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ABSTRACT: In this article, we demonstrate a simple and cost-effective approach to fabricate antireflective polymer coatings.
The antireflective surfaces have 3D structures that mimick moth compound eyes. The fabrication is easily performed via a one-
step imprinting process. The 3D arrays exhibit better antireflective performance than 2D arrays over most wavelengths from 400
to 2400 nm. The reflectivity of the 3D arrays is lower than 5.7% over the all of the wavelengths, and the minimum reflectivity is

0.27% at a wavelength of around 1000 nm.
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B INTRODUCTION

Surfaces with hierarchical structures have attracted great
attention because of their unique optical properties and
promising applications in solar cells, light sensors, LEDs, and
optical devices.'™> These properties have fascinated many
research groups, prompting their thorough investigation. The
moth eye is one of the most prominent examples, whose nipple
arrays on the corneal surfaces can suppress reflection
significantly.’ So far, many fabricating approaches have been
developed to mimic the moth eye structure, including electron-
beam lithography (EBL), laser interference lithography (LIL),
reactive-ion etching (RIE), phase separation, and so on.””'*
However, most of these approaches are restricted by their
complicated serial treating processes and expensive instru-
ments. To overcome these llmltatlons, many template methods
(e.g, colloidal llthography,15 16 soft lithography,"” ™" litho-
graphically controlled wetting,”® and nanoembedding®') have
been proposed to fabricate antireflective hierarchical structures
at a low cost and with a large area. Generally, it is difficult to
obtain hierarchical structures via one technique. Most
techniques need to be combined with other techniques,
which introduces serial steps and complicates the fabrication
process. Recently, imprinting methods have been reported to
fabricate hierarchical structures on a large area.”” Usually, to
fabricate hierarchical structures using a 2D mold involves
multistep imprinting, which requires more time and introduces
more defects to the structures. Therefore, developing a new
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method with one step to fabricate 3D antireflective structures is
necessary.

Herein, we present a simple and cost-effective method to
fabricate antireflective surfaces by mimicking the hierarchical
structures on moth eyes. The 3D antireflective stamp was
obtained by a replica molding technique, and the antireflective
polymer surface was directly obtained via one-step imprinting,
The obtained 3D arrays exhibit better antireflective perform-
ance than 2D arrays over most wavelengths from 400 to 2400
nm, which could be used for improving the performance of
optical devices.

B EXPERIMENTAL SECTION

Materials. The monodispersed 580 nm polystyrene (PS) spheres
with a concentration of 10 wt % were purchased from Sigma-Aldrich.
Positive photoresist BP212 and its developer were purchased from
Beijing Institute of Chemical Reagents. Ethanol, acetone, chloroform,
and dodecylsodiumsulfate (SDS) were obtained from commercial
sources in the highest available purity. Ultrapure water (18.2 MQ cm)
was used (Millipore System, Marlborough, France). The silicon wafers
[n type (100)] (Youyan Guigu, Beijing, China) and glass slices were
used for substrates. A kit of a prepolymer of Sylgard 184
polydimethylsiloxane (PDMS, Dow Corning Corporation) was used
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for replica molding. Norland Optical Adhesive 63 (NOA-63, Norland
Products Inc.) was used for preparing the antireflective coatings.
Substrate Preparation. Silicon slices (approximately 2 X 2 cm?)
were treated with an oxygen plasma system (100, PVA Tepla) at 300
W and 660 mTorr for 3 min and were then cleaned with acetone,
chloroform, and ethanol in an ultrasonic bath for 3 min. Then, the
substrates were rinsed with deionized water and dried under a nitrogen
gas flow. A spin-coating procedure (3000 rpm for 30 s) was used to
form a photoresist (BP212) layer on the substrate following by baking
at 88 °C for 30 min. Then, the photoresist (BP212) layer was treated
with photolithography (UV at 1000 W for 1 min). After a heating
treatment at 120 °C for 30 min, the obtained photoresist (BP212)
patterns were changed to hemispheres. Finally, the substrate was
immersed in a 10% SDS solution and kept there for 10 min.
Fabrication of the 3D Hierarchical Stamp. The monolayer of
PS spheres was prepared as described elsewhere.”>> By lifting the
substrate from the water surface, the highly ordered PS monolayer was
transferred onto the prepatterned substrate. Then, the PS sphere
monolayer on the prepatterned substrate was employed as a template
for producing the 3D PDMS stamp by a molding technique, and the
3D PDMS stamp was used for UV-imprinting lithography (UV-NIL).
Fabrication of the Compound Eyes Arrays. To achieve the
compound eyes arrays, a NOA-63 layer with 500 nm thickness was
prepared by spin-coating on glass slice, and a UV-NIL process was
performed on the commercial UV-NIL equipment (Obducat AB,
Malmé, Sweden) with the 3D PDMS stamp. In the UV-NIL process, a
pressure of 15 bar was employed for 2 min at room temperature.
Measurements. A nanoscope scanning probe microscope
(Dimension 3100, Digital Instruments, Santa Barbara, CA) was used
for collecting atomic force microscope (AFM) images under ambient
conditions. The spring constant of silicon cantilevers (Nanosensors,
Digital Instruments) was 250—350 kHz. UV—vis reflection spectra
were recorded using a spectrophotometer (Shimadzu UV3600,
Shimadzu, Japan). The surface morphology of the 3D arrays was
characterized using a field-emission scanning electron microscope
(SEM, JSM 6700F, JEOL, Japan) with an electron energy of 3 kV. To
improve conductivity, a layer of Pt (ca. 2 nm in thickness) was
sputtered on the samples.

