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a b s t r a c t

We have studied the effect of polymer molecular weight on the performance of poly(3-hexylthiophe-

ne):TiO2 hybrid photovoltaic device using atomic force microscopy (AFM) and scanning near-field

optical microscopy (SNOM). The atomic force microscopic studies show the nanoscale morphology of

the hybrid film changes from small domain size rod-like structure to large domain nodule-like structure

with increasing the molecular weight of poly(3-hexylthiophene). The studies of SNOM of hybrid film

reveal that the large domain structure of the high-molecular-weight P3HT hybrid film exhibits

continuous absorption mapping as opposite to the discontinuous absorption mapping of the low-

molecular-weight P3HT hybrid film. Both results suggest the improvement in device efficiency from

high-molecular-weight P3HT is due to the formation of large domain structure with increased carrier

mobility and light harvesting.

& 2008 Published by Elsevier B.V.
1. Introduction

Conjugated polymers are often utilized to fabricate large area,
physically flexible and low-cost solar cells [1,2]. A basic require-
ment for efficient photovoltaic devices is for the free charge
carriers produced upon photoexcitation of the photoactive
material to be transported to the other electrode without
recombining with oppositely charged carriers. Photovoltaic de-
vices merely composed of conjugated polymers as the only active
material have extremely low electron mobility, and thus, limited
performance. Recent developments have shown that the use of
interpenetrating electron donor–acceptor heterojunctions such as
polymer:fullerene [2–4], polymer:polymer [5], and polymer:na-
nocrystal [6–8] can yield highly efficient photovoltaic conversions.

Titanium dioxide (TiO2) nanocrystal is a promising electron
accepting material in organic:inorganic hybrid photovoltaic
applications. Several different conjugated polymers have been
used in the polymer:TiO2 solar cells such as poly [2-methoxy-5-
(20-ethyl-hexyloxy)-l,4-phenylene vinylene] (MEH-PPV) [9–12],
MEH-PPV derivatives [13], poly[2-methoxy-5-(30,70-dimethylocty-
Elsevier B.V.
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loxy)-1,4-phenylene vinylene] (MDMO-PPV) [14], P3HT [7,15,16],
and water-soluble polythiophene [17]. Most of the approaches to
fabricate TiO2 photovoltaic devices are infiltrating polymers into
sintered TiO2 nanoporous thin film.

In recent years, many researchers are studying the relationship
between the field effect mobility and the molecular weight of a
conducting polymer. McGehee and coworkers [18] have shown
that when the molecular weight of P3HT increased, the detected
field effect mobility increased as well. The mobility of P3HT is
1.7�10�6 and 9.4�10�3 cm2 V�1 s�1 for its molecular weight at
3.2 and 36.5 kDa, respectively. They have used atomic force
microscopy (AFM) to study the morphology of P3HT thin film
made from different molecular weights. They have concluded that
the large increase in mobility is due to the morphology difference
between low-molecular-weight polymer and high-molecular-
weight polymer. Scanning near-field optical microscopy (SNOM)
is one of the high-resolution microscopic techniques that have
been used to identify the relative distribution of polymers within
a blend [19–23]. The SNOM is a particularly valuable analytical
tool for the study of conjugated polymers [24] as many of the
important processes pertinent to their applications involve the
emission or absorption of photons. Furthermore, the SNOM
permits spectroscopic measurements to be made on a surface
with a high resolution less than 100 nm. Here, the SNOM was used
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to observe the nanoscale optical properties of different molecular
weights of poly(3-hexylthiophene) on the performance of
poly(3-hexylthiophene):TiO2 photovoltaic devices.
2. Experimental details

2.1. Synthesis of HT-HT poly(3-hexylthiophene) and characterization

The HT-HT poly(3-hexylthiophene) was synthesized according
to literature with some modifications [25]. Typically, 2,5-dibro-
mo-3-hexylthiophene (0.030 mol, 10 g) was added into a 500 ml
three neck round bottom flask equipped with a 24/40 ground
joint, a reflux condenser, and a magnetic stir-bar and was purged
with dry nitrogen for 15 min. Totally 320 ml freshly distilled THF
was transferred to the flask and the solution was stirred under dry
nitrogen. The solution of tert-butylmagnesium chloride in diethyl
ether (0.032 mol, 16 ml) was added via an airtight syringe and
then heated in reflux for 1.5 h. The solution was allowed to cool
toward room temperature followed by the addition of
Ni(dppp)Cl2, stirring at room temperature for 20 mins to 1 hr
depending on the molecular weight. The solution was poured into
methanol (500 ml).This action led to precipitation. The solid was
collected in a cellulose extraction thimble and then washed with
methanol in a Soxhlet apparatus. By changing the amount of
Ni(dppp)Cl2, the P3HT with different molecular weights (10, 30,
and 66 kDa) was obtained. The polymer was dried in vacuum
overnight and gathered as a dark purple material (60% yield).

