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We report on the temperature dependence of various photovoltaic device parameters of solar cells,
fabricated from interpenetrating networks of conjugated polymers with fullerenes, in the wide
temperature range of their possible operating conditions 共25– 60 °C兲. The open-circuit voltage was
found to decrease linearly with increasing temperature. For the short-circuit current, we observed a
monotonic increase with increasing temperature, followed by a saturation region. The rate of this
increase 共coupled to a corresponding increase for the fill factor兲 was found to overtake the
corresponding rate of decrease in voltage, resulting in an overall increase of the energy conversion
efficiency. The efficiency was observed to reach a maximum value in the approximate range 47–
60 °C. The results are discussed with respect to possible mechanisms for photovoltage generation
and charge carrier transport in the conjugated polymer-fullerene composite, and in particular,
thermally activated charge carrier mobility. © 2001 American Institute of Physics.
关DOI: 10.1063/1.1412270兴

I. INTRODUCTION

knowledge is twofold: fundamental and practical. At the fundamental level such information, particularly for organic solar cells, may provide insights into the mechanisms governing photovoltage generation and charge collection, as will be
discussed in greater detail below.
At the practical level there is a twofold importance: Such
information enables one to optimize the operation of such
cells but no less important, it helps one to quantify cell performance in a manner that may be compared from one laboratory to another. In the case of conventional inorganic solar
cells a set of standard test conditions 共STC兲 have been defined. These correspond to a radiant intensity of 1000 W/m2
with a spectral distribution defined as ‘‘AM1.5G’’ 共IEC
904-3兲 and a cell temperature of 25 °C. In spite of the existence of such a standard, all kinds of efficiencies have been
reported for organic solar cells, based on measurements performed under a large variety of test conditions.18
This article reports the results of accurate measurements
performed both indoors 共under appropriately corrected simulated STC conditions兲 and outdoors 共under correspondingly
corrected naturally occurring STC conditions兲. A detailed
study of the resulting temperature dependence for these solar
cells, based on interpenetrating networks of conjugated polymers with fullerenes, is presented. This enables us to discuss
possible physical mechanisms which might be responsible
for the observed temperature dependence.

Organic solar cells, as alternatives to conventional inorganic photovoltaic devices, have a number of potential advantages, such as lightweight, flexibility, and low cost fabrication of large areas.1– 8 One variety of organic solar cells
that has recently been studied extensively consists of donor–
acceptor heterojunctions between conjugated polymers and
fullerenes 共or fullerene derivatives兲.9–12 The efficient photoresponse of these polymer devices originates from an ultrafast photoinduced electron transfer from the conjugated
polymer to the fullerene molecule.13–15 The kinetics of this
process have recently been time resolved to occur within 40
fs.16 Since this is faster than any other relaxation mechanism
in the conjugated polymer, the quantum efficiency of this
process is estimated to be close to unity. The best photovoltaic parameters reported to date and in particular, energy conversion efficiencies of 2.5%,17 were for devices based on
interpenetrating networks of conjugated polymers with
fullerenes.
Due to the novelty of such devices, published information on the temperature dependence of the photovoltaic parameters of these solar cells in particular, and organic solar
cells in general, is very limited. The significance of such
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FIG. 1. Schematic device structure of conjugated polymer-fullerene solar
cells under study, together with chemical structure of compounds used for
the active layer.

