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In this paper, we demonstrate the strong influence of the regioregularity (RR) of poly-
(3-hexylthiophene) (P3HT) on the optical anisotropy of hybrid P3HT/fullerene films before and after
thermal annealing. We determined the conversion efficiency and characterized the optical anisotropy of
P3HT/6,6-phenyl-C61-butyric acid methyl ester (PCBM) blends featuring various values of RR. Unlike
grazing-incidence X-ray diffraction analysis, optical anisotropic measurement provides a clear and
convenient view of the polymer orientation and the device anisotropic absorption at the same time. By
calculating the in-plane and out-of-plane optical constants (extinction coefficients and refractive
indices), we determined that the optical anisotropy of PSHT/PCBM films was improved in both
orientations upon increasing the RR. Upon increasing the thermal annealing temperature, the main
chains of high-RR P3HT were converted from an amorphous structure to an alignment parallel to the
substrate, resulting in higher optical anisotropy. The degree of anisotropy of the high-RR P3HT/
PCBM blend was up to six times higher than that of the low-RR sample. This strong RR effect on
optical anisotropy was also evident in the power conversion efficiency of large-area P3HT/PCBM-

based organic solar cells.

Introduction

Because of its solution processability, low cost, and compatibility
with flexible substrates, organic solar cells based on poly(3-hexy-
Ithiophene) (P3HT)/6,6-phenyl-C61-butyric acid methyl ester
(PCBM) hybrid films and bulk heterojunction (BHJ) structures
have attracted much attention recently."® Reasonable power
conversion efficiencies (PCEs) have been achieved, with efficient
light-induced charge separation due to the large-area donor—
acceptor interface of the BHJ.”™** The self-organizing properties
of pristine P3HT lead to the high quality of its crystalline and
aligned orientations. The morphology of a polymer thin film has
a significant influence on its optoelectronic and device perfor-
mance. ¢ To increase the quality of the donor—acceptor interface,
PCBM is often introduced into hybrid systems, even though its
nanostructure interferes with the self-organizing ability of
P3HT."!5 Many crystallization treatment processes, such as
thermal annealing®'*® and solvent annealing,'®! can be applied
to recover the extended and aligned morphology in P3HT
films. Because PCBM diffuses and aggregates under thermal
processing, P3HT can convert into crystallites in PCBM-free
regions.*** For the analysis of polymer crystallites, the orien-
tation of the polymer chains can be determined using grazing-
incidence X-ray diffraction (GIXRD).*%?3-25

The anisotropic properties of polymer thin films, based on the
preferential orientation of the polymer main chains, strongly
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influence their optoelectronic properties, including their carrier
mobilities and optical absorptions. Previous studies have
demonstrated the effects of several kinds of polymer anisotropic
properties.?=! Optical anisotropy is determined from measure-
ments of the polarized reflection and transmission spectra of
anisotropic films. The degree of anisotropy is measured in terms
of the preferential chain conformation parallel or perpendicular
to the substrate. The electric field of incident light aligned parallel
to the direction of the polymer main chains, i.e., the orientation
of the transition dipole moments, results in 7t—7* absorption.
Although the anisotropy of conjugated polymers has been
studied thoroughly, very little research has focused on the rela-
tionship between the BHJ and the optical anisotropic properties
of hybrid films.** BHJ cells incorporating P3HT/PCBM blends
are more efficient than other types of structures, such as single- or
bi-layer organic solar cells. Studying the optical anisotropy of
BHIJs is a convenient method of determining the orientation of
the polymer main chain in the PCBM domain. Although thermal
annealing is a critical factor that affects the orientation of
polymer main chains,?>3*3* the relationships between the P3HT/
PCBM optical anisotropy, the polymer backbone orientation,
and the degree of regioregularity (RR) during the annealing
process for large-area solar cells have not been reported previ-
ously.

