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A microscopic model for the behavior of nanostructured organic
photovoltaic devices
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We present a Monte Carlo model of carrier separation and recombination in nanostructured organic
photovoltaic �OPV� devices which takes into account all electrostatic interactions, energetic
disorder, and polaronic effects. This permits a detailed analysis of the strong morphology
dependence of carrier collection efficiency. We find that performance is determined both by the
orientation of the heterojunction relative to the external electric field as well as by carrier
confinement due to polymer intermixing. The model predicts that an idealized interdigitated
structure could achieve overall efficiencies twice as high as blends. The model also reproduces the
weakly sublinear intensity dependence of short-circuit photocurrent �ISC� seen in experiment. We
show that this is not the result of space-charge effects but of bimolecular recombination.
Disconnected islands of polymer in coarser blends result in bimolecular recombination even at low
intensities and should therefore be minimized. By including a microscopic description of dark
injection, the model can describe the full current-voltage �J-V� characteristics of different OPV
structures. We examine the effect of morphology, intensity, mobility, and recombination rate on key
parameters such as short-circuit current, open-circuit voltage �VOC�, and fill factor �FF�. The model
reproduces the intensity-dependent contribution to VOC in a bilayer above that of a blend observed
in experiment. We find that performance in both bilayers and blends is very sensitive to the
recombination rate across the heterojunction. The model also predicts a striking dependence of
performance on mobility. Indeed it is shown that a tenfold increase in mobility dramatically
improves ISC and FF and doubles the maximum power output in a bilayer device. As well as
informing routes for improving device performance, the model also offers an improved microscopic
understanding of OPV operation. © 2007 American Institute of Physics. �DOI: 10.1063/1.2718865�

I. INTRODUCTION

Organic semiconductors offer a wide variety of applica-
tions, including displays1,2 and plastic transistor circuits.3–6

They also offer the potential to reduce significantly the cost
of photovoltaic energy7–9 due to solution processing and con-
tinuous deposition techniques. However, despite improve-
ments in materials10 and device design,11–13 power conver-
sion efficiencies remain prohibitively low for commercial
exploitation �1.7% in polymer blends14 and 4.4% in polymer:
fullerene systems15�. Therefore, further improvements are re-
quired before this potential can be realized. Much research is
currently focused on understanding the efficiency-limiting
mechanisms in organic photovoltaic �OPV� devices and how
they may be minimized.

Experimentally, it is difficult to differentiate between the
microscopic processes which determine overall OPV perfor-
mance. Geminate recombination, bimolecular recombination,
and space-charge effects can all play a role,16 and the exact
effect of morphology on each of these processes is still the
subject of debate.17 Further research is required to identify
the exact physical origin of the full current-voltage curve, in
particular the factors which determine the open-circuit
voltage18 and fill factor.19

Computational modeling offers a way of investigating

these issues and informing ongoing experimental work. The
majority of modeling thus far has employed a continuum
approach.20–22 While computationally efficient, this is unable
to describe carrier interactions accurately and reduces mor-
phological effects to bulk parameters. A proper inclusion of
these effects requires a microscopic approach, which is com-
putationally much more demanding, and hence only rarely
adopted.23–25 The most complete microscopic model of OPV
operation so far26 examines the effect of morphology on
short-circuit behavior.

We present here a more complete microscopic model
which includes polaronic effects, energetic disorder, and a
full description of electrostatic interactions between carriers
and with the electrodes. Crucially, modeling dark injection at
the electrodes permits an investigation of the full J-V curve.
The resulting model is used to analyze the effect of morphol-
ogy, mobility, and incident light intensity on carrier collec-
tion efficiency, open-circuit voltage, and fill factor.