II. EXPERIMENTAL TECHNIQUES

The underlying logistics for the experiments reported
here were as follows. The solar cells were produced in Linz
and given their first approximate characterization using a filtered metal-halide solar simulator 共Steuernagel ‘‘Solar Constant 575,’’ with calculated spectral mismatch factor M
⫽0.76兲.17 Samples were then sent to Petten for accurate indoor studies using a class-A xenon-arc solar simulator 共Spectrolab XT-10, with calculated mismatch factor M ⫽0.90兲,
and to Sede Boqer for accurate outdoor studies using the
well-known AM1.5G natural spectrum of this site.19,20
The bulk donor–acceptor heterojunction solar cells were
produced by spin casting. The production process is described in detail elsewhere.11,17 Poly 关2-methoxy, 5-共3 ⬘ ,7⬘ dimethyl-octyloxy兲兴-p-phenylene-vinelyne 共MDMO-PPV兲
was used as the electron donor21 while the electron acceptor
was 关6,6兴-phenyl C61-butyric acid methyl ester 共PCBM兲.22
The enhanced solubility of PCBM compared to C60 allows
a high fullerene/conjugated polymer ratio and strongly supports the formation of bulk donor–acceptor heterojunctions.
The thickness of the spin-cast MDMO-PPV:PCBM
active layer was about 100 nm. As electrodes, a transparent
indium-tin-oxide 共ITO兲 film on one side and a LiF/Al
bilayer contact on the other side were used. A LiF/Al
electrode was chosen instead of pristine Al in order to guarantee a good ohmic contact between the metal and the
organic layer.23,24 For improvement of the ITO contact,
the ITO was coated with a thin layer of poly共ethylene
dioxythiphene兲 共PEDOT兲.25 The device structure of
ITO/PEDOT/MDMO–PPV:PCBM/LiF/Al layered solar cells
together with the molecular structure of the compounds used
for the active layer are shown in Fig. 1.
In order to permit transportation outside the laboratory
where they were produced, the devices had to be protected
from oxygen by encapsulation. In an only partially successful attempt to effect such protection, the solar cells were

sandwiched between two glass microscope slides and sealed
by epoxy.
Under test the samples were illuminated through their
semitransparent ITO/substrate side. The cell temperature,
during both simulator and natural sunlight tests, was controlled by a thermoelectric cooling plate upon which the cell
was mounted.
In Linz, preliminary indoor photovoltaic measurements
of the as-prepared cells were carried out, using a solar simulator, both before and after encapsulation.
In Sede Boqer, the outdoor current–voltage measurements were performed on cloudless days, during the noontime period, at normal incidence to the incoming solar beam
radiation. The solar irradiance, measured with a calibrated
thermopile pyranometer 共Eppley PSP兲, was found to remain
constant, during the test runs, to within approximately
⫾0.3% at levels that slightly exceeded 1000 W/m2.19 Moreover, under such conditions, the natural sunlight spectrum at
Sede Boqer is known to be exceedingly close to the standard
AM1.5G spectrum.20
Because the outdoor solar irradiance level was not, in
general, precisely equal to 1000 W/m2, it was necessary to
adjust the measured values of short-circuit current, I sc , current at the maximum power point, I mpp , and maximum output electrical power, P out , to the STC irradiance value. For
conventional inorganic solar cells, the current versus irradiance dependence is known to be linear, but for the novel
cells studied here, this fact had to be checked. To do this, we
used a solar simulator 共also a Steuernagel Solar Constant
575兲 employing a filtered metal-halide lamp, and wire masks
to vary the intensity in the range 80–550 W/m2, without
changing the spectral quality of the light. This latter point is
important because the simulator spectrum is already only an
approximation to true AM1.5 so it was important not to introduce further uncertainties by allowing its spectrum to
change with changing light intensity. Under these circumstances, it was reasoned, if the cell current turns out to be
linear to changes in the intensity of the simulator lamp then
in all probability it is safe to assume that it would remain
linear under true AM1.5 conditions—particularly for small
departures from 1000 W/m2. Figure 2 shows a plot of I sc vs
simulator light intensity level, at a variety of fixed temperatures in the range 10–33 °C. These curves are sufficiently
linear to give us confidence that no substantial errors would
be introduced into our results by adjusting measurements
performed at, say, 1050 W/m2, to the standard 1000 W/m2
level.
The power conversion efficiency  of solar cells under
illumination was calculated by

⫽

P out
V ocI sc
⫽FF
,
P in
P in

共1兲

where P out is the maximum output electrical power of the
device under illumination and P in is the light intensity incident on the device, V oc is the open-circuit voltage, I sc is the
short-circuit current. FF, the fill factor is given by
FF⫽

V mppI mpp
,
V ovI sc

共2兲
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TABLE I. Photovoltaic parameters of conjugated polymer-fullerene solar
cells measured under simulated AM1.5 conditions before sealing. Measurements were performed with a solar simulator 共Steuernagel Solar Constant
575兲 at an irradiance level of 800 W/m2 and a cell temperature of 55 °C.
Measured data were corrected to the plotted AM1.5 values using a calculated 共see Ref. 17兲 mismatch factor of 0.76.