2.2. Synthesis of TiO2 nanorods and characterization

The controlled growth of the anatase titanium dioxide
nanorods with a high aspect ratio was accomplished by hydro-
lyzing titanium tetraisopropoxide according to the literature with
some modifications [12]. Typically, oleic acid (120 g, Aldrich, 90%)
was stirred vigorously at 120 1C for 1 h in a three neck flask under
Ar flow, then allowed to cool to 90 1C and maintained at the
temperature. Titanium isopropoxide (17 mmol, Aldrich, 99.999%)
was added into the flask. After stirring for 5 min, trimethylamine-
N-oxide dehydrate (34 mmol, ACROS, 98%) in 17.0 ml water was
rapidly injected. Trimethylamine-N-oxide dihydrate was used as a
catalyst for polycondensation. This reaction was continued for 9 h
to have a complete hydrolysis and crystallization process.
Subsequently, the TiO2 nanorod product was then obtained
(4 nm in diameter, 20–40 nm in length). The nanorods were
washed and precipitated using ethanol repeatedly to remove any
residual surfactant. Finally, the TiO2 nanorods were collected by
centrifugation and then redispersed in chloroform. The crystalline
structure of the TiO2 nanorods was studied using X-ray diffraction
(XRD) (Philips PW3040 with filtered Cu Ka radiation (l ¼ 1.540
Å)). The analysis of the nanorods was performed using a JOEL JEM-
1230 transmission electron microscope (TEM) operating at 120 kV
or a 2000FX high-resolution transmission electron microscope
(HRTEM) at 200 kV.

2.3. Fabrication of the nanostructure polymer blends/inorganic

titania hybrid photovoltaic devices

The indium–tin-oxide (ITO)/poly(3,4-ethylenedioxythio-
phene)-poly(styrenesulfonate) (PEDOT:PSS)/poly(3-hexylthiophe-
ne):TiO2 nanorods/Al device was fabricated in the following
manner. An ITO glass substrate was ultrasonically cleaned in a
series of organic solvents (ethanol, methanol, and acetone). A 60-
nm-thick layer of PEDOT:PSS (Aldrich) was spin-casted onto the
ITO substrate at 300 rpm for 10 s and 6000 rpm for 1 min
continuously. TiO2 nanorods in pyridine and chloroform mixed
solvent (weight ratios pyridine:chloroform ¼ 2:7) and P3HT in
chlorobenzene were thoroughly mixed and spin-casted on the top
of the PEDOT:PSS layer (weight ratios TiO2:P3HT ¼ 53:47). The
thickness of P3HT:TiO2 nanorods film was 100 nm under 1000 rpm
for a minute. Then, the 100 nm Al electrode was vacuum deposited
on the hybrid layer. By inserting the TiO2 nanorods thin film
between the P3HT:TiO2 nanorods hybrid and the Al electrode, an
improved device with a configuration of ITO/PEDOT:PSS/
P3HT:TiO2 nanorods/Al was made.

2.4. Physical properties measurement of the nanostructure polymer

blends/inorganic titania hybrid photovoltaic devices

Optical measurements were performed 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 a high transmission efficiency. Argon
ion laser ( ¼ 488 nm), Nd:YAG laser ( ¼ 532 nm), and He–Ne laser
( ¼ 632.8 nm) with different wavelengths and output powers
were employed as radiation sources. The transmitted light was
collected with a 40� objective and detected with a single photon
counting photomultiplier tube (PMT). For each line scan, 256 data
points were taken with a line scan frequency of 0.5 Hz.

The film thickness was determined by an a-stepper (Veeco,
Dektak 6M 24383). The film morphology was observed using AFM
(Digital Instruments, Nanoscope III). The current–voltage (I–V)
characterization (Keithley 2400 source meter) was performed
under 10–3 Torr vacuum, with monochromatic illumination at a
defined beam size (Oriel Inc.). The Air Mass (AM) 1.5 condition
was measured using a calibrated solar simulator (Oriel Inc.) with
irradiation intensity of 100 mW/cm2. Once the power from the
simulator was determined, a 400 nm cutoff filter was used to
remove the UV light. The 80 nm films (P3HT or P3HT:TiO2) were
spin coated on a quartz substrate to obtain UV–visible absorption
(Perkin–Elmer Lambda 35) and photoluminescence (PL) (Perkin–
Elmer FS-55) measurements. The solution was prepared by
dissolving 0.056 mg of P3HT in 1 ml of chlorobenzene.
3. Results and discussion

