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a b s t r a c t

This paper studies the effect of the annealing process on the performance of P3HT/PCBM photovoltaic
devices, in terms of their efficiencies. The basic photovoltaic devices are annealed on a hot-plate, at a tem-
perature of 150 �C for 10 min in air. For comparison, the thermal annealing of photovoltaic devices is car-
ried out using rapid thermal annealing (RTA) equipment, at a temperature of 150 �C for 10 min in
different environments such as in vacuum, in nitrogen and in argon, individually. The light conversion
efficiency (Eff) of the resulting photovoltaic devices increases from 2.29% (hot-plate annealing) to
2.77% after annealing in a vacuum environment. As a result, the organic photovoltaic devices, annealed
in a vacuum show enhanced efficiencies compared with those annealed in different gas environments.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Conjugated polymers have been widely used in organic photodi-
odes and organic photovoltaic devices based on organic semicon-
ductor materials, because of their advantages, which include the
following: they require a simplified fabrication process which is
also at low-temperatures, they are low-cost, have good flexibility,
high-quantum efficiencies, and high-absorption coefficients [1–3].
The high efficiency photovoltaic devices in particular, based on
conjugated polymer and fullerene composites, are key in many
important applications such as wearable displays, radio frequency
(RF) identification tags and smart cards [4,5]. Flexible batteries
and photovoltaic devices might also be possible candidates for this
type of application. Thus, because of these practical advantages,
previous research topics have focused on high efficiency [6,7], wide
band gap [8,9], large area processing [10,11], stability [12,13], free
transparent electrodes [14,15] and others [16,17]. However, organic
photovoltaic device performances are generally poor in comparison
with photovoltaic devices based on III–V compounds or silicon [18],
but recent studies have reported remarkably improved perfor-
mances of the these photovoltaic devices, by up to 5% in a single
device structure, through studies such as varying the ratio of

donor–acceptor materials [19,20], optimizing the annealing time
and the annealing temperature of the active layer [21,22], the type
of electrical treatment used [23,24], the type of adhesive layer on or
under the anode or cathode layer [25,26], and using various active
materials having a wide band gap [6,27]. The performances of the
photovoltaic devices in particular changes significantly at different
annealing temperatures, such as the phase separation for the bulk-
heterojunction formation, the evolution of the film morphology and
the device efficiency.

This paper investigates the effect of the annealing process on
the efficiency of P3HT/PCBM photovoltaic devices due to variations
in the annealing conditions in different environments (vacuum, N2,
Ar are studied here) by RTA equipment, and comparing with the
traditional annealing in air by hot-plates.

2. Experimental

Fig. 1 shows the schematic diagram of the bulk-heterojunction
photovoltaic devices, and their energy band structure. The fabrica-
tion procedures, and the device characteristics, are measured using
the following method. The glass substrate with patterned indium
thin oxide (ITO) film is used for the substrate of the photovoltaic
devices. The sheet resistance is 30 X/square, and the film thickness
is 150 nm. The glass substrate is chemically cleaned according to
the method based on successive baths of methanol and acetone,
using ultrasonic signals for 10 min, and then is rinsed in deionised
(DI) water. A PEDOT:PSS layer is then deposited by spin-coating on
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the substrate. The device is then annealed using a hot-plate at
120 �C for 10 min in the air. The P3HT and PCBM have been
purchased from Sigma–Aldrich Co. P3HT and PCBM are used as
the electron donor and the electron acceptor, respectively. The
solution is prepared with P3HT:PCBM 1:0.8 ratio, and is dissolved
in a 22 mg/ml solution with chlorobenzene. The solution of the
blend is homogenized for 4 h. The active layer is coated on the
glass substrate by spin-coating at room temperature. The thickness
of the deposited film is found to be about 160 nm. An aluminum
contact electrode is deposited on the glass substrate through a sha-
dow mask, by thermal evaporation (DOV Co., Ltd.), under a vacuum
of 2 � 10�6 Torr, at room temperature. Finally, in order to analyze
the effects of the annealing process of the organic photovoltaic de-
vices, thermal annealing is carried out using thermal RTA equip-
ment, at a temperature of 150 �C for 10 min in an different
environments of vacuum, nitrogen, and argon, individually. For

comparison purposes, basic photovoltaic devices are also pro-
duced; these are annealed on a hot-plate at a temperature of
150 �C for 10 min in air. The devices have active areas of 9 mm2