FIG. 2. Short-circuit current (I sc) vs irradiance level of solar simulator
共Steuernagel solar constant 575兲, at various cell temperatures, for a typical
cell sample.

where V mpp and I mpp are the voltage and current at the maximum power point, respectively.
Accurate indoor photovoltaic measurements under STC
employ a solar simulator, with a light spectrum that approximates the AM1.5 global spectrum and a calibrated reference
cell to set the intensity. These measurements can be divided
into two steps: 共a兲 the determination of the simulator spectral
mismatch factor M; 共b兲 measurements of the I – V curve of
the solar cell and correction to STC.
The match between a simulator spectrum, E S (), and
the AM1.5G reference spectrum, E R (), is never perfect,
even for the best solar simulators. Furthermore, a spectral
mismatch is introduced since the spectral responses of the
device under test, S T (), and of the reference cell, S R (),
are, in general, not identical. In order to correct for this, a
spectral mismatch factor M can be computed via the following formula:
M⫽

兰 E R共  兲 S R共  兲   兰 E S共  兲 S T共  兲  
,
兰 E S共  兲 S R共  兲   * 兰 E R共  兲 S T共  兲  

共3兲

where each integral in Eq. 共3兲 is proportional to the shortcircuit current that would be produced, at standard temperature, by the cell of stated spectral sensitivity S i () under the
specified spectrum E j ().
For crystalline silicon solar cells, M usually lies in the
range 0.98 –1.02, since stable calibrated solar cells can be
constructed from more-or-less the same material as the test
cell. However, for the novel type of solar cells under the
present study, suitable and stable reference cells cannot be
fabricated yet. This implies that for the measurement of these
cells, one has to use calibrated reference cells with a different spectral response from the device under test, resulting in
mismatch factors significantly deviating from 1. Therefore,
step 共a兲 is the measurement of the spectral sensitivity functions of the reference cell and the test cell, and measurement

V oc
共mV兲

J sc
共mA/cm2兲

FF

Efficiency
共%兲

Area
共mm2兲

Cell 26

856
839
837

3.85
3.9
3.92

0.598
0.601
0.598

2.47
2.45
2.46

6.75
6.9
7.05

Cell 40

858
845
844

4.02
3.99
3.90

0.567
0.585
0.606

2.46
2.47
2.49

6.3
6.2
6.15

of the spectrum of the simulator. These measurements, together with the defined spectrum AM1.5G enable M to be
calculated. It is of utmost importance to carry out the procedure as precisely as possible in order to minimize measurement errors.
In Petten, the solar cell spectral responses were
measured according to the ASTM E1021-84 norm. The
cells were illuminated using light from the simulator’s xenon
lamp, after passing it through a band filter 共20 nm width兲
and through a chopper, creating ‘‘monochromatic’’
modulated light. White light 共1000 W/m2兲, using halogen
lamps, was applied as bias light to create standard measuring
conditions.26 A monocrystalline silicon solar cell⫹KG5
filter calibrated at ISE was used as the reference cell.
The
spectral
response
of
an
encapsulated
ITO/PEDOT/MDMO–PPV:PCBM/LiF/Al device was measured relative to the spectral response of the reference cell.
Together with the spectral distribution for AM1.5G and the
simulator spectrum, a mismatch factor of 0.9 was calculated
using Eq. 共3兲. The value M ⫽0.9 was then used, in step 共b兲,
to correct the measured I sc values of the polymer-fullerene
cell to I sc values appropriate to AM1.5G conditions. I – V
curves were measured at various cell temperatures in the
wide range of the possible operating conditions 共25– 60 °C兲
and  and FF were calculated according to Eqs. 共1兲 and 共2兲.
III. RESULTS AND DISCUSSION

