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The external quantum efficiencies of P3HT:PCBM blend solar cells decrease significantly when they are
bent or illuminated at large incident angles because of (i) optical anisotropy of the P3HT:PCBM
films—primarily because a mismatch between the direction of the electric field of the incoming light
and the orientation of the P3HT:PCBM blend nanocrystallites results in a significant reduction in the
amount of TM-polarized light absorbed and (ii) interfacial reflection of multilayer structures — primarily
because the outermost air-flexible substrate interface exhibits a distinct refractive index difference - at
large incident angles. Textured moth-eye structures fabricated by nanoimprint lithography on the
flexible substrates of organic solar cells reduce the degree of interfacial reflection at high incident
angles; they should allow more TE-polarized light to absorb in the P3HT:PCBM films (active layers) of
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1. Introduction

Much attention is focused at present on research into photo-
voltaic devices, with the goal of exploiting solar light as a next-
generation energy source [1-3]. The most popular photovoltaic
devices are Si-based solar cells—because techniques for their
manufacture are mature and they can exhibit high efficiency.
The inflexibility and opacity of Si-based solar cells are, however,
limitations on their applicability. Because flexible photovoltaic
devices are less likely to fracture when bent, they have greater
potential in a wide range of applications. Organic photovoltaics
(OPVs) are promising candidates for use in flexible photovoltaic
devices because they are polymer-based and can be fabricated on
flexible substrates [4-8]. Moreover, OPVs can be prepared at low-
cost, with high throughput, at low processing temperatures. The
poly(3-hexylthiophene): 6,6-phenyl-C61-butyric acid methyl
ester (P3HT:PCBM) blend is the most commonly used material
applied to OPVs because of its chemical stability and high crystal-
linity, carrier mobility, and absorption. Nevertheless, OPVs have
much lower efficiencies relative to their inorganic counterparts.
The maximum power conversion efficiency (PCE) of an OPV based
on P3HT:PCBM is ca. 5%—considerably less than those of Si-based
devices [9,10]. The limited device efficiency of OPVs has not,
however, affected their development because their most out-
standing feature - flexibility - makes them particularly attractive
to the solar energy industry [11-13].
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To enhance the efficiency of OPV-based solar cells, much
attention has been focused on improving their material [14,15],
electrical properties [16,17] and architectures [18,19]. Most of
these approaches, however, fail to take into account the effect of
bending a flexible OPV or operating it at wide incident angles. The
internal and external quantum efficiencies are two important
factors affecting device performance. The internal quantum effi-
ciency of a solar cell depends on its intrinsic material properties
[20], such as its crystallinity, energy band gap, carrier transport
behavior, and the number of defects and impurities. The external
quantum efficiency is associated with the solar cell’s interfacial
reflection, photon absorption, and architecture, which all affect
the number of collected electron/hole pairs. Therefore, the effi-
ciency of a flexible OPV will be affected by its bending and/or
illumination at different incident angles.

A bent organic solar cell encounters light from various incident
angles—as does a flat solar cell during the day, due to the motion
of sun. For the latter, a sun-tracking system is one solution to the
projected area (cosine) effect and to reduce the degree of inter-
facial reflection at oblique incident angles [21]. The energy
consumed by a sun-tracking system would, however, be imprac-
tical when using low-efficiency organic solar cells. Therefore,
organic solar cells will inevitably experience sunlight from a wide
range of angles; no apparent solutions to this problem have been
reported previously. The incident angle affects the external
quantum efficiency for two main reasons:

(i) Reflection at multiple interfaces: The reflectance at an interface
depends on the refractive index difference between the two
media and also on the incident angles. A large refractive index
difference or a large oblique incident angle will result in an
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intense reflection, thereby reducing the amount of light
transmitted into the active layer and, consequently, decreas-
ing the external quantum efficiency. For a bent solar cell, the
incoming light arrives from a wide range of incident angles. In
addition, polarized light exhibits different interfacial reflec-
tion behavior - and, therefore, different transmittance -
depending on its incident angle.

