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In this article, we have studied the temperature and illumination dependence of open-circuit voltage

(VOC) in polymer–fullerene based solar cells. It has been observed that VOC at higher illumination

intensities gets converged at 0 K which gives information about maximum achievable VOC in a

particular donor–acceptor blend. Besides this, recombination processes have been studied by transient

open-circuit voltage decay (TOCVD) and the transition between recombination regimes has been

observed for the first time. At low VOC carrier lifetime exhibits a constant value around 500 ms, which is

interpreted in terms of a monomolecular recombination regime. At higher VOC carrier lifetime decreases

as derived from a bimolecular relaxation law. The method allows estimating the recombination

coefficient, which results in 2�10�13 cm3 s�1. The results have been explained by considering

Gaussian density-of-states (DOS) for highest-occupied molecular orbital (HOMO) and lowest-unoccu-

pied molecular orbital (LUMO).

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Well known thermodynamic arguments proposed by Schockley
and Queisser [1] are based on considering radiative recombi-
nation as the only loss process which puts a fundamental upper
limit on the energy conversion of solar cells. The highest reported
efficiency of polymer–fullerene solar cells [2] is far below the
radiative limit of Schockley and Queisser [1]. The internal quan-
tum efficiency polymer–fullerene photovoltaic systems have
reached E100% [2]; this implies that energy conversion effi-
ciency must be mainly limited by the open-circuit voltage (VOC).
The VOC is found to scale with Eg¼{ELUMO(A)�EHOMO(D)} of the
blend, i.e. the difference between the highest-occupied molecular
orbital (HOMO) of electron donor material and the lowest-
unoccupied molecular orbital (LUMO) of the electron acceptor
material [3] which is equivalent to ionization potential and
electron affinity of respective materials. Therefore, a significant
energy loss arises from the difference of electron affinity and
ionization potential of the electron acceptor and donor materials,
respectively. The exciton binding energy in organic semiconduc-
tor can be as high as E1.5 eV [4]; therefore a blend of two
materials with different electron affinities and ionization poten-
tials has to be used for exciton dissociation and generation of free
charge carriers at interfaces [5] in polymer–fullerene solar cells.
ll rights reserved.
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Although the recombination losses mainly take place at the
donor/acceptor interface, the role of energetic disorder cannot be
ignored, which is inherent to organic layers. The recombination
processes and the maximum attainable VOC of polymer–fullerene
solar cells are still under investigation. It is a thumb rule that VOC

is related to Eg¼{ELUMO(A)�EHOMO(D)} but it depends upon a
number of parameters, e.g. illumination intensity, temperature,
exciton generation rate, mobility of charge carrier, charge carrier
lifetime and recombination rates. It is necessary to study recom-
bination processes for understanding of origin and nature of VOC.

In the present paper, we have studied the temperature and
intensity dependent characteristics of poly (3-hexylthiophene)
(P3HT) and phenyl-C61-butyric acid methyl esters (PCBM) based solar
cells. The most exciting trend is that all the curves at different
intensities of illumination (higher than threshold illumination) are
converging at 0 K and it is also the maximum attainable VOC for a
donor–acceptor combination. The charge carrier lifetime has been
measured by transient open-circuit voltage decay (TOCVD) method.
The transition between recombination regimes has been observed for
the first time. The observed results have been explained by consider-
ing Gaussian DOS for highest-occupied molecular orbital (HOMO) and
lowest-unoccupied molecular orbital (LUMO).
2. Experimental

Devices based on P3HT (Plextronic, 99.5%) and PCBM (Aldrich,
99.5%) have been fabricated from their blended solution
Cells (2011), doi:10.1016/j.solmat.2011.03.012
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Fig. 1. Experimental set-up for transient open-circuit voltage decay (TOCVD).

Fig. 2. Temperature dependence of open-circuit voltage in devices with different

preparatory conditions under 315 mW illumination of blue LED (lmax¼480 nm).

