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In this work, we determine the carrier-transport lengths of electrons and holes �Le,h� for bulk heterojunction
�BHJ� organic solar cells using a method applicable to functional devices. By linking the local exciton gen-
eration profile �G�x�� in the photoactive layer to photocurrent losses, we are able to determine the onset of
bimolecular recombination, which is the dominate loss process of free carrier transport. Even though many
factors affect photocurrent generation, we single out bimolecular recombination by measuring the scaling of
photocurrent with light intensity as a function of applied voltage. For the common BHJ system, annealed
poly-3-hexylthiophene:�6,6�-phenyl-C61-butyric acid methyl ester �P3HT:PCBM�, a minimum for Le in PCBM
is found to be 340 nm while Lh is estimated to be 90 nm for P3HT. The relationship between G�x� and carrier
transport is further exemplified by demonstrating a scaling exponent below that for traditional space-charge-
limited photocurrent. Likewise, by incorporating a drift/diffusion model, an intuitive link between G�x� and
charge transport is established where recombination is shown to occur in regions of the photoactive layer far
from the electrode of the slowest carrier species. Finally, the consequences of Le,h on device design for
operation under 1 Sun conditions are described.
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I. INTRODUCTION

Significant improvement in the performance of bulk het-
erojunction �BHJ� organic solar cells has occurred over the
past few years with efficiencies over 8%.1 Advances in de-
vice performance have been accompanied in part by greater
characterization of electron and hole transport. Free carrier
transport in the photoactive layer occurs after a number of
physical processes including �1� exciton photogeneration in
the donor, �2� exciton diffusion to the donor/acceptor inter-
face, �3� creation of a charge-transfer state, and �4� exciton
dissociation into free carriers. Unlike bilayer devices where
free carriers are created at a single donor/acceptor interface,
free carriers in BHJ solar cells are created throughout the
bulk due to the continuous network of donor/acceptor inter-
faces. Because light is absorbed throughout the active layer,
a distribution of lengths exists that carriers must travel in
order to be extracted.

Due to the strong internal electric fields in BHJ devices,
electron and hole transport has been traditionally character-
ized in terms of electron and hole drift lengths

Le,h = �e,h�e,hE , �1�

where �e,h is the carrier mobility, �e,h is the carrier lifetime,
and E is the internal electric field. Usually, �e,h is the desired
quantity and can be measured under steady state with space-
charge-limited current �SCLC� �Ref. 2� and field effect
transistor3,4 techniques. The low-mobility values determined
from these methods compared to inorganic semiconductors
has lead to the belief that active-layer thicknesses must be
kept around 100 nm in order to reduce transport losses.5,6

Given the different device geometries and measurement con-
ditions for these methods, �e,h can span orders of magnitude

depending on the technique due to its dependence on carrier
density,7 polymer chain orientation,8 and whether or not the
donor and acceptor are mixed or in pure phases.3,9 In particu-
lar, for the standard BHJ material system, poly-3-
hexylthiophene:�6,6�-phenyl-C61-butyric acid methyl ester
�P3HT:PCBM�, both �e��h �Ref. 9� and �e��h �Refs. 3
and 10� have been observed. Because these results depend on
the technique and are conducted without illumination, it is
difficult to guarantee that the derived transport lengths will
appropriately describe the charge transport of photogenerated
carriers in a working device. Contact barriers also play a
critical role for methods like SCLC where carriers are
injected,11 which could be more effectively avoided by mea-
suring photogenerated current that is extracted from the
device.12 While various transient techniques also exist that
monitor the dynamics of charge transport,13 they can be more
complex and intricate to implement than steady-state mea-
surements. Therefore, a simple steady-state method would be
advantageous to determine Le,h for photogenerated carriers in
a working device under standard operating conditions.

