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a b s t r a c t

This work studies the charge carrier collection efficiency in organic bulk-heterojunction
solar cells based on polymer:fullerene blends. An equivalent circuit with a specific recom-
bination term is proposed to describe the behavior of this type of devices. It is experimen-
tally shown that this recombination term determines the slope of the current–voltage
characteristic at the short-circuit condition. The variation of this dynamic resistance with
the light intensity can be interpreted considering a dominant first-order recombination
process. Finally, an analytical model under a constant electric field approximation is pre-
sented that can be used to calculate the charge carrier collection efficiency of the device.
This model can be also used to estimate an effective mobility–lifetime product, which is
characteristic of the quality of the active layer.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Organic semiconductors are being intensely investi-
gated for a cost-effective fabrication of novel electronic de-
vices [1]. Among them, organic light-emitting diodes
(OLEDs) [2], thin-film transistors (OTFTs) [3] and solar cells
(OSCs) [4] are rapidly progressing towards commercial
applications. Although it is possible to obtain crystals of or-
ganic semiconductors [5], practical applications use thin
films of organic compounds with amorphous or polycrys-
talline microstructure [1]. In this work we focus on the
photovoltaic applications of organic semiconductors. Solar
cells can be made of thermally evaporated small-molecules
[6,7], or polymers, which are processed in solution by dif-
ferent coating techniques [8]. Most OSC structures use the

bulk-heterojunction concept (BHJ) [9], where electron
acceptor and donor materials are intimately blended to in-
crease exciton dissociation [10]. Concerning polymer-
based solar cells, one of the most studied electron donors
is the regioregular poly(3-hexylthiophene) (P3HT) polymer
[11]. Among electron acceptors, a soluble fullerene deriva-
tive [6,6]-phenyl C61-butyric acid methyl esther (PCBM) is
undoubtedly the most usual choice. This combination has
led to efficiencies exceeding 5% for this kind of devices
[12]. The particular architecture of BHJ devices has moti-
vated much effort to investigate the morphology of the
blend and their respective phases by relatively complex
structural characterization techniques [10,13–15]. Both
the exciton dissociation efficiency and electronic transport
of separated charge carriers are strongly influenced by the
structure of the active layer. However, structural analyses
do not provide much information on the recombination
mechanisms that reduce the efficiency of the device. These
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studies can also lack of generality, since processing condi-
tions and subsequent treatments also affect the morphol-
ogy of the blend [16,17].

Electrical characteristics (J-V curves) of completed de-
vices measured under illumination definitely include such
recombination losses. Anyhow, extracting clear informa-
tion on recombination mechanisms from electrical charac-
teristics is not a simple task. Although this problem can be
faced by numerical simulation [18,19], the multiplicity of
uncertain parameters could hide the physical mechanisms
governing the operation of the device. Moreover, addi-
tional factors such as optical absorption, carrier injection
at the contacts and eventual parasitic resistances also
shape the electrical characteristic of the device. An alterna-
tive approach consists in the use of an equivalent circuit
[20], a rather common way to describe the electrical char-
acteristics of electronic devices. In the case of solar cells,
the proposed circuit consists of a photogenerated current
source Jph superposed to the usual diode term. Besides, ser-
ies and parallel resistances are included to take into ac-
count the electrodes and also possible shunts in the
device (Fig. 1). This macroscopic description can accurately
describe the behavior of devices like crystalline silicon so-
lar cells, where most recombination losses can be included
in a diode term [21]. The situation in solar cells based on
thin films of disordered semiconductors is rather different,
since a significant recombination takes place within the ac-
tive layer of the device. In order to describe this effect it is
reasonable to include an additional loss term Jrec repre-
sented by the current sink of Fig. 1. According to this equiv-
alent circuit, the J–V characteristic can be expressed by the
following implicit equation:

J ¼ �Jph þ Jo exp
V � RsJ

nVT

� �
� 1

� �
þ V � RsJ

Rp
þ Jrec ð1Þ

where the diode term is characterized by its saturation
current density Jo and ideality factor n. The value of the
thermal voltage VT at room temperature is around 25 mV.
In Eq. (1), Jph represents the maximum photogenerated
current that we would obtain if all the charge carriers were
collected. The photogenerated current can be considered
independent of the applied voltage, since there is not a sig-
nificant field-dependence in the generation rate for typical
BHJ solar cells based on P3HT:PCBM blends [22]. Intui-
tively, Jrec is expected to be dependent on the illumination
level and the applied voltage. In this work, we will show
that the slope of the J–V curve at the short-circuit condition

is mainly determined by the recombination term. Then, we
propose an analytical expression for Jrec that describes the
behavior of the device for illumination levels ranging from
0.1 to 2 suns. This model allows calculating a charge carrier
collection efficiency that will be related to the charge
transport and recombination processes that take place in
the active layer of the device.

2. Experimental

A widely studied P3HT:PCBM combination was selected
in this work to study the charge carrier collection in organ-
ic BHJ solar cells. The devices were fabricated on glass sub-
strates coated with indium-tin-oxide (ITO) transparent
electrodes (15 O/square). These substrates were first
cleaned with detergent, ultrasonicated in acetone and iso-
propyl alcohol, rinsed in DI water and finally dried by an
intense nitrogen flow. An ultraviolet ozone (UVO) treat-
ment was then applied for 15 min to the ITO electrodes.
Next, the substrates were introduced inside a glovebox to
continue the fabrication process that involves organic
materials. A standard poly(3,4-ethylenedioxythiophe);poly
(styrenesylfonate) (PEDOT:PSS) hole conducting layer was
spin coated from an aqueous solution and dried at 130 �C
for 15 min to obtain a final thickness of 50 nm. The active
layer of the device was spin coated from a 1:1 by weight
ratio solution of P3HT and PCBM in chlorobenzene. The
thickness of the active layer after complete evaporation
of the solvent was around 80 nm. Subsequently, the device
was introduced in a high-vacuum chamber (10�7 mbar) to
evaporate a 100 nm thick aluminium cathode. A shadow
mask was used to define a device area of 12.7 mm2. The
fabrication process ends with a last annealing of the com-
plete devices at 160 �C for 10 min. Then, the solar cells
were extracted from the glovebox to do the electrical char-
acterization in ambient conditions. The J–V curves were
measured with a programmable Keithley 2636A Source
Meter Unit. The solar cells were illuminated with a Xenon
lamp (300 W) through an AM1.5 filter (Oriel). The illumi-
nation level was varied from 10 mW cm�2 (0.1 suns) to
200 mW cm�2 (2 suns) by means of neutral grey filters to
preserve the spectral distribution of the incident light. Fi-
nally, we checked that the devices had not suffered a sig-
nificant degradation during the electrical characterization.

3. Results

In Fig. 2 we plot the J–V characteristic of one of the fab-
ricated BHJ solar cells measured in dark. This curve can be
used to fit the diode term and to calculate the values of the
parasitic resistances, since in dark conditions both the
photogenerated and recombination currents are equal to
zero. The parameters Jo and n of the diode term are ob-
tained by fitting the exponential behavior observed at
moderate applied voltages. In the region of low applied
voltages, the leakage current through the parallel resis-
tance must be also taken into account to fit experimental
data. The parallel resistance can be attributed to shunts
and eventual pinholes through the device. Finally, at high
applied voltages a significant voltage drop in the series
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Fig. 1. Equivalent circuit proposed in this work to describe the behavior
of BHJ solar cells. The standard equivalent circuit of photovoltaic devices
is modified by an additional term Jrec to account for recombination losses
in the active layer.
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