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ABSTRACT: Broadband antireflection (AR) is essential for
improving the photocurrent generation of photovoltaic modules
or the enhancement of visibility in optical devices. Beyond
conventional AR coating methods, moth eye mimicking
nanostructures give new directions to enhance broadband
antireflection through the selection of geometrical parameters,
such as height, periodic distance, shape, and arrangement. This
study numerically and experimentally investigates the behavior of
light on complex nanostructures designed to mimic the surface of
the moth eye with mixed shapes and various arrangements. To
obtain broadband AR, we rigorously study the design parameters,
such as height, periodic distance, shape, and arrangement, on a
transparent quartz substrate. Several kinds of nanopillar arrays are
elaborately fabricated including mixed nanostructures comprising
pointy and round shapes in ordered and random arrangements via colloidal lithography. The optimal morphology of moth eye
nanostructure arrays for broadband antireflection is suggested in view of reflectance and average weight transmittance.
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1. INTRODUCTION

Bioinspired nanostructures provide amazing multifunctional
properties, such as hydrophilicity-based antifogging, super-
hydrophobicity-based self-cleaning in combination with special
optical properties, mechanical properties, adhesion properties,
and so on.1−8 These functions of nanostructures can lead to the
innovative use of such technology in various industrial
applications. Among them, nanostructures inspired by the
corneal surface of the moth eye are the most promising
structures with potential for commercialization in the near
future.
The antireflective (AR) function of moth eyes exhibits

exceptional broadband low reflectivity and high transmission
with wide-angle incidence compared to conventional antire-
flective chemical coatings.9−12 These bioinspired nanostruc-
tures are considered an effective means to enhance the
photoconversion efficiency of solar cells13−16 or the visibility
of displays.17

Recently, numerous investigations have been carried out to
realize an antireflective surface on silicon (Si) and glass
substrates.18−28 These studies have shown that broadband low
AR behaviors can be controlled through the adjustment of
structural design parameters, such as periodicity, height, shape,
and arrangement. However, there have only been a couple of
papers that have demonstrated broadband low AR properties
on transparent substrates with structural design via numerical

calculation. Structural randomness in position, diameter, and
length of vertically aligned Si nanowires has been shown to
enhance the absorption of light.29,30 The broadband AR was
demonstrated experimentally via dual-side nanotexturing with
appropriate matching of nanopillar heights on quartz in our
previous study.24 A solar weighted average value over 99% was
obtained for the range of 350−1100 nm owing to the
broadband low reflectance values. However, in real application,
AR structures on one side of the sample are generally required.
Unfortunately, studies rarely examine complex nanostructures
including mixed shapes and disordered arrangements because
morphology control of the nanostructure on AR surfaces is
difficult in fabrication.
Here, we demonstrate the antireflection and average weight

transmittance of mixed shape and various arrangements of
nanopillars on transparent quartz obtained by experiment and
calculation. This study regarding optimal moth eye nanostruc-
ture arrays on transparent quartz was performed to achieve
broadband antireflection and transmission.
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2. EXPERIMENTAL SECTION
2.1. Fabrication of Moth-Eye-Mimicking Nanostructures. A

commercial polystyrene (PS) nanoparticle solution (Polyscience, Inc.)
was used to make the periodic array of the mask. The concentration of
the solution was 2.6%, and the size distributions of the solutions were
120 ± 7, 200 ± 10, and 356 ± 14 nm. Each nanoparticle solution was
mixed with ethanol (Aldrich Inc.) in the proper ratio according to the
nanoparticle size to control the solvent evaporation. As displayed in
Figure 1(a), nanoparticle assembly was generated by dropping a few
microliters of each prepared nanoparticle solution using a micropipet
on the top of a hydrophilic supporting plate partially immersed in a
deionized (DI) water bath. At three phase contact points, the
nanoparticle assembly was floated on the water surface, and then some
area of the assembly was picked up by using a 2.5 × 2.5 cm2 quartz
substrate.
For the random array, we mixed up two nanoparticle solutions

having 200 ± 10 and 140 ± 10 nm diameter. Despite the difference in
the size of the nanoparticles, closely packed nanoparticle arrays were
formed on the air−water interface due to the nature of self-assembly.

