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Recent simulations of the efficiency of polymer/fullerene solar cells as a function of mobility predicted finite
optimum mobilities due to a decrease in open circuit voltage for higher mobilities. We explain this decrease in
open circuit voltage with two features of the commonly used model, namely, infinite surface recombination and
an integration over a distribution of separation distances of electron and hole in a charge transfer state at the
interface between donor and acceptor molecules. Especially, the assumption of a variable electron/hole pair
separation at the interface has a considerable influence on the open circuit voltage.
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I. INTRODUCTION

The currently most efficient class of polymer-based solar
cells has an absorber consisting of a blend of donor and
acceptor molecules, which creates a heterojunction through-
out the bulk of the device.1–4 Simulation of these so-called
bulk heterojunction solar cells has to include several features
specific to this type of solar cell. In contrast to most inor-
ganic solar cells, charge separation takes place as a multistep
process5 starting with �i� photon absorption and exciton gen-
eration. This exciton then �ii� has to diffuse to the interface
between the donor and acceptor molecules where it is sepa-
rated. A frequently used model6–11for the simulation of
current/voltage curves of organic bulk heterojunction solar
cells assumes that the dissociated exciton �iii� first creates a
charge transfer state12,13 at the interface, before �iv� the elec-
tron and hole are separated and �v� transported to their re-
spective junctions. A feature very uncommon to the classical
picture of inorganic solar cells results from the interplay be-
tween electric field dependent dissociation and nonradiative
recombination of the charge transfer state as outlined in Ref.
8. This model predicts a strong decrease in open circuit volt-
age with increasing charge-carrier mobility leading eventu-
ally to a maximum of the device efficiency of organic bulk
heterojunction solar cells at a finite optimum mobility.14,15

The possibility that carrier mobilities in organic bulk hetero-
junction solar cells beyond the optimum mobility reduces the
device efficiency, or more generally speaking, that faster ki-
netics leads to lower performance, appears counterintuitive,
and would be a phenomenon that is different from mobility
effects in classical inorganic �pn-junction� solar cells.16

This paper aims at an improved understanding of the rea-
sons for a finite optimum mobility in a device model that
includes a charge transfer state. We show that such an opti-
mum can originate from two rather different features of the
model that have not been explicitly named until now. The
first feature is a high �or even infinite� surface recombination
that is usually implicitly assumed in organic solar-cell mod-
eling. Such an assumption is, in principle, also possible in
inorganic solar cells with insufficient passivation of the sur-
faces. However, passivation of surfaces for decreased contact
recombination is a general challenge for every solar-cell

technology and is therefore, no specific property of organic
photovoltaics. The second feature originates from the as-
sumption of a distribution of separation distances of the elec-
tron and the hole in the charge transfer state.17 We will show
that this apparently minor variation in the original Onsager-
Braun theory6,18 has a severe influence on open circuit volt-
age and its evolution versus mobility. Thus, this contribution
wants to focus attention on the question in how far the as-
sumption of charge transfer state distributions is physically
valid and necessary for organic solar-cell modeling.

II. THEORY

Organic solar-cell efficiencies may decrease for higher
mobilities, when simulating the current/voltage curve using a
one-dimensional drift-diffusion model combined with
Onsager-Braun theory.14,15 The key for a better understand-
ing and critical evaluation of the reasons for this counterin-
tuitive result is the principle of detailed balance.19–22 Figure
1�a� shows a simplified scheme of the interaction between
the charge transfer state and the free electrons and holes. The
concentration � of charge transfer excitons depends on the
coupling constant krec describing the interaction of charge
transfer excitons with the free carriers, the recombination
constant kf and the generation rate G. This generation rate
implicitly includes optical generation of excitons in the do-
nor phase, exciton diffusion to the interface and exciton dis-
sociation leading to the creation of charge transfer excitons
at the donor-acceptor interface. The probability pdiss for dis-
sociation of the charge transfer exciton is given by23

pdiss =
krecni

2

krecni
2 + kf�0

=
1

1 +
kf�0

krecni
2

, �1�

where �0 is the equilibrium concentration of charge transfer
excitons and ni

2=n0p0 is the product of the equilibrium con-
centrations n0 and p0 of electrons in the acceptor material
and holes in the donor material. Note that Eq. �1� is
often6–11,14 written in the form pdiss=kd / �kd+kf�, where the
dissociation constant kd relates to krec and �0 via kd
=krecni

2 /�0. However, using the form of Eq. �1�, it becomes
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clear that there is only one constant—namely,
krec—describing the coupling between free carriers and
charge transfer excitons, while only the ratio of the equilib-
rium concentrations can induce asymmetries in the rates of
recombination and dissociation.

