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We have studied the nanoscale changes in morphology and optical properties during annealing for
bulk-heterojunction poly�3-hexylthiophene� �P3HT� and �6,6�-phenyl C61-butyric acid methyl ester
�PCBM� composite film. Thermal atomic force microscopy was used to monitor the morphology
evolution of the film in situ quantitatively, which showed a migration and aggregation of PCBM
with increasing temperature. Scanning near-field microscopy was used to investigate the
quantitative changes in absorption behavior of the film in nanoscale with increasing annealing time
at 140 °C, which indicated that the extent of absorption of the film was increased with increasing
annealing time. However, a large PCBM aggregate �1 �m� was formed after the film annealed at
140 °C for 1 h. The aggregate interrupted the bicontinous morphology of the film and further
affected the absorption behavior in nanoscale. Furthermore, the refractive index and extinction
coefficient of the films increased after annealed 30 min at 140 °C, but decreased after an extended
annealing for 60 min. The increase in optical properties indicated the film achieving a highly
ordered structure upon heating. The results suggested that an optimized annealing process was at
140 °C for 30 min. Finally, devices with different annealing times at 140 °C were fabricated and
evaluated. The highest charge mobility and power conversion efficiency of the device were
fabricated as suggested annealing conditions. The nanoscale monitoring of the P3HT/PCBM film
has been found to be very useful to determine the optimized annealing conditions for high efficiency
photovoltaic device. © 2009 American Institute of Physics. �DOI: 10.1063/1.3187930�

I. INTRODUCTION

Polymer solar cells have emerged as a promising cost-
effective alternative to silicon-based solar cell. Some of the
attractive advantages of polymer solar cells include ease of
processing, mechanical flexibility, light weight, large area,
and low cost.1,2 The blend of regioregular poly�3-
hexylthiophene� �P3HT� as the electron donor and
�6,6�-phenyl-C61 butyric acid methyl ester �PCBM� as the
electron acceptor is the most common active layer system
studied for polymer solar cell, which has achieved a power
conversion efficiency of 4%–5%.3–7

The performance of the polymer solar cell has been
found to be dependent on the morphology of the active
layer.8–10 Many factors affect the morphology dramatically,
such as the composition of the blend, the solvent used,2,11

and the annealing process.2,12–14 Thermal annealing, in par-
ticular, has been used extensively to improve the cell perfor-
mance. In the P3HT/PCBM blend system, a bicontinous
phase of crystallized P3HT and PCBM nanoaggregate is
formed during the annealing process.15–17 The effects of the
annealing process on the morphology changes in the active
layer have been studied for the annealed samples. The analy-
sis of change in film morphology could improve the perfor-
mance of devices due to the increasing crystallinity and

PCBM aggregation.18 Moreover, as thermal annealing tem-
peratures approach the glass transition temperature, the for-
mation of nanodomains within the matrix could modify
charge transport pathways then enhance the performance.19

Furthermore, atomic force microscopy �AFM� and UV-vis
absorption spectrum have been used to explain the effect of
thermal annealing temperature and time on the performance
of devices.20 However, monitoring the morphology evolution
in nanoscale during anneal processing has never been done
before. We have used AFM equipped with a heating appara-
tus �thermal AFM� to study the nanoscale morphology
change in situ at nanoscale. The AFM tip can scan the spe-
cific area of the film upon heating. We can observe the
changes in the surface at different temperatures in depth and
clearly. Thermal AFM is a powerful tool to determine the
optimum processing condition.

The changes in morphology also affect the absorption
behaviors, correspondingly, the light harvest efficiency. The
high absorption behaviors can result in a high short-circuit
current.21,22 Therefore, we investigate the annealing effect on
the optical properties at nanoscale by means of scanning
probe microscopy equipped with near-field spectroscopy
�SNOM�. The SNOM is a novel and powerful technique that
allows two-dimensional mapping of current and absorption
in fully fabricated organic solar cells.23,24 The SNOM is also
used to study the optical and electronic properties of conju-
gated polymer blends.25,26 The SNOM is a scanning probea�Electronic mail: suwf@ntu.edu.tw.
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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 its diffraction limit.27 We
demonstrate the nanoscale changes in absorption behavior in
active layer varied with different annealing times by using
the SNOM. In addition, the optical constants of the compos-
ite film under different annealing conditions by ellipsometric
measurements were carried out to model the light absorption
behavior in organic photovoltaic devices.28,29 We can calcu-
late the refractive index �n� and the extinction coefficient �k�
under different annealing conditions and then find the most
appropriate process conditions to achieve the best perfor-
mance.