Nanoparticles of 140 ± 10 nm in diameter were synthesized by an
emulsifier-free polymerization method.

The plasma etching is performed to generate nanopillar arrays on
the substrates coated with nanoparticles, by using a reactive ion etcher
(RIE) (Miniplasma station, All For System). In the plasma etching
process with spherical nanoparticles as a mask, the gap distance
between neighboring nanoparticles is necessary to get the sites for the
reaction between the quartz surface and plasma species. In this
experiment, the gap distance was obtained with the level of size
reduction of nanoparticles by 20% in O2 plasma ambient.
Subsequently, anisotropic etching was carried out in a mixture of
CF4, H2, and O2 gases with ratio of 2:3:0.1 with 150 W radio frequency
power, and then the residuals and the remaining nanoparticles on the
surface were removed by O2 plasma treatment with power of 150 W
for 3 min. The addition of O2 gas during the anisotropic etching and
final O2 plasma cleaning with relative high power induced the size
reduction of the nanoparticles and sharp apex on top of the
nanopillars. Finally, the nanopillars having the pointy shape are
formed as shown in Figure 1. The array of 200 nm nanoparticles and

Figure 1. Fabrication process and FE-SEM images. (a) Schematic images of the fabrication process of moth-eye-mimicking nanostructures via
colloidal lithography, (b) and (b′) FE-SEM image of PS nanoparticle array with high (×80 000) and low (×10 000) magnification, respectively, and
(c) and (c′) FE-SEM images of moth eyes mimicking nanopillar arrays on quartz substrate with high (×80 000) and low (×10 000) magnification,
respectively.
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the resulting nanopillar array after plasma etching are shown in Figure
1(b) and (c), respectively.
2.2. Characterizations. The surface morphology was character-

ized by field-emission scanning electron microscopy (FE-SEM) (Nova
Nano SEM, FEI). The total transmittance and specular reflectance
were measured by an UV-Vis-NIR spectrometer (U-4001, Hitachi)
combined with an integrating sphere for the 350−1100 nm wavelength
range.
2.3. Numerical Calculations. We conducted two types of

calculations, namely, effective medium theory (EMT) and finite
element method (FEM), by using Matlab (version 7.1, The
MathWorks Inc.) and Comsol multiphysics (version 4.2, COMSOL
Inc.), respectively. In EMT calculations, we describe the structural
factors by the following equation10

α α* = − * = =αr p z(1 ) 1: pointy shape, 2: round shape
(1)

where z* and r* are the relative coordinate of height and radius,
respectively, and p is the ratio of the base radius to the distance
between the pillars. We divided a nanopillar with 100 layers and
calculated effective refractive index (ne) of each layer by using the
following formula10

π= + − = *
n f n f f

r
( ( ) (1 )) ,

2
3e c

2/3 3/2
2

(2)

where f is volume fraction of a nanopillar arranged hexagonally, and nc
is the refractive index of the substrate. Then, we achieved the values of
transmittance or reflectance by solving the Fresnel’s equations.
We ignored the light reflection of the back side of the substrates and

only considered the 0th transmission and reflection because of the
subwavelength elements (λ ≫ periodicity). Thus, EMT calculations
were used to obtain the average weighted transmittance of the
nanopillar arrays for 350−1100 nm. Although EMT calculations are
favorable for fast and simple calculations compared to FEM
calculations, EMT methods can only describe the effects of shape
and aspect ratio of nanostructures in the long wavelength limit.
Therefore, the overall optical response of moth eye nanostructures
according to periodic distance, height, shape, as well as arrangement
could be investigated by FEM calculations as presented in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Effect of Periodic Distance and Height on

