9
http://dx.doi.org/10.1103/PhysRevB.78.235320
http://dx.doi.org/10.1103/PhysRevB.78.235320
http://dx.doi.org/10.1063/1.2388854
http://dx.doi.org/10.1063/1.2388854
http://dx.doi.org/10.1063/1.370757
http://dx.doi.org/10.1063/1.370757
http://dx.doi.org/10.1002/pssb.2221750102
http://dx.doi.org/10.1103/PhysRevLett.81.4472
http://dx.doi.org/10.1002/adma.200803541
http://dx.doi.org/10.1002/adma.200803541
http://dx.doi.org/10.1063/1.1931038
http://dx.doi.org/10.1088/0965-0393/15/2/002
http://dx.doi.org/10.1088/0965-0393/15/2/002
http://dx.doi.org/10.1063/1.368981
http://dx.doi.org/10.1063/1.368981
http://dx.doi.org/10.1109/T-ED.1964.15364
http://dx.doi.org/10.1109/T-ED.1969.16566
http://dx.doi.org/10.1109/T-ED.1969.16566
http://dx.doi.org/10.1002/pssr.200802110
http://dx.doi.org/10.1002/pssr.200802110
http://dx.doi.org/10.1126/science.258.5087.1474
http://dx.doi.org/10.1126/science.258.5087.1474
http://dx.doi.org/10.1103/PhysRevB.80.075203
http://dx.doi.org/10.1103/PhysRevB.80.075203
http://dx.doi.org/10.1002/adfm.200800056
http://dx.doi.org/10.1002/adfm.200900090
http://dx.doi.org/10.1002/adfm.200900090
http://dx.doi.org/10.1063/1.3055608
http://dx.doi.org/10.1063/1.3055608
http://dx.doi.org/10.1063/1.1836005
http://dx.doi.org/10.1063/1.1836005
http://dx.doi.org/10.1063/1.2973199
http://dx.doi.org/10.1063/1.2973199
http://dx.doi.org/10.1063/1.1620683
http://dx.doi.org/10.1103/PhysRevB.77.165332
http://dx.doi.org/10.1103/PhysRevB.78.113201
http://dx.doi.org/10.1063/1.2159556
http://dx.doi.org/10.1103/PhysRevLett.94.126602
http://dx.doi.org/10.1103/PhysRevLett.94.126602
http://dx.doi.org/10.1063/1.1424046
http://dx.doi.org/10.1063/1.1352677
http://dx.doi.org/10.1063/1.1352677

