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Abstract We propose a new antireflection (AR)
design for organic photovoltaics (OPVs) to achieve
broadband and omnidirectional enhancement of pho-
tocurrent. In the proposed design, a hybrid AR
structure, which combines moth eye texturing and
two-layer interference coating, is integrated with a
glass substrate having a high refractive index (n). Using
the optical simulation for OPV cells, we compare the
performance of various AR configurations upon
changing the refractive index of the glass substrate.
We show that the short-circuit current density (JSC) is
decreased by using the high-n glass substrate without
AR coating, whereas JSC is significantly increased by
applying the high-n glass substrate with the hybrid AR
structure, suggesting an importance of the integrated
design. In addition, we demonstrate that the proposed
AR configuration is quite effective to attain broad
angle performance and is robust against the variations
in geometric features of moth eye texture. Finally, the
spectral dependence of photocurrent generation is
experimentally measured for the verification of the
effectiveness of the integrated AR design. These
results provide a practical and efficient AR technique
that can further expand the potential of OPVs as
energy supply devices.

Keywords Organic solar cell, Antireflection, Moth
eye, Optical simulation

Introduction

Many recent studies suggest that organic photovoltaics
(OPVs) are promising as a key for energy supply
because they have a high potential for low-cost, large-
area, and flexible power generation devices in the near
future.1–4 OPVs are also expected to perform as
excellent indoor solar cells, due to their high fill factor
under low light intensities and the absorption band
matching the indoor light spectrum.5–8 The power
conversion efficiency of bulk heterojunction OPVs has
been significantly improved in the last decade,
although further improvements will be required for
large-scale commercialization.9 A main limitation for
enhancing the performance of OPVs is the difficulty in
achieving a trade-off balance between the light absorp-
tion and exciton harvesting efficiency.10,11 Due to a
small exciton diffusion length of organic polymers, the
thickness of active layer (typically � 100 nm thick)
should be much smaller than that required for fully
absorbing incident light. Therefore, it is highly desir-
able to develop an efficient antireflection structure
(ARS) for trapping light in such thin active layer.

In order to realize broadband and wide-angle
antireflection (AR) coatings, recent studies are focus-
ing on the moth eye texture, a nanostructure inspired
by the corneal surface of the eyes of certain species of
moths.12–20 In the moth eye coating, the device surface
is covered with two-dimensional cone array with a
period and height of a few hundred nanometers. This
textured surface functions to produce a gradual change
in the refractive index (n) from that of the incident
medium to the device, suppressing reflection across
wide spectral regions.18 Such gradient index profile
also plays a critical role in weakening reflection at large
incident angles by producing smooth optical path of
incident light.20

When the moth eye coating is applied to OPVs, it is
additionally important that the textured material
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should have compatibility with the advantages of
OPVs, such as low-cost and large-area manufacturing.
From this viewpoint, organic polymers are highly
beneficial, because the large-area textured surfaces
can be fabricated cost-effectively by nanoimprint
lithography with polymeric resists.21–25 However, since
the organic polymers are low-n materials with a narrow
adjustable range of refractive index (around 1.5),26 the
use of polymers for the front surface of OPVs
necessarily causes the optical mismatch between the
low-n textured surface and the high-n materials in
OPV itself such as indium-doped tin oxide (ITO). The
effects of such optical mismatch should be suppressed
by adequately designing the refractive index profile of
the whole OPV device.

Therefore, in this study, we propose a new optical
design for an OPV device to attain the improved
overall refractive index profile in the presence of moth
eye surfaces made by nanoimprint lithography. In this
device design, the hybrid ARS proposed by our recent
study,12 which combines moth eye and interference
(IF) multilayer, is integrated with a high-n glass
substrate. We numerically analyze the optical proper-
ties of OPVs with various AR configurations using the
characteristic matrix-based method.27 We show that
the use of the high-n glass substrate without ARS is not
effective to improve the performance but that the
concurrent use of the high-n glass substrate and the
hybrid ARS results in broadband and wide-angle
performance enhancement, suggesting a significance
of the integrated design. We also demonstrate that the
proposed AR configuration has high performance even
when there is a variation in the residual layer thickness
and a spatial clearance between the moth eye cones,
which arises in the nanoimprint process.28 Finally, we
experimentally measure the spectrum of external
quantum efficiency (EQE) to verify the effectiveness
of the proposed AR design. These results offer a
practical optical design method to improve light
trapping function of OPV devices.

Experimental

Optical modeling

Numerical simulations were conducted to study the
dependence of the efficiency of OPVs on the AR
configuration. Figure 1a shows the structure of an OPV
cell without ARS, which serves as a reference for
evaluating performance. The active layer is a 100-nm
film of poly(3-hexylthiophene) (P3HT) and [6,6]-phe-
nyl-C61-butyric acid methyl ester (PCBM) blend (1:1 by
weight), and the hole transporting layer is a 7-nmMoO3

film. These materials are sandwiched by a transparent
front electrode of a 150-nm ITO layer and a back
electrode of 100-nm Al layer. The OPV cell is attached
to the glass substrate with the thickness of 0.7 mm.