Table I summarizes the results of preliminary photovoltaic characterization of solar cells in Linz, directly after production in inert box conditions. Current–voltage measurements were performed under irradiation by a metal-halide
solar simulator at light intensity of 800 W/m2 and a cell
temperature of 55 °C. I – V curves for a typical cell before
and after sealing are plotted in Fig. 3. Table I shows that for
the various solar cells with active areas in the range 共6.15–
7.05兲 mm2, the short-circuit current densities were found to
be J sc⫽(3.85– 4.02) mA/cm2 and, the corresponding opencircuit voltages, fill factors, and energy conversion efficiencies were in the respective ranges: V oc⫽(837– 858) mV,
FF⫽(0.567– 0.606), and  ⫽(2.45– 2.49)%.
After sealing these devices in the manner described
above, they were delivered to the partner laboratories where
they were subjected to outdoor I – V measurements 共in Sede
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FIG. 3. Typical I – V curves for an ‘‘as-produced’’ polymer-fullerene solar
cell before and after sealing. Measurements were performed with a solar
simulator 共Steuernagel solar constant 575兲 at an irradiance level of 800
W/m2 and a cell temperature of 55 °C. Measured data were corrected to the
plotted AM1.5 values using a calculated 共Ref. 17兲 mismatch factor of 0.76.

Boqer兲 and indoor measurements 共in Petten兲, at a variety of
cell temperatures. Generally, a qualitatively similar temperature behavior was observed by the indoor and outdoor I – V
measurements of all devices studied. Figures 4 and 5 summarize the temperature dependencies of the principal cell
parameters 共V oc , J sc , , and FF兲 derived from the outdoor
and indoor I – V measurements of typical devices.
Outdoor and simulator measurements of V oc show a linear decrease with increasing temperature 关Figs. 4共b兲 and 5兴.
Additional outdoor measurements of V oc made while continuously varying the cell temperature, without recording the
entire I – V curve confirmed this behavior 共Fig. 6兲. For all
samples, the observed linear decrease had a temperature coefficient in the range dV oc /dT⫽⫺(1.40– 1.65) mV/K. This
is comparable to corresponding values observed for familiar
inorganic solar cells in this temperature range. Recent low
temperature measurements on the current–voltage behavior
of conjugated polymer/fullerene bulk heterojunction solar
cells in the range 共80–300兲 K showed that this linear temperature dependence of V oc is lost at temperatures below 200
K and that V oc begins to saturate.27 Nevertheless, we have
used the linear temperature coefficient, obtained from the
present measurements, extrapolated to T⫽0 K 共inset in Fig.
6兲, in order to derive an upper limit for the value of the open
circuit voltage at 0 K. The result is V oc(0 K)
⫽(1.33– 1.40) V.
In order to try and understand the physical mechanisms
which may be responsible for the observed temperature dependence of V oc in the high and low temperature ranges it is
instructive to start with an analysis of the V oc behavior of
conventional inorganic semiconductor solar cells with a p-n
junction.28 For that situation:
V oc⫽

冉 冊

I sc
AT
ln
⫹1 ,
q
Io

共4兲

where A is a so-called diode quality factor of the p-n junction
and I o is the reverse saturation current. According to a geometrically simple model of Shockley,29 I o is given by

FIG. 4. Temperature dependencies of the principal photovoltaic parameters
for a typical polymer-fullerene solar cell derived from outdoor measurements of its I – V curves. Plotted values of efficiency and I sc have been
adjusted to the STC irradiance level of 1000 W/m2.

I o ⫽qN v N c 关 exp共 ⫺E g /  T 兲兴 •

冉

冊

Ln
Lp
⫹
,
n n n p p p

共5兲

where N v and N c are the effective densities of states in the
valence and conduction band, respectively, E g is the semiconductor band gap, L n ,L p ,n n ,p p ,  n ,  p are the diffusion
lengths, the carrier densities and the lifetimes of electrons
and holes, respectively. Since I scⰇI o , by inserting Eq. 共5兲
into 共4兲 we obtain:
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FIG. 5. Temperature dependence of normalized photovoltaic parameters for
a typical polymer-fullerene solar cell derived from indoor measurements of
its I – V curves. Ordinate axis displays all parameters normalized to their
measured values at 25 °C: namely, J sc⫽3.1 mA/cm2, V oc⫽840 mV, FF
⫽0.55, and  ⫽1.45%. Active cell area⫽7.5 mm2. Measurements were performed with a class A solar simulator 共Spectrolab X-10兲. Measured data
were corrected to their corresponding AM1.5 values using a mismatch factor
of 0.9.