Herein, we propose a method to extract Le,h for solar cells
under illumination. We demonstrate the method for
P3HT:PCBM in order to compare our results with other
transport measurements for this donor:acceptor system. By
measuring the scaling of the photocurrent with light intensity
over a range of applied voltages for different local exciton
generation profiles �G�x��, we measure Lh=90 nm in P3HT
and determine Le�340 nm in PCBM under standard anneal-
ing and preparation conditions. Electron and hole transport
are probed independently by measuring both standard and
inverted devices. Furthermore, a scaling exponent below that
for the traditional space-charge-limited photocurrent �i.e.,
0.75� is observed due to the dependence of charge transport
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on G�x�. Our analysis is supported with an electro-optical
model, which elucidates regions in the photoactive layer
where free carrier loss occurs. Finally, our results help guide
active-layer thickness restrictions under standard 1 Sun op-
erating conditions.

II. EXPERIMENT

In order to compare transport of electrons and holes, both
standard and inverted solar cells were fabricated. Cleaned
ITO-coated �150 nm; �=5�10−4 � cm� glass substrates
were coated with either PEDOT:PSS �55 nm; Baytron
PH500� or sol-gel TiOx �Ref. 6� for standard and inverted
devices, respectively. Standard device substrates were an-
nealed in air at 140 C for 10 min while inverted substrates
were heated in an oven at 450 C for 60 min to convert TiOx
to anatase TiO2 �20 nm�. Next, solutions of either P3HT �15
or 30 mg/mL� and PCBM �12 or 24 mg/mL� in a 1:0.8 ratio
in chlorobenzene were spin coated at speeds ranging from
500 to 1300 rpm to achieve desired active-layer thicknesses
�t� between 80 and 390 nm. Finally, either Al �90 nm� or
WO3 /Ag �10 nm/90 nm� were thermally evaporated as the
back contact �12 mm2 active area� for standard and inverted
devices, respectively. Standard devices were annealed at 145
C for 10 min after evaporation while inverted devices re-
ceived the same thermal treatment prior to electrode deposi-
tion.

Measurement under 1 Sun conditions was conducted in
the glovebox while the photocurrent under high incident
angle �65°� was measured in air using a blue laser ��
=473 nm�. The photocurrent from the laser along with the
incident light intensity �Plight� was measured simultaneously
via a beam splitter on the optical setup. No degradation oc-
curred during device measurement time ��3 hr /device�.
Furthermore, significant reflection losses from the air/glass
substrate interface were avoided by placing the glass sub-
strate �side opposite active layer� in contact with a half-
cylinder and index matching oil. This configuration pre-
vented the incident beam from bending toward normal due to
refraction in the glass substrate.

In spite of the differing electrodes, electron/hole trans-
porting layer materials, and thermal treatment of ITO, both
inverted and standard devices have similar performance un-
der 1 Sun conditions for devices with t=130 nm �thicker
active layers will be discussed below�. Short-circuit currents
�Jsc� of 10.4 mA /cm2 and 9.2 mA /cm2, open-circuit volt-
ages �Voc� of 0.57 V and 0.60 V, fill factors �FFs� of 53% and
51%, efficiencies of 3.1% and 2.8%, series resistances �in-
verse slope at 0.75 V� of 8.8 � cm2 and 9.3 � cm2, and
shunt resistances �inverse slope of dark current at 0.0 V� of
0.4 M� cm2 and 0.5 M� cm2 were achieved for inverted
and standard devices, respectively. Furthermore, atomic
force microscopy of the top surface of P3HT:PCBM spincast
on both TiO2 and PEDOT:PSS showed insignificant differ-
ences in film morphology.14 Based on these results, we as-
sume that changes in carrier transport in P3HT:PCBM re-
lated to morphology differences due to choice of electron/
hole transporting layers are minimal compared to
modification of the transport based on G�x�.