Figure 1b illustrates an OPV cell with the hybrid
ARS, which consists of moth eye array and two-layer
IF film.12 The IF film consists of MgF2 and Al2O3

layers, both of which are frequently used for AR
coatings, e.g., in reference 29. Throughout this study,
the layer order and thicknesses of the IF layers are
selected to maximize short-circuit current density (JSC)
under the AM1.5 solar spectrum30 by numerical
optimization.31 In the moth eye structure, the cones
with the same size are hexagonally arranged. The base
circles of two adjacent cones are assumed to touch each
other in all the simulations except those for Fig. 6a,
where the effects of the clearance between adjacent
cones are examined. The geometric pattern of moth
eye is determined by the period L of cone array as well
as the diameter D and height H of each cone. Unless
otherwise stated, we used the values of L = D = 250
nm and H = 500 nm, which are within a typical range
of parameter values used for moth eye texture.32–35 We
assumed that the moth eye surface is fabricated by the
nanoimprint lithography with polymeric resists because
the nanoimprint process is quite appropriate for low-
cost production of large-area nanostructures, as men-
tioned above.21–25 Accordingly, the refractive index of
the moth eye structure is set to be 1.5, which is a typical
value for organic polymers.26 In order to predict how
the AR function is affected by the existence of residual
layer, which remains in the nanoimprint resist,28,32,36 a
thin film representing the residual layer was added
adjacent to the moth eye structure (Fig. 1b).

The AR design proposed in this study is shown in
Fig. 1c. In the proposed design, the hybrid ARS is
integrated with the glass substrate having a refractive
index of around 1.5–2, which is higher than that of a
normal glass substrate (around 1.5) (Fig. 2a). The use
of the higher refractive index value for the glass
substrate is aimed at decreasing the reflection at the
back side of the substrate though decreasing the optical
mismatch between the glass substrate and the materials
in the OPV cell (see Results and discussion). In
addition, we analyzed the optical property of the
OPV device that has only the two-layer IF coating or
the moth eye coating for comparison to the device with
the proposed AR configuration (Fig. 1c).

We used two types of optical parameters for the
glass substrate in the characteristic matrix-based anal-
ysis (see below): one is the parameter obtained by the
measurement of spectroscopic ellipsometry (Fig. 2a).
The other is the simplified parameter with a constant
refractive index of nG and zero extinction coefficient
for all wavelengths. The simplified parameter is used in
Figs. 3, 4, 5, 6 and 9 to analyze the effects of changing
the refractive index profile of the device. The mea-
surement of optical data for the materials in the OPV
cell was performed with a JASCO M-220 spectroscopic
ellipsometer. To obtain the optical properties of thin-
film materials, both the parameters in the optical
model (e.g., the Lorentz-Drude model37,38) and the
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Fig. 1: (a–c) Structures of a reference OPV cell (a), an OPV cell with the hybrid ARS (b), and an OPV cell with the hybrid ARS
and the high-n glass substrate (c). The structure in (c) shows the AR design proposed in the current study. (d) In the
characteristic matrix-based analysis, the device with the hybrid ARS is considered to be an assembly of a thick glass
substrate and two multilayer stacks (i.e., a stack representing the moth eye and IF layers and another stack representing the
OPV cell)

J. Coat. Technol. Res., 14 (5) 1209–1224, 2017

1211



value of film thickness were fitted together to the
ellipsometry data for the wavelength range between
300 and 700 nm. The examples of the wavelength-
dependent optical parameters are shown in Fig. 2.

Effective medium approximation

The optical property of moth eye structure was
modeled by applying the effective medium theory.39

This theory is widely used to describe the optical
characteristics of nanotextures when the period of
textured pattern is sufficiently small compared to the
wavelength of incident light.19 To apply the effective
medium theory, each cone in the moth eye array was
divided by planes, which are parallel to the base, into
many thin layers with 2 nm thickness. The effective
permittivity e for each thin layer was decided from the
following equation39:

fa
ea � e
ea þ 2e

þ ð1� faÞ
e0 � e
e0 þ 2e

¼ 0; ð1Þ

where fa is the volume fraction of moth eye structure in
the thin layer, ea is the permittivity of the material used
for moth eye, and e0 is the permittivity of free space.

To estimate the accuracy of the effective medium
approximation in our model, the finite-difference time-
domain (FDTD) simulation40 was performed to calcu-
late JSC of the OPV cell with the moth eye with various
periods (L) (Fig. 8a; see Appendix 1 for the detail of
FDTD simulation). We estimated the relative change
in JSC compared to the case with L = 32 nm, which is
much smaller than the wavelength of sunlight
(> 300 nm) and is therefore within the length scale
where the effective medium approximation can be
reasonably applied. The result showed that for the L
values used in this study (L < 300 nm), the relative
change in JSC is less than 0.2% (Fig. 8b). Given that
this value is much smaller than the increase in JSC by
applying moth eye texturing (>3.5%; Fig. 3b), the
effective medium approximation can be considered
accurate enough for the current analysis.
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Fig. 2: The optical data of the materials in OPVs obtained
by the measurements of spectroscopic ellipsometry. (a)
Comparison between the optical parameters for a typically
used glass substrate (black) and the high-n glass substrate
used in our experiment (red). (b) The optical data of MoO3