Antireflection. Figure 1 shows a fabrication process of AR
texturing and the resulting nanostructures on quartz substrate.
We used a commercial polystyrene (PS) nanoparticle solution
and a floating transfer method to make the mask of a periodic
array of nanoparticles. Plasma etching was carried out to
control the morphology of the nanopillars. In this study, two
types of calculations, namely, effective medium theory (EMT)
and the finite element method (FEM), were performed to
predict the AR behavior of controlled structures of nanopillar
arrays. EMT calculations are favorable for fast and simple
calculations, and they can describe the effects of the shape and
aspect ratio of nanostructures well.10 FEM calculations are so
delicate corresponding to several factors that the calculations
were used to confirm the AR effect in relation to various design
parameters, including periodic distance, height, shape, and
arrangement in the Supporting Information.
The antireflection performance was observed on transparent

quartz in relation to various periodic distances and heights of
nanopillars. Figure 2(a) shows FE-SEM images of nanopillars
which were fabricated by using PS nanoparticles of various sizes
as a mask. The size of mask nanoparticles determines the
periodic distance of nanopillar arrays. The particle sizes used in
this study were 120 ± 7, 200 ± 10, and 356 ± 14 nm, and they

are denoted as D = 120, 200, and 350 nm, respectively (we use
these notations in this paper for the description of periodicity).
The total transmittance spectra corresponding to various
periodic distances of nanopillar arrays with the height of 320
± 19 nm and pointy shape are presented in Figure 2(b). While
nanopillar arrays with D = 120 and 200 nm show similar
spectra, the nanopillar array with D = 350 nm shows a high
transmittance value at around 500 nm wavelength and a drastic
drop below the wavelength of 470 nm. The drop of
transmittance is attributed to light scattering due to a large
period of nanopillars compared with the wavelength of incident
light. However, nanopillars with D = 350 nm show slightly
better antireflective behavior in the long wavelength range.
These tendencies are also well established by the FEM
simulations as shown in Figure S1 (Supporting Information).
In these calculations, we used the height h = 320 nm and pointy
shapes as illustrated in the inset of Figure S1 (Supporting
Information).
To evaluate the antireflection performance of nanopillar

arrays in solar cell application, we calculated the average
weighted transmittance (AWT) over solar irradiance for 350−
1100 nm wavelength. The AWT is given by

∫

∫

λ λ λ

λ λ
=

×T I

I
AWT (%)

( ) ( ) d

( ) d
350nm

1100nm
AM1.5G

350nm

1100nm
AM1.5G (3)

where T(λ) is the value of transmittance, and I(λ)AM1.5G is solar
irradiance under the air mass (AM) condition of 1.5 G.31 The

Figure 2. Surface morphologies and optical properties of moth eye
nanostructures. (a) FE-SEM images with different periodic distances
such as 120, 200, and 350 nm. (b) The measured total transmittance
for around 320 nm in height. (c) The measured AWT values of
nanopillar arrays having periodic distance of 120, 200, and 350 nm
with different heights.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am402881x | ACS Appl. Mater. Interfaces 2013, 5, 10731−1073710733



results in Figure 2(c) clarify the effect of nanopillar height
combined with the periodic distances of arrays. The nanopillar
arrays with D = 120 nm or 200 nm showed similar AWT values
for the 350−1100 nm wavelength range. Desirably, the
measured AWT values of D = 120 and 200 nm were over

95.5% except in the case of height less than 150 nm. However,
the nanopillar array with D = 350 nm showed low AWT values
in the visible spectrum resulting from strong light scattering as
observed in Figure 2(b).
For the nanopillar arrays of D = 120 and 200 nm, the

maximum AWT values were obtained at a height around 400
nm. The nanopillar array with D = 200 nm exhibits
transmission up to 95.9%. The decreasing of AWT of
nanopillars over 400 nm in height is observed due to light
scattering in the short wavelength region. Even though the
nanopillar array with D = 350 nm shows continuously
increasing AWT with increasing height, the further value of
AWT is suppressed by multiple light scattering. Therefore, we
suggest that efficient AR performance is obtained by nanopillars
below D = 200 nm and around h = 400 nm for sunlight.