In this work, we determine G�x� �x dependence dropped
and implied for remainder of this work� in the photoactive
layer through an optical modeling scheme that has been used
for both standard15,16 and inverted devices.10,17,18 Optical
modeling is based on the transfer/scattering matrix method19

and is checked against a commercial software package �DIF-

FRACTMOD from RSoft Design Group�. Optical properties of
each material layer are determined via spectroscopic
ellipsometry,14 which closely match reported values.15,20

Layer thicknesses are measured with cross-section scanning
electron microscopy and verified with profilometry and by
fitting simulations of the spectral reflection to the measured
reflection by varying layer thicknesses.21

To model electrical performance, G is used as input in a
drift/diffusion effective medium model of the active layer
with Ohmic contacts22 implemented in COMSOL MULTIPHYS-

ICS. This metal/insulator/metal picture is a simplification of
the studied devices where the transporting layers are disre-
garded along with any Schottky barriers. However, the simi-
lar Voc and series resistance for each device type indicates
contacts that are comparable in function. Furthermore, the
inclusion of slight barriers should not significantly affect car-
rier extraction especially for voltages below maximum
power point where the conclusions from this work are
drawn.23 Besides G, other parameters in the electrical model
are taken from literature for P3HT:PCBM �Ref. 9� including
�e�2.0�10−7 m2 /V s�, �h�1.0�10−8 m2 /V s�, relative di-
electric constant �3.4�, electron/hole pair separation distance
�1.8 nm�, exciton decay rate �2.0�104 s−1�, and effective
density of states �2.5�1025 m−3�.14 The parameter that dic-
tates Voc in the model, the effective band gap �0.95 eV�, is fit
to the experimental data. Finally, the modified form of
Langevin bimolecular recombination24 is used to explicitly
relate loss of carriers during transit to the slowest carrier
species.

III. RESULTS AND DISCUSSION

A. Exciton generation profile sets required transport distances

Even though multiple steps occur between exciton gen-
eration and carrier transport, we assume that the profile of
free carrier generation essentially matches that of exciton
generation due to the short ��20 nm� �Refs. 25 and 26�
diffusion length of photoexcited excitons to the donor/
acceptor interface. Figure 1 shows G for both inverted and
standard solar cells with t=390 nm and Plight
=10.0 mW /cm2 and 10.9 mW /cm2, respectively. Due to
the high angle �65°� and relatively short excitation wave-
length ��=473 nm�, an exponentially decreasing G profile is
set up in the photoactive layer. Under these conditions, G
drops by 3 orders of magnitude from one side of the active
layer to the other for both devices. This type of profile is
very different from those under normal incidence for thinner
active layers that vary by an order of magnitude where the
maximum is centered in the middle of the active layer.16,18,27

In this study, monotonically decreasing profiles are guaran-
teed even for thinner active layers due to the chosen incident
angle and wavelength.
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As shown in Fig. 1, the average hole has a much longer
distance to travel than the average electron for the inverted
device. The opposite is true for the standard solar cell. In this
way, we are able to set the average required transport dis-
tance for electrons and holes �De,h� simply by choosing in-
verted or standard devices with specific t. For example, De is
defined for inverted devices by weighting G by the distance
�x� to the cathode

De =

�
0

t

�G��x�dx

�
0

t

�G�dx

. �2�

Dh is then given by t−De where similar expressions are used
to determine De,h for standard devices. The incident wave-
length essentially sets De,h, where Dh=310 nm and 230 nm
for �=473 nm and 600 nm, respectively, under normal inci-
dence for the inverted device with t=390 nm. By increasing
the incident angle to 65°, Dh is lengthened to 340 nm and
250 nm for these wavelengths, respectively. Herein, we use a

high angle �65°� and relatively short excitation wavelength
��=473 nm� to set up the longest possible values of De,h for
each t.14 In this work, Dh is varied from 340 nm for inverted
solar cells with t=390 nm down to 40 nm for standard de-
vices with t=130 nm. A similar range is obtained for De. It
should be noted that the incident light polarization also af-
fects G under non-normal incidence but has a negligible ef-
fect on De,h values compared to the differences obtained by
varying t. All work presented here is for p-polarized illumi-
nation as nearly identical results were obtained under s po-
larization.

