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A common assumption in both experimental measurements and device modeling of bulk
heterojunction �BHJ� organic solar cells is that parasitic resistances are ideal. In other words, series
resistance �Rsr� is near zero while shunt resistance �Rsh� approaches infinity. Relaxation of this
assumption affects device performance differently depending on the chosen BHJ material system.
Specifically, the impact of nonideal Rsr is controlled by the electric field dependence of the
probability of charge transfer �CT� state dissociation �PCT�. This is demonstrated by evaluating the
experimental current density versus voltage response within the framework of a drift/diffusion
model for two BHJ systems that strongly differ in PCT. Second, light intensity measurements of
devices with nonideal Rsr and Rsh are shown to convolute the scaling of short-circuit current and
open-circuit voltage with light intensity, which is a common technique to study BHJ device physics.
Finally, we show the connection between the drift/diffusion and equivalent circuit model with regard
to each model’s treatment of CT state dissociation. In particular, the equivalent circuit model utilizes
a light intensity dependent Rsh to describe this dissociation process and predicts a photocurrent
under reverse bias that exceeds the photocurrent permitted by light absorption. © 2010 American
Institute of Physics. �doi:10.1063/1.3494100�

I. INTRODUCTION

The power conversion efficiency �PCE� of bulk hetero-
junction �BHJ� organic photovoltaics �OPV� has steadily im-
proved from 4.4% in 2005 �Ref. 1� to values approaching
8.0% in 2010.2 Developments in polymer design,3 morphol-
ogy control,4 and device architecture5 have paved the way
toward benchmark efficiencies of 10%. Furthermore, rapid
progress in characterizing both the photovoltage6 and photo-
generated current7 in terms of fundamental physics has shed
new light on device operation and provided new pathways to
enhanced performance.

The underlying intricacy of device operation has lead to
the use of multiple models to predict the current density
versus voltage �J-V� behavior under different levels of illu-
mination. For example, drift/diffusion formalisms have been
proposed8 and used extensively9–11 to describe charge trans-
fer �CT� state dissociation and free carrier transport. On the
other hand, the equivalent circuit model12 is commonly ap-
plied in part due to its relative ease of implementation.4,13,14

A primary difference between these two modes of de-
scription is their treatment of parasitic resistances. While the
series �Rsr� and shunt �Rsh� resistances are clearly defined
parameters in the equivalent circuit model, they are assumed
to be ideal in drift/diffusion approaches. In other words, Rsr

is near zero, while Rsh approaches infinity. Since drift/
diffusion models capture more of the fundamental physics of
BHJ solar cells, it is imperative to systematically explore the
impact of relaxing these conditions. Given that different pho-

toactive materials have different intrinsic properties, it is im-
portant to determine the influence of nonideal parasitic resis-
tances for different BHJ solar cells.

Furthermore, it is not widely recognized that nonideal
parasitic resistances could affect standard measurement tech-
niques, such as the scaling of open-circuit voltage �Voc� and
short-circuit current �Jsc� to light intensity. These are com-
monly related to underlying physical mechanisms like bimo-
lecular recombination of photogenerated carriers,15,16 CT
state dissociation,17 and charge trapping effects,18 so it is
important to set the regimes where the assumption of ideality
is valid.

Finally, even though there is widespread use of each type
of model to explain OPV operation, there has been little
work to determine relationships between the way each de-
scribes fundamental processes. For example, it is widely be-
lieved that CT state dissociation is a critical process in pho-
tocurrent output for BHJ solar cells, regardless of donor and
acceptor material.16 The signature of this process is a photo-
current that increases under reverse bias and eventually
saturates.19 In the equivalent circuit model, a nonideal Rsh

fits this trend around short-circuit,20,21 while an electric field
dependent probability of CT state dissociation �PCT� from
Onsager–Braun theory22 is utilized in the drift/diffusion
approach.8 Up to now, no relationship has been posited be-
tween these two descriptions.