The anisotropy of polymeric materials is related to their
crystallinity, which correlates to the orientation and the inter-
chain packing of the polymer chains.***” In such oriented
morphologies, the optical properties become anisotropic when
there is a high degree of main chain alignment and extension.
There are three possible crystalline orientations of P3HT/PCBM
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systems.?*?* The most preferable orientation of the polymer
backbones is parallel to the thin film’s surface, resulting in
improved in-plane electron mobility and poor out-of-plane
mobility. Because the electric field of the incident light is aligned
parallel to this preferable backbone orientation, the absorption
of light is significant. Therefore, distinct absorptions result from
polymers aligned orthogonally perpendicular (TE) and parallel
(TM) to the plane of the incident light. By measuring the
reflectance and transmittance spectra of polarized light, the
optical anisotropic properties of P3HT/PCBM blends can be
obtained. The degree of optical anisotropy depends on the
angular distribution of the polymer chains. For a system exhib-
iting higher optical anisotropy, the main chains oriented parallel
to the substrate are more aligned. To determine the optical
anisotropy of hybrid P3HT/PCBM films, optical constants are
acquired using ellipsometry and optical spectrometry. The inci-
dent light for anisotropic analysis can be separated into two
orthogonal electric field components, ie., perpendicular and
parallel to the substrate.

The degree of RR is defined as the fraction of monomers
adopting a head-to-tail configuration, rather than a head-to-
head arrangement. A higher RR results in closer packing of the
P3HT stacking planes, which plays an important role in deter-
mining the orientation of the polymer chains. A previous study
revealed that the performance of a solar cell can be improved
through the enhanced optical absorption and transport resulting
from the organization of P3HT chains and domains;'*'S the
relationships between the polymer’s RR, the annealing condi-
tions, and the optical anisotropy of the BHJ have, however, not
been reported previously. We have found that optical anisotropy
is a useful and convenient method for determining the orienta-
tion of polymer main chains possessing various RRs.

In this paper, we focus on the influence of the RR on the
optical anisotropic properties of polymer films prepared under
various annealing conditions. During thermal annealing, both
90.2% and 96.7% RR P3HT samples undergo crystallization.
The P3HT morphology of the low-RR sample was converted
mainly into in-plane (||) and out-of-plane (L) orientations,
whereas the high-RR sample’s main chains were mostly oriented
in-plane (]|). To characterize the extent of ordering upon thermal
annealing, we used confocal laser scan microscopy (CLSM) of
P3HT/PCBM thin films to determine the distribution of PCBM.
Furthermore, we present the influence of the RR on the optical
anisotropy, including the ratio of the in-plane (||) and out-of-
plane (L) extinction coefficients, to demonstrate that high-RR
P3HT prefers to orient itself in a specific direction during
crystallization.

Experimental

In the experimental part, BK7 glass substrates were cleaned with
acetone and isopropanol in an ultrasonic bath, rinsed with
deionized water, and then dried with nitrogen gas. For optical
measurements, PSHT/PCBM films were spun on glass substrates.
P3HT polymers having RRs of 90.2 and 96.7% were synthesized
using the Merck synthetic method and end-capped with
hydrogen. The BHJ polymer was prepared from a solution of
P3HT and PCBM (1:0.8 w/w) in chlorobenzene (CB). The
thickness of the P3HT/PCBM films was characterized using an

ellipsometer. The P3HT/PCBM films were spun at 800 rpm for
60 s and then they were thermally annealed at various tempera-
tures, ranging from room temperature to 120 °C. The optical
constants—namely, the refractive index (n) and the extinction
coefficient (k)—of P3HT/PCBM films featuring various RR
values and prepared under various annealing conditions were
determined from ellipsometric and reflectance-transmittance
measurements.’’'¢ Ellipsometric parameters (tan® and cosA)
determined at wavelengths ranging from 350 to 850 nm were
acquired using a SOPRA ellipsometer. Transmittance and
reflectance spectra of the PSHT/PCBM films were recorded using
a Hitachi U-4100 optical spectrometer. The measured data were
fit to a dispersion function, also called an oscillator model
describing the dielectric function. Oscillator models require only
a few oscillator coefficients to describe both real and imaginary
parts of the refractive index accurately over a very wide spectral
range. Confocal laser scanning microscopy (CLSM) images were
collected using a WITec CMR 200 Scanning Near-field optical
microscope (SNOM) operated in the confocal mode.

