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We study the thickness dependence of the performance of bulk heterojunction solar cells based on
poly�2-methoxy-5-�3� ,7�-dimethyloctyloxy�-1,4-phenylenevinylene� as electron donor and
�6,6�-phenyl C61 butyric acid methyl ester as electron acceptor. Typically, these devices have an
active layer thickness of 100 nm at which only 60% of the incoming light is absorbed. Increasing
device thickness results in a lower overall power conversion efficiency, mainly due to a lowering of
the fill factor. We demonstrate that the decrease in fill factor and hence device efficiency is due to
a combination of charge recombination and space-charge effects. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2211189�
Organic photovoltaic devices based on blends of conju-
gated polymers and fullerene derivatives are considered as
promising candidates for low-cost, flexible, and large area
photovoltaic devices. One of the most studied systems in this
field consists of poly�2-methoxy-5-�3� ,7�-
dimethyloctyloxy�-1,4-phenylenevinylene� �MDMO-PPV� as
electron donor and �6,6�-phenyl C61 butyric acid methyl ester
�PCBM� as electron acceptor achieving power conversion
efficiencies of up to 2.5% under AM1.5 illumination.1 A
striking feature of these types of solar cells is that at the
optimal device thickness of typically 100 nm only 60% of
the incident light is absorbed.2 It is evident that the absorp-
tion can be enhanced by increasing the thickness of the ac-
tive layer. However, in spite of an increased absorption, the
overall power conversion efficiency does not improve when
increasing the device thickness beyond 100 nm. This has
been attributed to an increasing series resistance,3,4 although
its physical meaning is not clear for solar cells where charge
carriers are generated throughout the device. Furthermore, a
thickness increase is expected to give rise to an enhanced
charge recombination because of an increase in carrier drift
length.3,5,6 From a device point of view the reduced perfor-
mance with increasing thickness mainly originates from a
decrease of the fill factor. In this study the origin of this
decreasing fill factor is investigated.

It has been shown that for devices with a large difference
in electron and hole mobilities a space-charge limited �SCL�
photocurrent occurs at high intensity due to an unbalanced
charge transport.7,8 Such a SCL photocurrent can be de-
scribed by the following relation:

Jph � �qG�0.75�9

8
�0�r�h�0.25

�V , �1�

where G is the generation rate of free carriers and � is the
mobility of the slowest carrier, holes in this case. Thus, a
pure SCL photocurrent is characterized by a square-root de-
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pendence on voltage and a three quarter dependence on in-
tensity and, taking into account the dark current of a device,
will have a maximum fill factor of 42% opposed to �60%
for standard MDMO-PPV:PCBM devices. Note that Eq. �1�
does not depend on device thickness. For non-space-charge
limited devices, however, as is the case for standard MDMO-
PPV:PCBM solar cells, the photocurrent density at short cir-
cuit and reverse bias is closely approximated by
J=qG�E ,T�L, with q the elementary charge, G�E ,T� the
field and temperature generation rates of free carriers, and L
the sample thickness.9 Consequently, in this case increasing
the active layer thickness will generally result in a higher
photocurrent due to an enhanced absorption. As a result, with
increasing active layer thickness at some point the photocur-
rent will reach the �thickness independent� space-charge
limit given by Eq. �1� and a transition will occur from a
non-SCL to a SCL device. Such a transition will lead to a
strong decrease of the fill factor, even when charge recombi-
nation does not play a role.

In this study solar cells are made of a blend of MD-
MO:PPV and PCBM in a 1:4 weight ratio. The blend is
sandwiched in between a hole-conducting layer of poly�3,4
ethylenedioxythiophene�/poly�styrenesulfonate� �PEDOT-
:PSS�, and an evaporated lithium fluoride �LiF�
�1 nm�/aluminum �100 nm� top electrode. Varying the spin
procedure resulted in active layer thicknesses ranging from
128 to 368 nm. After fabrication the current-voltage charac-
teristics of these devices were measured in nitrogen atmo-
sphere under illumination of a white light halogen lamp cali-
brated by a silicon photodiode. To obtain light intensity
dependent measurements, a set of neutral density filters was
used, yielding an intensity variation of two orders of magni-
tude. Figure 1 shows the open circuit voltage �Voc�, short
circuit current �Jsc�, fill factor �FF�, and overall power effi-
ciency ��� of the created devices at approximately 1 kW/m2

intensity. When increasing the active layer thickness the in-
crease in short circuit current is canceled by a decrease in the

fill factor and hence the overall power conversion efficiency
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does not increase. To explain this behavior photocurrents of
devices with a thin �128 nm� and a thick �368 nm� active
layer have been studied in more detail, including their illu-
mination intensity dependence. Figure 2 shows the photocur-
rent density Jph=JL−JD, where JL and JD are the current
density under illumination and in dark, respectively, as a
function of effective applied voltage V0−VA for both devices.
Here V0 is the compensation voltage defined as Jph �V0�=0
and VA is the applied bias. Also shown is the predicted space-
charge limit using �h=3�10−8 m2/V s and G=1.9�1027

and 0.9�1027 m−3 s−1 for both devices. In the case of the
128 nm device the photocurrent is still below the space-
charge limit and two regimes can be recognized;9 for volt-
ages close to V0 the photocurrent scales linearly with effec-
tive applied voltage due to a competition between drift and
diffusion currents. As mentioned above, with increasing ap-
plied voltage �V0−VA�0.1 V� the photocurrent saturates to
Jph=qG�E ,T�L. For the 368 nm device, however, the photo-
current intersects the predicted space-charge limit and now
three regimes appear. Again the photocurrent is linear for
small applied voltages �V0−VA�0.1 V�. In the second re-
gime �0.3 V�V0−VA�0.7 V� the photocurrent now shows
the typical square-root dependence of a SCL photocurrent
followed by a saturation of the photocurrent �V0−VA