3.2. Effect of Shape on Antireflection. The AR behavior
in relation to nanopillar shape was already dealt with in our
previous study.24 Experimentally, nanopillars with a sharp apex,
such as a pointed cone, showed better antireflective properties
than rounded cone or truncated cone shapes with a 500 nm
height. To examine AR behavior in relation to nanopillar shape,
we calculate the transmittance of two kinds of nanopillar arrays
using an EMT method. Figure 3(a) and (b) displays the
transmittance spectra of round and pointy-shaped nanopillars
200 nm in diameter with 200 and 300 nm height, respectively.
The spectrum of round pillars crosses with that of pointy pillars
at a certain wavelength. Experimentally, the crossing of spectra
of two shapes was also observed in the measured spectra as
seen in Figure S2 (Supporting Information). The upper part of
Figure 3(a) and (b) shows the relative difference in
transmission between the two spectra given by ΔT = TPointy

− TRound; TPointy is the transmittance of arrays of pointy
nanopillars, and TRound is the transmittance of arrays of rounded
nanopillars as a function of wavelength. The positive and
negative area in these graphs shows the relatively superior
transmission region of pointy and round-shaped nanopillars,
respectively. Thus, in the left area of the crossing point
indicated by the green dotted line, the array of pointy
nanopillars outperforms the array of round nanopillars as
indicated by positive ΔT. In contrast, the array of round
nanopillars provides high transmittance compared to the array

Figure 3. Calculated optical properties according to nanopillar shapes based on EMT. (a), (b) Calculated transmittance and difference in the
transmittance of the pointy (red dashed line) and the round-shaped (blue dotted line) nanopillar array for 200 nm in diameter with 200 and 300 nm
height, respectively. The crossing points are indicated by green dotted lines. (c) Expression of the crossing points corresponding to the height of
nanopillars.

Figure 4. Refractive index profiles and transmittance spectra according
to various shapes of nanopillar array for 400 nm in height based on
EMT calculations. (a) Refractive index profiles of mixing, pointy, and
round shaped nanopillar arrays are illustrated. (b) Transmittance
spectra and relative differences in transmittance between mixed and
other arrays. The graphs colored as pink and navy indicate the
difference between mixed and pointy arrays (ΔT(mixed−pointy)) and the
difference between mixed and round arrays (ΔT(mixed−round)),
respectively.
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of pointy nanopillars in the right area of the crossing point. The
crossing point linearly shifts to a longer wavelength as the
nanopillar height increases as seen in Figure 3(c).
According to the upper results, we suppose that an array

comprised of nanopillars with mixed shapes may improve the
AR effect in the broadband wavelength range due to the
advantages of both shapes. Theoretically, the refractive index
(RI) profile of the mixed nanopillar array consisting of pointy
and round shapes with a ratio of 1:1 was achieved by averaging
the RI values of each shape corresponding to height. Figure
4(a) presents the RI profile of pointy, round, and mixed shapes
for h = 400 nm. Interestingly, the mixed nanopillar array shows
broadband enhancement in transmittance in comparison to the
arrays of pointy or round nanopillars due to the reduction of
fluctuating amplitude in Figure 4(b). The relative differences in
transmittance between mixed and other arrays are compared in
the bottom of Figure 4(b), showing that the mixed array has
the overall higher transmittance than the other arrays. These
tendencies were also verified by FEM methods as seen in
Figure S3 (Supporting Information). Therefore, a mixture of
nanopillar shapes achieves better AR performance than single
shape nanopillars for the broad wavelength range.
3.3. Effect of Arrangement on Antireflection. The

effects of arrangement on optical properties have not been
studied much because it is very difficult to demonstrate the
effect with experimental results. The arrangement of nano-
structures has an influence on the AR effect because of different
orientation of light scatterers. With regard to research on a-Si
solar cells, the arrangement of nanostructures affects the guided
mode coupling between the transparent conducting oxide and
amorphous Si layer.32,33 However, the replicate fluoropolymer

nipple arrays on glass substrates showed that the ordering did
not play a crucial role in AR properties.34

To verify the effects of arrangement, we fabricated randomly
arranged and comparatively ordered nanopillar arrays having
fixed heights as shown in Figure 5(a) and (b), respectively.
Unfortunately, the fabrication of nanopillar arrays having
exactly different arrangements with the same morphology is
not possible in our process. The mixture of different sized
masking nanoparticles of 140 and 200 nm was used to give a
random array on the surface. The randomness was confirmed
by fast Fourier transform (FFT) analysis of FE-SEM images by
using Image J (NIH) software. The random array showed no
characteristic patterns in contrast with the periodic array as
seen in the insets of Figure 5(a) and (b). When the etching
duration is the same, the taper angle of the nanopillars is
determined by the level of size reduction of masking
nanoparticles in the process of colloidal lithography.35 The
size reduction of the random arrays is focused on the small
particles, by reduction of 20% of 140 nm nanoparticles.
Therefore, 200 nm nanoparticles produced a round shape, and
140 nm nanoparticles made the relatively pointy shapes in
random arrays. The ordered sample had a pointy shape because
it was only prepared with 200 nm nanoparticles.
The total transmittances of the randomly arranged and