The X-ray diffraction (XRD) spectra of P3HT/PCBM hybrid
films before and after thermal annealing were measured using
grazing-incidence X-ray-diffraction (GIXRD) in synchrotron
X-rays (out-of-plane scanning mode). For measurement of their
photovoltaic device performance, solar cells were fabricated
under ambient conditions. Indium tin oxide-coated (ITO) glass
substrates were etched with acid and then cleaned with chloro-
form, acetone, and deionized water in an ultrasonication bath.
The cleaned ITO samples were immediately spin-coated at
1500 rpm with a 30 nm thick layer of poly(3.4-ethyl-
enedioxythiophene) : poly(styrene sulfonate) (PEDOT:PSS). The
PEDOT:PSS-coated samples were then heated at 110 °C for
5 min. The active layer of P3HT:PCBM (1:0.8; RR = 90.2 or
96.7%) was then spin-coated to form a thin film having a thick-
ness of 80-95 nm. The samples were then placed in a vacuum
chamber, where an aluminium electrode (100 nm) was deposited
through a mask, leaving an active area ranging from 4 to
400 mm?; these samples were then annealed at 120 °C for 15 min.
The photovoltaic device efficiency was measured under simulated
AML.S illumination conditions.

Results and discussion

As a self-organizing polymer, the nanostructure of P3HT
depends strongly on its degree of RR. Because more of its
monomer units adopt a head-to-tail configuration, higher-RR
P3HT is able to pack with closer stacking of its planes. In a BHJ
photovoltaic device, the fullerene derivative PCBM is intro-
duced, which disturbs the distribution of the P3HT crystalline
domains in various ways, including the packing within the
domains and the relative domain orientations. Therefore, it is
assumed that the presence of P3HT crystallites at high or low RR
is limited to a fair degree by the presence of PCBM in the absence
of thermal annealing. Unraveling the complex morphology of
P3HT/PCBM hybrid systems remains a significant challenge.
One potentially useful strategy is measuring the anisotropy of the
optical constants n and k: a higher refractive index indicates
a denser structure and an enhanced extinction coefficient for the
absorption band is caused by crystallization of the polymer
material. To obtain the optical constants of P3HT/PCBM blends
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Fig. 1 (a) Refractive indices and (b) extinction coefficients of 90.2% and

96.7% RR P3HT in P3HT/PCBM hybrid films.

featuring distinct RRs, we recorded their reflectance and trans-
mittance spectra and performed ellipsometry measurements
(tanW, cosA). Fig.1 (a) and (b) display the refractive indices and
extinction coefficients of P3HT/PCBM, respectively, for the two
vales of RR. For an absorption band, the refractive index will be
lower for an abnormal dispersion. The higher refractive index of
the 96.7% RR P3HT illustrates that the RR influences chain
stacking, resulting in denser packing within a coil conformation.
Because more of its monomer units adopt a head-to-tail config-
uration, the higher RR of this polymer enables closer packing of
its main chains. The value of the extinction coefficient corre-
sponds to the degree of crystallization, which is due to the
ordered alignment of polymer main chains absorbing light
strongly via T—m* transitions. Prior to performing the annealing
process, the extinction coefficients of the absorption peaks of the
P3HT/PCBM blends were both ca. 0.4. The introduction of
PCBM was the main cause of the disruption of the P3HT crys-
tallinity, leading to the low absorption of light in both the high-
and low-RR samples. The red-shift in the absorption of the
96.6% RR P3HT sample was due to greater stacking of its
polymer backbones.