and their current density versus voltage (J–V) measurements were
performed, which was determined using a Keithley model 2400
source measuring unit. A class-A solar simulator with a 150 W Xe-
non lamp (Newport) served as a light source, where its light inten-
sity was adjusted using a NREL-calibrated mono Si solar cell, with a
KG-2 filter, for approximately AM 1.5 G1 sun light intensity. A UV/
visible spectrophotometer (Lambda 35, PerkinElmer) is used to
study the absorption spectra of the P3HT:PCBM films on the PED-
OT:PSS coated ITO glass substrate. The surface morphology of the
active layer is measured using an atomic force microscope (AFM,
XE-100, Park Systems) in the trapping mode. External quantum
efficiency (EQE) was measured as a function of wavelength from
300 to 800 nm using incident photo-to-current conversion equip-
ment (IPCE) (PV measurements Inc.). Calibration was performed
using a silicon photodiode G425, which was NIST-calibrated as a
standard. The crystalline structure of the organic photovoltaic films
was analyzed using two-dimensional X-ray Diffraction (XRD, D/
max 2200 V) spectroscopy.

3. Results and discussion

Fig. 2 shows the AFM image of the surface morphology of the
photovoltaic devices annealed by hot-plate in air, and the devices
annealed using RTA equipment at a temperature of 150 �C for
10 min in environments of a vacuum, nitrogen, and argon, individ-
ually. The root mean square (RMS) roughnesses are 2.45 nm,
2.86 nm, 3.11 nm and 3.50 nm for annealing in vacuum, nitrogen,
argon, and hot-plate for the P3HT:PCBM thin-films, respectively.
The surface of the spin-coated organic film is both homogeneous
and smooth. However, after annealed devices in vacuum, the sur-
face morphology is smoother than others. In previously reported
studies relating to morphology, a rough surface was mentioned
as the self-organization signature of polymers. Thus, surface mor-
phology has been reported that the organic photovoltaic devices

Fig. 1. Schematic diagram of the bulk-heterojunction photovoltaic devices, and
their energy band structure.

Fig. 2. The AFM image of the surface morphology of the photovoltaic devices annealed using RAT equipment at temperature of 150 �C for 10 min in (a) a vacuum, (b) nitrogen,
(c) argon, and (d) the photovoltaic devices annealed by a hot-plate in air.
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are characterized high electrical performance on the smooth sur-
face rather than on the rough surface [3,20].

Fig. 3 shows the UV/visible absorption spectra of the annealed
photovoltaic devices, from the different annealing environments.
The spectrum of the photovoltaic devices annealed by the RTA
equipment shows one broad peak at 500 nm as a contribution of
the polymer, and one at 320 nm due to the absorption of the PCBM.
With respect to pristine P3HT, the absorption peak of the annealed
photovoltaic devices is blue-shifted, and the whole spectrum is less
structured due to the presence of the PCBM, which strongly limits
the self-organizing property of P3HT. Generally, the crystalline
structure and strong interchain interaction of P3HT could be ob-
tained using high boiling point solvent and large enough solvent
evaporation time [20]. However, as shown in Fig. 3, the absorption
spectrum peaks of the photovoltaic devices from the various gas
annealed environments are higher for annealed device in vacuum
than for annealed devices in N2, Ar and hot-plate and the photovol-
taic device annealed by the hot-plate shows the lowest absorption
rate. This tendency also depends on thermal annealing conditions.
The interpenetrating networks and uniform distributions of
P3HT:PCBM profitable for charge generation and transportation,
are shown clearly in the AFM images of Fig. 2 for annealed device
in vacuum than for annealed devices in N2, Ar and hot-plate. It
demonstrates that thermal annealing conditions as corresponding
to slower evaporation of solvent, result in the higher degree of
crystallinity and longer conjugation length of P3HT [28,29]. The
shift of p–p� transition absorption peaks to higher energy indicates
an increasing density of conformational defects, equivalent to non-
planarity, and causes loss of conjugation [28,29]. Therefore, it is
confirmed slow evaporation of solvent with annealing conditions
leads to higher degree of polymer ordering which is efficient for
carrier generation and transportation. Especially, the reaction re-
lated between films of organic photovoltaic cell and gases such
as N2 and Ar is unclear.

Fig. 4a shows the J–V characteristics of annealed photovoltaic
devices from different annealing ambients. The photovoltaic de-
vices are measured with the J–V curve tracer with solar simulator,
under AM 1.5G (100 mW/cm2) irradiation intensity, in air. With
the photovoltaic device annealed in a vacuum using the RTA equip-
ment, the highest short-circuit current density (Jsc) is obtained
(=8.74 mA/cm2) and the device annealed by the hot-plate shows
the lowest Jsc. Therefore, it is concluded that the decreased Jsc is
due to the reduced degree of P3HT crystallinity, as shown in the
absorption intensity of the active layer, and in the surface
morphology. As a result, although these values are lower than

previously reported ones [7], this observation shows the clear ten-
dency of the photovoltaic device performances to be dependent on
the thermal annealing conditions. It is expected that Jsc and the
efficiencies can be improved by fabricating the photovoltaic de-
vices under inert gas conditions [30].