Optical anisotropy of P3HT:PCBM blend films: The anisotropic
properties of P3HT:PCBM blends, based on the preferred
orientation of the polymer nanocrystallites, strongly influence
the carrier mobility and optical absorption [22-30]. We define
the direction of electric field oscillation of light parallel
(TE-polarized) and perpendicular (TM-polarized) to the sub-
strate. Incident light having its electric field aligned parallel to
the polymer main chains - i.e., the orientation of the transition
dipole moments - will result in T —rt* absorption [31]. Thus 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 thin films [32],
with the most preferred having the main chains of polymer
nanocrystallites aligned parallel to the surface. If the electric
field of the incident light is parallel to this preferred main chain
orientation, the absorption of light will be significant. Therefore,
TE- and TM-polarized rays of light exhibit different absorption
behavior because of the perpendicular and parallel directions,
respectively, of their electric fields with respect to the alignment
of the polymer main chains. Measuring the reflectance and
transmittance spectra of polarized light over a range of incident
angles reveals the optical anisotropic properties of P3HT:PCBM
blends [28].

(ii)
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In this study, we examined the influence of bending (radius
of curvature) and irradiation at oblique incident angles on the
external quantum efficiencies of flexible OPVs. To characterize the
external quantum efficiency loss, we measured the transmit-
tances and reflectances at the multiple interfaces using different
types of polarized light over a wide range of incident angles. The
influences of the regioregularity (RR) and annealing temperature
on optical anisotropy have been reported previously in our
researches [28]. Here, we demonstrate that optical anisotropy
leads to obvious anisotropy of absorption for organic solar cells.
This phenomenon reduces the efficiency of OPVs toward
TM-polarized light at large incident angles. Furthermore, the
reflectance of TE-polarized light increases dramatically upon
increasing the incident angle. Both factors reduce the external
quantum efficiency of OPV when illuminated at large incident
angles. Finally, we suggested textured flexible substrates fabri-
cated by nanoimprint lithography to effectively enhance the
efficiency of OPVs at oblique angles.

2. Experimental section

P3HT polymers were synthesized using the Merck synthetic
method. The blend film was prepared from a solution of P3HT and
PCBM (1:0.8, w/w) in chlorobenzene (CB). The P3HT:PCBM films
were spun at 800 rpm for 60 s and then thermally annealed. All
optical spectra were measured using a Hitachi U-4000 optical
spectrometer. The optical constants - namely, the refractive index
(n) and the extinction coefficient (k) — of the P3HT:PCBM films
were determined using an ellipsometer and from transmittance
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Fig. 1. (a) Transmittance of an ITO-coated substrate bent at various radii of curvature. (b) Effective extinction coefficients of a P3HT:PCBM blend film coated on a PC
substrate bent at various radii of curvature (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).



S.-Y. Chuang et al. / Solar Energy Materials & Solar Cells 95 (2011) 2141-2150

and reflectance spectra. Optical spectra of the P3HT:PCBM films
were measured using a Hitachi U-4100 optical spectrometer.
X-ray diffraction (XRD) spectra of the P3HT:PCBM hybrid films
before and after thermal annealing were measured using a GIXRD
with synchrotron X-rays (out-of-plane scanning mode). To mea-
sure the photovoltaic device performance, solar cells were fabri-
cated under ambient conditions. ITO substrates were etched with
acid and then cleaned with CHCls, acetone, and deionized water
in an ultrasonication bath. The cleaned ITO samples were imme-
diately spin-coated at 1500 rpm with a 30-nm-thick layer of
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) was spin-
coated to form a thin film having a thickness of 80 nm. The
samples were placed in a vacuum chamber, where an aluminum
electrode (100 nm) was deposited through a mask; these samples
were then annealed at 120 °C for 15 min. The photovoltaic device
efficiency was measured under simulated AM1.5 illumination
conditions. For fabrication of the antireflection structure, the Si
mold was fabricated through electron beam lithography (Leica,
Weprint-200) and subsequent reactive ion etching using a high-
density-plasma reactive ion etching (HDP-RIE) system (Duratek,
Mutiplex Cluster) equipped with an inductively coupled plasma
(ICP) source. Direct nanoimprinting on the flexible PC substrate
was performed for 3 min at a temperature of 150 °C and a
pressure of 8 MPa.
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3. Results and discussion

