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We have systematically investigated the morphology of poly(3-hexylthiophene; P3HT) and [6,6]-

phenyl C61-butyic acid methyl ester (PCBM) blend films prepared through a slow growth apparoch as a

function of PCBM loading in the blends for bulk heterojunction solar cells. In addition to the electrical

characterisitcs, the molecular ordering and crystallinity of the polymers was examined by using the

UV–vis spectroscopy and grazing incidence X-ray diffraction. From the images of confocal laser scan

microscopy, we were also able to in-situ monitor the phase separation of the P3HT:PCBM blends during

the process of solvent evaporation. Finally, the conductive atomic force microscopy was utilized to

probe the spatial distribution of the local current across the photoactive layer prepared with various

P3HT:PCBM ratios. From the experimental results, we found that the distribution of PCBM molecules in

the P3HT matrix became homogeneous after the solvent annealing process, even though the

distribution of the PCBM molecules was not even in the beginning. Therefore, the higher device

efficiency could be attributed to the better thin-film morphology of the polymer blends.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Among the carbon-neutral energy sources, solar cells have
been considered as the largest and most promising technology.
Besides inorganic photovoltaic devices, solution-proccessed poly-
mer solar cells have spurred much interest because of their
advantages of low cost, flexibility, and light weight [1–6]. Further,
low-cost fabrication methods, such as full roll-to-roll processes,
have also been demonstrated [7–10]. So far, many practical
applications, including grid connected polymer solar panels and
lamps driven by polymer solar cells, have been presented [11–13].
At present, a power conversion efficiency (PCE) around 4–5%
could be routinely fabricated based on a concept called bulk-
heterojunction junction (BHJ) [6]. The typical active layer of the
BHJ solar cells is composed of one electron-donating polymer,
such as poly(3-hexylthiophene; P3HT), and one electron-with-
drawing fullerene derivative, such as [6,6]-phenyl C61-butyic acid
methyl ester (PCBM). The large amount of the interfaces between
these two components in the polymer blends insures that high
concentrations of free charge carriers can be generated upon
the sun illumination because the chemical potential across the
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junction helps to overcome the high exction binding energy. More
recently, PCE as high as 8.13% has been announced [14].

One of the key issues for achieving a high-efficiency device is
the controlling of morphology of the active layer in the polymer
solar cells [1–5]. The nanoscale phase separation between the
two compounds significantly affects the efficiency of exciton
separation as well as the charge transport in the blended films.
Many process parameters for the preparation of the active layer,
such as the solvent system used to dissolve the polymer blends
[15–18] and the annealing temperature during the processes
[1,19–22], have been reported as important factors affecting the
morphology. Therefore, many approaches, such as thermal
annealing [19–22] and solvent annealing [2,23], have been
proposed to optimize the thin film morphology.

Different from the thermal treatment, the solvent annealing
method attempts to slow down the solvent evaporation rate
during the preparation of the active layer. Li et al. [2] were the
first to apply a slow growth method for preparing P3HT:PCBM
blends in a solvent-saturated environment. To study the improved
mechanism, several studies extracted the diode parameters to
understand the carrier behavior in the blends. For example,
Mihailetchi et al. [24] found that the hole mobility was improved
by 33 times. Shrotriya et al. [25] also showed that the efficiency
improvement was due to the enhancement of exciton generation
rate and dissociation probability.

Although the morphology analysis of P3HT:PCBM thin films
has been widely reported, most of the blending thin films were
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prepared through thermal annealing [19–22,26]. On the other
hand, relevant studies on the morphological characteristics
and revolutions of the P3HT:PCBM blends during the solvent
annealing processes are much less [23–25]. In this work, we
systematically investigated the device characterisitcs and the
morphology of the photoactive layers prepared through the slow
growth apparoch as a function of PCBM loading in the P3HT films.
In addition to the electrical characterisitcs, the molecular ordering
and crystallinity of the polymers were examined using the UV–vis
spectroscopy and grazing incidence X-ray diffraction (GIXRD).
Further, from the images of confocal laser scan microscopy
(CLSM), we were able to in-situ monitor the phase separation of
the P3HT:PCBM blends during the process of solvent evaporation.
Finally, the conductive atomic force microscopy (C-AFM) was then
utilized to probe the spatial distribution of the local current across
the photoactive layer prepared with various P3HT:PCBM ratios.
From the results of the study, we found that the two different
treatment approaches, namely, solvent and thermal annealing
methods, led to different morphologies. Further, we could
correlate the device characteristics and the resulting morphology
after solvent annealing.
Fig. 1. (a) The J–V characteristics, recorded under 100 mW cm�2 illumination

(AM 1.5G), of the polymer solar cells prepared with different P3HT:PCBM weight

ratios. (b) The corresponding IPCE curves.