The leakage currents (JL) at �1 V and 300 K for unannealed, pre-annealed and

post-annealed devices are 0.51, 0.31 and 0.06 mA/cm2, respectively.
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(1:1, 20 mg/ml) in chloro-benzene by spin-coating on a PED-
OT:PSS (E50 nm) coated ITO glass substrate. To change the
preparatory conditions, samples are unannealed or annealed
before (pre-annealed, 140 1C for 10 min) or after (post-annealed,
160 1C for 10 min) the deposition of top aluminum electrodes.
Efficient PV cells are fabricated after the deposition of aluminum
(Al) anode (100 nm); the devices are post-annealed at 160 1C for
10 min. The efficiency of this device has been found to be 3.23%
(VOC¼0.58 V, JSC¼8.28 mA/cm2, Vmax¼0.41 V, Jmax¼7.41 mA/cm2

and Fill factor¼63.4%) under illumination of (100 mW/cm2) white
light from AM 1.5G solar simulator at 300 K. The area of the
device is 8.5 mm2 and thickness of active layer is E100 nm.
Temperature dependent measurements are carried-out inside a
liquid nitrogen cryostat. The sample has been affixed on sample
holder inside cryostat with silver paste that also acts as heat sink.
High power blue LED (lmax¼480 nm) has been used as light
source and its illumination level has been normalized due to
experimental constraints. The output power of LED linearly varies
with driving current. For six different driving currents [10–700 mA],
absolute output powers of LED as measured with a Labsphere 600

calibrated integrated sphere are 4.7, 32, 63, 122, 215 and 315 mW
for Light 1, Light 2, Light 3, Light 4, Light 5 and Light 6, respectively.
During the experiment, the geometry of the set-up is carefully kept
unchanged in order to preserve the proportionality of the illumina-
tion intensity with the LED output. The schematic diagram for open-
circuit voltage decay has been shown in Fig. 1.
3. Results and discussions

Temperature dependence of VOC has been reported earlier but
different trends have been observed [6–11]. We found that
leakage current densities (JL) play a crucial role in the VOC versus
temperature characteristics. Here, the temperature dependence of
open-circuit voltage has been studied in P3HT-PCBM based solar
cells. The devices have been fabricated in different preparation
conditions and temperature dependence of VOC has been observed
to be linked with temperature dependence of leakage current
densities. At VOC, the sum of generated photo-current density (JPh),
recombination current density (JR) and JL should be equal to zero.
Thus, JR must be much greater than JL to observe material instead
of device properties. Therefore, a minimum leakage current
density is prerequisite requirement for high VOC. In other words,
if JRb JL, generation rate (G) equals recombination rate (R)
because of negligible shunt current. As shown in Fig. 2, VOC versus
Please cite this article as: A.K. Thakur, et al., Sol. Energy Mater. Sol.
temperature curves for pre-annealed (before anode deposition)
and unannealed devices show minimum VOC at lowest tempera-
ture (85 K) whereas post-annealed devices show highest VOC.
Temperature dependent VOC is linear for P3HT:PCBM based solar
cells with power conversion efficiency 43% and with low JL

values. If JLE JR, shunt current cannot be neglected and VOC is then
reduced. So, only the annealed PV cells at 160 1C after deposition
of Al electrode have been chosen for further study.

In Fig. 3(a) and (b), the J–V characteristics of solar cells have
been shown at 300 and 85 K, respectively. The VOC is changed as
the intensity of illumination is changed as reported [12,13]. It is
also evident that VOC depends on both temperature and illumina-
tion intensities. VOC increases as temperature is reduced or
illumination is increased. It can also be seen that photocurrents
are about 2 orders of magnitude higher than dark currents (even
at �1 V and at the lowest illumination intensity). Moreover,
reduction of dark current at low T results from the reduction of
both charge carriers mobility and injection.