(black), P3HT:PCBM (red), and ITO (blue). In (a) and (b), the
solid and dashed lines represent the values of refractive
index (n) and extinction coefficient (k), respectively, as a
function of wavelength. (c) Summary of the refractive index
values of all the materials in (a) and (b) (Color figure online)
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Characteristic matrix-based analysis

To evaluate the performance of OPVs, we calculated
the value of JSC by using the characteristic matrix-
based method27 for all the optical simulations except
for that for Fig. 8. By applying the effective medium
theory, the moth eye structure is described as a
multilayer stack with a graded refractive index profile.
Therefore, the OPV cell with the hybrid ARS (Fig. 1c)
can be considered to consist of two thin-film stacks
(i.e., the stack for the moth eye and IF layers and the
stack for the OPV cell) and a much thicker glass
substrate, as shown in Fig. 1d. In each of the two
stacks, light is added coherently according to the
characteristic matrix-based formalism, whereas in the
thick substrate, the addition of irradiances (not electric
field amplitudes) is considered due to a loss of
coherence.13,31,41,42

By using the characteristic matrix method, the
reflectance R and transmittance T, for a multilayer
thin-film stack (with q layers), are obtained as fol-
lows13,27,31:

R ¼ giB� C

giBþ C

� �
giB� C

giBþ C

� ��
; ð2Þ

and

T ¼ ReðgeÞ
ReðgiÞ

2gi
giBþ C

� �
2gi

giBþ C

� ��
: ð3Þ

Here, gi and ge represent the tilted optical admittances
(see below) for the incident and emergent media,
respectively, and B and C are given by

B

C

" #
¼ M1M2 . . .Mq

1

ge

" #
: ð4Þ

The characteristic matrix Mr for the rth layer (r = 1, ÆÆÆ,
q) is described as

Mr ¼
cos dr ði sin drÞ=gr
igr sin dr cos dr

� �
; ð5Þ

with the phase difference dr between the top and
bottom of the rth layer. The tilted optical admittances
gi, ge, and gr for the s- and p-polarized light are given as
follows:

gX ¼
yfNX cos hX ðfor s-polarizationÞ
yfNX= cos hX ðfor p-polarizationÞ

(
; ð6Þ

with X = i, e, or r. Here, yf is the optical admittance of
free space, and NX is the complex refractive index for
the corresponding medium or layer. hi is the incident
angle, and he and hr are the complex angles determined
by the Snell’s law Ni sin hi ¼ Nr sin hr ¼ Ne sin he.

By considering the multiple reflection at the inter-
faces between the glass substrate and the two stacks
(Fig. 1d), the overall reflectance Rt at the front surface
and the absorbance A0 in the glass substrate are,
respectively, described as

Rt ¼ Ra þ
TaT

2
pRcTb

1� T2
pRbRc

ð7Þ

and
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Fig. 3: Changes in JSC as a function of the refractive index of the glass substrate (nG). (a) The case in the absence of
antireflection. (b) The cases of applying the hybrid ARS (solid lines), IF layers (dotted line), or moth eye coating (dashed
lines). The color of the solid and dashed lines represents the height H of cone array used in the hybrid ARS and moth eye
structure: H = 250 (black), 500 (red), or 1000 nm (blue). In (a) and (b), the reference value of JSC from which the changes are
calculated is that obtained by the OPV cell which has a glass substrate with a normal refractive index (nG = 1.5) and does
not have ARS (Color figure online)
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A0 ¼
Tað1� TpÞð1þ RcTpÞ

1� T2
pRcRb

: ð8Þ

Here, Ra, Rb, Rc, Ta, and Tb are the reflectance and
transmittance for each stack, which are defined as
shown in Fig. 1d, and Tp is the internal transmittance
of the glass substrate. If we define IS to be the
irradiance of the light entering the stack for the OPV
cell, IS can be obtained by the energy conservation law
as follows:

IS ¼ 1� Rt �A0: ð9Þ

If the active layer is assumed to be the pth layer in
the multilayer stack for the OPV cell, the absorbance
in the active layer, Ap, can be described as

Ap ¼ ISðwp�1 � wpÞ; ð10Þ

wr ¼
ReðBrC

�
r Þ

ReðBC�Þ ðfor all rÞ ð11Þ

Br

Cr

" #
¼ Mrþ1Mrþ2 . . .Mq

1

ge

" #
: ð12Þ

Here, wr is the potential transmittance for the sub-
assembly including the thin films from the front side to
the rth layer in the multilayer stack for the OPV cell.27

We represent the absorbance in the active layer at
wavelength k as Ap(k). Then, the number of photons
Np(k) absorbed in the active layer, corresponding to k,
is expressed as
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b

J. Coat. Technol. Res., 14 (5) 1209–1224, 2017

1214



NpðkÞ ¼ ApðkÞFðkÞ
k
hc

; ð13Þ

where F(k) is the irradiance spectrum of incident light,
which is assumed to be the AM1.5 solar spectrum30

unless otherwise stated. h is Planck’s constant, and c is
the light speed in free space. With the elementary
charge qe, the number of photons can be converted into
the photocurrent as follows:

JSC ¼
Z kg

0

qeNpðkÞFNRðkÞdk; ð14Þ

where kg is the wavelength corresponding to the
bandgap energy of P3HT (653 nm). FNR(k) represents
the nonrecombination factor, which is simply assumed
to be FNR(k) = 1 for all values of k.43

Incident light condition

Since OPVs are suggested to be promising for indoor
application,5–8 we investigated the AR performance of
the proposed device design using the light sources of
not only sunlight (AM1.5 standard30) but also light
emitting diode (LED) and fluorescent lamp. The
irradiance spectra of LED and fluorescent lamp were
taken from the data for cool LED5 and F11,44

respectively, as the representative examples for indoor
light sources.5 The irradiance spectra for the indoor
light sources are scaled to 500 lx, which is a value
recommended for general offices.5 For the incident
angle condition, the normal incidence was assumed for
all the figures except for Figs. 4 and 5, where the wide-
angle property was examined. In the case of oblique
incidence, to treat the input as the unpolarized light,
the averaging of the optical response obtained by the
s- and p-polarized light waves was performed.45

Device fabrication and testing

The OPV cell was experimentally constructed with the
same structure as that of the optical model (i.e., ITO/
MoO3/P3HT:PCBM/Al). A high-n glass substrate
(OMG, N75; 20 mm 9 20 mm 9 0.7 mm) with
nD = 1.75 (Fig. 2a, red lines), coated by 150-nm-thick
ITO (9 X/square), was cleaned in an ultrasonic bath
with acetone, isopropanol, and deionized water and
then cleaned by UV/ozone. To form the two-layer IF
film on the side of the glass substrate without ITO
coating, a 73-nm Al2O3 layer was sputtered and
thereafter a 170-nm MgF2 layer was evaporated. The
thicknesses of the MgF2 and Al2O3 layers were
determined to maximize JSC through numerical opti-
mization.31 After the 7-nm MoO3 layer was evaporated
on the ITO film, the 100-nm P3HT:PCBM (1:1 by
weight) photoactive layer was spin coated on the
surface of the MoO3 layer. Lastly, as a back electrode,
the 100-nm Al layer was evaporated on the top of the
polymer film, and the device was annealed at 130�C for
15 min under a nitrogen atmosphere.

For fabricating moth eye texture, a glass substrate
having a typical value of refractive index (nD = 1.5;
20 mm 9 20 mm 9 0.7 mm) was cleaned with organic
solvents and UV/ozone, similar to the above-men-
tioned method. A UV curable resin (Toyo Gosei,
PAK01) was spin coated onto the substrate with a
thickness of 700 nm, which was followed by annealing
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at 80�C for 2 min. The moth eye texture with 260 nm
period and 320 nm height (pattern size: 10 mm 9 10
mm) was replicated in the resin by the nanoimprint
lithography, by using the mold produced by Toppan
Printing.

To construct the OPV device with the proposed AR
design, we combined the two glass substrates that were
processed as described above (i.e., the high-n glass
substrate with the OPV and IF layers and the normal-n
glass substrate with moth eye). Both the glass sub-
strates were connected by putting between them the
contact liquid whose refractive index was adjusted to
match that of the normal-n glass substrate (nD = 1.5).
This fabrication method was adopted for the sake of
convenience in comparing the performance of the
devices with different AR conditions. The device
configuration can be summarized as moth eye/nor-
mal-n glass/contact liquid/IF layers/high-n glass/OPV.
Importantly, the nanoimprint resin used for fabricating
moth eye (Toyo Gosei, PAK01) is selected such that its
refractive index is very close to that of the normal-n
glass and contact liquid (nD = 1.5), meaning that the
materials of the moth eye, normal-n glass, and contact
liquid have nearly the same refractive index values.
Therefore, the fabricated device is approximately
optically equivalent to the configuration of moth eye/
IF layers/high-n glass/OPV. This configuration is basi-
cally the same as that of the proposed AR design
shown in Fig. 1c, where the residual layer corresponds
to the normal-n glass substrate and contact liquid. To
evaluate the photocurrent generation property, the
spectral change in EQE was measured in air at room
temperature, using a Bunko-keiki CEP-2000TF system.
The EQE spectrum (EQE(k)) was numerically con-
verted to the level of JSC for the light sources of

sunlight, LED, and fluorescent lamp by using the
corresponding irradiance spectrum data (F(k)) as
follows5,46:

JSC ¼
Z

qeEQEðkÞFðkÞ k
hc

dk:

Results and discussion

Effectiveness of the AR design with hybrid ARS
and high-n glass substrate

We numerically analyzed the optical property of OPVs
to investigate the effectiveness of the proposed AR
design (Fig. 1c). We first made a comparison of the
optical parameters for the materials used in an OPV
cell (Fig. 2). As shown in Fig. 2c, a typical refractive
index of glass substrate (around 1.5) (black dashed
line) is lower than that of ITO, MoO3, and
P3HT:PCBM (colored solid lines) for almost all
wavelengths. This predicts that increasing the refrac-
tive index of glass substrate can decrease the mismatch
in optical admittance between the glass substrate and
the thin-film assembly of the OPV cell to weaken the
reflection at the interface between them.27