In this work, we show that nonideal Rsr affects device
performance differently depending on the actual electric field
dependence of PCT. This is demonstrated by evaluating the
J-V response for two BHJ systems, poly�3-hexylthiophene�
�P3HT� and poly�2-methoxy-5-�3� ,7�-dimethyloctyloxy�-a�Electronic mail: rln@physics.unc.edu.
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p-phenylene vinylene� �MDMO-PPV� each combined with
phenyl-C61-butyric acid methyl ester �PCBM�. These two
material combinations represent extremes in BHJ behavior,
where PCT for P3HT:PCBM has a weaker field dependence
than that for MDMO-PPV:PCBM. Ultimately, this causes an
increase in Jsc and heightened sensitivity to Rsr. Second, light
intensity measurements of devices with nonideal Rsr and Rsh

are shown to convolute the scaling of both Jsc and Voc. In
particular, the Jsc dependence becomes sublinear under high
Rsr, while the Voc deviates from the usual logarithmic behav-
ior for low Rsh. Finally, we demonstrate the connection be-
tween the drift/diffusion and equivalent circuit model with
regard to each model’s treatment of CT state dissociation. In
particular, the equivalent circuit model utilizes a light inten-
sity dependent Rsh and thus predicts a photocurrent under
reverse bias that exceeds that permitted by light absorption.

II. MODELING DEVICE RESISTANCES

Frequently, explanations for device Jsc, Voc, and fill fac-
tor �FF� are linked to altered Rsr and Rsh. For example, in-
serting electron and/or hole transporting layers between the
photoactive layer and electrodes can increase PCE where a
reduction in Rsr is commonly cited.23–25 Likewise, a low Rsh

has been used to explain pinhole shorting through the pho-
toactive layer.1,21 These explanations are conveniently tied to
the equivalent circuit model where Rsr and Rsh are included
in a simple mathematical framework. Even though more
complicated multiple diode26 and mobility-dependent
models27 have been utilized, the most basic equivalent circuit
model for BHJ solar cells13 was developed for inorganic
devices12

J = J0�exp� e�Vapp − JRsr�
nkBT

� − 1	 +
Vapp − JRsr

Rsh
− Jphoto,

�1�

where J is the measured current density, J0 is the reverse
saturation current density, e is the elementary charge, n is the
diode ideality factor, kB is Boltzmann’s constant, T is the
temperature, Vapp is the applied voltage, and Jphoto is the
voltage-independent photogenerated current density.

While this model simply incorporates device resistances,
it does not elucidate the underlying physics of photocurrent
generation, e.g., CT state dissociation and free carrier trans-
port. Recently, these processes have been incorporated in an
effective medium approach,8 which includes a solution to
Poisson’s and the current continuity equations whereby elec-
trons and holes move via drift and diffusion toward their
respective electrodes. Before carrier collection, photogener-
ated carriers have some probability of dissociation in the
internal electric field �PCT� as dictated by Onsager–Braun
theory22 and must escape Langevin-type bimolecular recom-
bination �Bphoto� during transit.28 The net photogeneration
rate �U� for electrons and holes takes the form8

U = PCTG − �1 − PCT�Bphoto, �2�

where G is the exciton generation rate dictated by light ab-
sorption. Although there has been widespread use of this
model for BHJ systems, the accuracy of both PCT �Refs. 29

and 30� and Bphoto �Refs. 31 and 32� in an effective medium
formalism are still under intense debate.11,33

In order to demonstrate the impact of nonideal resis-
tances for different BHJ systems, we choose to focus on Rsr.
As opposed to nonideal Rsh, Rsr has a greater influence on
device performance under light intensities approaching 1 sun
as will be discussed below. For this reason, Rsr is more com-
monly employed as an explanation for poor device perfor-
mance. In the equivalent circuit model, an increase in Rsr

essentially reduces the potential difference across the device.
This reduction can be incorporated into the drift/diffusion
framework by adding a term to the voltage boundary condi-
tions applied at the anode and cathode ends of the photoac-
tive layer

Vanode − Vcathode = Vgap − �Vapp − JRsr� , �3�

where Vgap is the built-in voltage set by the energy levels of
the donor/acceptor system, Vapp is the applied voltage, and J
is the extracted current density dependent on Vapp. This
modification to the boundary conditions insures that Voc will
be independent of Rsr as is the case for the equivalent circuit
model.13 At open-circuit, J=0, so there is no modification to
the boundary condition at this voltage.

