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Abstract: Broadband antireflection (AR) coatings are essential elements for improving the
photocurrent generation of photovoltaic modules or the enhancement of visibility in optical devices.
In this paper, we report a hybrid nanostructured antireflection coating combination that is a clean
and efficient method for fabricating a nanostructured antireflection coating (ARC). A multilayer
thin-film was introduced between the ARC and substrate to solve the significant problem of preparing
nanostructured ARCs on different substrates. In this way, we rebuilt a gradient refractive index
structure and optimize the antireflective property by simply adjusting the moth-eye structure and
multilayers. Subwavelength-structured cone arrays were directly patterned using a self-assembled
single-layer polystyrene (PS) nanosphere array as an etching mask. Nanostructure coatings exhibited
excellent broadband and wide-angle antireflective properties. The bottom-up preparation process
and hybrid structural combination have the potential to significantly enhance the broadband and
wide-angle antireflective properties for a number of optical systems that require high transparency,
which is promising for reducing the manufacturing cost of nanostructured AR coatings.
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1. Introduction

Antireflection coatings have been a research hotspot for a long time because they play an essential
role in antiglare monitors [1], car dashboards [2], solar cells [3-6], and most optical systems. Generally,
depositing a multilayer coating onto the substrates could reduce the surface reflection to near zero over
a broad wavelength by precisely controlling the refractive index and the thickness of each film layer [7].
However, it is not only very difficult to find coating materials with the appropriate refractive index and
excellent transparency for each layer, but also hard to control the film thickness. In addition, a wider
spectrum and larger angle demand will increase the quantity of thin-film layers, which means that it
needs a longer deposition time, which introduces more error. Thus, a coating method with an adjustable
and low-cost process is still an urgent problem for broadband and wide-angle antireflection coatings.

Recently, researchers have found that a bio-inspired moth-eye nanostructure exhibits outstanding
broadband low reflectivity and high transmission with wide-angle incident light compared to
conventional antireflective multilayer coatings [8-16]. This kind of bio-inspired nanostructure is
considered an effective way to enhance the photoconversion efficiency of solar cells [17-20] or the
visibility of displays [21-23]. To fabricate it, a top-down approach, such as e-beam [24,25], focused
ion beam etching [26,27], or X-ray lithography [28-30], is primarily used. However, such advanced
nanofabrication methods are limited in large-area applications since they take a longer time and
are costlier. Although numerous investigations have been carried out to realize an antireflective
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surface on glass substrates [31,32], a low-cost method to fabricate an antireflection coating (ARC) with
large-area uniformity and easy tuning of the antireflective property is still strongly in need. In order to
achieve wide-angle anti-reflection properties, the use of nanostructures is an inevitable trend. In this
paper, we introduce an inexpensive method to synthesize a moth-eye SiO, ARC by using reacting
ion-beam etching (RIE) with a single-layer polystyrene (PS) nanosphere as a mask. We can optimize
the antireflective properties of the moth-eye structure through carefully adjusting the self-assembly
PS mask, which can be easily achieved by changing the size of the PS nanosphere [33,34]. Unlike
the reported paper [35,36], the antireflection band we were concerned with was the much broader
400-2000 nm, which means a higher manufacturing difficulty. Besides, although there are some
similarities in the process of preparing periodic nanostructured surfaces, single nanostructured surfaces
are fundamentally different from the hybrid structures of the nanocone and multilayer versions we
have studied. The applicability and antireflection ability of the hybrid structure are far stronger than
the simple nanostructure anti-reflection film studied in most of the current papers [37,38]. This is not
only reflected in the diversity of the structure, but the optimal multilayer film matching results can also
be obtained via simulation optimization calculations to achieve excellent antireflection characteristics
under the premise of ensuring process stability.

For a glass substrate, the antireflective property of a moth-eye SiO, ARC is sufficient. In contrast,
for a substrate with a refractive index larger than glass, the antireflective property of a moth-eye
SiO; antireflective structure degrades significantly. The exhibited antireflective property is due to
a gradient refractive index from air to the substrate. Only when the moth-eye SiO, antireflective
structure exists, there is a dramatic improvement of the refractive index, which certainly breaks
the gradient refractive index structure and weakens the antireflection effect, as seen in Figure 1a.
In addition, the nanostructured etching material SiO; is usually realized through a coating deposition
process. When introducing the multilayer film, we only replaced the procedure of preparing the
etching single-layer film by preparing the multilayer film, and experimental steps were not added
during the whole experiment. Multilayer film deposition is also relatively inexpensive. The overall
experimental procedure for the hybrid structure is suitable for the preparation of large-sized samples.

