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F
inding ultrafast charge separation in
conjugated polymer/fullerene blends
has initiated keen interest in “bulk

heterojunction (BHJ)” organic solar cells ow-

ing to their potential for cheap energy

conversion device from solar light to

electricity.1�11 Although the power conver-

sion efficiency has been improved up to

�6% via design of device structure and/or

energy band engineering, the landmark

work by Shaheen et al. is of crucial impor-

tance because it proved the importance of

nanomorphology in the BHJ films for im-

proving the device efficiency.12�14 In addi-

tion, the reproducible 4�5% power conver-

sion efficiency from the blend films of

regioregular poly(3-hexylthiophene) (P3HT)

and 1-(3-methoxycarbonyl)propyl-1-

phenyl(6,6)C61 (PCBM) has paved a con-

crete base for the further improvement.15�18

This achievement could be realized by opti-

mizing blend (P3HT:PCBM) compositions,

solvents, film thicknesses, and thermal an-

nealing conditions. In particular, the ther-

mal annealing did play a core role in en-

hancing the device efficiency because it

drives the P3HT chains to crystallize lead-

ing to improved hole mobility and light

absorption.17,18

In this regard, the nanostructure of P3HT

in the blend films was widely studied using

X-ray diffraction and transmission electron

microscopy techniques.17�21 However, a

clear nanostructure of PCBM domains has

not been observed in the optimized P3HT:

PCBM films, even though some d-spacing
values have been reported using electron
diffraction patterns.20�24

In this work, we attempted to measure
the nanostructure of PCBM domains in the
P3HT:PCBM blend films for �4% efficiency
polymer solar cells. As a result, we suc-
ceeded in measuring the images of PCBM
nanocrystals embedded in the blend films
and found that the PCBM nanocrystals were
not aligned symmetrically but exhibited an
asymmetric crystal structure.

RESULTS AND DISCUSSION
Although most previous studies showed

that the efficiency of polymer solar cells
made using P3HT:PCBM blend films was im-
proved by thermal annealing,15,17,18,25�28

the direct measurement of thermal transi-
tion temperature of the blend films was not
yet studied in detail as a function of temper-
ature though the film nanomorphology
could be significantly influenced by the
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ABSTRACT We found that 1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6)C61 (PCBM) molecules make a distorted

asymmetric body-centered cubic crystal nanostructure in the bulk heterojunction films of reigoregular poly(3-

hexylthiophene) and PCBM. The wider angle of distortion in the PCBM nanocrystals was �96°, which can be

assigned to the influence of the attached side group to the fullerene ball of PCBM to bestow solubility. Atom

concentration analysis showed that after thermal annealing the PCBM nanocrystals do preferentially distribute

above the layer of P3HT nanocrystals inside devices.

KEYWORDS: polymer solar cells · soluble fullerene · asymmetric
nanostructure · Raman scattering · field emission transmission electron microscopy
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chosen annealing temperature. Hence, first, we em-
ployed a Raman scattering technique to find the clear
thermal annealing temperature range of the blend
films.

As shown in Figure 1a, the as-coated (soft-baked)
P3HT:PCBM (1:1 by weight) blend film exhibits two
characteristic Raman vibrations at around 1380 and
1442 cm�1 which correspond to C�C skeletal and CAC
stretching vibrations of thiophene rings, respectively29

(we note that PCBM molecules also contribute to the
Raman vibration at around 1442 cm�1).29,30 With in-
creasing temperature, the peak position of the CAC
stretching was maintained almost constant in the pres-
ence of slight oscillations, but a clear downward (to
lower energy) shift was measured at 130�140 °C (see
inset to Figure 1a). This indicates that the film morphol-
ogy change was initiated at this temperature. In particu-
lar, the larger oscillation in the peak position at temper-
atures above 190 °C can be attributed to the further
change of the film morphology as previously observed
in the device characteristics.31 Similarly, the peak inten-
sity showed a critical change at 130�140 °C: The inten-
sity increased up to 170 °C and then decreased, which
might reflect the existence of intermediate states for lo-
cal composition variation (vertically and/or horizontally
inside film) during morphology change upon thermal

annealing.30 This result proves that the thermal transi-
tion of the P3HT:PCBM (1:1) blend film occurs at above
130 °C as the lowest but safely at 140 °C, which is in
good agreement with previous results on device
annealing.15,17,18,26