The TEM image of TiO2 nanorods in the inset of Fig. 1 reveals
that the dimensions of the TiO2 nanorods are 20–30 nm in length
and 4–5 nm in diameter. The HRTEM image of the TiO2 nanorods
is shown in Fig. 1. The above inset image shows the HRTEM image
of TiO2 nanorods crystallinity, and the corresponding selected-
area diffraction pattern (SADP) of the TiO2 nanorods is shown in
the inset of Fig. 1. The d-spacings of this ring pattern are 3.54, 2.39,
1.90, and 1.69 Å from inner ring to outer ring. It can be indexed for
(10 1), (0 0 4), (2 0 0), and (211) of the TiO2 anatase phase,
consistent with the XRD result. The filtered image from the square
region is also shown, which indicates the growth direction of the
TiO2 nanorods is along the longitudinal [0 0 1] direction in the
synthesized condition.

The polymers we used are similar in polydispersive index (PDI)
and regiospecific ratio (RR), and the synthesizing process was the
same for different molecular weight P3HT. We have assumed the
effect of PDI, RR, and the ending groups of the polymer on its
mobility is minimum and can be excluded because three polymers
with the molecular weights in 10, 30, and 66 kDa, PDIo1.5, and
RR495% were used. We blended TiO2 nanorods with different
molecular weight P3HT and made into solar cell devices to study
the effect of molecular weight on solar cell efficiency. The
thickness of the hybrid film was all controlled at 120 nm. Fig. 2
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Fig. 1. Transmission electron microscope image of anatase TiO2 nanorods.

Fig. 2. The IV characteristics under A.M. 1.5 illumination (100 mW/cm2) for

photovoltaic device based on P3HT/TiO2 nanorods (47/53 weight ratio) with

different P3HT molecular weights.

Table 1
Performance of P3HT/TiO2 nanorods hybrids solar cell under A.M. 1.5 illumination

(100 mW/cm2) for different P3HT molecular weights

P3HT’s MW

(kDa)

Voc (V) Isc (mA/

cm2)

FF (%) Power conversion

efficiency (%)

10 0.56 1.22 29.30 0.20

30 0.57 2.14 38.19 0.47

66 0.60 2.80 36.57 0.61

Fig. 3. Normalized absorption spectra of pure P3HT with different molecular

weights: 10 kDa (-&-: solution; -’-: film), 30 kDa (-J-: solution; -K-: film), and

66 kDa (-n-: solution; -m-: film).
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is the I–V characteristic curves of the solar cells measured under
A.M. 1.5 illumination. The data obtained from the I–V character-
istic curves (VOC, ISC, FF, and the efficiency of the solar cell) are
listed in Table 1. We can clearly observe an improvement in solar
cell efficiency with increasing P3HT molecular weight. Why? We
try to answer it using scanning near-field optical microscope
(SNOM) and atomic force microscope.

The differences in molecular weights of a particular conducting
polymer would result in different packing styles and conforma-
tions of its thin film and further affect its optical and electrical
properties. The changes of the absorption peaks give the
information of changes in the P3HT conformations. The absorp-
tion spectra of the solution and thin film of the P3HT with
different molecular weights are shown in Fig. 3. The absorption
peaks show a trace of red shift in both solution and thin film
samples. The conjugating length of the polymer increases with its
molecular weight, so the extent of red shift in the absorption
spectrum increases with its molecular weight. We have also
observed a red shift in the absorption spectrum from solution
sample to thin film sample. When the P3HT dissolves in the
solvent, the repulsion force between repeating units arises due to
steric effect. The alkyl side groups interact with the solvent and
lead to a twist conformation of the P3HT backbone in the solution.
On the other hand, when the P3HT is made into thin film, the
interaction between polymer chains forms a p�p stacking,
resulting in a lamellar structure. The ordered structured con-
formation of the P3HT thin film compared to solution P3HT
facilitates the delocalization of p-electrons and an increase in
conjugating length that results in a red shift of absorption
spectrum.

