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a b s t r a c t

We have studied the effect of annealing process on the performance of photovoltaic devices based on

the bulk heterojunction of poly(3-hexylthiophene) and [6,6]-phenyl-C61 butyric acid methyl ester

(P3HT/PCBM). By means of atomic force microscopy (AFM) and scanning of near-field microscopy

(SNOM), we can observe the morphology evolution of the annealed P3HT/PCBM composite films. We

also studied the changes of optical properties by absorption spectroscopy and the changes of

composition distribution of annealed composite films. The results indicate the P3HT in the composite

film gradually becomes an ordered structure with annealing. The ordered P3HT facilitates the charge

transport. However, the film exhibits a large-scale (1mm) PCBM aggregation after annealing for an

extended period of time. The disrupted bi-continous phase retards the charge transport. Thus, the

device efficiency reaches the highest (2.308%) after annealing at 140 1C for 30 min but decreases to

0.810% after 60 min annealing.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

Plastic solar cells have emerged as a promising cost-effective
alternative to silicon-based solar cells. Some of the important
advantages of these cells include ease of processing, mechanical
flexibility, and low cost of fabrication. However, the efficiency of
the plastic solar cell is too low for practical use at present.
Recently, bulk heterojunction (BHJ) solar cells, obtained by
blending conducting polymer (donor) and nanoparticles (accep-
tor) within a bulk [1–3], yield photovoltaic power conversion
efficiency up to 4–5% [4–6]. The cells fabricated from regioregular
poly(3-hexylthiophene) (P3HT) as the electron donor and [6,6]-
phenyl-C61 butyric acid methyl ester (PCBM) as the electron
acceptor have shown the highest conversion efficiency in BHJ
solar cells.

The efficiency of solar cells based on P3HT and PCBM depends
strongly on the processing conditions, for example, solvent
annealing [7] and thermal annealing [8–10]. Especially for
thermal annealing, it is the most common way to improve cell
efficiency. During thermal annealing, growth and perfection of
polymer crystallization occurred, which increases the charge-
transport capability. However, a prolonged annealing process will

increase the crystallization of P3HT and force the aggregation of
PCBM. Therefore, a large extent of phase separation will be
observed, which reduces the bi-continuous phases present in the
composite thin film and decreases its efficiency. The effect of
blend morphology on polymer solar cell performance has been an
important subject to be studied extensively in theoretical and
experimental works [11–16].

We have used scanning-probe microscopy equipped with near-
field spectroscopy (scanning of near-field microscopy (SNOM))
and Raman spectroscopy to study morphology changes upon
heating to fully understand the mechanism of annealing and to
optimize the annealing process. The SNOM is a novel and
powerful technique that allows two-dimensional mapping of
current and absorption in fully fabricated organic solar cells
[17,18]. Some groups also use the SNOM to study optical and
electronic properties in conjugated-polymer blends [19–21]. The
SNOM is a scanning-probe technique in which a probe having a
nanoscale aperture is held within the near-field of a sample
surface. This permits the optical properties of a surface to be
resolved at a length scale significantly smaller than the diffraction
limit [22]. Moreover, we identify the phase separation by means of
Raman spectroscopy.

2. Experimental details

In our experiment, the mixture of P3HT (Mw ¼ 71,000 g mol�1,
PDI ¼ 1.5, and regioregularity greater than 99% as determined by
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NMR, from Industrial Technology Research Institute, Taiwan)
and PCBM (Aldrich Chemical) in 1:0.8 wt/wt ratio was dissolved
in chlorobenzene and deposited by spin coat on the glass
covered with 140-nm-thick layers of indium tin oxide (ITO)
glass. The cathode of Al (�120 nm) was deposited on the blend
layer by thermal deposition. The ITO glass substrate was
ultrasonically cleaned in a series of organic solvents (ethanol,
methanol, and acetone). A 40-nm-thick layer of PEDOT:PSS
(Baytron P, 4083) was spin-coated to modify the ITO substrate
surface at 200 rpm for 10 s and then at 4000 rpm for 60 s. After
baking at 120 1C for 30 min in the oven, the substrates were
transferred to a nitrogen-filled glove box (o0.1 ppm for O2 and
H2O). The P3HT and PCBM were blended in a 1:0.8 wt/wt ratio,
the blend was stirred for overnight at 50 1C in the glove box. The
active layer was obtained by spin-coating at 700 rpm for 60 s. The
thin film was dried in the covered glass Petri dishes. Al electrode
was deposited on the thin film by thermal evaporation. The
devices were annealed at 140 1C for different times and then the
device was encapsulated with UV adhesive in N2 atmosphere and
tested in air.