Fig. 1 displays the effect of curvature on the interfacial
transmittance of indium tin oxide (ITO)-coated polycarbonate
(PC) substrates and the effective extinction coefficient of a
P3HT:PCBM blend film. We used a homemade apparatus to
uniformly bend the flexible OPV and to allow the incident light
to be distributed over the total area of the OPV. To characterize
the influence of bending on the transparency of P3HT:PCBM-
based organic solar cells, we used both non-polarized and
polarized light (wavelength: 510 nm) to measure the transmit-
tance and absorbance. Fig. 1a displays the transmittance of ITO-
coated PC substrates (12 mm x 12 mm) bent at various radii of
curvature. We observed 80% transmittance from the flat ITO/PC
substrate (radius of curvature: o) under random polarized light.
Its transmittance gradually decreased to 65% when the radius of
curvature decreased to 4 mm. Next, we tested the transmittance
of polarized light to characterize the optical behavior of the OPVs.
The transmittance of TE-polarized light exhibited a similar
decline as that of the randomly polarized light, decreasing from
80% to 57%. In contrast, the transmittance of TM-polarized light
initially increased from 80% to 85% as the radius of curvature
decreased from 12 to 6.5 mm and then decreased to 73% at 4 mm.
This behavior suggests that (i) the decreased transmittance of
TE-polarized light contributes greatly to the declining transmittance
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Fig. 2. (a) Grazing-angle X-ray diffraction spectra of P3HT:PCBM blend films prepared at various thermal annealing temperatures. (b) Extinction coefficients of 96.7%-RR
P3HT:PCBM film under TE- and TM-polarized light after thermal annealing at various temperatures. (¢) Extinction coefficient mapping under TM- and TE-polarized light
for the film after thermal annealing at 120 °C. (d) Angle-dependent extinction coefficients of the film under TM- and TE-polarized light.
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of random polarized light and (ii) severe bending causes ITO/PC
substrates to exhibit relatively low transmittance as a result of their
large reflectance.

Fig. 1b displays the effective extinction coefficients of a
P3HT:PCBM blend (1:0.8, w/w) film coated on a flexible substrate
bent at various radii of curvature. We determined the extinction
coefficients of P3HT:PCBM blend films at 510 nm from reflectance-
transmittance (R-T) and ellipsometry measurements and subse-
quent fitting of the measured reflectance and transmittance data to
a dispersion function (an oscillator model describing the dielectric
function). The extinction coefficient measured using randomly
polarized light (blue line) decreased from 0.72 to 0.65 when the
radius of curvature decreased from oo to 4 mm. Next, we deter-
mined the extinction coefficients of the film toward TM- and
TE-polarized light over a range of radii of curvature. The effective
extinction coefficient of the film under TM-polarized light (green
line) decreased from 0.72 to 0.60 upon decreasing of radius of
curvature. In contrast, for TE-polarized light, the film maintained an
extinction coefficient of ca. 0.72 at all radii of curvature (red line).
These measurements reveal that bending influences the degrees of
interfacial transmittance and optical absorption of the active layer.
The efficiency of a bent solar cell would suffer from light impinging
on different positions of its curved substrate at various incident
angles. Indeed, its absorption will be averaged from the contribu-
tions of each incident angle of light.
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We measured the crystallinity of P3HT:PCBM blend films
subjected to various thermal annealing treatments to investigate
the effect of bending on their extinction coefficients. Many
crystallization treatment processes such as thermal annealing
and solvent annealing were applied for regaining the extended
and aligned P3HT [28]. Because PCBM diffuses into larger aggre-
gates during thermal processing, the P3HT chains can convert into
crystallites in the PCBM-free regions [31]. To determine the effect
of the annealing temperature on the polymer crystallinity, we
used grazing-incidence X-ray diffraction (GIXRD; incident angle
0in: 0.5°; wavelength: 1.027 nm) to measure the orientations of
the polymer main chains in the P3HT:PCBM blend films (Fig. 2a).
Thermal annealing induced the P3HT chains to crystallize and
align in a more orderly manner. The main diffraction angle
appeared at a value of 20 of 5.4° for all of the P3HT:PCBM blend
films; this diffraction angle corresponds to the diffraction of the
crystallographic (1 00) plane of P3HT, suggesting that the pre-
ferred orientation of the crystalline P3HT was parallel to the
substrate. The GIXRD spectra revealed that the diffraction inten-
sity at a value of 20 of 5.4° increased significantly upon increasing
the annealing temperature; i.e., a greater number of P3HT chains
adopted a crystalline orientation parallel to the substrate when
annealed at higher temperatures.