To solve this significant problem, we developed a hybrid structure combining the nanocone array
and multilayer optical coating to achieve the antireflective property. In this way, we can rebuild a
gradient refractive index structure and optimize the antireflective property by simply adjusting the
moth-eye structure and multiple layers, as shown in Figure 1b.
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Figure 1. The relationships between height position and material refractive index of (a) a moth-eye
5iO, AR structure on a sapphire substrate, and (b) a hybrid AR nanostructure on a sapphire substrate.
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2. Materials and Methods

At the beginning of our experiments, we utilized the 3D finite-difference time-domain (FDTD)
method to theoretically calculate optimized structural parameters for a periodical nanocone, which
included height, separation distance, and diameter. The FDTD simulation was performed using
commercial software (Lumerical FDTD Solutions, version 8.15.736) to investigate the optical properties
of the proposed hybrid structure, where the periodic boundary conditions were adopted for a unit
cell in both X- and Y-directions and perfectly matched layers (PML) were applied in the Z-direction.
The permittivity of SiO, and TayOs used in simulation were extracted from the data of Palik [39]. The
incident source was a linearly polarized plane wave (400-2000 nm) propagating along the negative
Z-direction with the E-field polarization to X-direction.

The schematic illustration of the procedures for making wafer-scale silica cone arrays is shown
in Figure 2. All of the chemicals used were of reagent grade or better. The PS (500 nm in diameter)
suspensions (5 wt.% in water) were bought from Huge Biotechnology Company (Shanghai, China).
The fused silica and sapphire were used as substrates. First, they were cleaned in acetone, ethanol, and
distilled water for 30 min in each solution. Then, an eight-layer coating of Ta,Os and SiO;, was coated on
sapphire using an ion-beam-assisted electron-beam evaporation deposition method through controlling
the reflected optical value. The thickness of each layer was estimated based on the data provided
by the crystal oscillate system of the evaporation coater (OPTRUN OTFC-1300, Shanghai, China).
The outer layer was 600-nm thick SiO; as the nanocone etching material. Second, the suspension of
monodisperse PS and ethanol at a volume ratio of 1 to 1.2 was mixed. A glass slide (100 mm X 25 mm)
used as a slope was cleaned in turn with acetone, ethanol, 98% H;SO4/H,0; (3:1), and distilled water.
After the glass slide was dried, it was placed obliquely onto an evaporation pan full of deionized water.
About 140 mL of the mixed suspensions after the ultrasonic treatment was pipetted onto the oblique
glass slide and slowly dipped into the water. A large-area colloidal monolayer was formed using
the gas-liquid—solid interface self-assembly method. Third, the as-formed PS monolayer naturally
subsided onto the chosen substrate when emptying all water from the bottom of the evaporation
pan. The PS masks were dried in the super clean bench. In order to obtain the non-close-packed 2D
colloidal crystals, the size of the PS nanospheres was reduced by oxygen plasma using the reactive
ion etching (RIE) method in a controlled manner, with a 250 W power, 30 mTorr pressure, and 10
sccm O, flow rate. In this way, the gap distance between neighboring nanoparticles was necessary
to get the sites for the reaction between the SiO, surface and plasma species. In this experiment, the
gap distance was obtained with a 20% size reduction of the nanoparticles in ambient O, plasma had
occurred. Afterwards, an isotropic etching was carried out in a mixture of CF4 and O, gases with ratio
of 12.5:1 with a 150 W radio frequency power. Finally, we removed the PS nanospheres using oxygen
plasma etching and ultrasonic cleaning in toluene solution for 10 min, leading to the formation of a
pure S5iO; nanocone array.

In this fabrication process, the period can be adjusted using the size of the PS nanospheres and the
diameter of the nanocone array can be controlled using different etching times for the RIE procedure.
Furthermore, we evaluated the inner structure, surface reflectance, and surface morphology using a
scanning electron microscope (SEM, JSM-6510 of JEOL, Tokyo, Japan), a spectrophotometer (Lambda
1100 of PerkinElmer, Waltham, MA, USA), and an atomic force microscope (AFM, EDG of Bruker,
Billerica, MA, USA), respectively.
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Figure 2. Schematic diagram of the process used to fabricate the hybrid AR nanostructures including
multilayer deposition, nanosphere self-assembly, nanosphere size reduction, reactive ion beam etching,
and cleaning.

