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This paper reports a simple and useful technique that monitors the changes of poly(3-hex-
ylthiophene) (P3HT):1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61-based organic solar
cells (OSCs) during thermal annealing in situ. Thermal annealing was divided into five
stages in which the variations of the cell parameters were obtained in detail. Annealing
temperature that was higher than the glass transition temperature of P3HT (127 �C) was
found critical to the improvement of open-circuit voltage. The initial rise of the short-cir-
cuit current was explained by in situ monitoring of the transport behaviors of electrons and
holes. Finally, in situ monitoring was adopted to compare OSCs that were or were not sol-
vent-annealed, indicating the effectiveness in optimizing, modeling and understanding in
depth the effects of the thermal annealing of OSC with a blended active layer.

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

Poly(3-hexylthiophene) (P3HT):1-(3-methoxycarbonyl)-
propyl-1-phenyl-(6,6)C61 (PCBM)-based bulk heterojunc-
tion organic solar cells (OSCs) have achieved high power
conversion efficiency (PCE) of �5% [1]. Thermal annealing,
control of the casting rate of the blended active layer, sol-
vent annealing and the usage of a mixed solvent are key
techniques to obtain a high efficiency [2–5]. Among these
successful methods, thermal annealing is the most efficient
way that has been used to further increase the PCE of a sol-
vent-annealed OSC device [6]. Many efforts have been made
to investigate the effect of temperature and time-scale on
the thermal annealing. However, the results usually vary
among laboratories for three reasons. First, the fabrication
parameters of OSCs are considerably varied unintentionally
during fabrication process. For example, the active layer is
somewhat solvent-annealed during spin casting, which is
. All rights reserved.
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usually performed in a closed space that is filled with
organic vapor. In addition, damages associated with the
deposition of metal and the patterning of ITO also alter the
conclusions drawn about thermal annealing. Second, the
phenomena that are involved in thermal annealing of the
OSCs are complicated. Phase separation, clustering of PCBM,
segregation, ordering of P3HT molecules and morphological
changes all occur simultaneously during thermal annealing.
Third, some fabrication processes differ among laboratories,
such as the ramping rates of heating and cooling, the speed
and step of spin-casting, and the P3HT:PCBM mixing ratio.
Therefore, the influence of thermal annealing on OSCs is dif-
ficult to determine when all of these factors are considered.
Many speculative claims have been made. Optimization of
the PCE of OSCs by thermal annealing requires numerous
experiments.

Recently, real-time scanning probe equipped with
near-field spectroscopy, photoluminescence, Raman spec-
troscopy, glazing-angle X-ray diffraction, and synchrotron
X-ray reflectivity spectroscopy have been used to explore
the crystalline, optical and morphological changes of OSCs
during thermal or solvent annealing [7–11]. Related results
provide useful dynamic information that cannot be ob-
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tained from ex-situ studies. However, indirectly associated
with the cell properties of OSCs and are expensive to apply.

This paper reports a real-time technique for monitoring
the in situ electrical properties of the P3HT:PCBM-based
OSCs during thermal annealing. The thermal annealing
process was divided into five stages, and the variations of
the cell parameters in each stage were explained in detail.
The proposed method is practical and useful for optimiza-
tion, modeling, and in-depth elucidation of the influence of
thermal annealing on the performance of OSCs.
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Fig. 1. (a) Temperature profile of thermal annealing. In situ curves of (b)
VOC and ideality factor n, (c) JSC, (d) FF and RS, and (e) PCE. 4 Indicates net
2. Experimental