III. RESULTS

A. Zero surface recombination

In order to investigate whether the solar-cell efficiency
may decrease with mobility, we simulate the current/voltage
curves of a bulk heterojunction solar cell with the commer-
cial device simulator advanced semiconductor analysis
�ASA� as described in Ref. 23 for different values of the
electron mobility �n. We choose the same parameters as
given by Ref. 14, i.e., an absorber thickness d=100 nm, an
effective band gap Eg=1.0 eV, a constant generation rate
G=6�1021 cm−3 s−1, a spatially averaged relative dielectric
constant �r=3.4, a ratio between electron and hole mobilities
of �n /�p=10, an average separation of the electron and hole
in the charge transfer state a=1.8 nm, and a recombination
constant kf=1.4�104 s−1. The effective densities of states
NC and NV for conduction and valence band needed for cal-
culation of ni

2=NCNV exp�−Eg /kT� are taken from Ref. 8 as
NC=NV=2.5�1019 cm−3. The temperature T is assumed to
be T=300 K leading to a thermal energy of kT�26 meV.
The coupling constant between free carriers and charge
transfer excitons is given by a modified Langevin rate as24

krec =
q min��n,�p�

�0�r
. �2�

To make our simulation consistent with the approach of Ref.
14, we use7

kd =
krecni

2

�0
= krec

3

4�a3e−EB/kT�1 + b +
b2

3
+

b3

18
+ ¯� ,

�3�

which defines the equilibrium concentration �0.23 Here,
EB�a�=q2 /4��0�ra is the binding energy of the charge trans-
fer exciton, b=q3F /8��0�r�kT�2, q is the elementary charge,
and F is the electric field. The smaller the distance a, the
higher is the Coulomb binding energy EB. A high EB, in turn,
leads to a small energy of the charge transfer exciton. In
general, smaller energies of an electron hole pair or an exci-
ton automatically lead to higher equilibrium concentrations if
the density of states is unchanged. This corresponds to the
fact that high band-gap materials have generally lower intrin-
sic carrier concentrations than low band-gap materials. In our
case of the charge transfer exciton, Eq. �3� directly gives the
proportionality �0�exp�EB /kT�.

The model used here is chosen such that it is consistent
with the approach used in Ref. 14, despite some results in
literature that disagree with several aspects of the current
model. For instance, the description of recombination via the
modified Langevin Eq. �2� was not reproduced by Monte
Carlo modeling by Groves et al.25 In addition, several
authors26–29 reported Monte Carlo simulations that showed a
behavior different from that predicted by Onsager-Braun
theory. Thus, it is necessary to mention the crucial parts of
the model that will lead to qualitatively the same results as
will be discussed in the following. Most important for our
discussion about the mobility dependence to be relevant is
that recombination rates increase with mobility. It is not nec-
essary that they increase in exactly the same way �linear with
the smaller mobility� as described in Eq. �2�. This increase in
recombination rate with mobility has also been predicted by
Ref. 25. In addition, the exact efficiency of exciton dissocia-
tion is also not relevant, it is only important that smaller
separation distances of electrons and holes lead to higher
Coulomb attraction. Therefore, we conclude that despite the
vivid discussion of the exact description of dissociation and
recombination processes at the donor-acceptor interface, the
qualitative result of our study is quite general.