Table 1
Photovoltaic characteristics of polymer photovoltaic devices prepared with

various P3HT:PCBM compositions.
2. Experimental

The polymer solar cells were fabricated on indium tin oxide
(ITO)-coated glass substrates. The glass substrates were cleaned
sequentially with a detergent, dionized water, acetone, and
isopropanol. Afterwards, the substrates were dried in an oven. Prior
to the deposition of organic thin films, the ITO substrates were
treated with UV-ozone treatment for 15 min. Poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS) was then spin-
coated onto the substrates and baked at 140 1C for 1 h. The active
layer, consisting of P3HT (Rieke Met. Inc.) and PCBM (Nano-C)
dissolved in 1,2-dichlorobenzene (DCB), was spin-coated on top of
PEDOT:PSS layer. The wet film was then transferred to a Petri dish
and subjected to solvent annealing [2]. After the annealing process,
the device was further baked at 110 1C for 5 min. Finally, the
cathode, comprising of Ca (30 nm) and Al (100 nm), was deposited
through a shadow mask. The electrical properties of the solar cells
were measured using a Keithley 2400 source-measure unit. The
photocurrent was obtained under illumination from a Thermal Oriel
solar simulator (AM1.5G). The illumination intensity was calibrated
using a standard Si photodiode detector equipped with a KG-5 filter
(Hamamatsu Inc.). The calibration method, based on the IEC-69094-
1 spectrum, followed the procedures described previously [27].
GIXRD measurements were performed using a Philps X’Pert Pro
diffractometer. The incident angle was fixed at 0.31 for obtaining the
maximum scattering intensity. A monochromatic Cu ka beam with a
wavelength of l¼0.154 nm was used as the radiation source.
Confocal images were collected with a Leica TCS-SP5 inverted
confocal microscope at room temperature. An Argon-ion laser
operating at 488 nm was served as the excitation light source. No
photobleaching was observed under these conditions after the
measurements. The C-AFM measurement was carried in the dark
under air ambient conditions. The Au-coated Si tips, with a radius of
ca. 20–30 nm, were used for this measurement. The current images
were recorded by applying a negative bias on the Si tip at 2.5 V.
Ratio of

P3HT:PCBM

Voc (V) Jsc (mA/cm2) FF (%) PCE [%]

1:3 0.60 2.48 45.1 0.67

2:3 0.60 6.87 60.7 2.50

1:1 0.60 9.53 64.0 3.66

3:2 0.60 10.10 53.1 3.22

3:1 0.60 4.33 42.8 1.11
3. Results and discussion

Fig. 1(a) shows the current density–voltage (J–V) characteristics
under illumination (100 mWcm�1, AM 1.5 G) of the solvent-annealed
devices prepared with different P3HT:PCBM weight ratios. From the
figure, we could see that the composition ratio strongly influences the
device electrical properties. When the weight ratio of P3HT:PCBM
composition was equal to 1:1, the device exhibited the highest power
conversion efficiency (3.66%). The values of short-circuit current
density (Jsc) and fill factor (FF) were 9.53 mAcm�2 and 64%,
respectively. On the other hand, the open-circuit voltage (Voc)
remained unchanged (0.60 V) while the composition varied. Table 1
summarizes the characteristics of the devices in this study. The results
were very similar to the that of the previous reports [23,28,29]. For
example, Chirvase et al. [28] found that the photocurrent and
efficiency showed a maximum while the weight ratio of P3HT:PCBM
was between 1:1 and 1:0.9. From the time-of-flight measurement,
Huang and Yang [29] suggested that hole and electron mobilities are
balanced at this composition.



Fig. 3. GIXRD spectra of the polymer blends prepared with different composition

ratios. The film thickness of the samples was �200 nm.
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Fig. 1(b) shows the corresponding incident photon-to-electron
conversion efficiency (IPCE) results of the devices prepared with
different compositions. The trends in IPCE follow the of the values of
Jsc. The best efficiency was obtained at a 1:1 weight ratio blend.
Further, the spectra shapes also significantly change while different
weight ratios of P3HT:PCBM were used. When the ratio was 1:3, the
IPCE spectra has a maximum peak at around 400–500 nm. In
the longer wavelength regime, especially within the wavelength
range of 500–650 nm; however, the efficiency increased with the
increasing composition of P3HT. The shapes of the IPCE spectra were
similar to those of the absorption spectra of the polymer blends as
showed in Fig. 2. The result indicates that the P3HT molecules have
higher ability to absorb photons. However, when the PCBM loading
was over 50%, the IPCE was gradually reduced and even the
absorption was increased; the result suggested that a possible
problem occurred in extracting the charge carriers from the device.