II. THE MODEL

A. Morphology

In order to investigate the effects of morphology on de-
vice performance, we require a series of blends. Rather than
attempt an accurate description of spin coating of polymers,
here we adopt the cellular automata approach used by
Peumans et al.27 The blend is discretized into a Cartesiana�Electronic mail: ram47@cam.ac.uk
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lattice and initialized in a 1:1 ratio of each semiconductor,
with a random spatial distribution. Phase separation is en-
sured by the appropriate choice of interfacial energies be-
tween materials A and B, denoted as EAA, EBB, and EAB,

�2EAB − EAA − EBB� � 0. �1�

Blend coarsening takes place through pairwise probabi-
listic swaps between neighboring lattice sites. Swapping
rates are weighted by their corresponding Boltzmann factors
in order to satisfy the condition of detailed balance. This
method was shown by Peumans et al. to give a reasonable
description of the structures produced by molecular demix-
ing and is adequate for the purpose of investigating morpho-
logical effects in polymer blend devices. We can obtain a
measure of the characteristic feature size a in these blends
from the ratio of interfacial area A to total blend volume V,

a =
3V

A
. �2�

B. Photovoltaic performance

We examine the factors which determine the balance be-
tween carrier separation and recombination, and hence car-
rier collection efficiency. We do not address exciton diffusion
to the heterojunction here. In most photovoltaic cells based
on blends, this is unlikely to be a performance-limiting step,
as indicated by efficient photoluminescence �PL�
quenching.28 However, exciton diffusion will play a more
important role in coarser blends and bilayer structures. Exci-
ton diffusion can also be modeled using a dynamical Monte
Carlo framework,26 but here we choose to focus on charge
separation and transport. In the model, pairs of carriers are
created inside the device directly on either side of the het-
erojunction interface. Their hopping transition probabilities
are calculated using Marcus rate expressions,29 thus taking
into account polaronic effects. Electrons may only hop be-
tween sites occupied by the electron accepting material, and
similarly for holes. Energetic disorder in the materials is
modeled using a Gaussian density of states.

Crucially, all electrostatic interactions in the device are
included in the model. These include Coulombic repulsion
between like charges, attraction between unlike charges, and
image charge effects at each electrode. The sphere of influ-
ence of each carrier is taken as the thermal capture radius

rtc =
e2

4���0kT
. �3�

Once generated, carriers move under the influence of these
interactions, as well as the internal electric field. They may
recombine either geminately or nongeminately �bimolecu-
larly� across a heterojunction interface, or be extracted at one
or other electrode.

The device is discretized into a lattice of hopping sites,
within which carrier dynamics are simulated using a dynami-
cal Monte Carlo �DMC� algorithm.30 To make these simula-
tions possible on a desktop personal computer �PC� we em-
ploy the first reaction method �FRM�. The FRM is an
approximation which reduces the number of calculations re-

quired by a factor equal to the number of competing pro-
cesses in the model, which in this case represents several
orders of magnitude. In a full DMC implementation, the
probability of every allowed process is recalculated every
time the system’s configuration changes. In the FRM ap-
proach, this probability is calculated just once when that pro-
cess is first enabled. This means that each carrier’s next hop
is not updated as other carriers move around it. However,
this is expected to be a very reasonable approximation in the
low carrier density regime, in which OPVs operate.

To confirm the validity of the FRM, we have compared it
to a full DMC algorithm in which the behavior of all par-
ticles is updated after each carrier hop. The competition be-
tween carrier separation and recombination in the FRM and
DMC models was examined by recording the probability dis-
tribution functions of the recombination and carrier escape
times �defined as when the carriers have attained a separation
that is greater than the thermal capture radius� for a single
geminate pair in a bilayer. For brevity, these data are not
shown, but the dynamical behavior of the carriers as pre-
dicted by both models is indistinguishable for a variety of
electric field strengths, degrees of energetic disorder, and ori-
entations of the heterointerface to the electric field. Further-
more, both models were used to predict the carrier collection
efficiency for a bilayer device under short-circuit conditions
at a variety of incident light intensities. In all cases, the car-
rier collection efficiencies predicted by the two models are
indistinguishable. We can therefore be confident that the
FRM approach does not compromise the model’s description
of carrier separation and recombination. For a more detailed
analysis of DMC and FRM algorithms, see Lukkien et al.31

and Nelson.24

The FRM approach is implemented here using a queue
of allowed events, ordered by their corresponding time inter-
val. During each iteration of the algorithm, the event at the
front of the queue is executed, and any newly enabled events
�e.g., further hopping, recombination, or extraction at the
electrodes� are assigned time intervals. For each carrier, the
event with the shortest time interval is selected and inserted
into the queue at the appropriate place. The interval �i→j for
a given hopping event with initial state i and final state j is
determined probabilistically,