Next, we investigated the influence of thermal annealing upon
the P3HT/PCBM hybrid structures. Because the main absorp-
tion peaks of the 90.2% and 96.7% RR P3HT polymers appear at
490 and 510, respectively, we compared the optical constants of
each absorption to determine the effects of thermal annealing at
various temperatures. Fig. 2 reveals that the refractive index and
extinction coefficient of the high-RR P3HT increased signifi-
cantly upon increasing the thermal annealing temperature from
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Fig. 2 (a) Refractive indices and (b) extinction coefficients of 90.2% and
96.7% RR P3HT in P3HT/PCBM blends that had been annealed at
various temperatures.

Fig. 3 Confocal laser scan microscopy images of P3HT/PCBM blends
annealed for (a) 0 and (b) 10 min.

room temperature to 120 °C; in contrast, we observed no striking
changes for the low-RR polymer. In this discussion, we focus on
the variation in the extinction coefficient, which is related to the
extent of crystallization. The amount of 7—m* absorption,
derived from value of k, was nearly the same for both the non-
annealed 96.7% and 90.2% RR P3HT polymers. As a result of its
distinct ability to pack with a higher degree of crystallinity, the
extinction coefficients of the 96.7% and 90.2% RR P3HT/PCBM
blends annealed at 120 °C were enhanced by 1.62 and 1.15 times,
respectively, relative to those of their non-annealed samples.
Thermal treatment leads to PCBM aggregation, providing
PCBM-free regions for P3HT extension and crystallization
(Fig. 3). After this change in morphology, the high-RR P3HT
exhibited pronounced inter-plane stacking, which led to
a significant enhancement of the optical absorption of its aligned
crystalline domain. In the case of the low-RR polymer, the
degree of extension and alignment of the P3HT main chains was
restricted by the presence of more head-to-head monomer
configurations.

To verify the crystallinity of P3HT/PCBM hybrid films with
ordered aggregates, the X-ray diffraction spectra (incident angle
On = 0.5°, wavelength = 1.027 nm) were used to carry out the
crystallinity measurement. Fig. 4(a) displays the X-ray diffrac-
tion profiles of 90.2% RR P3HT/PCBM hybrid films with respect
to the different annealing temperature. The main diffraction
angle 20 = 5.4° could be obtained in all the PHT/PCBM hybrid
films, which is assigned to the diffraction of the crystallographic
(100) plane of P3HT.** Upon increasing the annealing temper-
ature, the diffraction intensities are significantly increased. It
gives direct evidence that annealing process is attributed to the
conversion of P3HT/PCBM hybrid films from an amorphous
structure to a crystalline one. Fig. 4(b) displays the X-ray
diffraction profiles measured from the 96.7 RR P3HT/PCBM
hybrid films under the same annealing process. The RR effect of
P3HT is clearly observed in the relatively higher diffraction
intensities than for 90.2% RR P3HT/PCBM films.

To characterize the influence of the thermal annealing process
on the morphology of the various RR P3HT polymers, we
measured the optical anisotropy. The model we used to deter-
mine the optical constants of P3HT/PCBM blends was adjusted
to distinguish only between light propagating in-plane (||) and
out-of-plane (L )—namely, the uniaxial model. Ellipsometry
measurements and polarized reflectance and transmittance
spectra at various incidence angles are required to model the
measured data in the uniaxial system. In the curve fitting process,
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Fig. 4 X-Ray diffraction spectra of P3HT/PCBM hybrid films before
and after annealing with different annealing temperature: (a) obtained
from 90.2% RR P3HT/PCBM; (b) obtained from 96.7% RR P3HT/
PCBM.