The performance of these devices was evaluated under AM
1.5 G irradiation (100 mW cm�2) using a solar simulator (Oriel
Inc.). The evolution of surface morphology was studied by atomic
force microscopy (AFM) (Digital Instruments, Nanoscope III). The
film thickness was determined by an a-stepper (Veeco, Dektak 6M
24383). The UV-visible spectroscopy of the blends under different
annealing processing was obtained by UV–visible absorption
(Perkin Elmer Lambda 35). The nanoscale optical properties
of the blend film were studied in the transmission mode using
the scanning near-field optical microscopy (SNOM, WITec,
AlphaSNOM, Germany) head with a special probe. The special
probe with micro-fabricated cantilever SNOM sensors (aperture
�100 nm) exhibits high transmission efficiency; the argon ion
laser (488 nm) was employed as radiation sources. The trans-
mitted light was collected with a 40� objective and detected
with a single photon counting photomultiplier tube. For each line
scan, 256 data points were taken with a line scan frequency of
0.5 Hz. Raman spectra were collected with a Confocal Raman
Microscope (WITec, CMR 200, Germany) in backscattering mode.
In all cases, the laser beam was focused down with a 100� NA
�0.95 objective (Olympus, IX-70) in the inverted optical micro-
scope. Optical resolution diffraction limited to 200 nm laterally
and 500 nm vertically spectral resolution down to 0.02 wave
numbers. A thermoelectrically cooled CCD Camera (Peltier cooler),
with 1024�127 pixels, was operated at �60 1C for data acquisi-
tion. The acquisition time was fixed at 0.5 s for Raman mapping
and at 20 s for single-spectra measurements.

3. Results and discussion

The absorption spectra of pristine P3HT and pristine PCBM and
P3HT/PCBM composite thin films, which are annealed at 140 1C for
different times, are shown in Fig. 1. The absorption of pristine
P3HT is doubled after 10 min annealing, and then is increased
gradually with increasing annealing time. Since the absorption
band is the characteristic peak of the p�p* transition of the P3HT
backbone, the increase in the absorption intensity is due to the
increased p�p stacking of the P3HT molecule with high chain
ordering. In the case of PCBM, a decrease in absorption occurs
after annealing for 60 min, which may be due to the aggregation of
C60. The change of absorption spectra of P3HT/PCBM composite
films with annealing time is the combined spectra of pristine
P3HT and pristine PCBM. The results indicate the annealing
process increases the absorption of P3HT/PCBM composite films,
which increases the device efficiency.

In order to understand fully the changes of absorption
characteristics after the thermal aging of P3HT/PCBM composite
films, we have used SNOM to study the absorption changes in
nanoscale. In a near-field optical measurement, a SNOM probe
with a hole of around 100 nm in diameter on the sharp end is
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Fig. 1. Normalized absorption spectra of pristine P3HT (a), PCBM (b), and P3HT/

PCBM composite thin films (c) after annealing at 140 1C for 0 min (-&-), 10 min (-
J-), 30 min (-n-), and 60 min (-$-).
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placed into the near-field of the investigated sample. The spatial
resolution is then defined by the diameter of the hole. High-
quality optical contrast images were obtained by this technique. It
is an important technique to analyze the optical properties of
nanomaterials. Fig. 2 shows the results of SNOM studies, including
samples without annealing and annealing for 60 min. Fig. 2c
shows a homogeneous absorption for the sample without
annealing. After annealing at 140 1C for 60 min, the absorption of
the sample became stronger than that of without annealing and
the corresponding topographic images show a dramatic increase
in surface roughness (Fig. 2b and d). The results are consistent
with the absorption study of the annealed samples as shown in
Fig. 1. For the sample annealed for 60 min, a large extent of
aggregation was observed as shown in Fig. 2b. This large
aggregation blocked the light and decreased the absorption in
aggregated regions. The result has been revealed in the absorption
spectrum of the PCBM (Fig. 1b). Therefore, we hypothesize the
formation of aggregation is PCBM. We have used confocal Raman
spectroscopy to identify the composition of the aggregates. The
results are discussed after the discussion of the AFM study.

In order to observe the morphology evolution much clearly, we
have used the AFM to monitor the evolution of morphology of
P3HT/PCBM composite thin films with annealing processing. The
results are shown in Fig. 3. The film without annealing has a very
smooth surface with r.m.s. roughness of 1.5 nm. After 10 min of
annealing at 140 1C, the roughness of the film increases a little.
The low extent of surface roughness growth will effectively reduce
the charge-transport distance, increase the current density [6],
enhance internal light scattering and light absorption, as shown in
their UV-vis absorption spectra (Fig. 1). The surface roughness
increases with increasing annealing time, and then it becomes
very rough after 60 min of annealing. The rough surface is due to
the aggregation of PCBM. After a long period of annealing, the
P3HT becomes soft, and the PCBM will float on the surface and
form large aggregates gradually.