The squares in Fig. 2 show �a� the open circuit voltage Voc
and �b� the efficiency � as a function of electron mobility �n
for the configuration given by Fig. 1�a�. For this configura-
tion, the only possible recombination path is the creation of a
charge transfer exciton and decay with the constant kf. Mi-
nority carrier recombination at the contacts is explicitly pro-
hibited, i.e., the surface recombination velocity SC for minor-
ity carriers at both contacts is SC=0. Figure 2�a� shows that
the open circuit voltage Voc is constant in this situation and
Fig. 2�b� shows that the efficiency � increases monotonously
and asymptotically approaches a maximum for �n
�10−1 cm2 / �Vs�. Thus, the mobility dependent parameter
krec cannot lead to a decrease in open circuit voltage in this

FIG. 1. Scheme of the three discussed device configurations. In
the simplest configuration �a�, charge transfer excitons � are created
with the generation rate G and decay with the recombination con-
stant kf. The coupling constant krec��� describes the interaction of
charge transfer excitons with electrons and holes with concentra-
tions n and p, respectively. In case �b�, the recombination of free
charge carriers at the two interfaces of the absorber with the contact
is introduced as a second mobility dependent process. For higher
mobilities, it will be more likely that minority carriers recombine at
the surfaces. Case �c� represents a simplification of the continuous
distribution of binding energy of charge transfer excitons, having
only two states with different binding energies and, thus, different
equilibrium concentrations �0.
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simple configuration. This is due to the fact that in open
circuit, the net current between charge transfer excitons and
free carriers becomes zero and, thus, the chemical potential
of charge transfer excitons equals the quasi-Fermi-level split-
ting of free carriers �� /�0=np /ni

2� independent of the value
of krec. The recombination rate kf�=kf�0�np /ni

2 will then
also be independent of krec. This result also implies that the
argument of Mandoc et al.14 that high mobilities will lead to
a low quasi-Fermi-level splitting and thus to a low open
circuit voltage is not correct if the surface recombination
velocity for minorities is zero. Although high mobilities lead
to a low quasi-Fermi-level splitting under short circuit con-
ditions, this is not necessarily the case in open circuit. Under
applied bias, carriers are also injected from the contacts and
thus high mobilities only lead to a homogenization of Fermi
levels within the device.

B. Infinite surface recombination

Figure 1�b� shows a configuration where the surface at
both sides of the active region of the device has a finite
surface recombination velocity SC. In this case, the mobility

influences not only the coupling krec between free carriers
and charge transfer excitons, as well as the movement of
charge carriers to their respective contacts, but also the trans-
port of minorities to the opposite contact, where the minori-
ties may recombine. The circles in Fig. 2 show the open
circuit voltage Voc and the efficiency � for the case of infinite
surface recombination SC→�. Now, the open circuit voltage
decreases strongly with increasing mobility and the effi-
ciency has a peak at rather low mobilities �n
	10−2 cm2 / �Vs�. The increase in mobility makes the new
recombination pathway via the surfaces more effective and
thus leads to a decrease in efficiency once the mobility is
sufficient to guarantee an efficient extraction of carriers. This
result is therefore in clear agreement with Street,30 who con-
cluded that “low mobility might help mitigate a particular
loss mechanism in a certain material…”

The identification of surface recombination as a possible
loss mechanism, especially for higher mobility organic solar
cells, leads to the question of the typical magnitude of sur-
face recombination velocities in organic solar cells. From the
fact that organic solar cells always feature a crossover point
between dark and illuminated current/voltage curves, where
the photocurrent changes its direction, we conclude that very
low surface recombination velocities for minorities are not
possible. Otherwise, electron extraction at the hole contact
and hole extraction at the electron contact would not be
working efficiently and would hinder the sign reversal in
photocurrent. However, not only very low surface recombi-
nation efficiencies but also very high ones are not possible.
An upper limit to SC is given by the requirement that SC
=vth
dNd �Ref. 31� can never exceed the thermal velocity
vth, since the product 
dNd of capture cross-section 
d and
defect density Nd at the surface cannot exceed unity. In case

dNd=1, the surface is perfectly defective, meaning that ev-
ery minority carrier, diffusing to the surface, recombines im-
mediately. The surface recombination velocity SC is then
only limited by transport to the surface, i.e., by vth. From
typical values32 used for Monte Carlo simulations, we esti-
mate SC=7�105 cm /s as an upper limit for SC for typical
mobilities. Even if current surface recombination velocities
may be closer to infinity than to zero, it is certainly possible
to decrease surface recombination currents by using band
offsets for the respective minorities at the contacts. This con-
cept has been known for a long time in photovoltaics33 and
has been applied in both inorganic34,35 and organic devices.36