V oc⫽

冋

1
AE g A  T
⫺
ln
•qN v N c
q
q
I sc

册冉

Ln
Lp
⫹
n n n p p p

冊

⫽a⫺bT,

共6兲

where
a⫽V oc共 0 K兲 ⫽

AE g
,
q

and
b⫽⫺dV oc /dT⫽

冋

A
1
ln
•qN v N c
q
I sc

册冉

冊

Ln
Lp
⫹
.
n n n p p p

To the extent to which such a simple model might also
be relevant to our organic solar cell situation, i.e., in that we
also observe a linear decrease of V oc with T, at least for the
high temperature range (T⬎200 K)⫺V oc for these solar cells
may be described by a diode equation similar to Eq. 共4兲 with
I o ⬃exp(⫺EDA /kT). Here E DA is a parameter analogous to
E g for a conventional semiconductor. If we adopt such a
model for these conjugated polymer-fullerene bulk hetero-

junction solar cells E DA corresponds to the energy difference
between the HOMO level of the donor and the LUMO level
of the acceptor components of the active layer, as will be
argued below. It is important to remark, however, that since
our experiments have been performed over a relatively small
range of temperatures, we can not rule out a possible temperature dependence of E DA for temperatures substantially
different from the range investigated.
Our observation of a V oc of ⬃0.8 V is considerably
higher than the V oc value of 0.53 V previously reported for
bilayer conjugated polymer/fullerene solar cells.9 This result
strongly supports the conclusion of Ref. 11 that photovoltage
generation in bulk donor–acceptor heterojunctions cannot be
explained by a model of the work function difference of the
two electrodes30 共which is generally accepted for single layer
conjugated polymers devices,31,32 or by a picture involving
only band bending at the polymer/fullerene interface 共which
is adequate for bilayer conjugated polymer-fullerene solar
cells with nonrectifying metal contacts10兲.
On the other hand, it has recently been shown that the
open-circuit voltage in solar cells based on interpenetrating
networks of conjugated polymers with fullerenes is directly
related to the acceptor strength of the fullerenes.33 This result
fully supports the view that the open-circuit voltage of this
type of donor–acceptor bulk-heterojunction cell is related
directly to the energy difference between the HOMO level of
the donor and the LUMO level of the acceptor components
of the active layer. Furthermore, and also in full agreement
with this view, it was found that a variation of the negative
electrode work function influences the open-circuit voltage
only in a minor way. In accord with results from XPS studies
proving the existence of surface charges on C60 at metal
interfaces, this electrode-insensitive voltage behavior was
identified as a result of Fermi level pinning between the
negative metal electrode and the fullerene reduction potential
via charged interfacial states.33 This view on the V oc generation is additionally supported by the fact that the values of
temperature coefficient dV oc /dT⫽⫺(1.40– 1.65) mV/K for
the cells under the present study 共with bilayer LiF/Al and
ITO/PEDOT contacts兲 coincide with those we reported for
polymer/fullerene bulk heterojunction solar cells of the ‘‘previous generation’’ 共i.e., with the same components in the active layer but without LiF and PEDOT contact layers兲.34
From the results presented in Ref. 33 the following equation for the open circuit voltage in the donor/acceptor bulk
heterojunction solar cells was proposed:
V oc⫽ 共 A ox⫺S 1 ⫻E red共 A 兲 兲 ⫺S 2 ⫻ 共  M ⫺E red共 A 兲 兲 ⫹C.

FIG. 6. Outdoor measurement of V oc vs temperature made by continuously
varying the cell temperature. Inset shows same data extrapolated to 0 K.