It is important to investigate the absorption behavior of the
hybrid film at nanoscale. We have used an SNOM to do the study.
In the measurement, an SNOM probe with a hole of around
100 nm in diameter on the sharp end is 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. In order to understand the
absorption behavior under different laser wavelength excitation,

the SNOM images of hybrid film sample made from 66 kDa P3HT
and TiO2 nanorods are shown in Fig. 4. Figs. 4a, c, and e are
topographic images and Figs. 4b, d, and f are optical contrast
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Fig. 4. Topography (a, c, and e) and optical contrast images (b, d, and f) of

P3HT:TiO2 samples with P3HT molecular weights of 66 kDa obtained in SNOM

transmission mode using different monochromatic laser radiations. These three

kinds of monochromatic laser are (a and b) argon ion laser (l ¼ 488 nm), (c and d)

Nd:YAG laser (l ¼ 532 nm), and (e and f) He–Ne laser (l ¼ 632.8 nm).

Fig. 5. Topography (a, c, and e) and optical contrast images (b, d, and f) of

P3HT:TiO2 samples with three kinds of P3HT molecular weights obtained in SNOM

transmission mode using monochromatic laser radiation with 632.8 nm wave-

lengths. The P3HT molecular weight in P3HT:TiO2 samples are (a and b) 10 kDa, (c

and d) 30 kDa, and (e and f) 66 kDa.
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images. Three kinds of monochromatic laser are argon ion laser
(l ¼ 488 nm), Nd:YAG laser (l ¼ 532 nm), and He–Ne laser
(l ¼ 632.8 nm) are used. Different contrast behaviors are observed
for sample irradiated by different wavelength laser. Fig. 3(d)
shows the highest absorption contrast at 532 nm laser excitation
as compared with other laser excitation. The results are expected
from the above absorption study, which shows the absorption
maximum of the P3TH film is at 550 nm.

The SNOM was also used to study hybrid film. In order to
decrease the PL behaviors of P3HT, the simultaneously topography
and absorption measurements were measured using a He–Ne
laser of 632.8 nm wavelength. The surface topography and
absorption contrast images of three kinds of P3HT:TiO2 samples
with different P3HT molecular weights are shown in Fig. 5. The
low-molecular-weight (10 kDa) sample exhibits coarse surface
topography (Fig. 5a) and discontinuous absorption mapping
behavior (Fig. 5b). The interchain stacking increases with
increasing P3HT molecular weight that results in increasing
smoothness of topography (Fig. 5c) and in becoming continuous
absorption mapping at the corresponding region (Fig. 5d). The
P3HT:TiO2 sample with the highest molecular weight (66 kDa)
exhibits smooth surface topography (Fig. 5d) and continuous
absorption behavior (Fig. 5e) as compared with other samples.
The results indicate the high-molecular-weight sample has a high
light harvesting capability.

We have used high-resolution AFM to study the effect of
polymer molecular weight on the nanoscale morphology of hybrid
film. The results are shown in Fig. 6. The morphology and phase
diagrams demonstrate that the rod-like structure is formed by
low-molecular-weight P3HT while the high-molecular-weight
P3HT tends to form small nodule-like structure. The nodule-like
structure improves the transport of the charge carriers that has
been reported [18]. The low-molecular-weight polymer has a
great amount of grain boundaries that trap charges and slow
down its transport. The results explain why the high-molecular-
weight P3HT exhibits high solar cell efficiency.
4. Conclusions

We have fabricated the photovoltaic devices based on the bulk
heterojunction of poly(3-hexylthiophene) (P3HT) and TiO2 nanor-
ods. The effect of molecular weight of P3HT on the performance of
photovoltaic device was studied using scanning near-field optical
microscopy (SNOM) and atomic force microscopy (AFM). The
SNOM studies show a continuous absorption mapping for high-
molecular-weight P3HT–TiO2 hybrid film as opposite to the
discontinuous absorption mapping for low-molecular-weight
P3HT–TiO2 hybrid film. The results suggest high light absorption
for high-molecular-weight P3HT–TiO2 hybrid film. The AFM
studies reveal the large crystalline domain formation in the
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Fig. 6. Topography (a, c, and e) and phase images (b, d, and f) of P3HT:TiO2 hybrid

samples with three kinds of P3HT molecular weight obtained in AFM tapping

mode, and the scan size is 2mm�2mm. (a and b) The molecular weight of P3HT is

10 kDa. (c and d) The molecular weight of P3HT is 30 kDa. (e and f) The molecular

weight of P3HT is 66 kDa.

M.-C. Wu et al. / Solar Energy Materials & Solar Cells 93 (2009) 869–873 873
high-molecular-weight P3HT–TiO2 hybrid film that results in high
carrier mobility. Therefore, the improvement in device efficiency
by increasing the molecular weight of P3HT is due to the increase
in both light harvesting and carrier mobility.
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