Hence, we tried to anneal devices at 130 and 140
°C for 2 h, but the results showed that the better perfor-
mance was obtained for the 140 °C annealing.18,28,31

We note that both 1:1 and 1:2 compositions showed
similar effects by thermal annealing at this tempera-
ture (see Figure S1, Supporting Information). We fo-
cused, hereafter, mainly on the thermal annealing at
140 °C for 2 h. As shown in Figure 1b, thermal anneal-
ing under these conditions greatly changed the surface
morphology of the blend film: The surface roughness
of the annealed film was increased as much as more
than three times [see the Z-axis value of atomic force
microscopy (AFM) images]. In particular, from the
cosine-filtered image we found semirigid coil-like
nanowires with an average diameter of �10 nm or
less, whereas no characteristic feature was observed
from the as-coated film. In order to find further evi-
dence on the morphology change upon thermal an-
nealing, a high-resolution FE-TEM was employed. Simi-
lar to the AFM image, an almost no specially featured
but very fine random crystal image was observed for
the as-coated film (see Figure 1c). However, the FE-TEM
image of the annealed film showed an “embossing”
structure that seems to be closely related to the nano-
wires observed in the AFM image of the correspond-
ing film (the shape of brighter whitish part in the FE-
TEM image resembles that of the nanowires observed
in the AFM image).

Hence, we attempted further increasing of the mag-
nification and aperture-adjusting of the FE-TEM system
and then found that the “embossing” parts of the an-
nealed film in Figure 1c were not discrete nanowires but
popped-up (to surface) assemblies of randomly or-
dered tiny crystals (see Figure 2a). That is, it is the coarse
surface topology made during thermal annealing, as
we noted the morphology change at this temperature
from the Raman scattering results in Figure 1a. Com-
pared to the FE-TEM image of pristine P3HT film (see
Figure S2), these tiny crystals are considered to origi-
nate from P3HT molecules (chains). The longest length
of these tiny crystals was �1 nm, while the crystal-to-
crystal spacing (center-to-center) was �0.55 nm. Con-
sidering the chain length of P3HT polymer (refer to mo-
lecular weight), the crystal length seems to be too short
so that the crystal images may not be originated from
single crystals but from overlapping of several crystals
in the direction normal to the film plane. We note that
these tiny P3HT nanocrystal images were also found in
the 1:2 composition, and the spacing was almost the
same for both 1:1 and 1:2 composition after thermal an-
nealing (see Figure S3). Thus, we can conclude that
the examined region of the annealed blend film was a

Figure 1. Spectroscopic and morphological change of P3HT:
PCBM (1:1) blend film upon thermal annealing. (a) Raman
back-scattering spectra of the blend film at selected anneal-
ing temperatures (excitation wavelength � 633 nm). Inset
shows the detailed variation of Raman intensity (IP) and
spectral shift (�V) at the wavenumber of CAC stretching vi-
bration as a function of temperature (TON denotes the onset
temperature for a relaxation in the blend film). (b) 3D AFM
images of the blend film before (left: NAN) and after (right:
AN) thermal annealing at 140 °C for 2 h. The 2D images on
the right top of each 3D image are the corresponding cosine-
filtered images. (c) FE-TEM images of the blend film before
(left: NAN) and after (right: AN) thermal annealing at 140 °C
for 2 h.
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P3HT-rich part, even though there must be some PCBM
molecules that are not in a crystal form but in amor-
phous states (which cannot be detected by electron
beam used for the FE-TEM measurement).