3. Results and Discussion

To evaluate the antireflection performance of nanocone arrays in the hybrid nanostructure, we
calculated the average surface reflectance for 400-2000 nm wavelengths. The simulation results are shown
in Figure 3. Figure 3a—c are the 3D image, cross-sectional, top-view diagrams, respectively. From Figure 3b,
the main factors that influenced the surface reflectance of the nanocones were height H, separation
distance D, and the diameter d of the underside. Because the etching masks were self-assembled PS
nanospheres, the prepared nanocones were triangular packed, the same as the nanospheres packing
pattern, as shown in Figure 3c. By adjusting a single factor of H, D, or d and keeping the other two
constant, we obtained three diagrams, as shown in Figure 3d—f. For better antireflective properties
from 400 to 2000 nm, a larger H, appropriate D, and larger d are preferred. The main purpose of the
theoretical simulation calculations was to find the best nanocone array structural parameters with the
lowest reflectivity under the premise of ensuring experimental stability and repeatability.
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Figure 3. Schematic diagrams of a nanocone array under different viewing angles: (a) 3D image, (b) cross-
section, and (c) top view. The computer simulations investigating the influence of structural parameters:
(d) height, (e) separation distance, and (f) diameter of nanocone array on the surface reflectance.
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At the beginning of our experimental investigation process, a self-assembling PS-nanospheres
etching mask and SiO, nanocone array were carried out on the quartz substrate for the best antireflective
nanostructure preparation process. Figure 4a,b shows the PS-nanospheres self-assembling single-layer
mask using 7000x and 4000x magnified photographs. From these two pictures, it can be seen that the
PS-nanospheres were packed tightly and there was almost no obvious defect in the single-layer etching
mask. Just by using this self-assembly technology, a large-area and well-packed PS-nanosphere array
was formed, which guaranteed the preparation of large-size antireflective nanostructures. Figure 4c,d
shows the nanocone array surface morphology photos taken using AFM after direct etching. The
nanocone array was well-packed, just as with the nanospheres mask, but the shape of each nanocone
was unsatisfactory and they exhibited a multi-peak distribution. Furthermore, the disappointing
nanocone array directly led to a disabled antireflective property, as shown in Figure 4e. The mean
surface reflectance from 400 to 2000 nm was 2.3%. The irregular nanostructure array surface also had
extra scattering and light loss. In this experiment, the size-reduction procedure was not introduced.
Figure 4 provides additional proof that the size-reduction treatment was needed because at the
beginning of the etching experiment, tightly packing the nanospheres did not offer enough etching
space for the SiO; coating and etching plasma.
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Figure 4. SEM photograph of self-assembled PS-nanosphere masks magnified (a) 7000 times and (b)
4000 times, (c) 2D and (d) 3D AFM images of etched SiO, nanocone arrays without a size-reduction
procedure, and (e) surface reflectance of a prepared SiO, nanocone array.

Figure 5a—c shows that the size of the self-assembled nanospheres mask was reduced using O,
plasma etching for 5, 10, and 15 s, respectively. The diameter of the 500-nm nanospheres shrank to 400,
270, and 130 nm, respectively. By using these three size-reduced etching masks, the new nanocone
arrays after the etching process are shown in Figure 5d—f, respectively. The nanocone array in Figure 5d
was still packed badly with a multi-peak shape, while Figure 5f exhibited a disorganized arrangement.
In conclusion, introducing a 10 s O,-plasma size-reduction procedure is preferred since the resulting
prepared nanocone array was well-packed and had a good smooth conical nanostructure.

By utilizing the AFM method to visualize the nanocone array seen in Figure 5e, we obtained its
3D and 2D surface morphological images, as shown in Figure 6a,b. It showed that the multipeak shape
was improved and the nanocone array also presented a good triangular packing mode. Its surface
reflectance at different wavelengths and incident angles is shown in Figure 6¢,d. In the measured
spectral range, due to the graded refractive index profile of the SiO, nanocone array, the average
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reflectance was significantly suppressed to 0.85%, while the reflectance was below 5% throughout the
whole incident angle range from 0° to 65°.