B RESULTS AND DISCUSSION

The procedure for fabricating artificial moth compound eyes is
outlined in Figure 1A. To produce a micropatterned surface, a
layer of photoresist (BP212) was initially spin-coated on the
silicon substrate, and photolithography was applied to

A: Fabrication of 3D Arrays B: Fabrication of 2D Arrays
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Figure 1. Scheme of the procedure for creating biomimetic
antireflective (A) 3D arrays and (B) 2D arrays. (a) Preparation of
substrate, (b) assembly of PS arrays on the substrate, (c) replica
molding of PS arrays assembled on the substrate, and (d) imprinting
using the replica mold and the lift-off of the mold after imprinting.
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Figure 2. AFM image of (a) the PS spheres monolayer assembled on
the prepatterned substrate, (b) 3D PDMS stamp molded from panel a,
(c) imprinted NOA-63 arrays with panel b, (d) PS spheres monolayer
assembled on flat silicon, (e) 2D PDMS molded from panel d, and (f)
imprinted NOA-63 arrays with panel e.

introduce the micropattern arrays. The micropattern comprises
S pm squares with a height of 1 ym separated by 5 ym spacing.
For minimizing the interfacial energy,” the photoresist squares
were changed to microhemispheres by a heating treatment at
120 °C for 30 min (Figure 1A-a). Then, the microhemisphere-
patterned surface was used as a substrate for assembling PS
spheres. A monolayer of hexagonal close-packed PS spheres
with 580 nm diameter was formed on the microhemisphere-
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Figure 3. (a—c) Enlarged AFM images corresponding to Figure 2, panels a, b, and ¢, respectively.
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Figure 4. Three-dimensional AFM images of the imprinted (a) 3D and (b) 2D NOA-63 arrays and (c) hemispherical reflection for a flat NOA-63
film (black line), 2D arrays (red line), and an artificial compound eyes array (blue line) at normal incidence.
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Figure 5. Bearing analysis of the fabricated hierarchical array.

patterned surface (FigurelA-b). Subsequently, for replicating
the biomimetic structure efficiently, a PDMS stamp was
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Figure 6. Correlation of 74 and H of the 3D NOA-63 arrays (dashed
line) and 2D NOA-63 arrays (solid line). The inset shows the
refractive index of a flat NOA-63 film for reference.
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fabricated via molding the 3D hierarchical arrays (Figure 1A-c).
Finally, a UV-NIL process was carried out with the 3D PDMS
stamp to create the 3D NOA-63 arrays (Figure 1A-d). For
comparison, 2D arrays were fabricated with a similar method,
and the procedure is shown in Figure 1B. The microhemi-
spheres covered by the assembled 580 nm spheres are shown in
Figure 2a. Remarkably, the morphology of the fabricated
structures is similar to the structures of natural moth eyes. As
revealed in Figure 2b, the structure of PDMS is the reverse of
the 3D hierarchical arrays. Figure 2b reveals that the stamp was
copied perfectly from the 3D hierarchical arrays. Figure 2c
shows the AFM image of the NOA-63 with compound eyes
arrays, which is a replica of the structure in Figure 2a. The
enlarged AFM images of Figure 2a—c are given in Figure 3,
which reveal that the pattern of the PS spheres are clear in the
3D arrays. AFM images of the 2D PS sphere arrays, 2D PDMS
stamp, and imprinted 2D NOA-63 arrays are presented in
Figure 2d—f, respectively. Similarly, the height and period of
the 2D NOA-63 arrays are consistent with that of the primary
mold in Figure 2d (580 nm). Because of the intrinsic limits of
AFM, SEM images of large-area 3D arrays were collected and
are shown in Figure S1 (Supporting Information). Figure 4a,b
presents the 3D AFM images of the 3D NOA-63 arrays and 2D
NOA-63 arrays, respectively.