Furthermore, we calculate the change in mobility under
different annealing processes by means of space charge lim-
ited current �SCLC� model. Numerical modeling is used to
understand the basic physics of device operation.30,31 The
SCLC is an ideal model to observe the blends of conjugated
polymers and fullerenes since the system exhibits unbal-
anced charge transport, long exciton life-time, high charge
carrier generation efficiency, and low mobility of the slowest
charge carrier.32 We use this method to understand the effect
of annealing process on the changes in mobility.

II. EXPERIMENTAL DETAILS

The P3HT/PCBM film was made from a blend of P3HT
and PCBM in 1:0.8 wt/wt ratio. P3HT �Mw
=59 750 g mol−1, PDI=1.5, regioregularity is about 96% as
determined by NMR, synthesized in house� and PCBM �Al-
drich Chemical� were dissolved in chlorobenzene and stirred
for 1 h at 50 °C in the glovebox. The P3HT/PCBM film was
spin coated at 700 rpm for 60 s on the indium-tin-oxide
�ITO� glass. The ITO glass substrate covered with a 140 nm
thick layer of indium tin oxide was first ultrasonically
cleaned in a series of organic solvents �ethanol, methanol,
and acetone�.

The surface morphology evolution of the P3HT/PCBM
film was measured by using AFM �Digital Instruments,
Nanoscope III�. We also used the AFM equipped with ther-
mal apparatus �thermal AFM� to study the morphology evo-
lution with temperature in air. Thermal AFM used an extra
controller to apply heat to the sample and control the tem-
perature of the sample, and the schematic is shown in Fig. 1.
In thermal-AFM experiment, the instrument temperature was
increased at 5 °C /min to a desired temperature and then
held for 2 min to establish good temperature correlation be-
tween instrument and sample before AFM images are cap-
tured. The changes in morphology with gradually increasing
temperature can be monitored, and the suitable temperature
for the upcoming anneal process can be determined. Next,
the AFM morphology studies were performed for film
samples annealed at the specific temperature for different
durations; this result will guide us a proper anneal condition
to fabricate solar cells.

The nanoscale optical properties of the P3HT/PCBM
film were studied in the transmission mode using the SNOM
�WITec, AlphaSNOM, Germany� head with a special probe.

The special probe with microfabricated cantilever SNOM
sensors �aperture �100 nm� exhibited high transmission ef-
ficiency. An argon ion laser �488 nm� was employed as a
radiation source. The transmitted light was collected by a
40� objective and detected by a single photon counting pho-
tomultiplier tube. For each line scan, 256 data points were
taken with the line scan frequency to be 0.5 Hz. In all cases,
the laser beam was focused down through a 100�, numerical
aperture �NA� �0.95 objective �Olympus, IX-70� on the in-
verted optical microscope.

For optical measurement, the P3HT/PCBM film was
spin coated directly on the substrate, BK7, and the optical
glass was cleaned in an ultrasonic bath using acetone and
isopropanol then rinsed with de-ionized water and dried with
nitrogen. The film thickness was determined by an �-stepper
�Veeco, Dektak 6M 24383�. The optical constants �n ,k� of
the organic layer were determined by an ellipsometer and
calculated using a computer software. The ellipsometer con-
sisted of a broadband photon source followed by a polarizer
and a retarder. The polarized broadband light was incident to
the sample and the reflected beam entered a monochromator
after passing an analyzer. Light intensity was measured by a
detector placed behind the monochromator. Ellipsometric pa-
rameters, tan � and cos � data from 350 to 850 nm, were
acquired in reflection mode at 75° of the incident angle. The
transmittance and reflectance of the film were measured us-
ing an optical spectrometer �Hitachi, U-4100�. The data were
fitted to a mathematical dispersion function, also called os-
cillator model, describing dielectric function. Oscillator
models required only a few oscillator coefficients to describe
both the real and imaginary parts of the refractive index ac-
curately over a very wide spectral range. Classical Lorentz
oscillator’s model was applied for this work.