We have used confocal Raman spectroscopy to identify the
aggregates are PCBM. Fig. 4 shows the confocal images of the
P3HT/PCBM composite thin films, which are annealed at 140 1C for
different times. From these confocal images, we can observe the
aggregates become larger with an increase in annealing time.
Many bright spots are formed after 60 min annealing as shown in

Fig. 4d and its corresponding Raman spectrum is shown in Fig. 5.
From the literature [23], the intensive Raman bands of P3HT at
1440 and 1380 cm�1 are due to the C ¼ C stretching vibrations of
the thiophene ring and C–C skeletal stretching. Another Raman
band of P3HT at 728 cm�1 is assigned to the deformation vibration
of the C–S–C bond. For the PCBM, a strong Raman signal is
detected, which covers a broad range of 1500–3000 cm�1. From
Fig. 5, the bright area contains both P3HT and PCBM Raman bands
(Fig. 5c). However, the dark area contains the P3HT Raman band
only (Fig. 5b). We can conclude that the dark area is the P3HT-rich
region and the bright area is the PCBM-rich region. The long
annealing time causes the P3HT to flow and the PCBM to
aggregate, which resulted in a large extent of phase separation
and the disruption of bi-continuous phases.

Fig. 6 shows the I–V characteristic curves of the solar cell made
of P3HT/PCBM composite films annealed at 140 1C for different
times under A.M. 1.5 illuminations. The thickness of the films is all
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Fig. 2. SNOM images under transmission mode using monochromatic laser

radiation 488 nm of P3HT/PCBM systems. (a,b) are topographic images after

annealing at 140 1C for 0 and 60 min. (c,d) are SNOM images after annealing at

140 1C for 0 and 60 min.

Fig. 3. 3-D topography images of P3HT/PCBM composite thin films after different

annealing times at 140 1C: (a) without annealing, (b) 10 min, (c) 30 min, and (d)

60 min.

Fig. 4. Confocal images of P3HT/PCBM composite thin films after annealing

process at 140 1C for (a) 0 min, (b) 10 min, (c) 30 min, and (d) 60 min.
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kept around 100 nm. The performance of the solar cell efficiency
improves with annealing time from 0 to 30 min. The results are
due to the increased light absorption (Fig. 1c) and the small extent
of PCBM aggregation (Figs. 2 and 3). The PCBM-rich region
reduces the recombination losses and increases the current

density [24,25]; thus, the performance of solar cell is increased
after annealing. However, the annealing process at 140 1C for
60 min decreases the performance of the solar cell. The formation
of the large area of PCBM aggregates increases the chance of
short-circuit formation and results in poor device performance.
Table 1 shows the performance results of solar cells annealed at
140 1C for different times. The best performance of solar cell is
made by annealing at 140 1C for 30 min with an efficiency of
2.308% under A.M. 1.5 illuminations.

4. Conclusions

We have studied the effect of annealing process on the
performance of P3HT/PCBM photovoltaic devices. The results of
UV–vis, AFM, and SNOM studies reveal that the P3HT of the
composite film becomes an ordered structure gradually up to
30 min at 140 1C. However, a large-scale (1mm) PCBM aggregation
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Fig. 5. Topography (a) and Raman spectra of P3HT/PCBM composite thin films after annealing process at 140 1C for 60 min. The darker region shows Raman band of P3HT

(b) only, and the brighter region exhibits the Raman band of PCBM (c) in addition to P3HT.

Fig. 6. IV characteristics of photovoltaic devices based on P3HT/PCBM composite

films with annealing at 140 1C for different times under A.M. 1.5 illuminations

(100 mW cm�2).

Table 1
Performance of P3HT/PCBM composite solar cell under A.M. 1.5 illuminations

(100 mW cm�2) with annealing at 140 1C for different times.

Annealing time (min) Voc (V) Jsc (mA cm�2) FF (%) Z (%)

0 0.548 6.463 29.35 1.039

10 0.600 9.135 39.86 2.185

30 0.616 8.584 43.65 2.308

60 0.616 3.501 37.54 0.810
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was identified by confocal Raman spectroscopy, which occurred
after the film annealed at 140 1C for 60 min. The ordered structure
facilitates the charge transport and the large aggregation disrupts
the process. Thus, the device efficiency increases from 1.039% to
2.308% after annealing at 140 1C for 30 min, then decreases to
0.810% with 60 min annealing.
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