the TE polarized curve was fitted to acquire the in-plane (||)
optical constants; the TM polarized curve was then fitted to
obtain the out-of-plane (L) optical constants. This process was
continued until we acquired self-consistent values, with which the
theoretical data from the birefringence optical model corre-
sponded to the measured data. We found that the optical
absorption of the hybrid thin films depended on the electric field
direction of the incident light. The absorption was stronger when
the electric field of the incident light was aligned parallel to the
orientation of the polymer transition dipole moment, i.e., the
direction of main chains, rather than when it was perpendicular.
To determine the orientations of the P3HT backbones, we focus
here on the extinction coefficients in the dispersion spectra of
various samples. The peak values of k | and k; were nearly the
same, indicating that the intrinsic anisotropy of the non-
annealed P3HT/PCBM blend was hindered by the random coil
morphology of the main chains. Fig. 5 (a) and (b) reveal that
annealing the low-RR P3HT/PCBM blend at 120 °C has an
effect on the optical anisotropy, with values of kj and k, of 0.55
and 0.48, respectively. Therefore, the observed optical anisot-
ropy indicates that a distinct number of P3HT backbones were
extended and aligned in the in-plane (||) and out-of-plane (L)
directions. More polymer chains lie in the plane of the film after
thermal annealing. We attribute these results to the preferential
orientation of P3HT crystallites in the PCBM-free regions when
PCBM aggregation was occurring under thermal annealing.
For comparison, we characterized the effects of thermal
annealing on the structural conversion of the high-RR P3HT/
PCBM hybrid. Fig. 5 (c) and (d) display the extinction coefficients
of the 96.7% RR P3HT/PCBM blend before and after thermal
treatment, respectively. The values of k| and k ; of 0.72 and 0.52,
respectively, for the sample annealed at 120 °C indicate an
anisotropic chain conformation, confirming that thermal
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Fig. 5 In-plane and out-of-plane extinction coefficients of (a) non-
annealed 90.2% RR P3HT/PCBM films; (b) 90.2% RR P3HT/PCBM
films annealed at 120 °C; (c) non-annealed 96.7% RR P3HT/PCBM films,
(d) 96.7% RR P3HT/PCBM films annealed at 120 °C.

treatment had an affect on the P3HT/PCBM hybrid films. The
larger difference in anisotropy of the annealed 96.7% RR P3HT/
PCBM blend, relative to that of the low-RR sample, reveals that
the RR has a dramatic effect on the degree of polymer anisotropy.

The degree of anisotropy can be defined simply as the ratio
between the m—m* absorptions parallel and perpendicular to
a substrate, which is related to the value of ky/k , . If the polymer
main chains are uniformly distributed, it would follow that the
value of kj/k, would be 1. Fig. 6 displays the degrees of
anisotropy of the 90.2% and 96.7% RR P3HT polymers with
respect to the annealing temperature. Because of P3HT crystal-
lization and the polymer main chains’ preferential orientation,
the anisotropy of P3HT/PCBM increased upon increasing the
annealing temperature. The significant anisotropy we measured
for the 96.7% RR P3HT/PCBM blend after thermal annealing
provided much larger values of kj/k ; than those for the random
coil conformation of the polymer, implying that the crystalliza-
tion domains were oriented primarily in-plane (||). The degrees of
anisotropy for the 90.2% and 96.7% RR P3HT/PCBM blends
annealed at 120 °C, represented by distinct values of k/k ; of
1.09 and 1.59, respectively, reveal, however, the more
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Ansotropy of P3HT/PCBM

2 ) 60 80 100 120
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Fig. 6 Anisotropy (k/k ;) of 90.2% and 96.7% RR P3HT/PCBM blends
plotted with respect to the annealing temperature.

This journal is © The Royal Society of Chemistry 2009

J. Mater. Chem., 2009, 19, 5554-5560 | 5557



pronounced anisotropic nature of the high-RR sample. From the
significant degree of anisotropy, the RR effect is clearly
observed: the higher the RR of the P3HT polymer, the stronger
its ability to pack chains in an aligned manner, indicating that the
preferential in-plane (||) oriented crystalline domains are most
pronounced. Therefore, during the morphological conversion of
the P3HT/PCBM blends, the high-RR P3HT backbones crys-
tallize mainly from random coil conformations to crystalline
domains that are aligned with the plane of the substrate.