Therefore, by using the characteristic matrix-based
analysis, we analyzed the effects of changing the
refractive index of glass substrate (nG) on the perfor-
mance of OPVs with various AR configurations
(Fig. 3). As shown in Fig. 3a, larger nG decreased JSC
in the absence of antireflection. On the other hand,
when the hybrid ARS or the two-layer IF coating was
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applied, larger nG was found to increase JSC (Fig. 3b,
solid and dotted lines). Further, when the moth eye
coating was applied, larger nG increased and decreased
JSC in the ranges of small and large values of nG,
respectively, producing a peak value of JSC at nG =

� 1.8 (Fig. 3b, dashed lines). Changing the height of
moth eye array was not found to significantly alter the
level of JSC. Thus, we can say that the relation between
nG and JSC is qualitatively changed by the types of
ARS such that the function JSC(nG) is monotonically
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decreasing without ARS, monotonically increasing
with the hybrid ARS or IF coating, and has a local
peak with the moth eye coating (Fig. 3). This result
suggests that it is highly required to select an adequate
combination of the refractive index of glass substrate
and the AR configuration.

To elucidate the reason why the effect of changing
nG strongly depends on the AR configuration, we

analyzed in detail the change in the reflection at both
the front and back sides of the substrate in Appendix 2.
The argument in the appendix can be summarized as
follows. When the refractive index of the glass
substrate is increased, the reflection at the back side
of the substrate is reduced by the decrease in the
optical mismatch between the glass substrate and the
materials in the OPV cell (Figs. 9b–9e, red lines), as
expected from the optical data (Fig. 2c). However,
without ARS, this effect is overcome by the increase in
the reflection at the front side of the substrate, due to a
greater optical mismatch between the glass and air,
resulting in larger overall reflection (Fig. 9b). Impor-
tantly, for the usage of the high-n glass substrate to be
effective for decreasing overall reflection, the reflection
at the front side of the substrate should be sufficiently
small, as compared to the reflection at the back side of
the substrate. In the case of applying the hybrid ARS,
due to the near absence of front-side reflection, the
reduction in the back-side reflection brought by the
high-n glass directly leads to a decrease in the total
reflection (Fig. 9c). Since the front-side reflection can
be almost fully suppressed by the hybrid ARS but not
by the other AR configurations (Figs. 9b–9e, blue
lines), the hybrid ARS can be considered the most
useful, among the examined AR designs, to bring out
the full potential of the high-n glass substrate and
improve the efficiency of OPVs.

Wide-angle AR performance

We explored how the use of a high-n glass substrate
affects the performance at wide incident angles for
different AR configurations. Similar to the results
obtained with normal incidence (Fig. 3), the increase in
nG from 1.5 to 1.8 was found to improve and worsen
the wide-angle performance in the presence and
absence of antireflection, respectively (Fig. 4a). How-
ever, in contrast to the cases of normal incidence,
applying the hybrid ARS or moth eye (Fig. 4a, red and
blue lines) was much more effective to improve the
performance at large incident angles than applying the
IF layers (Fig. 4a, green line). This can be explained by
the results of the previous studies20,47 that suggest that
a high AR performance at oblique angles requires a
smoothness of variation in effective refractive index
which can be realized in subwavelength textured
surfaces. Furthermore, the performance at large inci-
dent angles (>60�) for the devices with the hybrid ARS
and with the moth eye was similarly improved by
increasing the height of cone array (Fig. 4b). These
results suggest that the proposed AR design possesses
excellent omnidirectional performance which is intrin-
sic to the gradient index moth eye texture.

Recent studies suggest that OPVs are particularly
promising as indoor solar cells, due to their relatively
high efficiency at low light intensities5–8 as mentioned
above. Therefore, in Fig. 4c, we compared the wide-
angle property of the OPV cell with the proposed AR
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design (solid lines) and that of the reference cell
(dashed lines), under the light sources of sunlight,
LED, and fluorescent lamp. The figure shows that the
wide-angle AR property can be significantly improved

by the proposed design for both the outdoor and
indoor light sources. This result can be understood
from the fact that the light absorption is highly
enhanced by the proposed AR system across a wide
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wavelength range (from 320 to 630 nm; Fig. 5b), which
contains the spectral region where both the outdoor
and indoor lights have strong intensity (Fig. 5a).5,6

Robustness against variations in geometric features
of moth eye structure

When the moth eye structure is fabricated by nanoim-
print lithography, as assumed in this study, it is
important to evaluate how the existence of a residual
layer and the spatial clearance in the moth eye array,
which necessarily arise in the printing process,28,32,36

could degrade the performance. Therefore, we ana-
lyzed the effects of these processing-dependent factors
on the performance of the OPV cell with the hybrid
ARS or moth eye coating (Fig. 6). We define a
measure r = (L � D)/L, with the period L and the
diameter D of each cone in the moth eye array. r is a
quantity between 0 and 1 to represent the size of the
gap between adjacent cones relative to the texture
period. We plotted in Fig. 6a (dashed lines) the
increase in JSC by the moth eye coating, as a function
of r, for the case of using the high-n glass substrate
with nG = 1.8. Larger r was found to decrease JSC

while the level of decrease significantly depends on the
thickness dR of the residual layer. The effect of
changing dR on JSC is not monotonic, but the JSC value
has periodicity with respect to dR (Fig. 6b, dashed
line). This will be attributable to the interference effect
of light passing through the residual layer.27