The photovoltaic devices were fabricated by spin coating
the P3HT/PCBM blend on the ITO glass, which was covered
with a 40 nm thick layer of poly �3,4-
ethylenedioxythiophene�-poly�styrenesulfonate� �PEDOT-
:PSS� �Baytron P, 4083�. After coating with PEDOT:PSS and
baking at 120 °C for 30 min in the oven, the substrates were
transferred to a nitrogen filled glovebox ��0.1 ppm for O2

and H2O�. The cathode of Al ��120 nm� was deposited on
the top of the P3HT/PCBM layer by thermal deposition after
different annealing conditions. The performance of these de-

FIG. 1. �Color online� Schematic of thermal AFM experiment setup.
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vices was evaluated under AM 1.5G irradiation
�100 mW cm−2� using a solar simulator �Oriel Inc.�.

III. RESULTS AND DISCUSSION

We fabricate the P3HT/PCBM composite film on an ITO
substrate and then, by using thermal AFM, monitor surface
morphology changes in situ with changing temperature;
these images are shown in Fig. 2. The morphology of the
P3HT/PCBM composite thin film changes slightly when the
temperature is increased gradually �5 °C /min� from room
temperature to 130 °C. At 130 °C, some needlelike aggre-
gations arise on the surface of the film. Large aggregation
appears as the temperature reaches 140 °C, and its amount
increases dramatically at 150 °C due to the soft P3HT chain
that allows the PCBM particles to move easily. The aggre-
gate is confirmed to be PCBM molecules from our previous
study.17 The PCBM is dispersed evenly in the P3HT matrix
initially but it undergoes phase separation and aggregation
after heat treatment. The extent of morphology change can
be quantitatively determined using surface roughness �rms�
value as shown in Fig. 3. We observe that the rms roughness
first increases slightly �0.72–1.66 nm� from 25 to 110 °C
then decreases �1.37 nm� at 120 °C, which is the glass tran-
sition temperature �Tg� of P3HT. At its Tg, P3HT chains are
soft and flexible and the surface of the composite film be-
comes flatter than that at lower temperature �1.37 nm versus
1.66 nm�. At 140 °C �above Tg�, the PCBM particles are
aggregated easily inside soft P3HT that results in a large
extent of phase separation. Thus, the roughness of the P3HT/
PCBM film increases extensively. In this investigation, we
have comprehended the nanoscale surface morphology varia-
tion of the P3HT/PCBM film quantitatively at different tem-
peratures using thermal AFM. The results indicate that the
temperature of 140 °C is suitable for a P3HT/PCBM film to
obtain the desired phase separation for solar cell application.

Therefore, 140 °C is set for the annealing temperature in the
following study of anneal time effect on the morphology
evolution of the P3HT/PCBM composite film.

Four samples were annealed at 140 °C for 0, 10, 30, and
60 min, respectively, and then they were evaluated by room
temperature AFM. The thermal AFM was not used here be-
cause the thermal fluctuation of the AFM tip is too large to
have accurate surface profile measurement with scanning
time longer than 10 min at 140 °C. The surface of the film
without annealing is very smooth with a rms roughness of
1.53 nm �Fig. 4�a��. The roughness increases gradually to
1.86 nm for 10 min annealing �Fig. 4�b��, further to 2.46 nm
for 30 min annealing �Fig. 4�c��, then to a very large rough-
ness of 19.08 nm due to the formation of large aggregates
after 60 min annealing �Fig. 4�d��. The surface roughness of
the thermal AFM studied sample at 140 °C is higher than
that of the annealed sample of 140 °C for 30 min �15.8 nm
versus 2.46 nm�, which is due to the cumulated thermal his-
tory of the former �about 40 min heating above Tg�. Never-
theless, the results of the AFM studies of annealed samples at
room temperature imply that the annealing condition of
140 °C for 30 min is a good processing condition to obtain
desired phase separation without large aggregation. The bi-
continuous phase formation in the P3HT/PCBM film facili-

FIG. 2. �Color online� Thermal AFM images of the P3HT/PCBM film under
different temperatures: �a� 25, �b� 90, �c� 110, �d� 130, �e� 140, and �f�
150 °C.