�i→j = − ln�X�/Ri→j , �4�

where X is a random number in the interval �0,1� and Ri→j is
the characteristic hopping rate. The hopping rate is calcu-
lated using Marcus theory, in order to take polaronic effects
into account,

Ri→j = �hop exp�−
�Ej − Ei + Er�2

4ErkBT
� . �5�

Ei and Ej are the energies of hopping sites i and j, respec-
tively, and Er corresponds to twice the polaronic binding
energy. The prefactor �hop is chosen to give a mobility of
10−4 cm2 V−1 s−1 for isoenergetic material. Hopping is re-
stricted to adjacent sites, whose energy is calculated by tak-
ing a Gaussian density of states of standard deviation �. For
each data point, device performance is averaged over 50 con-
figurations of Gaussian disorder. The temperature is taken to
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be 298 K, and simulations are performed on a lattice mea-
suring 70�35�35 nm3, with a mesh size of 1 nm. The light
absorption profile is taken to be linear across the device.
Previous work suggests that modified light absorption pro-
files only have a small impact on performance.26

To permit a full treatment of the J-V performance of
devices, dark current is modeled by thermionic injection of
carriers from the electrodes. It has been shown that such an
approach adequately describes dark injection in organic
semiconductors.35

This process is integrated into the FRM algorithm by
queuing up carrier injection events in the same way as hop-
ping and recombination events. Each electrode is discretized
into a two-dimensional grid of carrier-injecting sites. In the
same way as the hopping algorithm, each electrode site in-
jects carriers at time intervals determined by its characteristic
injection rate. This rate is calculated using the same Marcus
rate expression, and therefore depends on the energy levels
of the electrode and the adjacent polymer site. The injection
barriers at the anode and cathode are both taken to be 0.4 eV,
and hopping parameters for injection are taken as for poly-
mer transport. Carrier extraction from the polymer to the
adjacent electrode is treated as a hopping event in exactly the
same way.

Although Gaussian broadening is taken into account, it
should be noted that the FRM algorithm precludes the inclu-
sion of the effect of the local electric field on the initial
injection step. This is because the injection of one carrier has
a significant effect on the injection of subsequent carriers at
the same or neighboring sites, which would require immedi-
ate recalculation of the associated hopping times. To avoid
this problem, we make the further approximation that the
initial hopping rate is determined solely by the energy barrier
between metal and organic, taking into account the Gaussian
density of states, but neglecting the local electric field. Sub-
sequent carrier motion through the device takes full account
of the local electric field. Since the carrier densities in OPV
devices are small �see Fig. 3�d��, this is a negligible correc-
tion. To validate this approach, we performed simulations of
carrier injection in a full DMC model, recalculating the prob-
ability of each injection event after every carrier hop and
taking into account the local electric field. The results are
identical to those obtained using the FRM.

Coulombic interactions with other carriers and the elec-
trodes are modeled by calculating the modified potential in
the region of each charge �up to the thermal capture radius�.
The inclusion of image charge effects ensures that the poten-
tial at each electrode is fixed. The potential monopole asso-
ciated with each carrier within the device allows the model
to describe band bending and space-charge effects. The
built-in field at short circuit arises from the difference in
electrode work functions �	, which is dropped over the de-
vice of thickness d. Recombination events are allowed when
opposite carriers occupy adjacent sites and are characterized
by the recombination rate constant �r. For parameter values
taken in the model, see Table I.

While experimentally reasonable, this parameter set is
by no means uniquely valid. In particular, the recombination
rate �r may vary by several orders of magnitude, depending

on the materials chosen and the details of molecular interac-
tions at the heterojunction. The effect of changing this pa-
rameter is investigated specifically in Sec. IV. The choice of
hopping parameter values is best rationalized by measuring
the effective bulk mobility it produces in pristine material,
see Fig. 1. We find mobilities of reasonable magnitude, and
we can reproduce the Poole-Frenkel-type electric field de-
pendence characteristic of hopping in disordered materials
such as semiconducting polymers. A fit of the form 
�E�
=
0�e��E yields 
0=1.0�10−5 cm2 V−1 s−1 and �=1.6
�10−4 m1/2 V−1/2.