We have investigated the distribution of polymer main chains
by observing the extinction coefficients and using the uniaxial
model. In this study, k; and k ; represent the contents of poly-
mers aligned parallel and perpendicular to the substrate,
respectively. Because the self-organizing ability of P3HT is
hindered by the presence of PCBM, we found that the typical
random coil conformation of the polymer main chains, i.e., the
amorphous morphology, was present in P3HT/PCBM BHJ
structures. Therefore, we obtained near-equal values of kj and
k, for the non-annealed P3HT/PCBM samples. The slightly
higher values of k| that we obtained were not too surprising
because the preferred chain orientation of the conjugated poly-
mer is in-plane (||). During thermal annealing, three possible
morphological conversions occur for the P3HT/PCBM hybrid
structure from an optical perspective:

(i) k; increases and k , decreases, indicating that the perpen-
dicular part of the amorphous polymer converts to a parallel
crystallinity;

(i) k| decreases as k| increases, indicating that the parallel
part of the amorphous polymer converts to perpendicular crys-
tallinity; and

(iii) both k| and k , increase, indicating that the amorphous
polymer converts to both parallel and perpendicular crystallinity
domains.

Fig. 7 (a) and (b) display the in-plane (||) and out-of-plane (L)
extinction coefficients of the 90.2% RR P3HT/PCBM blends
subjected to various annealing temperatures. Upon increasing
the annealing temperature, the value of k| increased from 0.44 to
0.72 and that of k | increased from 0.39 to 0.48. Because both the
in-plane (||) and out-of-plane (L) extinction coefficients were
enhanced, the morphological conversion presumably occurred
through mechanism (iii), i.e., the random coil conformation of
the low-RR P3HT was transformed into both in-plane (||) and
out-of-plane (_L) crystallinity orientations. Moreover, the more
pronounced change in kj suggests that the preferential orienta-
tion of the crystallinity lies mainly parallel to the substrate. We
obtained similar results from a study of high-RR P3HT/PCBM
hybrid films subjected to various annealing temperatures [Fig. 7
(c) and (d)]. Fig. 8 (a) presents an illustration of the morphologies
of the high- and low-RR P3HT/PCBM samples during the
annealing process. The introduction of PCBM into the hybrid
system interfered with the self-organization of P3HT, resulting in
an amorphous distribution of P3HT/PCBM. After thermal
annealing, PCBM diffused into larger clusters, allowing P3HT to
convert into crystallites in PCBM-free regions. Fig. 8 (b) displays
the variations in the values of k and k , for the 90.2% and 96.7%
RR P3HT/PCBM samples upon varying the annealing temper-
ature. The orientation of P3HT is clearly described by these
values. In the structural conversion of the hybrid, both kjjand k |
increased upon increasing the annealing temperature, indicating
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formation of the 90.2% and 96.7% RR P3HT/PCBM hybrid films. (b) In-
plane and out-of-plane extinction coefficients of the 90.2% and 96.7% RR
P3HT/PCBM hybrid films plotted with respect to the annealing
temperature.

that the amorphous morphology converted to polymer crystal-
linity in both the in-plane and out-of-plane orientations. Because
the preferential orientation lies parallel to the substrate, we
observed a larger enhancement in the value of k; relative to that
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Table 1 Properties of high- and low-RR P3HT/PCBM-based photo-
voltaic devices prepared with variously sized active areas

Area (mm?) RR (%) Voo (V) Jie (mA/em?)  FF (%)  m (%)
4 90.2% 0.60 7.93 57.77 2.75
4 96.7% 0.64 11.15 57.16 3.86
50 90.2% 0.56 6.58 39.00 1.44
50 96.7% 0.60 6.50 41.69 1.78
100 90.2% 0.62 422 29.31 0.77
100 96.7% 0.59 5.65 31.62 1.06
200 90.2% 0.61 3.07 26.78 0.50
200 96.7% 0.58 5.60 31.65 1.02
400 96.7% 0.59 5.73 28.17 0.96