Here, the following question arises: where are most
of PCBM molecules are and how they can be found? Are
they molecularly dispersed in between the tiny P3HT
crystal layers inside the film? This motivated us to per-
form a point-to-point examination on the annealed
blend film. At low magnifications no special images
were found, indicative of the absence of relatively huge
nanoparticles or nanowires (see Figure S4). At some po-
sitions we found a very well aligned and ordered nano-
structure whose size is approximately 20�30 nm wide
(see Figure 2b). To date, this particular nanostructure
has never been found in pristine P3HT films. Thus, we
consider that this should be originated from PCBM mol-
ecules in the blend film. However, as shown in the en-
larged image of Figure 2b, the size of each spot was
much smaller than the diameter (0.71 nm) of C60.32�35

This means that these spots do not come from single
PCBM molecules but from complex molecular arrange-
ment, i.e., overlapping of PCBM molecules normal to
the film plane: We note that if each single PCBM mol-
ecule shows a clear FE-TEM image, single PCBM mol-
ecules should be observed even in the as-coated (unan-
nealed) blend film. In particular, the aligned lattice
lines connecting each spot do not cross with a 90° angle
but with �96° for the wider angle (84° for the nar-
rower angle) [also refer to the selected area electron dif-
fraction (SAED) pattern in the inset of Figure 2b and Fig-
ure S5, Supporting Information]. In addition, the center-
to-center distance of each spot was different: 0.36 nm in
one direction and 0.44 nm in another direction (see
the enlarged image in Figure 2b). However, the spot
gaps are extremely regular in each direction over the
measured area of �20 nm or larger in the film. Thus, we
conclude that only PCBM molecules can make this
asymmetric molecular geometry owing to the attached
side group [1-(3-methoxycarbonyl)propyl-1-phenyl
group].36 The wide-angle X-ray diffraction (WAXD) mea-
surement resulted in the similar average d-spacing val-
ues of major peaks in the annealed pristine PCBM film
(Figure S6, Supporting Information).

Based on the image in Figure 2b, we attempted to
simulate possible arrangements of PCBM molecules,
but only one structure could successfully match the
measured image (see Figure 1c). We named this particu-
lar geometry a “distorted asymmetric body-centred cu-
bic (da-bcc)” structure, considering the measured angle
and spacing difference. The spots in the FE-TEM image
are believed to originate from the close contact
(stacked) geometry among top and bottom PCBM mol-
ecules which might intensify and/or strongly couple
the electron density of each PCBM molecule so that
they could be relatively well imaged (detected) in the
FE-TEM measurement (see Figure S7, Supporting Infor-

mation). Given the reported d-spacings of PCBM do-

mains which are smaller than the diameter of fullerene

ball,20�23 we think that the present schematic illustra-

tion might be one of various spot images made by ro-

tating the film axis. We note that the similar but slightly

Figure 2. Aperture-adjusted and focused FE-TEM images of P3HT:
PCBM (1:1) blend film annealed at 140 °C for 2 h: (a) FE-TEM image fo-
cusing on a P3HT-enriched region. (b) FE-TEM image focusing on a
PCBM-enriched region (inset: part of SAED pattern). (c) Schematic il-
lustration for the arrangement of PCBM molecules (the spheres repre-
sent the fullerene balls of PCBM) which leads to a distorted body-
centered cubic (bcc) crystal structure: The apparent dimension of
single PCBM molecule is marked with LA (0.71 nm32�35) and LB (�1.1
nm36) for the fullerene ball without and with the attached side group,
respectively (left bottom figure).

Figure 3. Semivertical alignment of molecules/nanocrystals in the
P3HT:PCBM (1:1) blend film of devices. (a) Generation and growth
of PCBM crystals to a micrometer size by extending annealing time:
(1) 2 h, (2, 4) 5 h, and (3) 10 h. (b) FE-SEM images of PCBM microcrys-
tals in the blend film (5 h annealing): (2) enlarged image focusing
on the crystal in the image (1); (3) side view of the image (2). (c) GDS
depth profiles of devices as a function of the blend film thickness:
blue, green, black, and red colors represent carbon atoms in the not-
annealed device, sulfur atoms in the not-annealed device, carbon at-
oms in the annealed device (140 °C/2 h), and sulfur atoms in the an-
nealed device (140 °C/2 h), respectively. (d) Schematic illustration
exhibiting a semivertical distribution of P3HT and PCBM nanocryst-
als in the optimized blend film (annealing time � 2 h).