Moreover, the anisotropic crystallinity of a P3HT:PCBM blend
largely affects its optical absorption [28]. Thus, we used wide-angle
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reflectance-transmittance measurements over a broad range
of wavelengths (350-650 nm) to determine the extinction coeffi-
cients of the P3HT:PCBM films; the results were fitted to a
dispersion function. The fitting method was based on a multilayer
thin-film model [31,33]. Note that the calculated extinction
coefficients correlated to intrinsic optical property of the
P3HT:PCBM films and were not disturbed by the electric field
profiles resulted from the interference effect. Fig. 2b presents
the extinction coefficients of 96.7%-RR P3HT:PCBM films under
TE-polarized (ktg) and TM-polarized (kry) light at different
annealing temperatures. As the annealing temperature increased
from room temperature to 120 °C, the extinction coefficient under
TE-polarized light increased from 0.44 to 0.73 whereas the one
under TM-polarized light increased slightly from 0.42 to 0.47. The
results obviously indicated that the annealing temperatures strongly
influenced the anisotropic crystallinity of the P3HT:PCBM blend.
Fig. 2c maps the extinction coefficients of P3HT:PCBM films under
TE-polarized and TM-polarized light after annealing at 120 °C. The
mapping reveals that the P3HT:PCBM blend exhibited maximum
absorption peaks at 510 nm at normal incidence for both TE- and
TM-polarized light. Larger incident angles led to smaller values of
krm, whereas krg remained close to its maximum value over a broad
range of incident angles. To investigate this behavior in detail,
Fig. 2d presents the peak values of the extinction coefficients under
TE- and TM-polarized light (510 nm) at incident angles ranging from
0° to 80°. Because bent solar cells are illuminated with incident
light from a diverse range of angles, the incoming light would
interact with various crystalline orientations of the P3HT:PCBM film.
TE-polarized light would confront the same crystalline orientation of
the P3HT:PCBM blend films, regardless of its incident angle, because
its electric field is always aligned parallel to the substrate. Therefore,
the extinction coefficient under TE-polarized light was maintained
at ca. 0.72 for all incident angles. In contrast, TM-polarized light
would confront different crystalline orientations of the P3HT:PCBM
blend films at different incident angles because the direction of its
electric field varies with respect to the incident angle. As indicated
in Fig. 2d, the extinction coefficient under TM-polarized light was
0.72 at 0°, decreasing to 0.48 upon increasing the incident angle to
80°—i.e.,, as the electric field of the TM-polarized light became
increasingly perpendicular to the substrate and fewer chains in the
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P3HT:PCBM blend were crystallized in this direction. Therefore, the
varying of the extinction coefficient under bending, as indicated
in Fig. 1b, was correlated to the anisotropic crystallinity of the
P3HT:PCBM blend.

Next, we consider the absorbance of the P3HT:PCBM blend in
an OPV. A multilayer thin-film model was used to calculate the
absorbance of the P3HT:PCBM blend when an aluminum elec-
trode was presented. The existence of the aluminum electrode led
to a strong optical interference effect [34]. Optical interference
would influence the amount of light that reached into the active
layer, and thus resulted in different absorbance. Therefore, we
calculated the absorbance of P3HT:PCBM blend fluctuates with
different thicknesses. To further verify the absorption property of
the P3HT:PCBM blend, we normalized our calculated absorbance
to the penetrating light intensity. The normalized absorbance
would correspond to the intrinsic absorption property of the
P3HT:PCBM blend. Figs. 3a and b display the normalized absor-
bance mapping and peak values of the extinction coefficients
(510 nm) for active layers of various thicknesses under oblique
incidence of TE- and TM-polarized light, respectively. For the
P3HT:PCBM blends having different thicknesses, the normalized
absorbance under TE-polarized light illumination did not vary
with various incident angles. The results were well agreeable
with those in Fig. 2c. The phenomenon attributed to that the
TE-polarized light had an electric field direction permanently
parallel to the crystalline direction of P3HT, and thus kg would
maintain a constant value at all incident angles. However, as
displayed in Fig. 3b, the normalized absorbance under TM-polar-
ized light decreased much at large angles in all thicknesses due to
the optical anisotropy effect. The absorbance of the active layer
under TE-polarized light did not decrease with various incident
angles whereas the one under TM-polarized light declined largely
at large incident angles. The simulation results gave us an inspira-
tion that the optical anisotropy effect was still a significant issue
in all P3HT:PCBM-based OPV even if the optical interference had
been considered.