In order to control Rsr, a variable external resistance
load, RsrE, was connected in series with the BHJ devices and
adjusted from 0 � to 1�104 � as shown in Fig. 1�a�. Cur-

FIG. 1. �a� Schematic of experimental setup where a variable external re-
sistor �RsrE� is connected in series with BHJ devices. �b� Dissociation prob-
ability of CT state �PCT� for both P3HT:PCBM and MDMO-PPV:PCBM
from Onsager–Braun theory. Squares represent PCT under short-circuit con-
ditions for Rsr→0 � cm2.
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rent measurements were then performed under variable ap-
plied bias and light intensity. The two BHJ active materials
chosen herein, MDMO-PPV:PCBM and P3HT:PCBM, were
selected based on their different field dependencies of PCT.15

In the Braun–Onsager approach, PCT is dependent on the
internal electric field as shown in Fig. 1�b�. Two parameters
that control the field dependence of PCT, both the electron/
hole pair separation distance �a� and decay rate �kf� were fit
to match the measured current under illumination �Jlight�. The
field dependence of PCT qualitatively matches that reported
for P3HT:PCBM �weak field dependence� �Ref. 15� and
MDMO-PPV:PCBM �strong field dependence�.8 All model
parameters are listed in Table I including the method of de-
termination �i.e., independently measured, fit to the illumi-
nated current density �Jlight�, or taken from literature�. It
should be noted that the exciton generation rate �G� and
active layer thickness �t� were measured independently by
applying an optical model to the measured device
reflection10,34 using optical properties determined from spec-
troscopic ellipsometry. Parameters in Table I are used for all
model predictions in this work.35,36 Finally, in the compari-
son between the equivalent circuit and drift/diffusion models,
parameters for the equivalent circuit model were required for
MDMO-PPV:PCBM devices and are given at the bottom of
Table I.

III. EXPERIMENTAL

Devices were prepared by first sonicating indium tin ox-
ide �ITO�-coated �140 nm� glass substrates in acetone, iso-
propyl alcohol, and distilled water for 10 min each and then
dried in an oven overnight �150 °C�. Next, the cleaned sub-
strates were treated with UV ozone for 20 min �UVO
Cleaner 42, Jelight Co. Inc.�. A solution of poly�3,4-
ethylenedioxythiopene�:poly�styrenesulfonate� �PEDOT-
:PSS� �Baytron PH500� was then spin coated �40 nm� and
annealed in air at 140 °C for 10 min. The samples where
then moved to an inert gas �purified nitrogen� glove box
where a solution of either P3HT �15 mg ml−1� and PCBM
�12 mg ml−1� or MDMO-PPV �4 mg ml−1� and PCBM
�16 mg ml−1� in chlorobenzene was spin coated on the ITO/
PEDOT:PSS coated substrates. Finally, the devices were

transferred to a vacuum chamber �2�10−6 torr� where 90
nm of Al was deposited on defined cell areas �12 mm2�.
P3HT:PCBM devices were annealed at 150 °C for 30 min in
the glove box prior to characterization.