Importantly, in the case of applying the hybrid ARS
(Fig. 6, solid lines), the variation in JSC produced by
the changes in r and dR is much smaller than the case
of applying the moth eye coating (Fig. 6, dashed
lines). For example, the size of the variation in JSC,
shown in Fig. 6a (vertical two-headed arrows), is 0.4%
and 2.2% (>5 times difference) for the cases of using
the hybrid ARS and moth eye, respectively. Although
the smooth refractive index profile produced by moth
eye surface shows a remarkable AR performance,18,20

the existence of the residual layer as well as the
clearance in the adjacent cones necessarily disrupts
the smoothness of refractive index profile, decreasing
the performance. The results given here suggest that
the hybridization of the moth eye structure and IF
layers, used in the proposed AR design, is quite useful
to compensate for the effects of such disrupted
refractive index profile and enhance the robustness
of performance.

Table 1: Comparison of the values of DJSC
G (equation (15)), JSC, and the ratio DJSC

G /JSC for the three device structures
of OPVs: the device without ARS and with the normal glass substrate (i.e., the reference cell), the device without ARS
and with the high-n glass substrate, and the device with the hybrid ARS and the high-n glass substrate (i.e., the
proposed design)

Device structure DJSC
G

(mA/cm2)
JSC

(mA/cm2)
DJSC

G /JSC 9 100
(%)

No ARS with normal-n glass 0.16 12.66 1.27
No ARS with high-n glass 0.40

(+145.4%)
12.27
(�3.11%)

3.23
(+153.3%)

Hybrid ARS with high-n glass 0.43
(+165.4%)

13.17
(+4.02%)

3.25
(+155.1%)

The entries in parentheses show the relative change in each value (in percentage) compared to the value for the reference
cell. The optical data used for both the normal and high-n glass are obtained by the measurements of spectroscopic ellip-
sometry (Fig. 2a)

Table 2: The JSC value obtained from the experimentally measured EQE data for the OPV cells without ARS, with the
hybrid ARS, and with the IF layers. Both the outdoor (AM1.5) and indoor (LED and fluorescent lamp) light sources are
considered

AR configuration JSC (mA/cm2)

AM1.5 LED Fluorescent lamp

No ARS 5.57 2.10 9 10�2 2.02 9 10�2

Hybrid ARS 5.92
(+6.29%)

2.23 9 10�2

(+6.27%)
2.14 9 10�2

(+6.10%)
IF layers 5.83

(+4.69%)
2.20 9 10�2

(+4.66%)
2.11 9 10�2

(+4.67%)

The values in parentheses show the relative increase in JSC (in percentage) as compared to the case without ARS. The values
of JSC under the AM1.5 spectrum are much smaller than the values estimated by the optical simulation in Table 1. This is
because the nonrecombination factor FNR(k) (equation (14)) is assumed to be 1 for all wavelengths in the simulation
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Photocurrent loss by the absorption in glass
substrate

The optical data in Fig. 2a (dashed lines) suggests that,
at a short wavelength range (<400 nm), the level of
absorption in the high-n glass used in our experiment is
much greater than that in the normal glass, which could
decrease the efficiency of the proposed system. To
quantify this effect, we evaluated the photocurrent loss
due to the glass absorption DJGSC, which is described as
follows:

DJGSC ¼
Z kg

0

qeDN
G
p ðkÞFNRðkÞdk; ð15Þ

DNG
p ðkÞ ¼ A0ðkÞFðkÞ

k
hc

: ð16Þ

Here, DNG
p ðkÞ is the number of photons, corresponding

to the wavelength k, which are lost due to the glass
absorption, and A0(k) is the absorbance in the glass
substrate equation (8) at k. In equations (15) and (16),
the loss of photocurrent is calculated by summing the
loss of photons over the wavelength range below the
bandgap wavelength of P3HT (kg), similar to equa-
tions (13) and (14). As shown in Table 1, the level of
DJSC

G for the high-n glass substrate is much greater than
that for the normal-n glass substrate (+145.4 to
+165.4%, depending on the AR configuration),
although the two types of glass have the same thickness
(0.7 mm). Table 1 also suggests that for the device with
the hybrid ARS and high-n glass substrate (i.e., the
proposed AR design), the ratio of DJSC

G /JSC is 3.25%.
This value appears to be not negligible compared to
the total AR effect of the proposed device (4.02%;
Table 1), meaning that the glass absorption should be
considered to be a factor that can actually degrade the
AR performance. This result also indicates a future
possibility that the performance of the proposed
system could be further improved by the development
of the high-n glass with a wide transparent wavelength
region, which is being explored from various ap-
proaches.48–50

Experimental testing

We experimentally measured the spectral dependence
of photocurrent generation for the verification of
optical simulation. The OPV cell was deposited on
the high-n glass substrate (nD = 1.75), and the change
in EQE produced by the hybrid ARS or two-layer IF
coating was compared with the corresponding simula-
tion results. The SEM micrograph of the moth eye
structure, fabricated by nanoimprint lithography, is
presented in Fig. 7a.