III. SHORT-CIRCUIT PERFORMANCE

Simulations of short-circuit behavior were performed for
a set of morphologies, including a bilayer, blends of differing
coarseness, and an idealized interdigitated morphology, see
Fig. 2. It is found that carrier collection efficiency ��CC�
depends very strongly on morphology, see Fig. 3�a�. Coars-
ening of the blend morphology leads to an increase in �CC,
consistent with the results reported by Watkins et al.26 The
high �CC displayed by the bilayer is expected, but in practice
does not lead to high external quantum efficiencies �EQEs�
because of poor exciton diffusion efficiency �ED. However,
the interdigitated structure may be expected to exhibit a �ED

similar to blends since its column width is comparable to the
exciton diffusion length. A comparison of the �CC values
predicted suggests that such an ordered morphology could
increase overall EQE dramatically, by up to a factor of 2
compared to blends.

The model permits an investigation of the competition
between geminate and nongeminate �bimolecular� recombi-

TABLE I. Parameters used in the model.

� 4
�r 5�105 s−1

Er 3�10−20 J
�hop 6.76�1011 s−1

� 1�10−20 J
�	 1.2 V
d 70 nm

FIG. 1. Mobility as a function of electric field �E�, generated using param-
eters from Table I.
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nations, defined by their probabilities �gr and �or, respec-
tively. It is apparent from Figs. 3�b� and 3�c� that geminate
recombination is dominant in all morphologies. This is con-
sistent with experiment, where ISC is found to scale almost
linearly with light intensity.32 The increased �gr for the inter-
digitated structure compared to the bilayer illustrates the im-
portance of the orientation of the heterojunction relative to
the electric field. We can therefore partly assign the poorer
performance of blend devices to the fact that the heterojunc-
tions are randomly aligned with respect to the electric field.
Additionally, since there is also significant variation in �gr

within the range of blends modeled, we may identify im-
peded carrier motion during the initial separation process as
a second effect leading to enhanced geminate recombination.

Varying light intensity permits an investigation of space-
charge and bimolecular effects. Since this model is con-
cerned with carrier collection, a comparison with solar inten-
sities requires knowledge of light absorption efficiency ��A�
and exciton diffusion efficiencies ��ED�. These factors will
depend on the particular device, but here we adopt a simple

estimate, �A��ED=0.25 under AM1.5 conditions. The weak
decrease in �CC with increasing intensity seen in
experiment32 is reproduced by the model. However, Fig. 3�b�
illustrates that geminate recombination is unchanged, indi-
cating that the local electric field is also unaffected. Hence
we may conclude that space-charge effects are not respon-
sible for the behavior we observe. �Note that we have chosen
equal electron and hole mobilities, and that space-charge ef-
fects are likely to play a more prominent role when there is a
mismatch in electron and hole mobilities.33,34� Figures 3�c�
and 3�d� show that, in our simulation, the intensity depen-
dence of �CC results from bimolecular recombination. More-
over, this exhibits a largely quadratic dependence on inten-
sity, as would be expected. The linear contribution apparent
for the two coarsest blends may be assigned to islands topo-
logically disconnected from the electrodes, which in order of
increasing feature size, constitute 0.6%, 0.7%, 1.3%, and
1.8% by volume of the blends modeled. Any carriers gener-
ated on these islands serve as recombination sites, producing

FIG. 2. �Color online� The different active layer morphologies investigated, with dimensions given in nm: ��a�–�d�� four blends of varying coarseness, with
characteristic feature sizes of 2.5, 3.0, 4.3, and 5.8 nm, respectively; �e� an idealized interdigitated morphology, consisting of interpenetrating pure columns
of polymer 17 nm in width with a 10 nm capping layer at top and bottom, analogous to the ordered structure investigated by Watkins et al.26 and �f� a bilayer.
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a monomolecular contribution to �or. Hence we may identify
disconnected islands as a source of loss in blend morpholo-
gies even at low intensities.

IV. CURRENT-VOLTAGE CHARACTERISTICS

The model is employed to investigate the effect of mor-
phology, intensity, mobility, and recombination rate on the
full J-V curve. Detailed results are illustrated in Fig. 4 and
key performance parameters are summarized in Table II.