FIG. 3. The change in rms value of the P3HT/PCBM film under different
temperatures.

FIG. 4. �Color online� 3D topography images of the P3HT/PCBM film after
different annealing times at 140 °C: �a� without annealing, �b� 10 min, �c�
30 min, and �d� 60 min.
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tates efficient charge separation and transport, increases cur-
rent density, and enhances the internal light scattering and
absorption that will be discussed later in detail.

The SNOM can simultaneously monitor the morphology
and absorption behavior of a thin film. Therefore, we use it
to map the absorption distribution and quantify the absor-
bance. A SNOM probe with an aperture of around 100 nm in
diameter on the sharp end is placed in the near field of the
investigated sample. High-quality optical contrast images
can be obtained by this technique. We first investigate the
effect of the anneal process on pristine P3HT films since the
main absorption peak comes from the P3HT. The surface
topography and absorption contrast images of the two pris-
tine P3HT thin films with different annealing processes are
shown in Fig. 5. Both pristine P3HT films exhibit smooth
surface topography whether the film is unannealed �Fig. 5�a��
or annealed �Fig. 5�b��. The pristine P3HT film without an-
nealing shows a homogeneous absorption behavior �Fig.
5�c��, which is due to the uniform distribution of the P3HT
thin film. After annealing at 140 °C for 30 min, the surface
morphology does not change much but the absorption behav-
ior shows some variations �Fig. 5�d��. The contrast of the
absorption image of an annealed sample is higher than that
of an unannealed sample. The increased contrast is due to
improved interchain stacking, conjugation, and delocaliza-
tion of P3HT. Then, we studied the absorption behavior of
the P3HT/PCBM film using SNOM. As shown in Figs.
6�a�–6�d�, we could observe that the size of the PCBM ag-
gregate becomes larger with increasing annealing time; the
results are in agreement with the AFM studies �Fig. 4�. Fig-
ure 6�e� shows the homogenous absorption distribution for
the composite film without annealing. As the annealing time
increases and the surface morphology changes, the contrast
of the absorption becomes high and the distribution is very
inhomogeneous �Figs. 6�f�–6�h��. The high contrast of the
absorption is due to the good interchain stacking of P3HT

crystallization accompanied with the annealing process, and
the inhomogeneous absorption distribution is from the phase
separation and formation of PCBM aggregation. The P3HT-
rich region reveals stronger absorbance than that of the
PCBM-rich region. The phase separation of the blend is
known to improve the charge separation and transport at the
boundary of donor and acceptor and further improves the
power conversion efficient.15,17 Here, we also present that
crystallization and adequate phase separation can improve
the extent of light absorption with increased exciton genera-
tion. However, when the sample is annealed at 140 °C for 60
min, large PCBM aggregations can block the light and de-
crease the absorption in average �Fig. 6�d��. Thus, the nano-
scale absorption images probed by SNOM provide direct in-
formation about the interplay between topography and the
absorption density of the P3HT/PCBM film. Both AFM and
SNOM technique determine that an optimized annealing pro-
cess at 140 °C for 30 min will provide the P3HT/PCBM film
with improved crystallinity and with adequate phase separa-
tion for an efficient solar cell.

We further investigate the relationship between the an-
nealing process and the optical properties of the P3HT/
PCBM film using ellipsometric and optical measurements.
The optical constants �n ,k� of the films with different anneal-
ing times at 140 °C are determined at a wavelength, which
ranged from 350 to 800 nm. The peaks of the optical curves
are redshifted due to the enhanced intermolecular order from
flatter molecular conformation and reduced torsion of P3HT

FIG. 5. �Color online� SNOM images under transmission mode using mono-
chromatic laser radiation at 488 nm for P3HT films. �a� and �c� are topo-
graphic and SNOM images, respectively, for sample without annealing. �b�
and �d� are topographic and SNOM images, respectively, for sample an-
nealed at 140 °C for 30 min.