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 9 ▪ 2557–2562 ▪ 2009 2559



less ordered crystal feature was also found in the other
position of the annealed blend film (see Figure S8, Sup-
porting Information).

Since the above observations are all about the top
view of the film, we still do not know about the verti-
cal positioning of PCBM in the direction normal to the
film plane, though we recently reported a related result
obtained by optical measurement.30 As shown in Fig-
ure 3a, further extending of annealing time resulted in
the formation of microcrystals in the blend films which
are considered to be overgrown PCBM particles: As the
annealing time increased, the population of microcrys-
tals increased but the size of microcrystals was irregular.
As shown in Figure 3b, the field emission-scanning elec-
tron microscopy (FE-SEM) examination revealed that
these microcrystals are enriched on the surface direc-
tion of the blend film: If they are likely to thermody-
namically enrich to the substrate side, the top surface
should be covered with P3HT skins.

Therefore, we can conclude that the PCBM nano-
crystals tend to enrich toward the surface of the opti-
mized blend film. Hence, the change of atom (molecule)
concentration along with the thickness (t) direction of

the blend film in devices was measured using glow dis-

charge spectroscopy (GDS). As shown in Figure 3c, the

relative distribution of P3HT (main indicator: sulfur

atom) and PCBM (main indicator: carbon atom) mol-

ecules was considerably changed by thermal anneal-

ing. The PCBM composition after thermal annealing be-

came slightly richer at the t � 30�100 nm position

from the film surface, indicating a gradual formation of

“semivertical segregation” p�n junction morphology

(see Figure 3d) featuring PCBM molecules (n-type) and

P3HT chains (p-type) that are richer close to the

electron-collecting (Al) and hole-collecting (PEDOT:PSS/

ITO) electrodes, respectively (see the energy band dia-

gram in ref 26 for ideal p�n junction).26

Finally, we examined the characteristics of the opti-

mized device that has a da-bcc-structured PCBM nano-

crystals in the blend film. At high light intensity (85 mW/

cm2), the device performance was quite similar to that

reported in ref 18 (PCE � �4.4%). However, at about

half intensity (48.9 mW/cm2), the PCE was slightly im-

proved to �4.6% and then further enhanced to �5.5%

at 10-fold lower intensity (8.5 mW/cm2) (see Figure

4a,b). This light intensity-dependent PCE enhancement

for the optimized device (annealed for 2 h) is appar-

ently due to the improved fill factor (FF) and less re-

duced open circuit voltage (VOC) for the optimized de-

vices, compared to the less optimized devices. In

particular, the shunt resistance (RSH) was significantly

improved from 7.5 k� (at 85 mW/cm2) to 32.6 k� (at

8.5 mW/cm2). This indicates that the degree of photo-

shunt was greatly reduced by lowering the light inten-

sity, indicating the lowered charge recombination in

the device (see different �J for both cases in Figure 4c).

We note that this improving effect was less pronounced

for less optimized or unannealed device (see Figure

4b), which can be explained by their lower RSH and

higher series resistance (RS) (see Figure 4d).

CONCLUSIONS
In summary, the outstanding characteristics of the

optimized device can be attributed to (1) formation of

semivertically phase segregated p�n junction morphol-

ogy leading to greatly reduced charge recombination

and charge blocking resistance (see RSH and RS)37 and (2)

generation of the da-bcc PCBM nanocrystal structure

leading to the improved electron transport in devices.

EXPERIMENTAL SECTION
Materials. The same batch of regioregular P3HT (regioregular-

ity � 95.4%) and PCBM described in refs 18 and 26 was used in
this work. Blend solutions (P3HT:PCBM � 1:1 by weight) were
prepared using chlorobenzene (CB) at a solid concentration of
50�60 mg/mL.

Fabrication of Films and Devices. P3HT:PCBM (1:1) blend films and
solar cells were fabricated in the a similar way as in refs 18 and
26. The thickness of the blend films was �175 nm. Thermal an-

nealing of films and devices was carried out inside a nitrogen-
filled glovebox (oxygen and moisture level �1 ppm) at 140 °C
with varying times up to 10 h.