At short circuit it was found that carrier separation is
much more efficient in a bilayer than in blends �see Sec. III�.
We find that this is still the case towards open circuit, as
indicated by an increased fill factor �FF�. Open circuit in the
blend corresponds approximately to flatband conditions. This
is because, in the absence of an internal electric field, carriers
diffuse in a direction determined by the orientation of the
heterojunction. It is important to note here that diffusion is
effectively the result of a biased random walk, owing to the
volume excluded by the opposite polymer type. In the blend
these heterojunctions are oriented at random with respect to
the electrodes, and so produce no net photocurrent at zero
internal field. In the case of a bilayer device, every hetero-
junction is aligned so as to direct carriers to the appropriate
electrode. This results in a nonzero net current at flatband

conditions. To reach open-circuit conditions, an internal field
is required to oppose this carrier motion, which explains the
additional contribution to VOC in the bilayer device.21

The superior fill factor of the bilayer device is not the
result of more efficient charge separation. Geminate recom-
bination exhibits a linear voltage dependence in both cases,
which would produce a fill factor of 0.25 in the absence of
bimolecular recombination. The difference is that, a flatband
conditions, geminate recombination in the blend is almost
100% whereas in the bilayer it is only 80%. If extrapolated,
geminate recombination in the bilayer would only reach
100% at around 1.7 V. However, beyond flatband conditions,
the bias acts to confine charges at the heterojunction, result-
ing in increased local charge densities and hence bimolecular
recombination. It is this mechanism which limits VOC to
1.4 V and determines the shape of the J-V curve around VOC.
This indicates that VOC is strongly affected by the charge
density at the bilayer interface.

To investigate this effect further, we model the J-V char-
acteristics of a bilayer over three orders of magnitude of light
intensity. At 0.1 and 1 sun, the short-circuit behavior and fill
factor are relatively unchanged. Consistent with our findings
at short circuit, bimolecular recombination increases slightly,
but geminate recombination remains the dominant loss

FIG. 3. Short-circuit behavior as a function of intensity for a bilayer �squares�, an interdigitated structure �circles�, and blends of feature sizes of 5.8 nm
�asterisks�, 4.3 nm ���, 3.0 nm ��, and 2.5 nm �dots�. The subfigures illustrate �a� carrier collection efficiency, �b� geminate recombination efficiency, and
��c� and �d�� bimolecular recombination efficiency.
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mechanism. There is no evidence of space-charge effects
even towards open-circuit conditions. However, the extra
contribution to VOC increases with intensity, as found in
experiment.36 The magnitude of this increase,
0.09±0.03 V/decade, is consistent with the result predicted
by a theoretical analysis based on superposition of dark and
light current �0.06 V/decade�.21 At the highest intensity
simulated, 10 sun, the behavior of the bilayer is markedly
different. Bimolecular recombination is dramatically higher
even at short circuit. Towards open circuit, carrier densities
at the interface are so high that bimolecular recombination
competes with geminate recombination. This behavior pro-
duces a pronounced drop in the fill factor. It also accounts for
the smaller increase observed in VOC between 1 and 10 sun.

In order to explore the effect of mobility on device per-
formance, we compare the behavior of a bilayer at 1 sun
where 
0=1�10−5 cm2 V−1 s−1, as above, with the case
where 
0=1�10−4 cm2 V−1 s−1. We find that this tenfold in-
crease in mobility produces a striking improvement in J-V
characteristics. Carrier separation at short circuit approaches
100% efficiency. Moreover, it begins to saturate at a smaller
internal field, producing a higher fill factor of 51%. Notably,
the open-circuit voltage is unaffected. The overall effect of
improved mobility is that carrier separation is much im-
proved, and the maximum power, which is proportional to
�CC�VOC�FF, is doubled.

These results demonstrate clearly that device perfor-
mance is strongly influenced by the direct competition be-
tween initial carrier separation and recombination. To inves-
tigate this further, we reduce the recombination rate by a
factor of 10 in both blend and bilayer. In the blend, this
simply rescales the entire J-V curve: FF and VOC are un-
changed. While the shape of the J-V curve remains the same
�linear�, the magnitude of the photocurrent, and hence the
maximum power output, is increased by a factor of 2.5. The
significantly enhanced role of bimolecular recombination in
this case indicates that poor transport through the blend be-
comes a significant loss mechanism when initial carrier sepa-
ration is highly efficient. This is analogous to the regime in
which polymer:fullerene cells operate.37,38 Such efficient car-
rier separation also explains the superior fill factors these
devices often exhibit.