B. Photocurrent scaling with light intensity

Determining if De,h set by G are too far for electrons or
holes to travel is done by measuring the photocurrent
�Jphoto= �Jlight−Jdark�� over a range of light intensities �Plight�
and fitting to a power-law relationship. Because Jphoto de-
scribes the current output solely due to photogeneration, the
effects of series and shunt resistance that modify electrical
performance under illumination are removed.28 However,
high series resistance can affect the power-law scaling of
Jphoto,29 but values measured herein range between 5 and
35 � cm2, which are not high enough to have a significant
impact.

Figure 2 shows Jphoto under various Plight for both device
types with t=390 nm. Jphoto is given over a range of reverse
and forward applied voltages �Vapp� up to Voc where the con-
clusions of this work are drawn from voltages below maxi-
mum power point and into the reverse bias regime. It is clear
that the shapes of the curves are very different for inverted
and standard solar cells. For example, the inverted device
requires high reverse-bias application �Vapp=−5 V� in order
to reach the saturated photocurrent �Jsat� under the highest
Plight while the standard device nearly saturates at short cir-
cuit.

The cause of the different behaviors for inverted and stan-
dard devices can be further understood by determining the
power-law scaling of the photocurrent with light intensity
�Plight�

Jphoto = 	�Plight�
, �3�

where 	 is a constant. By varying Plight, bimolecular recom-
bination can be triggered due to its dependence on the prod-
uct of electron and hole concentration.30 Because this is the
loss process of free carriers, linearity of 
 indicates the un-
restricted, lossless transport of carriers to the electrodes. In
this way, bimolecular recombination can be separated from
other loss processes that reduce Jphoto below Jsat and also
depend on Vapp, such as the electric field dependence of ex-
citon dissociation.31 Even though exciton dissociation also
depends on Vapp, it is monomolecular in nature and is ac-
companied by a linear scaling of Jphoto with Plight. It should
be noted that we do not distinguish between bimolecular and
other higher order recombination processes.32 We simply in-
terpret a nonlinear scaling of Jphoto with Plight to indicate loss
of free carriers during transit where we label this loss as
bimolecular recombination. Also, the dependence of 
 on
carrier density indicates that the number of free carriers must

FIG. 1. �Color online� Local exciton generation profile �G� for
�a� inverted and �b� standard device architectures with active-layer
thicknesses of 390 nm under 10.0 mW /cm2 and 10.9 mW /cm2

�=473 nm �p-polarized� incident light intensity, respectively, at
65° incidence. G represents the generation rate of excitons in the
active layer while it signifies parasitic absorption losses in all other
materials. It is determined from an optical model and sets the aver-
age required transport distance for electrons and holes in the active
layer depending on the device type. Arrows indicate the direction of
electron and hole transport where the average hole is required to
travel much further than the average electron for the inverted de-
vice. The opposite is true for the standard device.
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be similar for all devices in order to make accurate compari-
sons between the various device configurations. This is con-
firmed from similar Jsat values �Fig. 2� and from the optical
model that indicates that the photoactive layer absorbs be-
tween 77% and 90% of the incident light for both standard
and inverted devices regardless of t. Furthermore, Jsat under
the maximum Plight from the laser is between 1/4 and 1/3 of
the measured Jsat under 1 Sun conditions. This sets the ef-
fective maximum sun-equivalent intensity of the laser to be
between 1/4 and 1/3 Sun.

While 
 is usually only cited at short circuit,28,33 it is
determined here at each Vapp to show clear nonlinear and
linear regimes. Values are given in Fig. 3 for both inverted
and standard devices with different active-layer thicknesses
�80� t�390 nm�. It is observed for inverted devices that
increasing t causes 
 to deviate from unity for greater re-
verse bias application �i.e., higher internal electric fields�. On
the other hand, for standard devices with t=130 and 390 nm,

 remains close to unity over the entire voltage range. Under
these illumination conditions with monotonically decreasing
G, inverted devices suffer from recombination due to limited
free carrier transport while standard devices do not.