of k | . Moreover, the RR effect is clear: the significant difference
between the enhancements in the values of k; and k, for the
96.7% RR P3HT/PCBM blend reveals that the better close
packing ability results in a pronounced in-plane extension and
alignment during the crystallization process. Fig. 8 (a) displays
the hybrid structures of the high- and low-RR samples during
their morphological conversion under thermal annealing. The
high-RR P3HT polymer crystallized mainly parallel to the
substrate; the low-RR polymer formed both parallel and
perpendicular crystallinity domains. Thus, anisotropic optical
absorption phenomena revealed two distinct morphological
transformations that resulted in changes to the anisotropic
properties of the high- and low-RR polymers, respectively. The
morphological transformations of the low- and high-RR P3HT/
PCBM blends had a profound influence on the performance of
organic BHJ photovoltaic devices. Table 1 lists the relationship
between the conversion efficiency and the RR for devices
featuring various active areas (from 4 to 400 mm?). Solar cells
possessing layered structures of BK7/ITO (140 nm)/PEDOT
(30 nm)/P3HT:PCBM (85 nm)/Al (100 nm) were fabricated in
air. We measured the current density—voltage (J-V) character-
istics of the 90.2% and 96.7% RR P3HT/PCBM blend devices
under simulated AMI1.5 illumination conditions. Table 1
summarizes the values of the short-circuit current density (Jg.),
the open-circuit voltage (V,.), the filling factor (FF), and the
PCE (n) obtained from these measurements. The highest values
of J, (11.15 mA/cm?) and n (3.86) were achieved for the 96.7%
RR P3HT/PCBM blend device having an active area of 4 mm?.
Indeed, all of the samples, regardless of the size of their active
areas, revealed that the presence of the higher-RR P3HT poly-
mer has a positive effect on the PCE. Moreover, the influence of
the RR was more obvious in the samples having larger active
areas. We attribute this behavior to the significant enhancement
of the anisotropic properties of the high-RR P3HT polymer after
thermal annealing. The preferential in-plane (||) orientation of
the P3HT main chains results in stronger optical absorption via
m—1* resonance for incident light aligned normal to the
substrate. Indeed, the tendency toward crystalline closer packing
during thermal annealing appears to enhance the optical
absorption and carrier mobility of the P3HT/PCBM blend,
leading to higher PCE.

Conclusions

We have characterized the optical anisotropy of high- and low-
RR P3HT/PCBM hybrid films before and after their thermal

annealing as a potentially useful and convenient strategy to
determine the anisotropic morphologies present in hybrid
organic solar cells. Ellipsometry and polarized optical spectral
measurements revealed that the high-RR P3HT/PCBM blend
exhibited a highly anisotropic extinction coefficient, i.e., a high
ratio between the in-plane and out-of-plane intensities of the
peak representing the w—m* optical absorption. After annealing
to 120 °C, the degrees of anisotropy of the 90.2% and 96.7% RR
P3HT/PCBM blends were represented by values of kj/k ;, of 1.09
and 1.59, respectively; i.e., a pronounced anisotropy for the high-
RR system. Moreover, the degrees of anisotropy clearly revealed
that different morphological conversion processes occurred for
the high- and low-RR P3HT/PCBM blends during thermal
annealing, with the high-RR P3HT polymer’s morphology
converting from amorphous to preferentially extended and
aligned parallel to the substrate in the PCBM-free regions. In
contrast, the low-RR P3HT/PCBM blend provided P3HT
polymer crystallites aligned both parallel and perpendicular to
the substrate. Thus, the RR affects the extent of polymer main
chain orientation during thermal annealing. Additionally, the
presence of the higher-RR P3HT had significant positive effects
on the current density and voltage characteristics of P3HT/
PCBM-based solar cells. The relationship between the conver-
sion efficiency and the RR was more pronounced in solar cells
featuring large active areas. On the basis of these results, the use
of high-RR P3HT enhances the anisotropic optical absorption
and PCE of solar cells.
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