Figure 5. SEM images of self-assembled nanosphere masks after (a) 5 s, (b) 10 s, and (c) 15 s size-
reduction processes. The SiO; nanocone arrays after etching process with different size-reduced PS
nanospheres mask that used (d) 5 s, (e) 10 s, and (f) 15 s etching times.
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Figure 6. (a) 2D and (b) 3D AFM images of the hybrid nanostructure surface; (c) Surface reflectance of
the prepared nanocone array without a multilayer thin-film; (d) Surface reflectance of the prepared
hybrid nanostructure at different incident angles.

Based on the above experiments and results, the nanocone array of the hybrid AR nanostructure
has been confirmed as successful. The multilayer coating between the high refractive index substrate
and surface nanocone array should be optimized by an appropriate method. By means of an AFM
measurement, we got a higher resolution surface 3D image of the nanocone array, as shown in Figure 7a.
By using line-scanning mode to detect the surface profile of the red arrow line in Figure 7a, we got
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the contour line found in Figure 7b. Our proposed hybrid AR nanostructures were nanoscale cones
with subwavelength spacing and acted to suppress all but zeroth-order diffraction. When the lateral
dimensions were sufficiently small, the structure can be modeled by splitting the nanocones into many
thin horizontal slices with an effective refractive index, ng, calculated using Bruggeman’s effective
medium approximation. The prepared nanocone array was strictly centrally symmetrical. Therefore,
we could apply the symmetric two-dimensional Bruggeman equation for two-material mixtures [40],
as seen in Figure 7b, which is expressed as:

F(neff_nl)+(1_F>(neff_n0):O (1)

Neff + 171 Neff + 1o

where F is the areal fraction of the nanostructure material in each slice, n is the refractive index of
air, and n; is the refractive index of the nanostructure material SiO,. The surface reflectance and
transmittance through the hybrid AR nanostructure can be calculated using the transfer matrix method.
In this way, the design problem regarding a multilayer coating for hybrid AR nanostructures can be
easily simplified to a thin-film design problem. In this paper, we divided the nanocone into 10 slices,
and by using a thin-film optimizing method, the thickness of each intermediate layer was obtained.
The reflectance calculation result for the nanostructures without a multilayer on a sapphire substrate is
shown in Figure 7c. Dividing the periodic nanostructure into more slices in the horizontal direction
meant that the calculated data was closer to the real situation. However, due to the size of the structure
and the measurement accuracy of the AFM, when the number of slices reached to a certain value, the
calculation results hardly changed. Figure 7d allowed us to approximate the prepared multilayer
coating dimensions for the hybrid design before the etching process. Furthermore, the final hybrid AR
nanostructure is shown in Figure 7e.
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Figure 7. (a) A higher-resolution surface 3D image of a nanocone array, (b) a surface profile of a hybrid
AR nanostructure surface, (c) cross-sectional SEM image of a SiO; layer and multilayer AR coating
before etching, and (d) cross-sectional SEM image of a hybrid AR nanostructure.

The reflectance of a hybrid AR nanostructure is shown in Figure 8a,b. The two curves in Figure 8a
are the reflectance of sapphire substrate with and without a hybrid ARC. It can be concluded that
the hybrid coating significantly suppressed the surface reflectance for a fairly broad spectrum. The
average surface reflectance was as low as 0.65% for vertically incident light. Figure 8b displays the
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wide-angle antireflection property. With the incident angle increased to 65°, the surface reflectance
could be controlled to less than 1%.
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Figure 8. (a) The surface reflectance of a hybrid AR nanostructure compared with a sapphire substrate,
and (b) the surface reflectance of a hybrid AR nanostructure at different incident angles.

4. Conclusions

In summary, our results indicate that it is possible to significantly decrease the surface reflectance
broadband and wide-angle incident light using a design that combines the antireflective nanocone
array and a multilayer optical coating. This hybrid design had a 0.65% surface reflectance over
400-2000 nm light, and with the incident angle increased to 65°, surface reflectance could be controlled
less than 1%. Subwavelength-structured cone arrays were directly patterned upon the substrate using
a self-assembled single-layer PS-nanosphere array as an etching mask. Furthermore, normal-incidence
specular reflection matched with the theoretical prediction from a rigorous coupled-wave analysis
model. Overall, this bottom-up technique and hybrid structural combination strategy has the potential
to markedly enhance the broadband and wide-angle properties for optical systems that require low
reflection and high transparency.
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