comparatively ordered nanopillar arrays were measured, and
the results are shown in Figure 5(c). Spectra of the two kinds of
arranged samples intersect in the wavelength range between
650 and 1000 nm. While the ordered samples showed
improved transmittance at the short wavelength, the randomly
arranged samples showed high values beyond the crossing
point. In the reflection spectra, the random nanopillar array
seemed to be less reflective than the periodic array under a

Figure 5. FE-SEM images and optical properties of the random arrays and the periodic arrays. (a) and (b) 30° tilted (top) and cross-sectional
(bottom) FE-SEM images of a random mixed array and periodic pointy array, respectively. The inset shows the results of FFT analysis for two arrays.
(c) The measured total transmittance, (d) specular reflectance, and (e) light scattering of fabricated surfaces. The light scattering can be inferred as
100 − (T + R), due to negligible absorption of the quartz substrate. The insets in (d) and (e) are photographic comparison of the two arrays with
and without exposure of light source, respectively. (f) The measured AWT values of the random mixed arrays and periodic pointy arrays.
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strong light source. This means that specular reflection is not
dominant in a random array as shown in Figure 5(d). However,
random mixed-shaped nanopillar arrays have a lower trans-
mittance value than periodic pointy arrays below the crossing
point. Declining transmittance in the short wavelength range in
the random array is attributed to diffusive reflection as shown in
Figure 5(e). Hence, the sample of random arrays is hazy, even
though the specular reflectance is small.
The optical properties observed in Figure 5 result from the

complex effects of the arrangement and shape of nanopillar
arrays. The improvement of transmittance of the random array
in the long wavelength region would be originated from the
mixed shapes of nanopillars. This was confirmed by simulation
via FEM as seen in Figure S4 (Supporting Information). The
arrangement of nanopillars has little effect on transmittance
beyond the crossing point, and there are some spikes in the
short wavelength. Even though randomness of numerical
calculations is limited by the unit cell size, the further increase
of light scattering with random arrangement is explained by the
spikes at the short wavelength. Therefore, it is supposed that
transmission improvement beyond the crossing point is mainly
due to mixed shape, mainly round nanopillars in the random
array, and the effect of arrangement in the long wavelength
range is small.
The AWT values of random arrays for each height are shown

in Figure 5(f). The overall values of the random arrays were
smaller than those of the periodic arrays. Above 200 nm in
height, the AWT values of the random array decreased due to
light scattering in the short wavelength regime. Therefore, we
conclude that periodic nanopillar arrays are more effective for
light transmission than random nanopillar arrays. The
superiority of mixed arrays was verified by the transmittance
improvement beyond the crossing point, but the overall
transmittance was decreased by light scattering due to the
random arrangement. If nanopillars are periodically arranged,
broadband antireflection and transmission of mixed arrays will
be fully demonstrated.

4. CONCLUSIONS
In summary, we demonstrated the efficient design of moth-eye-
mimicking nanostructures for broadband antireflection per-
formance. The effects of structural factors, such as height,
periodic distance, shape, and arrangement, were investigated
numerically and experimentally. Even though the highest
transmission was observed from the nanopillar array higher
than 350 nm, the size and period should be smaller than 200
nm to obtain the broadband antireflection effect due to the
light scattering. The height of nanopillars around 400 nm with
pointy shape is considered optimal for the best antireflection
performance. Whereas random arrays showed lower specular
reflectance than periodic arrays, random arrangement of
nanopillars caused strong diffusive reflection at short wave-
lengths. The periodic nanostructure array provides better
antireflection performance than the random array due to low
light scattering. Furthermore, we suggest that the periodic array
with nanopillars of mixed shapes is an efficient surface for
broadband antireflection performance compared to arrays
designed with nanopillars of a single shape.
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