5347

共7兲

Here  M is the work function of the metal and C is a constant describing the interface potential for the ideal ohmic
contact. E red(A) is the reduction potential of the acceptor
共PCBM in our case兲, which is representative for the Fermi
level of the acceptor under illumination. A ox is a constant
representative of all the contributions to V oc from the positive electrode, and is expected to be properly described by
the oxidation potential of the conjugated polymer. S 1 and S 2
are a quality factor for the ohmicity of this contact and the
index of interface behavior,35 respectively. For the bulk heterojunction solar cells presented in this work, S 1 was found
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FIG. 7. Outdoor measurement of I sc vs temperature made by continuously
varying the cell temperature. Plotted values have been adjusted to the STC
irradiance level of 1000 W/m2.

to be close to 1 while S 2 was found to be around 0.1. A
similar dependence of V oc on the Fermi level of the illuminated polymer 共properly described by the oxidation potential
of the polymer兲 is expected, and work is in progression to
investigate this dependence.
In this image, the temperature dependence of V oc is directly correlated to the temperature dependence of the quasiFermi levels of the components of the active layer under
illumination, i.e., of the polymer and the fullerene. Therefore, knowledge of the temperature dependence of V oc over a
wide range, and especially V oc 共0 K兲, is essential for the
understanding of bulk heterojunction solar cells.
Figures 4共a兲, 4共d兲, and 5 show relatively large monotonic
increase with temperature for I sc and FF, followed by a saturation region. A slight increase in I sc with temperature is also
a common feature for inorganic solar cells.36 However, in the
case of our polymer-fullerene solar cells the rate of increase
is so dramatic that the increase of the short-circuit current-fill
factor product with temperature overtakes the decrease of
open-circuit voltage with temperature. As a result, there is an
absolute increase of the power efficiency  with temperature,
reaching a maximum value at temperature T max which, for
different samples, lies in the range 47– 60 °C 关Figs. 4共c兲 and
5兴.
In order to investigate this behavior more thoroughly we
measured I sc with continuous variation of the cell temperature, without recording the entire I – V curve. The result is
shown in Fig. 7 共for another sample兲, where a clear indication of saturation sets in at around 60 °C. This, together with
the continued falloff in V oc , would result in a subsequent
decrease in the efficiency with further increase in temperature. A noteworthy point, which provides further confirmation of this result, is that when the cell temperature was
cycled back and forth there was no hysteresis in the I sc temperature dependence.
Solar cells based on interpenetrating networks of conjugated polymers with fullerenes are known to be sensitive to
the combination of oxygen and light. Unprotected devices
show rapid degradation under light/air exposure.37 Due to
this degradation process and to the imperfect encapsulation
process employed for the present cells, it is difficult to make
quantitative comparisons among the results of photovoltaic
characterization of the cells at different stages of their degradation. In particular, it is meaningless to compare the ab-
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solute results of our outdoor and indoor I – V measurements.
However, in addition to qualitative coincidence of the temperature dependencies of the cell parameters observed by the
indoor and outdoor I – V measurements, we may report that
after 6 h of irradiation during 11 successive days of the outdoor experiment, absolute values of V oc and its temperature
dependence 关 dV oc /dT,V oc(0 K) 兴 remained almost constant.
On the other hand, degradation was evident in the absolute
values of I sc and FF, while the positive trend in the temperature dependencies of I sc , FF, and  was not influenced.
A positive temperature dependence of  is a remarkable
peculiarity for solar cells, which is not observed in most
conventional inorganic solar cells.36 It is significant, therefore, that the heating of solar cells to temperatures in the
range of our T max may be expected to arise naturally by the
absorption of solar radiation, i.e., without any artificial heating. Therefore, unlike conventional solar cells, we would expect polymer-fullerene solar cells to perform more efficiently
under natural 共warm climate兲 operating conditions than under standard test conditions!
Very recently it was demonstrated theoretically and experimentally that I sc in conjugated polymer-fullerene solar
cells is controlled to a considerable extent by mobility of the
majority charge carriers in the cell’s active layer.38 Moreover,
expressed activated behavior of charge carrier mobility in
conjugated polymers is known to result in higher mobility at
higher temperatures 共for review see Ref. 39兲. Accordingly, it