FIG. 6. �Color online� SNOM images under transmission mode using mono-
chromatic laser radiation at 488 nm for P3HT/PCBM thin films. �a�–�d� are
topographic images and �e�–�h� are SNOM images. The samples are an-
nealed at 140 °C for 0, 10, 30, and 60 min, respectively.
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after annealing �Fig. 7�. Up to 30 min annealing, Fig. 7�a�
shows that the major absorption peak of �-�� of the film has
increased intensity and been redshifted from 500 to 520 nm
after annealing due to increased crystallization from �-�
stacking of P3HT. The intensities of the two vibronic peaks
of 550 and 600 nm of annealed samples are also increased.
Thus, the extinction coefficient of the film increased from
0.27 to 0.59. However, the value is decreased to 0.36 after
the film annealed for 60 min, which is due to the large
PCBM aggregate formation with lowered P3HT crystalliza-
tion. Figure 7�b� shows that the refractive index abnormal
dispersion curves are peaked at 2.2 and 2.11 for 10 and 30
min annealed samples, respectively, as compared with 1.95
of unannealed sample. The increased refractive index of an-
nealed samples is due to the increased density from P3HT
crystallization. However, the crystallization is disrupted with
excessive annealing for 60 min, which results in a lower
refractive index of 1.87.

Next, we fabricate P3HT/PCBM bulk-heterojunction
photovoltaic devices under different annealing durations at
140 °C. Figure 8 shows the mobility of the P3HT/PCBM
film measured by SCLC. The thickness of the films is all
kept around 100 nm. The mobility of the device is increased
with increasing annealing time but is decreased for 60 min
duration. The high mobility indicates an improved charge

separation and transport due to the phase separation between
P3HT and PCBM. A large extent of phase separation reduces
the bicontinuous phases present in the composite thin film,
thus decreases its mobility. Figure 9 shows the I-V curves of
the solar cell measured under A.M. 1.5 illumination. The
performance of the solar cell is also improved with increas-
ing annealing time up to 30 min. The slight increase in open-
circuit voltage �Voc� is attributed to the reduction in back
charge recombination rate at the P3HT/PCBM interfaces
with increased order structure upon annealing. The short-
circuit current density �Jsc� has increased by about 75% due
to the improved absorption behavior and the enhanced
charge mobility. We can observe a large improvement in fill
factor after the annealing process, and this may be due to the
reduced serial resistance and increased carrier mobility as a
result of highly order polymer chains. However, the anneal-
ing process at 140 °C for 60 min decreases the solar cell
performance. The formation of large PCBM aggregation in-
terrupts the charge transport and increases the chance of
short circuit, resulting in poor device performance. The best
performance of the solar cell is achieved when the cell is

FIG. 7. �Color online� Optical constants’ measurements of the P3HT/PCBM
films annealed at 140 °C for different durations. �a� Extinction coefficient
�k� and �b� refractive index �n�.

FIG. 8. �Color online� Mobility characteristics of photovoltaic devices based
on the P3HT/PCBM films annealed at 140 °C for different times under
A.M. 1.5 illumination �100 mW /cm2�.

FIG. 9. �Color online� IV characteristics of photovoltaic devices based on
the P3HT/PCBM films annealed at 140 °C for different times under A.M.
1.5 illumination �100 mW /cm2�.
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annealed at 140 °C for 30 min and an efficiency of 3.85%
under A.M. 1.5 illumination is found. The mobility and per-
formance solar cells with different annealing treatments are
summarized in Table I.

IV. CONCLUSION

We have investigated the effect of annealing process on
the performance of photovoltaic devices based on P3HT/
PCBM blend materials by monitoring the changes in nano-
scale morphology and optical properties. The thermal AFM
provides valuable information of morphology evolution
quantitatively for the P3HT/PCBM film during the annealing
process. The SNOM and optical constants’ measurements
provide additional information in the changes in nanoscale
absorption behavior upon heating. The results help to deter-
mine an optimized annealing process for high performance
solar cell. Thus, the device performance improves from
1.06% to 3.85% after annealing at 140 °C for 30 min, then
decreases to 1.35% with 60 min annealing.
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�min�

Voc

�V�
Jsc

�mA /cm2�
FF
�%�

�
�%�

Mobility
�cm2 /V s�

0 0.58 6.72 27.14 1.06 2.51�10−05

10 0.62 10.02 42.32 2.61 2.01�10−03

30 0.64 11.15 54.27 3.85 2.64�10−03

60 0.59 5.06 44.90 1.35 1.02�10−03
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