IV. RESULTS AND DISCUSSION

A. Influence of nonideal Rsr

Figure 2 shows the modeled and experimental J-V char-
acteristics under AM 1.5 illumination for devices with
P3HT:PCBM and MDMO-PPV:PCBM as the photoactive
layer with varying Rsr. Here, Rsr is determined by taking the
inverse slope of the experimental data roughly 0.2 V higher
in bias than open-circuit. These values are then used in Eq.
�3� of the drift/diffusion model to simulate the J-V curves.
While there is slight overestimation in taking the slope at
these voltages compared to higher ones near 2 V �Ref. 1�, it
is more accurate than the common approach of taking the
slope at open-circuit,25 and protects against device break-
down during repeated measurements. From this figure, one
can observe that the modification to the voltage boundary
condition �Eq. �3�� is an appropriate way to model Rsr in the
drift/diffusion formalism. Not only does Voc remain constant,
but changes in Rsr closely match those of the known external
resistor, RsrE.

Figure 3 shows Jsc, FF, and PCE as functions of Rsr for
both P3HT:PCBM and MDMO-PPV:PCBM devices. As Rsr

increases, there are cross-over points for all three measures
of performance where MDMO-PPV:PCBM devices outper-
form P3HT:PCBM solar cells. Furthermore, the Jsc is less
affected than the FF under increasing Rsr for both device
types. While this is a well known result for the equivalent
circuit model,13 it is not expected that there would be such
striking differences between the two types of BHJ solar cells.
In particular, the FF of MDMO-PPV:PCBM devices is less
sensitive to Rsr: it exhibits a more gradual decline with in-
creasing Rsr. Likewise, the FF for P3HT:PCBM devices be-
gins to drop almost immediately compared to MDMO-
PPV:PCBM solar cells and reaches the minimum of 25% at a
much lower Rsr value.

These observations are attributed to the combination of
differing field dependencies of PCT �see Fig. 1�b�� and light

TABLE I. Parameters used for drift/diffusion �top section� and equivalent circuit �bottom section� modeling of
devices with P3HT:PCBM and MDMO-PPV:PCBM as the photoactive layer.

Parameter Symbol �unit� P3HT:PCBM MDMO-PPV:PCBM Method

Electron mobility �n�m2 V−1 s−1� 2.0�10−7 2.5�10−7 35,8

Hole mobility �p�m2 V−1 s−1� 1.5�10−8 3.0�10−8 35,8

Exciton generation rate G�m−3 s−1� 7.3�1027 3.9�1027 Measured
Built-in voltage Vgap�V� 0.90 1.24 Fit
Active layer thickness t�m� 1.0�10−7 9.0�10−8 Measured
e/h pair separation distance a�m� 1.8�10−9 3.2�10−9 Fit
e/h pair decay rate kf�s−1� 2.0�104 1.3�108 Fit
Dielectric constant ��C2 N−1 m−2� 3.0�10−11 3.0�10−11 35,8

Temperature T�K� 300 300 Measured
Density of states N0�m3� 2.5�1025 2.5�1025 8

Diode ideality factor n�unitless� n/a 2.0 36

Reverse saturation current J0�A m−2� n/a 1.0�10−5 Fit
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absorption. First, for ideal Rsr, a weak PCT field dependence
is desired, so that the photocurrent, which is proportional to
PCT, will remain high at maximum power point. This will
result in a high FF. However, as Rsr increases away from
ideality, a strong field dependence, as is the case for MDMO-
PPV:PCBM, causes the photocurrent to drop at both short-
circuit and maximum power point. This results in a FF that is
less sensitive to Rsr. Further insight is gained by simulating a
fictitious MDMO-PPV:PCBM solar cell where PCT is re-
placed with that for P3HT:PCBM. Compared to actual
MDMO-PPV:PCBM devices, the weaker PCT field depen-
dence causes the FF to increase from 45% to 77% for Rsr

→0 � cm2 �see Fig. 3�b��. However, the FF also undergoes
a sharper decline for increasing Rsr, which closely resembles
the dependence for P3HT:PCBM devices. This signifies that
a weak field dependence of PCT is required to achieve high
FF values under ideal Rsr, but for nonideal Rsr, a stronger
field dependence can be advantageous to device perfor-
mance. Furthermore, light absorption, as quantified by the

G · t product �see Table I�, can also limit the FF for ideal Rsr

as evidenced by comparing P3HT:PCBM devices with the
fictitious MDMO-PPV:PCBM solar cell model. The FF de-
pendence effectively shifts up and to the right for lower light
absorption when comparing these two devices �see Fig.
3�b��.