As shown in Fig. 7b, the level of EQE was increased
by applying the hybrid ARS or the IF layers over a
wide range of wavelengths. By calculating the ratio of

EQE with and without ARS, we found that the
increase rate of EQE by the hybrid ARS and IF layers
was similar to that predicted from the numerical
simulation (Fig. 7c). We converted the data of EQE
to the level of JSC under the light sources of sunlight,
LED, and fluorescent lamp, and confirmed that the
increase rate of JSC by both types of ARS is similar for
the experimental and simulation data (Fig. 7d). The
data shown in Table 2 also suggest that the increase in
JSC by the hybrid ARS (6.10–6.29%) is significantly
greater than that by the IF layers (4.66–4.69%). The
numerical result in Table 1 shows that in the absence
of ARS, JSC obtained with the high-n glass substrate is
3.11% lower than that obtained with the normal glass
substrate under sunlight illumination. Therefore, by
considering together this numerical result and the
experimentally measured performance enhancement
by the hybrid ARS (6.29%; Table 2), we can predict
that the performance of the OPV cell with the
proposed AR design will be around 3.2% higher than
that of the reference cell.

Although the experimental results serve to support
the validity of our optical simulation, a drawback of the
device used in the experiment is that it contains the
normal-n glass substrate (see Experimental), which is
not included in the model of the proposed device
(Fig. 1c). The numerical analysis predicts that the light
absorption in the normal-n glass substrate with 0.7 mm
thickness corresponds to the photocurrent loss of
around 1.27% (Table 1), which would cause the
decrease in the measured performance of OPVs. In
the future work, we are planning to construct the
proposed OPV device without using the normal-n glass
to further improve the performance.

Conclusion

We proposed an optical design for OPVs integrating
the hybrid ARS, which consists of the moth eye and
two-layer IF coating,12 with the high-n glass substrate
(Fig. 1c). Through the optical analysis using the char-
acteristic matrix-based method,27 we showed that the
effectiveness of the high-n glass substrate significantly
depends on the AR configuration. When the refractive
index of the glass substrate increases, the level of JSC
monotonically decreases in the absence of ARS,
monotonically increases in the presence of the hybrid
ARS or IF coating, and has a local maximum in the
presence of moth eye coating (Fig. 3). We revealed
that the usefulness of the high-n glass substrate is
determined by which is greater between the reflection
at the front and back sides of the substrate, and the
high-n glass becomes the most useful when the front-
side reflection is nearly fully suppressed by the hybrid
ARS (Fig. 9). We also demonstrated that the proposed
AR design has many advantages such as an excellent
wide-angle performance for both the indoor and
outdoor light conditions (Fig. 4) and a high robustness
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against the variations in geometric features of moth
eye texture (Fig. 6). Additionally, we experimentally
measured the change in EQE by the addition of the
hybrid ARS and IF layers for the OPV cell deposited
on the high-n glass substrate and confirmed that the
increase rate of EQE is similar to the prediction by the
optical simulation (Fig. 7). The proposed AR design
concept is beneficial to extend our options available for
broadband and omnidirectional antireflection for
OPVs.
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Appendix 1: FDTD analysis for evaluating the
dependence of JSC on the moth eye period

In order to check the validity of the effective medium
approximation used in this study, we examined the
change in the photocurrent of OPVs associated with
the change in the moth eye period by using FDTD
simulation. In the FDTD model, the moth eye struc-
ture was attached to the front surface of the OPV
device shown in Fig. 1a. The optical data of the
materials were taken from the data used in our
previous study,13 which is described by the Lorentz-
Drude model37 (different from the data used for the
characteristic matrix-based analysis). The Lorentz-
Drude formulation of optical data is required to enable
efficient FDTD simulations for dispersive materials,
because the FDTD algorithm generally results in a
very high computational cost.40 To estimate JSC, we
first obtained the absorbance in the active layer from
the FDTD simulation. When the light passes through a
glass substrate, the FDTD response shows strong
oscillation due to the artificial interference effect.13

Therefore, the computational algorithm proposed by
the previous study13 was applied to remove this effect
and accurately estimate the absorbance spectrum
(Ap(k) in equation (13)). Then, the value of JSC was
calculated under the AM1.5 spectrum by using equa-
tions (13) and (14).

As shown in Fig. 8a, the level of JSC was plotted as a
function of the moth eye period (L) for three cases of
cone height (H = 200 (solid), 600 (dashed), or 1000 nm
(dotted)). To describe more clearly the dependence of
JSC on the texture period, we calculated its relative
change compared to the case with L = 32 nm for each
H (Fig. 8b). The reference value of L (32 nm) was
selected to be much smaller than the minimum
wavelength of sunlight (300 nm) so that the effective
medium approximation is reasonably valid at this L
value. Figure 8b shows that the JSC level increases
approximately linearly as a function of L, when L is

smaller than 300 nm. The relative change in JSC for the
L range used in this study (L < 300 nm) is smaller than
0.2%, suggesting that the effective medium approxi-
mation can be considered quite valid for the current
simulation.