The P3HT (molecular weight �50,000, regioregularity
�90–94%, 100 mg, purchased from Rieke Metals Inc.) and
PCBM (purity >99.5%, 80 mg, purchased from Nano-C,
Inc.) were dissolved in chlorobenzene (10 ml, Tedia Com-
pany Inc.) with 1:0.8 ratio. The blended solution was stir-
red for 24 h at 50 �C and deposited (spin-coating at
2000 rpm) on the PEDOT:PSS (�40 nm)-covered and pat-
terned ITO substrate in an N2-filled glove box. The thick-
ness of the spin-casted layer was �110 nm. After a
150 nm-thick Al cathode layer was deposited using a ther-
mal evaporator, the samples were transferred back to the
glove box and placed on a hot plate. A thin glass was in-
serted between the metal of hot plate and the OSC device
to isolate undesired electrical noise from hot plate. To min-
imize the degradation of device by UV light, white light-
emitting diode (LED) that was composed of blue LED and
yellow phosphor with a maximum power of 5 mW was
used as the light source, instead of the standard solar sim-
ulator. The absorption spectrum of the active layer covers
the emission spectrum of the LED. The power of the light
and the time interval between measurements were care-
fully chosen to minimize the decay of the PCE (<3%) of
the device under multiple measurements and long-term
irradiation. The current–voltage relationship of the OSC de-
vice was recorded per 30 s automatically by Agilent 5270B
precision source-meter module. The whole process was
free of oxygen and H2O (O2, H2O <1 ppm). The irradiated
area of the device was �0.065 cm2.
change of cell parameters. Open circles in (e) display PCE values
measured ex situ after quenching samples from elevated temperature.
3. Results and discussion

In situ monitoring was applied to the as-prepared
P3HT:PCBM OSC devices at 165 �C. Fig. 1a shows the tem-
perature profile during thermal annealing. The device was
heated from room-temperature (RT) to 165 �C at a constant
ramping rate (�14.7 �C/min), held for 30 min, linearly
cooled to 127 �C (�3.8 �C/min), and quickly cooled to room
temperature (20 �C/min). Based on the variation in the cell
parameters (Fig. 1b–e), the thermal annealing process was
divided into five stages. (I) The open-circuit voltage (VOC)
dropped, but the short-circuit current (JSC), fill factor (FF)
and PCE increased as the temperature increased from RT
to 127 �C, which is the glass transition temperature of
P3HT. (II) All of the parameters increased with tempera-
ture from 127 to 165 �C. (III) When the temperature was
held at 165 �C for 30 min, JSC increased slightly for the first
7 min, and then remained constant. VOC and FF were un-
changed, causing the PCE to increase slightly in the first
few minutes. (IV) In this stage, the temperature was
decreased from 165 to 127 �C, which is the turning point
of VOC during ramping up. All of the parameters except
for FF increased gradually. (V) As the temperature was de-
creased to RT, all of the cell parameters decreased, except
for VOC. The variation of FF was similar to that of JSC, except
it was constant in stage IV (Fig. 1e). The series resistance
(RS) was associated with the FF through the relationship,
FFs ¼ FF0ð1� rsÞ, where FF0 is the ideal fill factor [12]. Con-
sequently, the PCE increased in stages (I), (II) and (IV), and
particularly in the first two stages.

To verify the turning of VOC in the ramping up stages,
in situ measurements were made on several devices that
were fabricated using the same process but different
annealing temperatures. Fig. 2 shows the curves of VOC
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Fig. 3. In situ variation of (a) electron and (b) hole mobilities of OSCs
during thermal annealing. (c) and (d) are Arrhenius plots corresponding
to (a) and (b). Activation energy (DQ) of each step was labeled.
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measured in situ. Interestingly, 127 �C marked the turning
point of VOC for all of the samples that were annealed at
elevated temperatures (>127 �C). Moreover, only those de-
vices exhibited an increase in VOC upon annealing.

The charge generation, recombination and transport in
organic blends have been known to strong temperature-
dependent. These fact imposes severe restricts to interpret
the measured data. One of the fundamental temperature-
dependent properties of a diode is the ideality factor (n)
[13,14]. The temperature-dependent VOC can be correlated
to n by the following equation [15],

Voc ¼
nkBT

q
ln

Isc

I0
þ 1

� �
; ð1Þ

where kB is the Boltzmann constant, and ISC and I0 are the
short-circuit current and reverse saturation current,
respectively. In stage I, VOC and n decreased as the temper-
ature increased (Fig. 1b). Because the temperature was
low, the variation of n is directly associated with VOC

through Eq. (1). In stage II, n was almost constant and
VOC increased with temperature, indicating that the phase
separation of P3HT started to contribute to the VOC. The in-
crease of VOC in the rapid cooling stage (V) was the reverse
of the process stage I, but without any changes in the
microstructure of the active layer. Hence, the increase in
VOC during thermal annealing was identified to mostly in
stages II and IV.