B. Nonideal resistances and light intensity
measurements

In this section, the relationship between nonideal resis-
tances and light absorption is more systematically explored
by analyzing the light intensity dependence of the current
output. Frequently, light intensity is related to Jsc through a

FIG. 2. �Color online� Experimental and modeled J-V curves for �a�
P3HT:PCBM and �b� MDMO-PPV:PCBM as the photoactive layer with
different Rsr. Arrows indicate increasing Rsr. Models are derived from the
drift/diffusion approach using the electric field dependent probability of CT
state dissociation �PCT� of Fig. 1�b�.

FIG. 3. �a� Jsc, �b� FF, and �c� PCE of devices with P3HT:PCBM and
MDMO-PPV:PCBM as the photoactive layer under 1 sun conditions as
functions of Rsr. A fictitious MDMO-PPV:PCBM device where PCT is re-
placed with that of P3HT:PCBM is also given for FF in �b�.
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power law relationship.16,37–39 Nonlinearities can indicate
significant bimolecular recombination �Bphoto� that can even
induce space-charge limited behavior.40

Figure 4 shows the light intensity dependence and drift/
diffusion model predictions of Jsc for both P3HT:PCBM and
MDMO-PPV:PCBM devices under variable �=532 nm la-
ser illumination. The response is linear over the entire range
for the lowest Rsr and becomes sublinear for high light in-
tensity as Rsr increases. Usually, the sublinearities would be
due to significant Bphoto as is often the case when this type of
behavior is observed. However, when the nonlinear regions
are fit to a power law, the exponent is below that for a space-
charge limited device �i.e., 0.75� �Ref. 40� and approaches
logarithmic behavior, which is typically observed for Voc,

17

not Jsc.
The physical explanation for the nonlinearity can be

probed by turning off bimolecular recombination in the
model �i.e., setting Bphoto in Eq. �2� to zero� for the most
nonlinear case of Rsr=1.2�103 � cm2. If there is signifi-
cant loss due to Bphoto, then the current predicted from the
model should increase in the nonlinear region and again be-
come linear when Bphoto is eliminated. However, near

100 mW cm−2 the model prediction only increases by about
10% for both P3HT:PCBM and MDMO-PPV:PCBM de-
vices. Going a step further, PCT may also be equated to unity
for all electric fields, which, when combined with Bphoto=0,
eliminates all photocurrent loss processes in the simulation.
Interestingly, the Jsc only increases slightly and still retains
nonlinear behavior for this ideal case. Even though these
measurements are carried out at short-circuit, when they are
analyzed with regard to the effective applied voltage �i.e.,
Vapp−JRsr in Eqs. �1� and �3��, it becomes clear that for high
Rsr, the short-circuit measurement actually approaches open-
circuit conditions. Thus, the dark or injected current begins
to cancel the photogenerated current as Rsr increases even at
short-circuit. This indicates that the light intensity scaling of
Jsc for high Rsr should resemble that of Voc, which explains
the observed logarithmic behavior.

From these results, assuming that Rsr is ideal when scal-
ing Jsc to light intensity is justified if Rsr is below 1.0
�102 � cm2. For Rsr above this value, it would not be pos-
sible to distinguish between Bphoto and the cancellation of Jsc

by the dark current, which both cause nonlinearities in the
light intensity scaling. For some reported devices, interface
and contact resistances reach this level.4,14 Furthermore, the
photocurrent near maximum power point is also frequently
scaled to light intensity by assuming Jphoto= 
Jlight−Jdark
.

15,16

However, this approximation becomes invalid for sufficiently
large Rsr, especially near maximum power point where even
smaller Rsr losses can interfere with light intensity scaling.