Moreover, we investigated the influence of the incident angle on
the interfacial transmission and reflection. In our organic solar cells,
incoming light would encounter four interfaces prior to reaching
the active layer: the air-PC substrate, PC substrate-ITO, ITO-poly
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(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
and PEDOT:PSS-P3HT:PCBM interfaces. Fig. 4 displays the angle-
dependent reflectances of the TE- and TM-polarized light at the
various interfaces. When TE-polarized light (510 nm) encountered
the outer air-PC substrate interface, its reflectance increased from
4% to 55% upon increasing the incident angle from 0° to 80°. The
reflectance at each of the other interfaces, however, did not increase
significantly, remaining less than 10% for all incident angles. The
Fresnel equation of TE-polarized light is

]

where R is the reflectance of the TE-polarized light and n; and n, are
the refractive indices of the media through which the incident and
transmitted light travel, respectively. In our organic solar cell, the
first reflection interface was positioned between air (n=1) and the
PC substrate (n=1.58). This large difference in refractive index led to
the large reflectance. Because the differences in refractive index at
all of the other internal interfaces were relatively minor, no
significant reflection occurred.

Fig. 4b displays the angle-dependent reflectance of TM-polar-
ized light. The reflectance at the first interface (air-PC substrate)
initially decreased upon increasing the incident angle, due to the
Brewster angle effect. The Brewster angle is calculated according
to the equation

0p =tan™! (n—2>
n

For an air (n=1)-PC substrate (n=1.58) interface, the Brewster
angle should be 57.7°, consistent with our measured result. Thus,
the reflectance decreased initially to 0% at 57.7° and then rose to
23% at an angle of 80°. Similarly, because the differences in
refractive index at the other internal interfaces were all small,
their reflectances remained less than 3%, even at large incident
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angles. Our simulation suggests that part of the loss in efficiency
of OPVs can be attributed to the reflection of TE-polarized light at
the air-PC substrate interface at large incident angles.

To verify the effect of the incident angle on device efficiency,
we measured the open circuit voltages (Voc), short circuit current
densities (Js¢), fill factors (FFs), and power conversion efficiencies
(n) of P3HT:PCBM solar cells over a range of incident angles
(Fig. 5). Solar cells having an area of 4 cm? and possessing layered
structures in the configuration ITO (140 nm)/PEDOT (30 nm)/
P3HT:PCBM (85 nm)/Al (100 nm) were fabricated in ambient air.
We measured the current density-voltage (J-V) characteristics of
the P3HT:PCBM blend devices under illumination with a simu-
lated AM1.5 light source. Figs. 5a and b display the measured
values of Voc and FF under TE- and TM-polarized light, respec-
tively. The values of Voc under the TE- and TM-polarized light
were both ca. 0.54 V, regardless of the incident angle; in addition,
the corresponding FFs were both maintained at 50%. Fig. 5c
reveals that the measured value of Jsc under the TE-polarized
light decreased from 3.5 to 1.5mA/cm? upon increasing the
incident angle from 0° to 80°; this decrease in efficiency arose
from the large interfacial reflectance of the TE-polarized light.
The reflectance of the TM-polarized light decreased at large
incident angles because of the Brewster angle effect. The value
of Jsc under the TM-polarized light did not, however, increase as a
result of the decrease reflectance; instead, it decreased from 3.5
to 2.0 mA/cm?. Fig. 5d displays the efficiencies of the cell under
TE- and TM-polarized light at various incident angles. The
efficiency under TE-polarized light decreased dramatically, from
0.93 to 0.38, in response to the decrease in Jsc, due to the large
interfacial reflection (cf. Figs. 4b and 5c). The efficiency under
TM-polarized light decreased from 0.93 to 0.50, mainly as a result
of the anisotropic absorption of the P3HT:PCBM film. Because the
direction of the electric field of the TM-polarized light changed
upon changing the incident angle, the anisotropic crystallinity of