We have shown thus far that the composition ratio of P3HT and
PCBM influence significantly on the electrical properties of the
photovoltaic devices. To explore such effect, we further utilized
the UV–vis and X-ray diffraction spectra to analyze the thin film
morphology. Fig. 2 shows the absorption spectra of the P3HT:PCBM
films with different compositions. Obviously, the intensity of the
UV–vis absorption peaks increased with the P3HT concentrations,
suggesting that the main absorption came from P3HT molecules.
Further, when the P3HT:PCBM ratio was 3:1, we could clearly
observe the three vibronic shoulders, indicating strong interchain-
interlayer interactions among the regioregular P3HT chains and high
ordering of the polymer chains in the composition films [2].
However, the vibronic peaks gradually disappeared with the
increasing PCBM concentrations, suggesting that the interaction of
P3HT polymer chains was disrupted by PCBM molecules [30]. The
result is consistence with the electrical properties (Fig. 1). The
reduced interaction of the P3HT would lower the hole mobility,
thereby decreasing the efficiency of the OPVs, especially for the
samples in which the PCBM concentration was over 50%.

To further confirm the degree of the ordering, the crystallineity of
the P3HT:PCBM composition films was examined using in-plane
grazing incidence X-ray diffraction (GIXRD). As shown in Fig. 3, the
X-ray diffraction spectra display two sets of reflections, which can be
attributed to the reflections of P3HT. The three low-angle diffraction
peaks indexed (h 0 0) (h¼1–3) are associated with the crystal-
lographic direction along the alkyl side chains (a axis). On the other
hand, the peak indexed (0 1 0) is associated with the p-stacking
direction of the backbones consisting of polythiophene (b axis) [1].
From the changes of the relative intensities of the (1 0 0) peak
Fig. 2. Absorption spectra of the polymer blends prepared with different

composition ratios. The film thickness of the samples was �200 nm.

Fig. 4. Time-revolution CLSM images of the polymer blends during the solvent

annealing process. The P3HT:PCBM weight ratios are (a)–(c) 1:3; (d)–(f) 1:1;

(g)–(i) 3:2; and (j)–(l) 3:1.
(2y¼5.4o), we can see that the crystallinity was decreased with
increasing PCBM concentration. The result XRD spectra further
support the crystallinity revolution as we deduced from the
absorption spectra.

To directly probe the revolution of the phase separation in the
polymer blends with different composition ratios, we recorded
the CLSM images to in-situ observe the morphology changes
during the solvent annealing process. The confocal microscopy
has been used to inspect the phase separation in the polymer
blends [30,31]. Fig. 4 shows the fluorescence images of the
polymer blends prepared with different composition ratios. The
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bright and dark regimes were assigned as the P3HT-rich and
PCBM-rich phases, respectively [30]. In the first 5 min, we can see
that the area of the dark regimes increased with the increase in
PCBM concentration (Fig. 4(a) (d), (g) and (j)). When the weight
ratio of PCBM was down to 25% (P3HT:PCBM¼3:1), the PCBM
phase was surrounded by the P3HT polymers, where the particle
size was around 4 mm long and 2 mm wide (Fig. 4(j)). In addition,
we also found that the PCBM particles grew gradually (Fig. 4(j)–
(l)). When PCBM concentration further increased, the PCBM grains
appeared randomly in the blends. More interestingly, while the
PCBM content was 50% (P3HT:PCBM¼1:1), the PCBM molecules
were dispersed randomly in the first 5 min (Fig. 4(d)); the two
phases graduately became a well-ordered structure (Fig. 4(f)),
resulting in an ideal morphology, which is close to the so-called
‘‘interpentrating network‘‘ [32]. However, when the composition
ratio deviated from 1:1, we can clearly observed that the
distribution of the PCBM-rich domain was not uniform
(Fig. 4(i)). The less interfacial area between the P3HT and PCBM
molecules probably led to fewer number of excitons generated
upon light illumination and the discontinuous conducting path-
ways may also result in more severly charge trapping in the
polymer blend. Finally, when the PCBM loading was increased up
to 75%, we can see that the morphology of the polymer blend
almost unchanged during the solvent annealing process.