Appendix 2: Dependence of the effectiveness of
applying high-n glass substrate on AR
configurations

In this appendix, we analyze the reason why the
relationship between the refractive index of glass
substrate and the performance of OPVs is qualitatively
modified by the configuration of ARS (Fig. 3). We first
attempt to decompose the reflection of incident light
into the reflection at the front and back sides of the
glass substrate. As illustrated in Fig. 9a, the overall
reflectance Rt of the device can be expressed as the
sum of the irradiance Ra of the light reflected at the
front side of the substrate and the irradiance Rk

n of the
light that has been reflected n times (for n = 1, 2, ÆÆÆ) at
the back side of the substrate and has returned to the
incident medium. Therefore, we can find

Rt ¼ Ra þ
X1
n¼1

Rn
k; ð17Þ

where Rn
k can be obtained as Rn

k ¼ TaTbRcðRbRcÞn�1

from Fig. 1d.
Here, let us consider a case where the level of

absorbance in the OPV cell is relatively high and the
intensity of incident light is rapidly weakened through
the repeated reflections within the glass substrate. In
this case, it may be assumed that the level of overall
reflectance is largely determined by considering only
one reflection at each of the front and back sides of the
substrate, similar to the assumption used for the vector
method in optical theory.27 With this assumption, the

reflectance can be approximated such that Rt � ~Rt with

~Rt ¼ Ra þ R1
k; ð18Þ

where the sum of Rk
n for n ‡ 2 (Fig. 9a, dashed lines)

has been neglected from equation (17). If this approx-
imation holds, the reflectance can be decomposed into
Ra and R1

k, which represent the intensities of the
reflection at the front side and back side of the
substrate, respectively (Fig. 9a).

We plotted the change in reflectance Rt as a function
of the refractive index of the glass substrate (nG), for
the device with different AR configurations (Figs. 9b–
9e, black dashed lines). Here, the wavelength was
selected to be k = 500 nm, at which the level of
photocurrent becomes maximum (Figs. 5b and 7b).
Thus, it can be expected that the performance of OPVs
is strongly affected by the AR function at this
wavelength. Figures 9b–9e (black solid lines) also show
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the change in ~Rt, which indicates that the level of Rt

can be approximated very well by that of ~Rt. In fact,

the relative difference between them (i.e., jð~Rt=
Rt � 1Þ � 100j) was found to be less than 0.07% for
all the cases, meaning the validity of the approximation
equation (18). This is because a large portion (> 88%;
Fig. 5b) of incident light is absorbed in the active layer
at the examined wavelength (500 nm) so that the light
waves that have been reflected more than one time at
the back side of the substrate are very weak.

To compare the components of reflectance pro-
duced by the reflection at the front and back sides of
the substrate, we plotted the changes in Ra and R1

k in
Figs. 9b–9e (blue and red lines). From the relationship
between Ra and R1

k, we can largely understand how the
AR configuration alters the effectiveness of the high-n
glass substrate (Fig. 3), as follows. For the case without
ARS (Fig. 9b), since strong reflection occurs at the
front surface of the device, Ra is always greater than R1

k
and therefore the change in reflectance is mainly
determined by the change in Ra. Since Ra increases
with increasing the difference in refractive index
between the glass substrate and air, larger nG results
in stronger reflection (Fig. 9b, black lines), leading to
the decrease in the performance of OPVs (Fig. 3a).

In contrast, for the case of applying the hybrid ARS
or IF layers (Figs. 9c and 9d), Ra is maintained at a low
level due to the antireflection effect so that Ra is
smaller than Rk

1. Therefore, the level of overall
reflectance is mainly determined by the change in Rk

1.
Note that the back-side reflection is weakened by
increasing nG, because larger nG reduces the mismatch
in the optical admittance between the glass substrate
and the thin-film assembly of the OPV cell,27 which
includes the materials with higher refractive index
(Fig. 2c), as mentioned above. Thus, the use of the
high-n glass substrate can decrease the level of overall
reflectance (Figs. 9c and 9d, black lines) and thereby
improve the solar cell performance (Fig. 3b).

Only when the moth eye coating is applied (Fig. 9e),
the relation between Ra and R1

k is reversed with
changing nG such that Ra < Rk

1 and Ra > Rk
1 in the

ranges of small and large values of nG, respectively.
With the moth eye coating, larger nG increases the
difference in refractive index between the moth eye
and glass substrate, and significantly increases the level
of Ra from almost zero (Fig. 9e, blue line). This is
because the moth eye is assumed to be fabricated by
polymer nanoimprinting and have a low refractive
index of 1.5,26 as mentioned above. On the other hand,
larger nG decreases the level of Rk

1 similar to the cases
with the other types of ARS (Figs. 9b–9d), switching
the magnitudes of Ra and Rk

1. Due to this switching, the
overall reflectance takes a local minimum at nG =
� 1.75 (Fig. 9e, black lines) and therefore the perfor-
mance of OPVs takes a local maximum at around the
same value of nG (Fig. 3b, dashed lines). The argument
in the appendix suggests that the effectiveness of the

high-n glass substrate strongly depends on which
between the front- and back-side reflection is larger,
and the use of the high-n glass is effective only when
the front-side reflection is sufficiently smaller than the
back-side reflection.
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