C. Charge transfer state distribution

In the model of Refs. 7 and 8, the dissociation probability
pdiss from Eq. �1� is not directly used, but is first integrated
with a normalization function to account for a distribution

dF�a� =
4

��ā3
a2e−a2/ā2

da �4�

of separation distances a of the bound electron/hole pair,
where ā denotes the average separation distance. Then, the
dissociation probability pdiss is replaced by the effective or
average dissociation probability

FIG. 2. �Color online� �a� Open circuit voltage and �b� efficiency
as a function of electron mobility for four configurations: no surface
recombination �SC=0� with a single charge transfer state �cf. Fig.
1�a�	 and thus using Eq. �1� for pdiss �open squares�, infinite surface
recombination �SC=�� with a single charge transfer state �cf. Fig.
1�b�, open circles	, no surface recombination �SC=0� with a distri-
bution of charge transfer states using Eq. �5� to calculate peff �solid
line�, and infinite surface recombination �SC=�� combined with a
distribution of charge transfer states �dashed line�. Except for the
first case �open squares, cf. Fig. 1�a�	, all other configurations lead
to a similar decay of open circuit voltage with mobility, leading to
a finite optimum mobility for the efficiency.
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peff =
4

��ā3

0

�

pdiss�a�a2e−a2/ā2
da . �5�

In the simplest schematic representation of this integral �de-
picted in Fig. 1�c�	, the generation of free charge carriers
happens via more than one �e.g., two� charge transfer state
with different separation distance a. Then, the different
charge transfer states �say, numbered by index i� must have
different equilibrium concentration �0i, since the equilibrium
concentration depends on the separation distance a. This is
because a high separation distance a leads to a low Coulomb
binding energy EB�a�=q2 /4��0�ra, meaning that the equi-
librium concentration of such a state is rather low. If instead
the separation distance is very small, the carriers feel attrac-
tive forces, making the state energetically more favorable,
which implies that the equilibrium concentration �0i is
higher. Thus, the assumption that it is physically reasonable
to consider a distribution of separation distances of the
charge transfer excitons implies that also the equilibrium
concentrations are distributed. In the following, we therefore
explore the implications of distributed equilibrium concen-
trations.

In order to investigate the currents flowing between the
distribution of charge transfer states and the free carriers, we
need to define the relation between the dissociation probabil-
ity pdiss or effective dissociation probability peff and the re-
combination constant krec with the current. The starting point
for the derivation of the current is the steady-state solution
for the occupation of a charge transfer state with distance a
under a photogeneration rate G, which is given by

− kf�i + kf�0i�a� − krecni
2 �i

�0i�a�
+ krecnp − G = 0. �6�

Resolving Eq. �6� for �i and using the result to calculate the
current density ji carried by the transfer state yields

ji�a� = qkrec
�np − ni

2�kf�0i�a� − Gni
2

kf�0i�a� + krecni
2

= qkrec�np − ni
2��1 − pdiss�a�	 − qpdiss�a�G , �7�

where we have used Eq. �1� and q denotes the elementary
charge. Integration of Eq. �7� over dF�a� finally yields the
current density of a distribution of transfer states

jF�ā� =
 �qkrec�np − ni
2��1 − pdiss�a�	 − qpdiss�a�G�dF�a�

= qkrec�np − ni
2��1 − peff�ā�	 − qpeff�ā�G . �8�

The solid and the dashed lines in Fig. 2 show the simulation
of open circuit voltage Voc and efficiency � using Eq. �8� for
the local current density for the case of both zero and infinite
surface recombinations SC. In contrast to the simulations us-
ing Eq. �1�, the open circuit voltage decays with increasing
mobility even for SC=0.