The initial increase in JSC (Fig. 1d) was further investi-
gated by in situ monitoring of the dark current–voltage
(I–V) relations of the electron-only (ITO/Cs2CO3/
P3HT:PCBM/Al) and hole-only (ITO/PEDOT:PSS/P3HT:
PCBM/MoO3/Al) devices. This observation gave transport
behaviors of carriers. Fig. 3a and b shows the mobilities
of electrons ðleÞ and holes ðlhÞ, which were derived from
the I–V relationship and the space-charge limiting current
model [16,17]. The rapid increase in le started at �73 �C,
indicating that the release of bottle-necking of the blend
arose from the clustering of PCBM. On the other side, the
rapid increase in lh started at �93 �C, and was associated
with the crystallization of P3HT. Because JSC was propor-
tional to ðnele þ nhlhÞ, where ne and nh denote the concen-
trations of electrons and holes, the fast increase in
mobilities of electrons and holes in the range �70–140 �C
was responsible for the initially rapid increase in JSC

(Fig. 1d). Fig. 3c and d presents the Arrhenius plots that
correspond to Fig. 3a and b, respectively. From RT to
160 �C, the value of le rises in two linear stages, while
the value of lh rises in three, indicating that the transport
of electrons and holes in each linear step was thermally-
activated. The transport of carriers satisfies lh ðor le /
e�D=kBTÞ, where DQ is the activation energy and is labeled
in Fig. 3c and d.

The in situ monitoring clearly elucidated the influence
of thermal annealing process in detail and enabled the de-
vice to be optimized efficiently. For example, the PCE be-
came constant 7 min after the beginning of stage III,
suggesting that 7 min is the possible optimal time for ther-
mal annealing. The in situ data was compared with the ex-
situ data that was measured after quenching the device
from different stages. The data measured ex situ was plot-
ted in the Fig. 1e (open circle), fitting well with the in situ
data except that the time to obtain the optimal PCE ad-
vanced a little. The difference was ascribed to the uninten-
tionally variation in process and annealing at initial cooling
stage, as the variation that was revealed in stage IV. This
result was consistent with Xue’s observation [18]. More-
over, stage II importantly improved the PCE, indicating that
the ramping rate and time scale was also an important fac-
tor in optimizing the thermal annealing of a device. With
the aid of the in situ measurements, the OSCs are easily
optimized by tuning each step of the thermal annealing
process. Although the proposed method lack for direct
observation of morphology, microstructure, and crystallin-
ity of organic, it provides direct information of cell
parameters.

Finally, in situ photovoltaic measurements were made
on devices that were fabricated using exactly the same
process but were solvent-annealed after spin casting. This
study demonstrated the effectiveness of the in situ moni-
toring method and provided useful information to the
wildly concerned phenomenon. Fig. 4 shows the two quite
different in situ curves. Before thermal annealing, the PCE,
VOC, and JSC of the solvent-annealed device were higher
than those of the reference (taken from Fig. 1). This fact
is known to be associated with the alignment of the
P3HT molecules during solvent annealing [4]. The PCE of
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the solvent-annealed device was decreased in stage I and
became close to that of the reference because the increase
in JSC was smaller than that of the reference. In stage II, the
PCE of the solvent-annealed sample exceeded that of the
reference because VOC increased faster than the reference,
although JSC decreased. The symmetric JSC versus time
curve indicated that the variation of the JSC is an effect only
of temperature, and is independent of any microscopic or
macroscopic changes of the device. In stage IV, FF of the
solvent-annealed device dropped less than that of the ref-
erence. Therefore, thermal annealing increased the PCE of
the solvent-annealed OSC because VOC and FF increased
in stages II and IV, regardless of JSC.

4. Conclusion

In conclusion, this study reported on the in situ monitor-
ing of the photovoltaic and transport properties of
P3HT:PCBM-based OSCs during thermal annealing. The
thermal annealing process was divided into five stages,
and the improvement of PCE was found to have been associ-
ated mostly with the changes that occurred in stages I, II and
IV. A dip of the open-circuit voltage (VOC) was observed at
the glass transition temperature of P3HT (�127 �C), which
temperature is critical to the improvement of VOC. The
in situ monitoring of the electron/hole transport explained
the initial variation of JSC and was thermally activated pro-
cess. Finally, in situ measurements were made to compare
the devices with and without solvent annealing.
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