The contrasting transport between standard and inverted
devices indicates that hole transport is limited for

P3HT:PCBM under the prescribed preparation conditions for
thicker values of t. For the thickest inverted solar cell �t
=390 nm�, Dh=340 nm while De=50 nm. A large negative
Vapp �i.e., high electric field� is required to achieve 
=1.0
where all the carriers are forced out of the active layer with-
out recombining. However, as t is reduced, the Vapp where

=1.0 moves toward the forward bias regime. For the t
=130 nm device, slight nonlinearity is only observed near
maximum power point, which means that Lh�Dh even for
the low electric fields that approach open-circuit conditions.
Dh=90 nm for the t=130 nm device, so it is determined
that Lh=90 nm for P3HT. Conversely, De is probed for the
standard devices, where transport is not limited for even the
largest t as 
 remains close to unity even up to maximum
power point. For the t=390 nm device De=340 nm, which
is not long enough overcome Le. Therefore, we set a lower
limit of Le�340 nm in PCBM for the annealed
P3HT:PCBM system.

Another equally important observation from Fig. 3 are 

values below 0.75 for the inverted devices with t=245 and
390 nm. It has been shown for solar cells where �e and �h
differ by two orders of magnitude, space-charge-limited pho-
tocurrent occurs with 
=0.75.34 However, this lower limit of

 is achieved if G can be approximated as constant in the
active layer. For the t=390 nm inverted device, G varies by
3 orders of magnitude �Fig. 1�a��. This imposes the average
hole to travel much further �Dh=340 nm� than under a con-

FIG. 2. Photocurrent �Jphoto= �Jlight−Jdark�� over a range of ap-
plied voltages �Vapp� for �a� inverted and �b� standard device archi-
tectures with active-layer thicknesses of 390 nm under a range of
�=473 nm laser-light intensities �Plight� and 65° incidence. The
inverted device requires high reverse bias in order for Jphoto to reach
the saturated photocurrent for the highest Plight. Conversely, Jphoto

for the standard device nearly saturates at short circuit.

FIG. 3. �Color online� Scaling factors �
� when the photocurrent
is fit to a power law, Jphoto=	�Plight�
 for �a� inverted and �b� stan-
dard device architectures with various active-layer thicknesses �t�
under �=473 nm illumination and 65° incidence. Nonlinearities
are observed at higher reverse bias as t is increased for inverted
devices while both thicknesses of standard devices show linear scal-
ing. The case of space-charge-limited photocurrent for constant
G�
=0.75� is also shown for reference.
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stant generation profile �Dh= t /2=195 nm�. Thus, there ap-
pears to be a significant impact of G on 
 reaching values at
or below 0.75. This signifies that severely unbalanced trans-
port and space-charge-limited photocurrent can be strongly
influenced by G along with �e,h values. In terms of the scal-
ing of Jphoto with Vapp a power dependence of 0.45 for
−2.0�Vapp�0 is determined for the inverted device under
highest Plight. This type of voltage scaling is also indicative
of space-charge-limiting behavior, especially when observed
under reverse bias away from open circuit. No such behavior
is observed for the standard devices.

Finally, the effect of bimolecular recombination on in-
verted device performance is also observed in device FF.
Figure 4 shows the FF for light intensities used to determine

 from Fig. 3. It is evident that as t increases, the FF drops
accordingly. For standard devices �not shown�, the FF values
are similar to those for the t=80 nm inverted device. Be-
cause serial resistance is similar for all devices and mono-
molecular recombination only plays a minor role as observed
above, we attribute the reduction in FF with thicker t to
enhancement in bimolecular recombination due to the in-
crease in Dh imposed by G.