Suppressed recombination in the bilayer device produces
a more pronounced change in performance. As in the blend,
geminate recombination is reduced dramatically. However,
the effect here is to increase not just ISC, but also FF and
VOC. We note that the J-V characteristics are very similar to
the case where the mobility is increased tenfold. These two
J-V curves coincide up to voltages approaching open circuit.
Here, suppressed recombination reduces dark current, since
it can only flow via bimolecular recombination in the bilayer
device. The result is a greater increase in VOC than in the
increased mobility case. The maximum power output is
doubled.

Our model allows us to test at a microscopic level some
of the theoretical descriptions of charge separation used in
continuum models of photovoltaic devices. The observation
that carrier separation efficiency is strongly dependent on
mobility and on the recombination rate at the heterojunction
shows that simple Onsager theory39 �which neglects ener-
getic disorder and assumes an infinite recombination rate at
the origin� is insufficient. The extension of Onsager theory
by Braun,40 which takes into account the competition be-
tween separation and finite-speed recombination gives a bet-
ter match to our microscopic model, and has been success-
fully used to produce a refined continuum description of
OPV devices.34

However, our results show that to understand the behav-
ior of OPV devices, bulk parameters alone are not sufficient,
even when Braun’s model is invoked. The continuum ap-
proach of describing morphological dependence through ef-
fective bulk mobilities cannot explain the dependence of ef-
ficiency on blend coarseness seen in our model. Restricted

FIG. 4. Voltage-dependent behavior of a blend device, with characteristic
feature size of 4.8 nm, at 1 sun �squares�; a bilayer at 0.1 sun �dots�, 1 sun
���, and 10 sun �asterisks�; a bilayer at 1 sun with ten times the mobility
��; and a bilayer �circles� and a blend �triangles� with one tenth the recom-
bination rate. The subfigures illustrate �a� carrier collection efficiency, �b�
geminate recombination efficiency, and �c� bimolecular recombination
efficiency.
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motion of carriers in blends after initial separation of the
geminate pair impairs efficiency; however, our simulations
of carrier transport through the devices indicate that the ef-
fective bulk mobility is barely affected by blend coarseness,
and therefore cannot be invoked to explain this effect.

V. CONCLUSIONS

We have developed a comprehensive microscopic model
of carrier separation and recombination in OPV devices,
which includes polaronic effects, energetic disorder, all elec-
trostatic interactions, as well as dark injection. By analyzing
carrier dynamics in different structures and under different
light intensities and biases, this permits an improved theoret-
ical understanding of experimental observations. These in-
clude the weak intensity dependence of carrier collection ef-
ficiency, which we attribute not to space-charge effects but to
bimolecular recombination. The model also explains the ad-
ditional open-circuit voltage in bilayers compared to blends,
which is itself intensity dependent.

Furthermore, the model may be used to evaluate differ-
ent strategies for improving device performance. The model
predicts that an idealized interdigitated morphology could
double the carrier collection efficiency achieved in a blend.
Our results also suggest that the maximum power output is
extremely sensitive both to the geminate recombination rate
across the heterojunction and to carrier mobility. Our micro-
scopic model identifies that the efficiency depends on mor-
phology in ways that cannot be explained by continuum ap-
proaches based on bulk parameters.
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Morphology Intensity �sun� �r �s−1� Mobility �CC VOC �V� FF

Blend 1 5�105 
 22% ±1% 1.18±0.01 24% ±1%
Bilayer 0.1 1�105 
 70% ±2% 1.32±0.02 34% ±1%
Bilayer 1 5�105 
 65% ±4% 1.41±0.02 36% ±2%
Bilayer 10 5�105 
 61% ±1% 1.46±0.01 24% ±0.5%
Bilayer 1 5�105 10
 94% ±1% 1.39±0.02 51% ±1%
Blend 1 5�104 
 51% ±2% 1.20±0.01 24% ±1%

Bilayer 1 5�104 
 91% ±5% 1.46±0.02 47% ±2%
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