The hemispherical reflectivity of the artificial compound eyes
arrays was evaluated using visible-near-infrared radiation
reflectivity measurement at an incidence angle of 5°. Figure
4c presents the reflectivity of a flat NOA-63 film (black line),
2D NOA-63 arrays (red line), and 3D NOA-63 with
biomimetic moth eyes arrays (blue line). The flat NOA-63
film (black line) exhibits a high reflectivity (about 10%) for
visible and near-infrared wavelengths. The reflectivity of the 2D
arrays is lower than 7.5% from 400 to 2400 nm, and the lowest
reflectivity of around 0.3% is observed at 800 nm. For the
artificial compound eyes (blue line), the reflectivity is lower
than 5.7% at wavelengths from 400 to 2400 nm, and the
minimal reflectivity can even be reduced to 027% at a
wavelength of around 1000 nm. We found that the wavelength
of the minimum reflectivity for the structure with a larger
period has a red shift, as reported in the literature.>” Therefore,
the antireflective performance of 3D arrays is less than that of
2D arrays between 600 and 850 nm. However, compared with
2D arrays, the reflectivity of 3D arrays is reduced by 18 and
40% for wavelengths ranging from 400 to 600 nm and from 850
to 2400 nm, respectively. The antireflective performance of 3D
arrays is better than that of 2D arrays over most wavelengths.

On the basis of the effective medium theory,”* the
antireflective arrays (ARs) can be considered to be an inserted
layer with an effective refraction index, n. For ideal ARs with
near zero reflectivity, the n. value should increase gradually
from 1 to ny, from the interface of the air/ARs to the interface
of the ARs/substrate. The effective refractive index for normal
incidence can be written as

ng = \nif + ny(1 = f) 1)

where n, is the refractive index of air, 1, is the refractive index
of the polymerized NOA-63 structure, and f is the fill factor of
the antireflective arrays.*®™>* A theoretical simulation of the
effective refractive index profiles was introduced to interpret the
antireflective properties of different NOA-63 morphologies.****
According to the definition, the value of f can be considered as
the area ratio from bearing analysis of the AFM image given in

Figure S. The area ratio depends on the height (H) of the
antireflective arrays, so the value of f of different antireflective
arrays can be obtained according to their heights.

The correlation of n.4 and H was calculated and is plotted in
Figure 6. The n.g value changes abruptly from 1.0 to 1.57 across
the air/NOA-63 interface (inset of Figure 6), resulting in a high
reflection of the flat NOA-63 film substrate. To reduce the
reflection, the n.g should be changed gradually. For 2D (solid
line in Figure 6) and 3D arrays (dashed line in Figure 6), the
ng value changes continuously from 1.0 to 1.57, so 2D arrays
and 3D arrays exhibit a lower reflectivity than the flat-film
substrate. The height of the 3D arrays is higher than that of the
2D arrays, which results in a much more gradual change of n
compared to that of the 2D arrays. With the same variation of
fep 3D arrays provide a smaller slope than the 2D arrays, which
makes the 3D arrays exhibit a lower reflectivity. Hence, 3D
arrays exhibit better antireflective performance.

B CONCLUSIONS

We present a simple approach for the preparation of a
hierarchical polymer structure to mimic moth compound eyes.
The hierarchical polymer structure is fabricated by a one-step
imprinting process, with the stamp fabricated by easily molding
the prepared micro- and nanostructures. The 3D arrays exhibit
better antireflective performance than 2D arrays over most
wavelengths from 400 to 2400 nm. The proposed method not
only simplifies the conventional process but also achieves
excellent antireflective performance. Hence, this approach may
provide potential applications in solar cells, light sensors, LEDs,
and other optical devices.
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Large-area SEM images of the hierarchical 3D NOA-63 arrays.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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