a b
08 1 1 1 1 1 100 1 1 1 1 1
0.7 3
80 - -
0.6 3
0D O0QQQg oo
_. 054 d
S - 60 - -
o 0.4+ - g8 @868 oeBj
(] [T
> 03 | w40 - L
021 [ 20
] oTE | 1 o7 I
01 © ™ o ™
0.0 T T T T T O T T T T T
C 0 20 40 60 80 d 0 20 40 60 80
40 1 1 1 1 1 1.0 1 1 1 1 1
1 o 3 N L o a Optical
> S B o o o 9 ¢ 8 g o /y anpislgfropy
O o o
301 o | os- o ?°
z 2.5 A 0 - o O
E 201 o tg ] I
Q ~
= 15 o L %06 S N
1.0 4 — o | Interface
o TE ’ o TE reflection
0.5 o ™ - o ™
0.4 o
0.0 T T T T T T T T T T
0 20 40 60 80 0 20 40 60 80
Incident Angle (degree) Incident Angle (degree)
Fig. 5. Angle dependency of the values of (a) Voc, (b) Jsc, (¢) FF, and (d) # under TE- and TM-polarized light.



S.-Y. Chuang et al. / Solar Energy Materials & Solar Cells 95 (2011) 2141-2150

a
1.0 . . . . . . . v
08 7\<§//—\,
—~ \D
S 06 A \ i
8 P o
g 04yl \ i
0.2 4 zn:$ —0—TE mode N
*‘TE '"f’de i —A—TM mode
OO o 20 40‘ 60 B‘U

0 10 20 30 40 50 60 70 80
Incident angle (degree)

Isc (a.u.)

2147

—o—TE mode |
—/—TM mode

0 20 40 60
Incident angle (degree)

80

Fig. 6. Angle and polarization dependencies of the values of Jsc of (a) a Si solar cell and (b) an anisotropic P3HT:PCBM-based OPV. Insets: Interfacial transmittance under

TE- and TM-polarized light.

P3HT:PCBM strongly reduced the absorption of TM-polarized
light (Fig. 2d) at large incident angles and, therefore, decreased
the values of Jsc and efficiency.

To verify that the anisotropic crystallinity of P3HT:PCBM
caused the efficiency of the TM mode to decrease, we examined
the behavior of a corresponding Si solar cell exhibiting only a
slight degree of optical anisotropy [32]. Fig. 6a displays the
normalized values of Jsc of this Si-based solar cell at various incident
angles. The value of Jsc under TE-polarized light decreased from
0.8 to 0.2, with the interfacial transmittance (inset) decreasing from
65% to 17%, upon increasing the incident angle from 0° to 80°. In
contrast, the value of Jsc under TM-polarized light increased upon
increasing the incident angle because of the relatively high inter-
facial transmittance (or low surface reflectance) of TM-polarized
light at large incident angles, due to the Brewster angle effect. Fig. 5b
displays the normalized values of Js¢ for the large optical anisotropy
of the P3HT:PCBM-based organic solar cell at various incident
angles; the inset displays its interfacial transmittance. Similar to
the behavior of the Si solar cell, the value of Js¢ of the organic solar
cell under TE-polarized light decreased from 0.80 to 0.36 upon
increasing the incident angle—again, as a result of interfacial
reflection. In contrast to the behavior of the Si solar cell, the value
of Jsc under TM-polarized light decreased from 0.80 to 0.43 despite
an increase in transmittance from 84% to 95%. The result clearly
implies that the decrease in the value of Jsc arose mainly from the
small absorption of TM-polarized light at large incident angles, due
to the anisotropic crystallinity of the P3HT:PCBM films.

Bending or operating an OPV at a large incident angle influences
its performance as a result of decreasing the interfacial transmit-
tance and decreasing the absorption of TM-polarized light, due to
optical anisotropy of the P3HT:PCBM film. To enhance the device
efficiency when bending or illuminating at large incident angles, it is
necessary to minimize the optical anisotropy of the P3HT:PCBM
films and the interface reflection at large incident angles. Unfortu-
nately, the anisotropic absorption of P3HT:PCBM films is an intrinsic
property because the P3HT:PCBM blend tends to crystallize in a
direction parallel to the substrate (i.e., in contrast to the electric field
of TM-polarized light at large incident angles). Upon increasing the
incident angle, the electric field of TM-polarized light is aligned
increasingly perpendicular to the substrate, thereby decreasing the
amount of light absorbed. This phenomenon results in high-crystal-
linity P3HT:PCBM exhibiting high optical anisotropy and, therefore,
significantly reduced absorption of TM-polarized light at large
incident angles. Unlike Si-based solar cells, organic solar cells based
on P3HT:PCBM blend films exhibit an additional feature — aniso-
tropic absorption - that strongly influences the efficiency under
illumination at large incident angles. In this regard, a solution to the
problem of external quantum efficiency loss at large incident angles
would benefit the further development of organic solar cells. To

enhance the absorption of TM-polarized light at large angles, one
approach would be to crystallize the chains of P3HT:PCBM in the
blend in a direction perpendicular to the substrate.