C. Interplay between local exciton generation and
recombination

While the macroscopic description of charge transport is
given by measurement of Le,h, further insight can be gained
with a model that describes the local profile of recombination
in P3HT:PCBM. While various models have been proposed
that assume identical carrier transport between electrons and
holes,35,36 the drift/diffusion model allows for unbalanced
charge transport and nonconstant G.22 In this model, trans-
port is described using �e,h, where we set �e=20�h �Ref. 9�
given our result that Le�Lh. It should also be noted that we
take �e,h to be constant throughout the active layer to reflect
our bulk measurements of Le,h even though charge transport
can vary on the microscale for BHJ solar cells.37

Figure 5 shows the measured current density under illu-
mination �Jlight� for the inverted and standard devices with

t=390 nm under laser illumination with Plight
=10.0 mW /cm2 and 10.9 mW /cm2, respectively. When the
generation profiles of Fig. 1 are input in the model keeping
all other parameters constant, very different behavior is pre-
dicted for standard and inverted devices. Compared to the
standard device, the inverted solar cell has a much lower Jsc
and FF, which matches the trends of the experimental data.
Saturation of Jlight is also observed to occur under high
reverse-bias conditions while it saturates near short circuit
for the standard solar cell. The saturation voltages of Jlight
also qualitatively match those for both Jphoto and 
 of Figs. 2
and 3, respectively.

The utility of the model can now be realized by calculat-
ing the net generation rate �U� �Ref. 22� of free carriers for
both inverted and standard devices at short circuit �t
=390 nm�. Figure 6�a� shows that for the inverted device U
is reduced near the cathode by orders of magnitude due to
bimolecular recombination. This ultimately leads to a reduc-
tion in photocurrent extraction �Fig. 4� because the majority
of the slower carrier species �i.e., holes� need to transport
much further than Lh resulting in a buildup of space charge
and reduction in the internal field near the cathode. On the
other hand, for the standard device, U essentially matches G
of Fig. 1 which indicates minimal recombination. Even

FIG. 4. �Color online� FF for inverted devices with varying
active-layer thickness �t� as measured from the data for Fig. 3�a�.
The FF for standard devices �not shown� is similar to that of the t
=80 nm inverted device indicating that the longer transport dis-
tance set by the exciton generation profile for thicker photoactive
layers can greatly reduce the FF.

FIG. 5. Experimental and modeled current density under illumi-
nation �Jlight� vs applied voltage �Vapp� for �a� inverted and �b�
standard devices with active-layer thicknesses of 390 nm under the
illumination conditions for Fig. 1. Simulations are generated by
inputting G from Fig. 1 in the drift/diffusion model of the active
layer with an electron and hole mobility ��e,h� mismatch ��e

=20�h� to represent the shorter hole than electron-transport length
�Le�Lh�.
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though the active layer is very thick, high extracted current is
achieved because both Dh�Lh and De�Le are satisfied for
the standard device.

This intuitive picture is further exemplified by calculating
the fraction of carriers that undergo bimolecular recombina-
tion Rfraction for both devices �Fig. 6�b��. It is noted that the
strength of recombination is more significant in areas of the
active layer where holes have a further distance to travel.
This is especially true for the inverted device where most of
the carriers are created far from the anode as set by G �Fig.
6�b��. However, even for the standard device where few car-
riers are created far from the anode �Fig. 1�b��, there is still
significant recombination in this region of the active layer.