Fig. 4b shows the IPCE spectra for the same films as in Fig. 4a. It
can be seen that the Jsc for the photovoltaic devices are greatly in-
creased by extending the annealing time to 10 min in vacuum con-
ditions. The effect on the Jsc is clearly observed from the EQE
spectra, which, in contrast, shows an increase over the entire

Fig. 3. UV/visible absorption spectra of annealed photovoltaic devices from the
different annealing environments. The thermal annealing condition of photovoltaic
devices is annealed using RAT equipment at a temperature of 150 �C for 10 min in
different environments (vacuum, nitrogen, and argon, individually). The basic
photovoltaic device was annealed on a hot-plate at 150 �C for 10 min in air.

Fig. 4. (a) The current density–voltage (J–V) characteristics of annealed photovol-
taic devices from the different annealing conditions and (b) the measured external
quantum efficiency (EQE) of the organic photovoltaic devices using the incident
photo-to-current conversion equipment (IPCE).

Fig. 5. The XRD patterns of the photovoltaic devices annealed in vacuum, N2, Ar,
and hot-plate.
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wavelength range for the annealing conditions. This result shows
that the trend of EQE as a function of the annealing conditions is
coincident with the current density of the organic photovoltaic
devices.

Fig. 5 shows the XRD patterns of the photovoltaic devices an-
nealed in vacuum, N2, Ar, and hot-plate, respectively. The XRD pat-
terns strongly support the results mentioned for the different
annealing environments. The intensity of P3HT is higher for the
vacuum annealed device, and it gradually decreases for annealed
devices in N2, Ar and hot-plate, respectively. It again verifies that
the crystallinity of P3HT improved after annealing in vacuum envi-
ronment due to slow evaporation of the solvent as shown in AFM
image of Fig. 2. Therefore, we demonstrated crystalline polymer
structure and well-ordered polymer chains by slow evaporation
of the solvent with vacuum annealing through the XRD analysis.
For a comparison of the electrical characteristics for the annealing
environments, the important parameters for all the fabricated de-
vices are summarized in Table 1. Here, an open circuit voltage
(Voc) is slightly changed, in accordance with the annealing condi-
tions of the photovoltaic devices where Voc affects the energetic
relationship between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular orbital
(LUMO) of the acceptor [31]. This seems to explain the results of
the reduced Voc, which originated because of the reduction in the
effective bandgap as the interchain interactions and the chain
lengths are increased [32]. The photovoltaic devices annealed by
RTA equipment in vacuum show the highest absorption rate, Jsc

and Eff, respectively. Therefore, the Voc of the devices annealed in
the vacuum conditions are slightly decreased. The J–V characteris-
tics results are in accordance with the absorption spectra, as shown
in Fig. 3. Thus, the photo-current–voltage characteristics from the
photovoltaic devices annealed in a vacuum have shown Voc of
0.62 V, Isc of 8.74 mA/cm2, and Eff of 2.77%. The device efficiency in-
creased from 2.29% (hot-plate annealing) to 2.77%, after annealing
at a temperature of 150 �C for 10 min in a vacuum. As a result, the
organic photovoltaic devices annealed in a vacuum show signifi-
cantly enhanced efficiencies compared with those annealed in dif-
ferent gaseous environments.

4. Conclusions

The effects of the annealing process on the performance of
P3HT/PCBM photovoltaic devices have been studied in terms of
the resulting efficiencies. In order to analyze the effects of the
annealing processes for producing organic photovoltaic devices,
the devices have been annealed using thermal RTA equipment, at
a temperature of 150 �C for 10 min in different environments of a
vacuum, nitrogen, and argon, individually. The basic photovoltaic
devices have been annealed on a hot-plate, at a temperature of
150 �C for 10 min in air. As can be seen from the results of the
UV/visible spectroscopy, Jsc and Eff, the photovoltaic devices an-
nealed by the hot-plate have shown the lowest efficiencies,
whereas the performances of the devices annealed in a vacuum
by RTA equipment, show the highest efficiencies. The photo–cur-
rent–voltage characteristics, from the photovoltaic device an-
nealed in a vacuum have shown Voc of 0.62 V, Isc of 8.74 mA/cm2,
and Eff of 2.77%. The device efficiency has been seen to increase

from 2.29% (for hot-plate annealing) to 2.77% after annealing at a
temperature of 150 �C for 10 min in a vacuum. Thus, the organic
photovoltaic devices annealed in a vacuum have significantly en-
hanced efficiencies compared with those annealed in different gas-
eous environments.
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