Like nonideal Rsr under high light intensity, nonideal
shunt resistance �Rsh� under low light intensity can modify
the scaling of Voc. Usually, this dependence is logarithmic17

even though trapping and other effects can cause
modifications.18 The effect of nonideal Rsh is demonstrated
by placing a known resistor in parallel with the device in-
stead of in series. Figure 5�a� shows the effect of the J-V
curve for P3HT:PCBM solar cells for an incident intensity of
27 mW cm−2 under �=532 nm laser illumination. Here, Rsh

is calculated from the inverse slope of the dark J-V curve.1

Even though changes are hardly noticeable until values fall
below Rsh=1.0�104 � cm2, the light intensity dependence
of Voc changes from logarithmic to linear behavior. Likewise,
the drift/diffusion model is determined to assume an ideal
Rsh of at least 1.0�1010 � cm2. This assumption makes
little difference in the J-V curve under illumination, but does
impact the light intensity scaling of Voc.

In contrast to the light intensity dependence of Jsc that is
modified for nonideal Rsr under high light intensity, the light
intensity dependence of Voc shows greater deviation for non-
ideal Rsh in the low intensity regime. Thus, it is important to
consider this effect when linking the light intensity depen-
dence of Voc to fundamental physical processes, especially
under low illumination levels.16,38 It may be difficult to de-
couple the effect of Rsh and other more fundamental pro-
cesses that can each cause Voc to scale differently from the
usual logarithmic behavior.

FIG. 4. �Color online� Light intensity dependence of Jsc for devices with �a�
P3HT:PCBM and �b� MDMO-PPV:PCBM as the photoactive material
where arrows indicate increasing Rsr. Model predictions are also given
where Bphoto=0 along with simulations of ideal devices where PCT=1 for all
electric fields and Bphoto=0.
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C. Description of CT state dissociation in equivalent
circuit and drift/diffusion models

Now that we have considered the light intensity scaling
of both Jsc and Voc, it is important to compare both the
equivalent circuit and drift/diffusion model’s treatment of CT
state dissociation. The experimental signature of this process
in the standard J-V measurement is a photocurrent that in-
creases under reverse bias and eventually saturates. As pre-
viously explained in the drift/diffusion model, CT state dis-
sociation is handled by the field dependence of PCT as given
by the Onsager–Braun formalism �Fig. 1�b��. However, in
the equivalent circuit approach, CT state dissociation can be
modeled by splitting the shunt resistance under illumination,
RshL, into two parts, one that describes the shunt resistance in
the dark, attributed to device pinholes and current leakage,
Rsh, and another that handles CT state dissociation, RshCT

RshL
−1 = Rsh

−1 + RshCT
−1 . �4�

Herein, we measure RshL to be the inverse slope of the J-V
curve at short-circuit under illumination. Likewise, Rsh is

taken as the inverse slope in the dark, which allows RshCT to
be calculated. As shown in the previous section, Rsh is deter-
mined to take values above 1.0�1010 � cm2 in the drift/
diffusion model. Furthermore, RshCT has previously been re-
lated to device photoshunts21 and was only recently used to
describe CT state dissociation processes in the equivalent
circuit approach.20 For BHJ blends like MDMO-PPV:PCBM
with strong PCT field dependence, the slope at short-circuit is
higher than for weakly dependent PCT materials like
P3HT:PCBM �see Fig. 2�. In the equivalent circuit model,
this leads to lower values of RshCT.