Thermal Transition. The thermal transition of P3HT:PCBM
blend films was measured using a reflection-mode Raman
spectroscopy (Renishaw 2000 CCD spectrometer) equipped
with a nitrogen-purged programmable hot stage (Linkam), in
which the excitation wavelength was 633 nm from a He�Ne
laser.

Figure 4. Device characteristics under AM1.5-simulated solar
light illumination: (a, b) JSC, VOC, FF, and PCE as a function of PIN:
circles (annealed for 2 h), squares (annealed for 10 min), and tri-
angles (not-annealed). (c) J�V characteristics of optimized (an-
nealed for 2 h) device (blue curve: PIN � 8.5 mW/cm2, RSH � 32.6
k�, RS � 1.96 k�; red curve: PIN � 48.9 mW/cm2, RSH � 13.0
k�, RS � 0.54 k�). Note that the apparent slope of the dotted
lines is the same as that of the dark J�V curve at V � 0. (d) J�V
curves of optimized (annealed for 2 h) device (red dashed line
under dark; red solid line at PIN � 8.5 mW/cm2) and not-
annealed device (green dashed line under dark; green solid
line at PIN � 8.5 mW/cm2, RSH � 73.4 k�).
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Surface Morphology. The surface nanomorphology of blend
films was measured using a multimode scanning probe micro-
scope system (tapping mode AFM, Digital Instrument, Inc.) in
which a cosine-filtration process was carried out using the WSxM
interactive software (Nanotec Electronica S. L., Spain) [see
Horcas, I. et al. Rev. Sci. Instrum. 2007, 78, 013705].). The micro-
crystals on the surface of blend films were measured using a field
emission-scanning electron microscope (FE-SEM, Hitachi).

Crystal Nanostructure. The crystal nanostructure of blend films
was measured using FE-TEM (JEM-2100F, JEOL) equipped with
a field emission gun (FEG, LaB6 single crystal) at an electron ac-
celeration voltage of 200 kV. For the preparation of TEM samples
the blend films were lifted off from the substrate by dropping
them into deionized water or vice versa, followed by mounting
them on a 3 mm holey gold grid disk (300 mesh).

Vertical Distribution. The atom distribution along with the thick-
ness direction of blend films was measured using a glow dis-
charge spectrometer (GDS, JY10000RF, Jobin Yvon, France)
equipped with a RF plasma (Ar ion) depth profiling system. The
microcrystals on the surface of blend films were measured using
a FE-SEM (Hitachi) and were double checked using an optical
microscope (Karl Zeiss) with both transmission and reflection
modes.

Device Characteristics. The photovoltaic characteristics of poly-
mer solar cells were measured under an air mass (AM) 1.5 simu-
lated solar light illumination using a solar simulator system (Sci-
enceTech, Costronics Electronics) equipped with a Xe lamp and
an AM 1.5 spectral filter. Calibration of the light intensity was
achieved by using band-pass filters of known transmission com-
bined with a silicon photodiode with independently certified
spectral response, calibrated at the ISE-Fraunhofer Institute,
Freiburg, Germany. The lamp intensity was adjusted to give
close (�5%) agreement with theoretical one sun AM 1.5 inten-
sity (PIN � 100 mW/cm2) over the spectral region of the optical
absorption range (450�700 nm). Finally, the incident light inten-
sity was recalibrated considering optical attenuation losses by
sample holder windows, resulting in PIN � 85 mW/cm2. For the
light intensity dependence experiment a set of neutral density
filters was employed, and the resulting light intensity (PIN �
8.5�85 mW/cm2) was cross-checked using the calibrated silicon
photodiode. In order to confirm the accuracy and reproducibility
of measurements at low light intensity, we have compared the
results with three methods: (1) normal measurement using the
device that consists of six pixels, (2) each pixel of device was
separated by scribing with a sharp scriber before measurement
(we checked that no current flows between electrodes), and (3)
only one pixel was exposed to the solar light whereas others
were blocked with a black shadow mask. These three different
methods showed almost similar device performance.
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