Of its three possible crystalline orientations [28], the most
preferred orientation for P3HT is that in which its main chains lie
in the plane of the substrate with the side chains presented
vertically. This edge-on orientation is thermodynamically stable.
Therefore, crystallizing P3HT:PCBM in a direction perpendicular
to the substrate — a thermodynamically unstable orientation -
would require additional processing steps. Vertical crystalline
orientation of P3HT:PCBM blend maybe a solution to solve the
external quantum efficiency loss of TM-polarized light at large
incident angle. Tolbert et al. demonstrated that conjugated poly-
mers are highly aligned when confined in mesoporous Si [35].
This finding suggests that the crystalline orientation of
P3HT:PCBM blends might be adjustable through external con-
finement. The most convenient methods would be to confine
P3HT:PCBM in nano-structures, such as mesoporous Si and anodic
alumina (AAO) [36]. When a P3HT:PCBM blend adopts a crystal-
line orientation perpendicular to the vertically substrate, the
vertically aligned P3HT:PCBM blend would exhibit improved
charge transport. The direction of charge transport in organic
solar cells is generally perpendicular to the substrate. Because
P3HT main chains lie in the plane of the substrate, however, the
mismatch between the charge transport direction and the orien-
tation of the P3HT main chains may result in relatively low hole
mobility. The hole mobility of a vertically crystalline P3HT:PCBM
blend could be improved dramatically [36]. In addition, because
the orientation of the main chains in a vertically crystalline
P3HT:PCBM blend is consistent with the direction of the electric
field of TM-polarized light at large incident angles, optical
absorption could be enhanced.

On the other hand, an antireflection structure would be an
alternative strategy for minimizing the efficiency loss due to large
interfacial reflection at large incident angles. Many antireflective
layers have been reported for Si-based solar cells, including
multilayer optical thin films and textured structures [37]. Tex-
tured structures eliminate several of the problems arising from
multilayer coatings, e.g., the selection of appropriate materials,
layer-to-layer adhesion, and thermal mismatch or diffusion of one
material into another [38,39]. Furthermore, wide-angle and
broad-bandwidth antireflection is difficult to achieve in multi-
layer structures. In contrast, optimally textured structures gen-
erally provide wide-angle and broad-bandwidth antireflections;
such textured structures in Si-based solar cell are typically
fabricated using KOH or HF etching techniques. These chemical
etching techniques are incompatible, however, with the plastic
substrates of organic solar cells. Therefore, in this study we
used nanoimprint lithography - a convenient and compatible
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Fig. 7. (a) Schematic representation of the nanoimprint technique used to fabricate the antireflection structure. (b) Photographic image of the antireflection structure on a
flexible PC substrate. (c) AFM image of the moth-eye structure having a base diameter of 400 nm, a height of 800 nm, and a period of 800 nm.

technique for flexible OPVs - to directly pattern antireflective
moth-eye structures onto flexible PC substrates.

Fig. 7a provides a schematic representation of the fabrication
of textured moth-eye structures on a flexible PC substrate. We
used a Si mold having a period of 800 nm and a hole diameter of
400 nm to imprint the PC substrates at 150 °C and 8 MPa. This
nanoimprint process provided moth-eye nanocone structures
having the inverse pattern relative to the master mold structure.
The photograph of the antireflection structure in Fig. 7b reveals
the large difference in reflectance between the textured and flat
regions on the PC substrates. The corresponding AFM image of the
moth-eye structure (Fig. 7c) reveals a diameter of 400 nm, a
height of 800 nm, and a period of 800 nm.