Figure 6�a� gives the experimental light intensity depen-
dence of RshCT for MDMO-PPV:PCBM devices under vari-
ous levels of �=532 nm laser illumination. This result
agrees with RshCT calculations of the predicted J-V curves
from the drift/diffusion model. However, under variation in
light intensity, the drift/diffusion model does not require a
light intensity dependent PCT. On the contrary, a single field
dependent function for PCT is adequate. This is indicated in
Fig. 6�a� by the constant PCT determined at short-circuit.
This comparison demonstrates the relationship between the
drift/diffusion approach that uses a light intensity indepen-
dent PCT and the equivalent circuit model that incorporates
light intensity dependent shunt resistance. For MDMO-

FIG. 5. �Color online� �a� J-V curve for P3HT:PCBM under 27 mW cm−2,
�=532 nm laser illumination with varying levels of Rsh as determined from
the inverse slope of the Jdark curves at short-circuit. Arrows indicate decreas-
ing Rsh. �b� Light intensity dependence of Voc where high Rsh results in the
usual logarithmic behavior, while reduced Rsh causes the dependence to be
linear for low light intensity.

FIG. 6. �a� Experimental and modeled RshCT that describes CT state disso-
ciation in the equivalent circuit model �Eq. �1�� for devices with MDMO-
PPV:PCBM as the active layer. In the drift/diffusion model, this corresponds
to a PCT that is independent of light intensity. �b� Experimental photocurrent
�
Jlight−Jdark
� of MDMO-PPV:PCBM devices with both equivalent circuit
and drift/diffusion model predictions. At high reverse bias, the equivalent
circuit prediction is larger than the saturated photocurrent �Jsat� that is dic-
tated solely by light absorption.
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PPV:PCBM devices, RshCT=340 � cm2 under
100 mW cm−2 illumination corresponds to PCT=70% at
short-circuit.

While this straightforward relationship between each
model’s treatment of CT state dissociation bridges a gap be-
tween the two formalisms, the equivalent circuit model does
make a prediction of the photocurrent that is unphysical.
Here we assume Jphoto= 
Jlight−Jdark
 as no external resistor
was applied in series. As shown in Fig. 6�b�, the experimen-
tal photocurrent for MDMO-PPV:PCBM under 1 sun condi-
tions approaches a maximum value at high reverse bias,
known as the saturated photocurrent �Jsat�.

19 Here, the pho-
tocurrent is completely controlled by light absorption as high
internal fields prohibit both monomolecular and bimolecular
recombination losses. While the drift/diffusion model predic-
tion also approaches Jsat under high reverse bias, the equiva-
lent circuit model �parameters from Table I� predicts the pho-
tocurrent to exceed Jsat. This occurs due to the strong light
intensity dependence of RshCT, which causes RshL to be much
lower under illumination than in the dark. This result offers
an argument against treatment of CT state dissociation as a
modified shunt resistance in the equivalent circuit model.20,21

For strongly field dependent PCT materials like MDMO-
PPV:PCBM, the low value of RshCT needed to fit the J-V
curve at short-circuit causes the photocurrent to exceed Jsat.

Even though reverse bias application is outside the range
of power generation, this result is important when modeling
other BHJ devices with strong field dependencies of PCT and
equivalently low RshCT, such as low-band gap systems.41 On
the other hand, blends not limited by monomolecular recom-
bination with a weak PCT field dependence and high RshCT,
such as P3HT:PCBM �Ref. 13� and other high performing
systems,5,42 will cause the photocurrent to surpass Jsat only at
reverse biases approaching device breakdown.

V. CONCLUSIONS

Herein, we have demonstrated the effects of relaxing the
assumptions of ideal Rsr and Rsh in both device modeling and
standard measurement techniques. Specifically, the drift/
diffusion model assumes Rsr is near zero, where we demon-
strate that increasing Rsr impacts device performance differ-
ently depending on the field dependence of PCT. Second,
light intensity measurements of devices with nonideal Rsr

and Rsh obscure the scaling of Jsc and Voc with light intensity,
which is commonly tied to fundamental device physics. Fi-
nally, the equivalent circuit model utilizes a light intensity
dependent Rsh to describe PCT and thus predicts a photocur-
rent under reverse bias that exceeds the absorption-dictated
saturated photocurrent. Further work might clarify other con-
nections between these two models of BHJ solar cells.
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