In order to directly correlate the nanoscale phase separation
and electrical behavior, we employed the C-AFM to image the
local photocurrent distribution in the blends [33]. The conducting
probe used was coated with Au, which has a high work function.
The sample configuration was ITO/PEDOT:PSS/P3HT:PCBM
(Fig. 5(a)); in such samples, the high electron injection barrier
between the Au-coated Si tip and the polymer blend blocked the
electron injection and only allowed holes transport solely in
the p-channel polymer molecules predominately, contributing to
the hole-only current. Therefore, we inferred that the bright and
Fig. 5. (a) Schematic representation of the C-AFM experimental setup. (b)–(e) The

C-AFM current images of the polymer blends prepared with different P3HT/PCBM

ratios. They correspond to the samples prepared with P3HT/PCBM ratios of 1:3;

1:1; 3:2, and 3:1.
dark regions were corresponding to the P3HT-rich and PCBM-rich
domains, respectively. The hole current images for the samples
prepared with different composition ratios are shown in Fig. 5(b)–
(e). In the sample with 75% PCBM, the current obtained
throughout the film was quite small, indicating that hole
conduction was not effcient becasue of the limited amount of
p-channel material (P3HT; Fig. 5(b)). Further, the distribution of
photocurrent was not uniform. While the PCBM concentration
was decreased to 50%, the sample exhibited the most homo-
geneous photocurrent distribution among the different composi-
tion conditions (Fig. 5(c)). For the 3:2 P3HT:PCBM film, we can
clearly observe two domains (Fig. 5(d)). Note that the dimensions
of the phase-separated domains in Fig. 4(f) and Fig. 5(d) are very
similar, suggesting that a consistence result was obtained by
using these two different probing tools. When the PCBM
concentration was further decreased to 25%, a much higher
current could be obtained, suggesting a higher hole mobility in
the thin film (Fig. 5(d)). This is probably due to the higher level of
alignment of P3HT chains. Becasue PCBM molecules would
interrupt the self-organization of P3HT polymers, the low PCBM
concentration ensured the higher level of alignment. In short, we
can see that the current distributions were consistence with the
morphological results revealed from the CLSM meansurements
(Fig. 4).

Finally, we further compared the surface morphology of the
P3HT:PCBM blends prepared either by thermal or solvent
annealing approaches. Fig. 6 displays the CLSM image of the
P3HT:PCBM thin film after thermal annealing treatment. After
thermal annealing at 150 1C for 30 min, an entire different
morphology was observed. PCBM molecules were segregated
from the blend and crystallized to form a needle-like structure.
The PCBM needles were averagely �8 mm long and randomly
dispersed in the P3HT matrix. Similar results were reported by
Swinnen et al. [30]. Furthermore, we also found that some of
PCBM needles have bright centers, which may be owing to the fact
that P3HT existed as the cores in the needle centers after the
phase separation.

For solvent annealing treatments, the longer drying time
allowed the polymer blend to become a more thermodynamically
Fig. 6. The CLSM image of the polymer blends prepared through thermal

annealing at 150 1C for 30 min. The P3HT:PCBM weight ratio was 1:1.
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stable morphology at room temperature. On the other hand,
during the thermal annealing, because PCBM molecules probably
have a higher mobility at the higher temperature, the nucleation
process became more efficient. As a result, we could see larger/
longer PCBM needle-like crystals in the P3HT matrix. Therefore,
the apparent differences in the film morphology of the polymer
films indicated different mechanisms of the phase separation
existing for the thin films prepared by either thermal or solvent
annealing.
4. Conclusion

In conclusion, we have systematically investigated the effect of
the PCBM loading on the device characteristics as well as the
morphology of the P3HT:PCBM composite thin films prepared
through solvent annealing. At the optimized concentration condi-
tion, we in-situ observed that an ‘‘interpenetrating-like’’ morphology
was formed during the solvent evaporation process through the
CLSM experiments. Even the distribution of PCBM molecules were
not even in the beginning, the resulting thin film morphology
became homogeneous after the solvent annealing process. There-
fore, the higher device efficiency could be attributed to the better
thin film morphology of the polymer blends. Finally, the C-AFM
directly mapped the p-channel photocurrent throughout the
polymer films. The consistance results of CLSM and C-AFM
measurements confirmed that the electrical properties indeed
highly correlate to the morphology of the photoactive films.
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