is likely that our observed, unusually large, positive temperature coefficient for I sc originates from the temperature dependence of the mobility of the conjugated polymer-fullerene
composite.
This hypothesis is also in accord with our irradianceresolved measurements performed at different cell temperatures using the solar simulator 共Fig. 2兲. In those measurements we observed a linear increase of I sc , with light
intensity for the whole range of irradiance and temperature,
but we may also draw attention to the fact that the slope of
the irradiance dependence of I sc increases with increasing
temperature. In other words, the maximum temperature influence is observed at the highest light intensities. At such
intensities a maximum amount of photocarriers are generated
and the limitation in carrier transport, caused by the low
mobility of holes in the conjugated polymer and electrons in
the fullerene channels, is more evident than for lower carrier
densities.
The observed temperature dependence of FF 关Figs. 4共d兲
and 5兴 is quite similar to that of I sc . The former, however,
can be qualitatively understood in terms of the temperaturedependent series resistance of the solar cell, R s , as the following argument demonstrates. With familiar inorganic solar
cells the series resistance is determined principally by the
contacts and contact/semiconductor interfaces, because the
resistivity of the semiconductor material is relatively low. On
the other hand, our plastic solar cells have a relatively high
resistivity of the organic active layer but one which decreases with increasing temperature owing to the increase in
carrier mobility. It is this decrease in resistivity that manifests itself as an improvement in the fill factor with increased
temperature.
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Recently, we reported a similar temperature dependence
of I sc , V oc , and  for a ‘‘previous generation’’ of solar cells
based on interpenetrating networks of conjugated polymers
with fullerenes 共with initial efficiency ⭐1%兲.34 We have
also observed a positive temperature coefficient for the efficiency of C60 single-crystal photoelectrochemical cells.40
Furthermore, although not explicitly stated by the authors,
one may also find indications for such an effect in data recently published on organic 共magnesium phthalocyanine兲/
inorganic 共silicon兲 heterojunction solar cells.41 Finally, a
temperature dependence of I sc qualitatively similar to that
shown in Figs. 4共a兲, 5, and 7 was also observed for organic
solar cells based on Zn-phthalocyanine 共ZnPc兲/perylene 共MPP兲 heterojunction.42 We suggest that positive temperature
dependencies of I sc , FF, and  may be characteristic for
solar cells with an expressed temperature activated behavior
for charge transport, resulting in higher mobility/
conductivity at higher temperatures 共for example, for some
types of amorphous silicon solar cells43兲.
In organic semiconductors, the nature of charge transport, in particular, the character of the temperature dependence of mobility is known to depend strongly upon their
crystalline structure. For example, it was found that the activation energy for mobility decreases with increasing grain
size in polycrystalline small molecule samples.44 Furthermore, in high quality single crystals of pentacene the mobility of electrons and holes was even found to decrease with
increasing temperature following a power law familiar for
inorganic semiconductors.45 It is significant that solar cells
based on such single crystals8 demonstrate a conventional
negative temperature coefficient for their efficiency.46 This
fact provides additional support to our hypothesis on the relationship between the temperature dependence of mobility
and that of I sc , FF, and .
IV. CONCLUSIONS

We have investigated the temperature dependence of
photovoltaic parameters for solar cells based on interpenetrating networks of conjugated polymers with fullerenes.
The open-circuit voltage, V oc , of these cells was found to
decrease linearly with increasing temperature, with a temperature coefficient dV oc /dT in the range ⫺共1.40–1.65兲
mV/K in the temperature regime between 10 and 60 °C. We
observed a monotonic increase in temperature for the shortcircuit current and the fill factor, followed by a saturation
region. For the temperature range under investigation it was
found that the increase in the current-fill factor product can
overtake the decrease of voltage with temperature and result
in an overall increase of the energy conversion efficiency
with increasing temperature, which reaches its maximum
value in the range 47– 60 °C. We have argued that this behavior originates from the temperature dependence of the
mobility in the conjugated polymer-fullerene composite due
to thermal activation of its charge carrier mobility. We suggest that positive temperature dependencies of short-circuit
current and efficiency may be characteristic for other kinds
of solar cells with thermal activation of their charge transport.
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