Fig. 8a displays the measured reflectance spectra of the PC
substrates, in the presence and absence of the textured moth-eye
structure, under TE- and TM-polarized light. For TE-polarized
light, the textured structure exhibited a broadband antireflection
relative to that of the flat PC substrate at an incident angle of 70°;
the moth-eye textured structure featured a ca. 10% reflectance,
significantly lower than that (40%) of the flat PC substrate, at this
incident angle. For TM-polarized light, Fig. 8a reveals that the flat
PC substrate exhibited low reflectance, due to the Brewster
angle effect. After patterning the moth-eye structure onto the
PC substrate, we observed a similar reflectance spectrum, imply-
ing that the moth-eye antireflection structure had only a slight

effect on the TM-polarized light at large incident angles. Fig. 8b
presents the angle-dependent reflectances of the structures under
TE- and TM-polarized light. The textured PC substrate exhibited a
wide-angle antireflection phenomenon for TE-polarized light; its
reflectance decreased from 10% to 3% at normal incidence and
from 45% to 10% at an incident angle of 70°. Under TM-polarized
light, the reflectance of the PC substrates, both with and without
the moth-eye structure, was ca. 5-10% at all incident angles.
These results reveal that the moth-eye structure significantly
reduced the reflectance of the TE-polarized light, causing more
TE-polarized light to reach to the active layer when the textured
structure was present on the PC substrate. Because of the optical
anisotropy of P3HT:PCBM blend films at large incident angles, the
absorption of TE-polarized light is much greater than that of TM-
polarized light. By patterning the textured structure onto a PC
substrate, the inefficient absorption of TE-polarized light, due to
large angle reflection, can be alleviated. Our findings imply that
moth-eye structures might enhance device efficiency when bent
or operated at large incident angles because it would permit more
TE-polarized light to enter the active layer. For a theoretical study,
we employed the finite difference time domain (FDTD) method
for near-field simulation. Fig. 8c displays the simulated results for
a bent PC substrate prepared with and without the moth-eye
antireflection structure. For an incident wavelength of 510 nm,
the simulations reveal an obvious reflection of light above the
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normal incidence (Voc=0.59V, Isc=0.592 mA, FF=55.5, =3.23).

bent substrate lacking the textured structure. For the textured,
bent PC substrate, the amount of reflected light was minimal,
consistent with our experimental measurements.

Finally, we further utilized the nanoimprint lithography to
fabricate an antireflection structure for improving the efficiency
of practical OPVs. The as-fabricated device has an efficiency of
3.23 under normal incidence. For the ease of comparison, we
normalized the angle-dependent efficiency to that of normal
incidence. Fig. 8d displays the normalized efficiency of the devices
in the absence or presence of an antireflection structure under
TE-polarized light illumination and the inserted graph was the
IV-curve of the device under normal incidence. At incident angles
smaller than 20°, both devices exhibit similar efficiencies due to
the low reflectance of a PC substrate at small incidence angles. As
increasing the incident angle, however, the functioning of the
antireflection structure was apparently observed. The normalized
efficiency of the device with an antireflection structure main-
tained 0.95 at 60°, and still remained a high value of 0.65 even at
80°. In contrast, the normalized efficiency of the device without

an antireflection structure strongly decreased to 0.69 at 60°, and
further dropped to 0.24 at 80°. The experimental results indicated
that a moth-eye textured antireflection structure could effectively
increase the efficiency of P3HT:PCBM-based OPVs at large inci-
dent angles.

4. Conclusions

The combination of optical anisotropy of P3HT:PCBM blend
films and interfacial reflection results in a loss of external
efficiency for organic solar cells that are bent or illuminated at
large incident angles. The measured efficiencies of such devices
decrease significantly at large incident angles—especially under
TM-polarized light, where anisotropic absorption of the active
layer occurs, in contrast to the increased efficiency of Si-based
solar cells. Simulations of the reflectance at multiple inter-
faces revealed that light was reflected mostly at the outermost
air-flexible substrate interface, due to its largest refractive index
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difference. To alleviate this reflection loss, we used nanoimprint
lithography to fabricate textured antireflection structures on
flexible substrates. Experimental results and simulations con-
firmed that the presence of the textured structures led to obvious
reductions in the degrees of interfacial reflection under TE-polarized
light. As a result, more TE-polarized light, which is absorbed strongly
in P3HT:PCBM films, can reach to the active layer of the OPV. An
obvious efficiency enhancement was observed at oblique incidence
when the device was made with a moth-eye antireflection structure.
Therefore, we would expect the increased efficiency of such textu-
red organic solar cells when they are bent or illuminated at large
incident angles.
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