D. Implications for 1 Sun operation

Even though the nonconstant G profiles �Fig. 1� in this
work are useful in determining Le and Lh, they are different
from the generation profiles under 1 Sun conditions at nor-
mal incidence. In this section, device performance using the
exact 1 Sun G and average value of the 1 Sun exciton gen-
eration rate ��G�� are modeled and compared for both stan-
dard and inverted solar cells as a function of t. Figure 7
shows the ratio of Jsc values predicted from the model using
G compared to those using �G� under 1 Sun illumination and
normal incidence. It should be noted that G is determined for

1 Sun illumination by integrating all G profiles over the
spectral range where P3HT:PCBM absorbs light �350��
�675� using the wavelength-dependent light intensities from
the AM �air mass� 1.5 spectrum. It is clear that up to t
=180 nm, there is little difference in Jsc, which indicates
minimal recombination losses. However, as the active layer
is increased, Jsc computed from G is larger than that using
�G� for standard devices. This occurs because �G� creates
more holes further from the anode causing an increase in
recombination and drop in output current. The opposite is
true for the inverted devices where use of G results in a
smaller Jsc compared to use of �G�. For this case, �G� creates
more holes closer to the anode and effectively assists in
charge transport. This result agrees well with our previous
determination of Le,h where a device thickness above 2Lh
begins to show significant signs of recombination losses.
However, for standard devices, t can be increased beyond
2Lh due to the nonconstant G that creates more carriers
closer to the anode, which ultimately assists hole transport.

In terms of 1 Sun performance, this work supports that of
others who have shown high performance for standard
P3HT:PCBM solar cells with t�350 nm.33,38 For active lay-
ers of this thickness, Le�Lh actually assists device perfor-
mance and allows for thicker active layers to be used because
carrier creation is weighted more heavily toward the anode.
In our work, standard devices with t=390 nm achieved 1
Sun efficiency of 3.5%, which is higher than those with t
=130 nm �2.8%�. The higher efficiency is due entirely to
higher Jsc from enhanced light absorption as Voc �0.59 V�
and FF �52%� are similar. On the other hand, Le�Lh proves
detrimental to thicker inverted device performance where the
efficiency for t=390 nm devices remains near 1% due to
reduced FF �43%� and Jsc�5.2 mA /cm2�. However, �e��h
has also been observed when doctor blading the active layer
from orthoxylene,10 which would then assist inverted device
performance by making Le�Lh. Either way, Le�Lh can ac-
tually allow for the use of thicker active layers �t
�200 nm� to absorb more light without significant transport
losses. This is especially true for BHJ blends like
P3HT:PCBM that do not suffer from monomolecular recom-

FIG. 6. �Color online� �a� Net generation rate �U� and �b� frac-
tion of carriers that undergo bimolecular recombination �Rfraction� at
short circuit for both inverted and standard devices with active-
layer thicknesses of 390 nm as modeled in Fig. 5. Arrows indicate
opposite direction of hole transport for inverted and standard solar
cells.

FIG. 7. Ratio of short-circuit current �Jsc� using exact exciton
generation profile under 1 Sun illumination and normal incidence
�G� compared to the average profile ��G�� for inverted and standard
devices as a function of active-layer thickness.
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bination losses that may become more significant as t
increases.15

IV. CONCLUSIONS

In conclusion, we have demonstrated a simple method to
extract Le,h for functional solar cells by measuring the scal-
ing of the photocurrent with light intensity over a range of
applied voltages for different exciton generation profiles. For
annealed P3HT:PCBM, we observe hole transport to be
much more restricted than electron transport, which actually
assists device performance for standard solar cells with
thicker active layers. For inverted devices, transport is se-
verely limited and results in a scaling exponent below that
for the traditional space-charge-limited photocurrent with a
constant generation profile. Our analysis is supported with an
electro-optical model, which indicates that the slower carrier
suffers significant recombination far away from its final des-

tination �holes from the anode in this case�. Finally, these
results support the premise that thicker active layers could be
used to absorb more light for BHJ systems where Le�Lh. It
also has implications for more complicated architectures
with nonplanar photoactive layers such as photonic crystal39

and grating40 designs where the distance carriers needs to
travel can have a greater range than for planar devices. Spe-
cial care needs to be taken to assess the role of carrier trans-
port for this new generation of organic solar-cell devices.
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