The question arises, why does VOC vary either with temperature
or illumination intensity? We first check if the band gap of materials
is varying with temperature (T). Temperature dependent incident
photon to current efficiency (IPCE) study has then been carried-out.
Spectra are presented in Fig. 3(c) which show that absorption of the
blend remains constant between 80 and 300 K. Therefore, we may
rule out the variation in band gap of the blend with temperature. It
can also be clearly seen from Fig. 3(d) that JSC is constant as
temperature is reduced to a certain critical temperature (TC) for
particular intensities. This has been shown by a red dotted line in
Fig. 3(d). Above TC, it demonstrates that the generation rate is
constant. On the further reduction of temperature below this TC, the
JSC is reducing which implies that mobility is reduced below TC,
i.e. transit time is higher than the lifetime of charge carriers;
therefore it recombines before reaching electrodes. With this
methodology, it is only possible to demonstrate that G does not
vary with T above TC; however, we guess that the diminution of JSC

below TC originates only from the reduction of charge carrier
mobility and not due to a decrease of G.

Under illumination, VOC is related to the splitting of quasi
Fermi levels, which depend on the charge carrier densities in the
LUMO and HOMO density-of-states [14]. In a steady state, G and R

are in equilibrium, which set the charge carrier densities [15,16].
Cells (2011), doi:10.1016/j.solmat.2011.03.012
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This equilibrium is shifted toward high quasi Fermi levels split-
ting if G increases or R decreases, which has been shown in Fig. 4.

In Fig. 4, the VOC at different intensities have been shown with
respect to temperature. Measurements have been carried-out
down to 85 K inside liquid nitrogen cryostat and curves have
been extrapolated to 0 K. Characteristically similar results have
Please cite this article as: A.K. Thakur, et al., Sol. Energy Mater. Sol.
been obtained by Vandewal et al. [11]; the curves converge at 0 K
and give maximum attainable VOC. However, in our experiments,
convergence only appears under high illumination intensities. The
curves of VOC versus temperature are still linearly dependent on
temperature but they do not converge at 0 K under lower
intensities of illumination. It has also been reported in literatures
that maximum of VOC is related to the band gap of the blend
[17,18] but recombination mechanisms play a crucial role in the
observable VOC values [16].

Assuming Gaussian DOS of both the donor highest-occupied
molecular orbital (HOMO) and the acceptor lowest-unoccupied
molecular orbital (LUMO) manifolds, a straightforward calcula-
tion allows determining the Fermi level positions from which VOC

results proportional to the logarithmic function of the carrier
density and Eg as [19]

qVocpEg�kBTln
NnNp

np

� �
: ð1Þ

Here Nn (Np) corresponds to the effective acceptor LUMO
(donor HOMO) density-of-states, n (p) the electron (hole) con-
centration, and kBT stands for the thermal energy. It is important
to emphasize that Eq. (1) is a high-temperature approximation,
which may be extended to lower temperature regimes. Its
application is valid if low-occupancy conditions are satisfied
(n5Nn and p5Np). The temperature dependence of Eq. (1) might
be rather complex. In addition to the explicit dependences on T, n

and p vary with temperature. Charge carrier densities in the cell
will be determined by the generation-recombination of kinetic
Cells (2011), doi:10.1016/j.solmat.2011.03.012
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balance under constant illumination. In case of temperature-
independent photo-generation, carrier density increases at lower
temperatures because recombination is slowed down hence
increasing VOC. An exact interpretation of the open-circuit voltage
dependence on temperature may be carried out by numerical
simulation.