�0.7 V�. It is evident that the occurrence of the space-
charge regime will have a strong effect on the fill factor of
the 368 nm device. In order to further confirm the built-up of
space charge in the thick devices we investigated the depen-
dence of the photocurrent Jph on light intensity I, character-
ized by Jph� I	. In Fig. 2 the coefficient 	 is given for vari-
ous effective voltages. For the thin device 	 ranges from 0.9
in the linear regime to 0.95 in the saturated regime indicating

10

FIG. 1. Overall power conversion efficiency ���, open circuit voltage �Voc�,
short circuit current �Jsc�, and fill factor �FF� as a function of active layer
thickness under 1 kW/m2 illumination.
that almost no space-charge effects occur. For the thick
Downloaded 03 Jul 2006 to 129.125.25.39. Redistribution subject to 
device 	=0.83 at V0−VA=0.2 V, approaching the theoretical
value of 3

4 for the pure space-charge dominated regime.
As a next step a numerical model11 which includes drift

and diffusion of charge carriers, the effect of space-charge on
the electric field, bimolecular recombination, and a field and
temperature dependent generation rates of free charge carri-
ers is applied to gain insight into the loss mechanisms in thin
and thick solar cells. Since charge carrier densities in
MDMO-PPV:PCBM solar cells are typically in the order of
1021 m−3 and at these densities no significant effect on
charge carrier mobility is expected we assume a constant
charge carrier mobility.11,12 Figure 2 shows the fits of the
current-voltage characteristics of the thin and thick devices.
In Fig. 3 the calculated potential through the 368 nm device
in the dark and under illumination is shown. As expected for
a space-charge limited device the electric field near the an-
ode is increased due to a buildup of holes and the electric
field near the near the cathode is decreased. The simulations
allow us to disentangle the various loss mechanism at maxi-
mum power point �MPP� and short circuit, as shown in Table
I. First, the average dissociation rate 	P
 decreases for
thicker devices as a result of the lower electric field in the
device. At the MPP the dissociation efficiency drops from
51.5% for the 128 nm device to 40% for the 368 nm thick
solar cell. Furthermore, the amount of carriers lost due to
recombination at MPP and short circuit is also shown. The
recombination losses at MPP increase from 14% for the thin
device to 35% for the thick device. This shows that next to

FIG. 2. Experimental photocurrent density Jph as a function of effective
applied voltage V0−VA under 1 kW/m2 illumination for a device consisting
of a 128 nm active layer �a� and 368 nm active layer �b�. Circles indicate
experimental data, solid line indicates fits of the photocurrent, and the
dashed line indicatess the predicted space-charge limit using Eq. �1�. The
arrows indicate fits of the intensity dependence Jph� I	. Inset: current under
illumination JL vs applied voltage VA.
space-charge formation also the reduced dissociation effi-
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ciency and increased recombination losses play a significant
role in thick polymer solar cells. It should be noted that it is
not possible to exactly quantify the losses due to these vari-
ous processes individually, since they are all interrelated. For
example, due to space-charge formation the electric field in a
large part of the device is reduced, leading also to a reduced
dissociation and to an increase of the charge carrier transit
times. This in turn will lead to an increase of the charge
recombination. In that sense, the increase of the transit time

FIG. 3. Simulation of the potential �anode left, cathode right� through the
368 nm device at maximum power point under illumination �solid line� and
in dark �dashed line� indicating the effects of space charge.

TABLE I. An overview of voltage, current density, average dissociation
probability, and relative number of free carriers lost due to recombination at
short circuit �sc� and maximum power point �MPP� for a 128 and a 368 nm
device.

V �V� JL �A/m2� 	P
 �%�
Recombination

losses �%�

128 nm device Vsc=0 29.0 61 2
VMPP=0.653 19.5 52 14

368 nm device Vsc=0 59.8 45 9
VMPP=0.50 37.7 40 35
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due to an increased thickness of the active layer is not only
due to an increase in the distance carriers need to traverse,
but is further amplified by space-charge formation.

To conclude, increasing the active layer thickness of
MDMO-PPV:PCBM bulk heterojunction solar cells does not
result in a higher power conversion efficiency because the
increase in short circuit current is canceled by a decrease in
the fill factor. It has been shown that this decrease in the fill
factor originates from the occurrence of a space-charge lim-
ited regime in the photocurrent. Secondly, charge recombi-
nation is increased in thicker samples, both by space charge
effects and by an increase in the distance carriers need to
traverse. The way to overcome this limitation is to enhance
the transport of the slowest charge carriers, in this case the
photogenerated holes in the MDMO-PPV.

The work of the two authors �M.L.� and �L.J.A.K.�
forms part of the research program of the Dutch Polymer
Institute �Nos. 524 and 323�.
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