In order to understand the mobility dependence of Voc
when using Eq. �5�, we first consider the simplified scheme
of only two types of charge transfer states as sketched in Fig.
3 for �a� low and �b� high coupling krec���. Note that as

shown in Fig. 1�c�, there is no direct coupling between the
two charge transfer states. Interaction between the two states
is only possible via the free carriers. This corresponds to the
situation where the charge transfer states are spatially sepa-
rated from each other. Note that the spatial separation of the
charge transfer states is also implicitly assumed in the inte-
gral given by Eq. �5�.

According to Eq. �2� the coupling between the charge
transfer states and the free charge carriers depends on the
mobility. Low coupling requires low mobilities, while a high
coupling corresponds to a high mobility �cf. Fig. 2�. In the
limit of zero coupling, the two charge transfer states will
have a chemical potential �i=kT ln��i /�0i� that only depends
on the generation rate G and the respective recombination
rate Ri=kf�=kf�0i exp��i /kT�, i.e., the chemical potential is
independent of the concentration of free charge carriers and,
consequently, also independent from the other charge trans-
fer state�s�. The chemical potential of the exciton in state i
for zero coupling to free carriers and other charge transfer
excitons follows from the open circuit condition G=R as:

�i = kT ln G

kf�0i
� . �9�

Thus, the state with the high equilibrium concentration �cor-
responding to a low energy� has the smaller chemical poten-

FIG. 3. Explanation of the mobility dependence of the open
circuit voltage of a distribution of charge transfer states using a
simplified scheme with two charge transfer states with different
binding energies and thus with different equilibrium concentrations
�01 and �02��01��02�. In the case of weak coupling, corresponding
to a low krec and a low mobility � �cf. Fig. 2�, the chemical poten-
tials of the two charge transfer states are different and the Fermi-
level splitting of the free carriers is in between according to Eq. �6�.
In the case of higher mobilities and more efficient coupling between
free carriers and charge transfer states, the chemical potentials �1

and �2 approach each other and the quasi-Fermi-level splitting �EF.
One of the two states has a higher binding energy and thus a higher
equilibrium concentration leading to a lower chemical potential for
given values of G and kf. In case of the strong coupling, the quasi-
Fermi-level splitting of the free carriers �and thus the open circuit
voltage� are limited by the lower chemical potential of the charge
transfer state with the high equilibrium concentration
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tial. This result corresponds to the fact that solar cells made
from low band-gap semiconductors have usually higher dark
currents and lower open circuit voltages than devices made
from high band-gap semiconductors.

If the coupling constant is still low but positive, as shown
in Fig. 3�a�, the difference in the chemical potentials between
the charge transfer excitons is still there and the quantity of
interest, namely, the quasi-Fermi-level splitting �EF of the
free carriers, depends on both �1 and �2. Due to the require-
ment of zero net current under open circuit conditions, fol-
lows:

krec� �1

�01
+

�2

�02
− 2

np

ni
2 � = 0. �10�

Thus, the quasi-Fermi-level splitting �EF=kT ln�np /ni
2� of

the free carriers will be in between the chemical potentials of
the two charge transfer states.

As shown in Fig. 3�b�, the quasi-Fermi-level splitting of
free carriers and the chemical potential of the charge transfer
excitons are the same ��1 /�01=�2 /�02=np /ni

2� if the coupling
is very efficient �krec is high�. The recombination
kf�01 exp��1 /kT� via the charge transfer state with the lower
band gap is enhanced and its chemical potential �1 is in-
creased compared to Fig. 3�a�. This causes also the whole
system to have more recombination and the concentration
np /ni

2 of free carriers to decrease compared with less effi-
cient coupling. The validity of this claim becomes more evi-
dent when solving Eq. �10� for the normalized free carrier
concentration np /ni

2. If we consider all rate equations for
�1 /�01 and �2 /�02 as done, e.g., in Ref. 23, we receive under
open circuit conditions

np

ni
2 − 1 =

G�kf��01 + �02	 + 2krecni
2�

krecni
2kf��01 + �02	 + 2kf

2�01�02
, �11�

which simplifies to

np

ni
2 − 1 =

G

kf�0
�12�

if the equilibrium concentrations and the distances are the
same, i.e., �01=�02. From the derivative of Eq. �11�

�np/ni
2

�krec
=

− Gni
2kf�kf�01 − kf�02�2

�krecni
2kf��01 + �02	 + 2kf

2�01�02�2  0, �13�

follows directly that the quasi-Fermi-level splitting �EF
=kT ln�np /ni

2� of the free carriers decreases monotonously
with increasing krec and thus with increasing mobility. Only
in the trivial case that the equilibrium concentration is the
same for the two charge transfer states ��01=�02�, the deriva-
tive in Eq. �13� vanishes implying a mobility independent
open circuit voltage, as is the case for the configuration
shown in Fig. 1�a�.

Thus, at higher mobilities, the open circuit voltage de-
creases due to current flowing from charge transfer states
with low equilibrium concentration to those with high equi-
librium concentration. To some extent, this situation is simi-
lar to that obtained in inorganic solar cell absorbers with
fluctuating band-gap energy.37 Here, the open circuit voltage

decreases due to the flow of charge carriers from high band-
gap regions toward regions with lower band-gap energies.

Going back from the simple two-state model to the com-
plete distribution defined by Eq. �4�, Fig. 4 visualizes the
current flow at open circuit between the charge transfer states
at different separation distances a. The net current, being the
integral over the curves is always zero, since the simulated
device is at open circuit. For simplicity, the electric field has
been set constant to F= �Vbi−Voc� /d. For low coupling and
small mobilities, only small currents flow from the charge
transfer states with high separation distance to those with
low separation distance a. For higher mobilities, however,
most charge transfer states with higher distance a inject e /h
pairs into few states with very low a where they recombine.
Thus, the higher the mobility, the more detrimental recombi-
nation via charge transfer states with small separation dis-
tance becomes.

IV. CONCLUSIONS

The present paper has demonstrated two ways how the
counterintuitive result, that better transport properties, i.e.,
higher charge-carrier mobilities, in a bulk heterojunction so-
lar cell can lead to a reduction in the device performance,
i.e., reduced efficiency. Two assumptions made in Refs. 14
and 15 eventually lead to the prediction of an optimum de-
vice performance at finite mobilities. Both features have in
common that there is more than one generation-
recombination path in the device that is affected by mobility.

The first feature, the assumption of infinite or very high
surface recombination, represents an additional, parasitic re-
combination channel. At high carrier mobilities, this channel
increasingly dominates recombination whereas at the same

FIG. 4. �Color online� Currents flowing at open circuit from the
free carriers to the charge transfer displayed versus e /h-pair sepa-
ration. Due to the open circuit condition only the net current—i.e.,
the integral over the current—is zero, while exchange currents flow
from states with high separation distance a to states with low a. For
higher mobilities, the better coupling between charge transfer states
and free carriers leads to an increase in these exchange currents. In
addition, for higher mobilities, the states that receive e /h pairs are
shifted to smaller separations a, leading to more recombination
current.
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time high mobilities are required for carrier collection. Thus,
an optimum mobility is determined by the balance between
interface recombination �defining the open circuit voltage�
and carrier collection �defining the short circuit current den-
sity�.

The second feature involves a distribution of separation
distances of the charge transfer exciton. Interestingly, this
scenario does not involve a parasitic recombination path. In
contrast, all charge transfer states involve recombination and
generation of free charge carriers and are therefore photovol-
taically useful. However, the low energy of the states with
short separation distance implies that these states dominate
the recombination in a way that leads to a reduction in effi-
ciency in the limit of high mobilities.

The practical consequences of the present results are two-
fold: �i� a reduction in contact recombination in bulk hetero-
junction solar cells is crucial. This task represents a more

technical problem that is furthermore not specific to organic
solar cells. �ii� In contrast, Langevin recombination would
represent a fundamental limitation for the efficiency of or-
ganic bulk heterojunction solar cells. Although disorder in
the distribution of energetic states is certainly reasonable to
assume, the suitable theoretical description of recombination
via a distribution of charge transfer states should be further
discussed. This is particularly important for the distribution
functions used in current models; especially, since these were
originally developed for quite different systems.38,39
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