At constant temperature, open-circuit decay is governed by
the electron–hole recombination processes. Calculating the time
derivative of Eq. (1), one obtains the following expression:

q
dVoc

dt
¼ kBT

d

dt
lnðnpÞ ¼ �kBT

1

tn
þ

1

tp

� �
, ð2Þ

where (1/tn)¼�(1/n)(dn/dt) and (1/tp)¼�(1/p)(dp/dt) allow
defining the electron and hole lifetime, respectively. The lifetime
measured by transient decay of VOC is combination of both
electron and hole lifetimes. An effective lifetime teff¼((1/tn)þ
(1/tn))�1 results in accordance with the detailed model pre-
viously reported [20]; its physical interpretation is the charge
carrier with shortest lifetime controlling the decay of VOC as

teff ¼�
kBT

q

dVoc

dt

� ��1

: ð3Þ

There are two limiting cases of application depending on the
amount of photo-generated carriers in relation to the intrinsic or
doping levels, i.e. n0, p0. We assume here a bimolecular recombi-
nation law (dn/dt)¼�gnp (here g stands for the recombination
coefficient) and electroneutrality conditions n¼p. If n4n0 and
p4p0, the lifetime results in being concentration-dependent as
[20] tn¼(1/gn) what it entails is a reduction of lifetime for larger
VOC. The opposite situation occurs when pEp0 (photo-generated
holes do not exceed the doping level). In this last case, teff¼tn

strictly holds because there is no modulation of hole concentra-
tion. Electrons are now considered as minority carriers and then
tn¼(1/gp0) attains a constant value, independent of the VOC. This
implies a monomolecular-like decay law. By examining Fig. 5, we
can observe two regimes for times longer than the resolution
limit of the acquisition sampling system. At high temperatures
(300 K) lifetime exhibits an almost constant value around 500 ms
(VOCo0.25 V) that is reduced for higher VOC. A more pronounced
constant plateau is observed at intermediate temperatures
(200 K) reaching higher open-circuit values (VOCo0.4 V). We
interpret this behavior as resulting from the transition between
monomolecular (low VOC) to bimolecular (high VOC) decay law.
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Assuming typical doping levels p0¼1016 cm�3 and lifetime pla-
teau values around 500 ms, we can estimate the recombination
coefficient g¼1tnp0 which results in 2�10�13 cm3 s�1, in good
agreement with values usually reported for this kind of solar cells
[20–22]. At very low VOCo0.1 V recombination kinetics slows
down as expected for deep trapping-mediated processes. The
lifetime measurement at lower temperatures (85 K) has no simple
interpretation. It is observed in Fig. 5 that the plateau of constant
lifetime is not present. As shown in Fig. 3(d), current density only
exhibits constant values at higher temperatures thus signaling the
reduction of carrier extraction efficiency by the effect of decreas-
ing mobility. The recombination mechanism will then also be
limited by the transport of charge carriers at low temperatures.
On the other hand, the lifetime plateau is related to the presence
of ionized doping states. At very low temperatures the ionization
of such impurities is no longer effective, which would imply a
bimolecular recombination law at all temperatures.
4. Conclusions

In summary, from transient voltage decay, a transition from
bimolecular to monomolecular recombination mechanisms for
high and low VOC has been observed, respectively, for the first
time. This transition occurs at low VOC at room temperature and is
shifted towards high VOC when T decreases. Under normal illumina-
tion conditions (AM1.5 100 mW/cm2) bimolecular recombination is
the dominant mechanism. This should reflect why VOC versus T

curves get converged at 0 K only at high intensity whereas at low
intensity VOC is still linearly dependent on T but curves do not
converge at 0 K.
Acknowledgements

This work has been supported by the French Research Agency
(ANR) and the Region Aquitaine. G.G.B. and J.B. thank financial
support from Ministerio de Educacion y Ciencia (Spain) under
project HOPE CSD2007-00007 (Consolider-Ingenio 2010). We
sincerely thank all our support staffs.

References

[1] W. Shockley, J.H. Queisser, Detailed balance limit of efficiency of p–n junction
solar cells, J. Appl. Phys. 32 (1961) 510–519.

[2] S.H. Park, A. Roy, S. Beaupr, S. Cho, N. Coates, J.S. Moon, D. Moses, M. Leclerc,
K. Lee, A.J. Heeger, Bulk heterojunction solar cells with internal quantum
efficiency approaching 100%, Nat. Photon. 3 (2009) 297–302.
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