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Abstract

Antireflection surfaces play an indispensable role in modern optics, with extensive applica-
tions covering optical windows and other precision optical components. The fabrication
of anti-reflection surfaces frequently relies on micro/nano-structuring technologies. How-
ever, the fabricated micro/nanostructures typically experience performance degradation in
transmission enhancement caused by abrasion during operation. To address this problem,
we designed and fabricated a double-sided nanocone structure shielded by a protective
armor layer. This armor layer efficiently prevents surface mechanical wear and preserves
the nanocone structures, leading to almost constant transmittance of the anti-reflection
surface even after abrasion. The anti-reflection surface was fabricated by first patterning
a square grid armor on one side of fused silica via photolithography, followed by the
preparation of an etching mask and nanocone structures using reactive ion etching (RIE).
Nanocones were then fabricated on the opposite side of the substrate, finally forming the
double-sided nanocone structure. The fabricated armor-protected double-sided nanocone
structure exhibited an increase in the average transmittance from 93.43% to 98.31% within
the wavelength range of 800-1200 nm. After abrasion testing under 10 MPa pressure, the
nanocones under the protective armor showed almost no damage, and the average trans-
mittance remained at approximately 97.85%, demonstrating the outstanding mechanical
robustness of the proposed design.

Keywords: antireflection; nanocones; protective armor; wear resistance; RIE

1. Introduction

Recent investigations have verified that broadband anti-reflection techniques can
substantially elevate the performance of a wide spectrum of optical components, including
optical windows, laser systems, sensing and detection facilities, and medical optical appa-
ratus [1-5]. This enhancement is attributed to the mitigation of surface reflection, which
effectively increases the total optical transmittance by minimizing surface light reflection.
Two main approaches can achieve broadband antireflection effectively. One relies on optical
thin-film deposition, while the other uses subwavelength structures, such as nanocone
structures. For thin-film deposition, researchers have developed various material systems,
including conventional fluorides [6], sulfides [7], and oxides [8], as well as novel materials
such as germanium carbide films [9], nanoporous structures [10], and noble metal nanofilms.
Although thin-film coatings can deliver favorable broadband antireflection performance,
they generally suffer from inherent limitations, including poor adhesion, insufficient stabil-
ity, low laser-induced damage threshold, and thermal expansion mismatch [11]. In contrast,
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nanocone structures are fabricated directly from the substrate itself. Since no additional
external materials are involved, they exhibit superior mechanical stability and durability
compared to optical thin films [12]. However, as the antireflection function of nanocone
structures depends on the light refraction at the cone tips, the antireflection effect will be
significantly compromised once the cone tips are damaged.

Nanocone structures also have a wide variety of fabrication methods, most of which
are based on top-down photolithography or etching techniques [13], such as mono-
layer colloidal crystal etching [14,15], electron-beam etching [16,17], interference lithogra-
phy [18-20], and nanoimprint lithography [21-23]. In addition, laser processing has also
been employed for the fabrication of nanocone structures [24,25]. However, in comparison
with etching techniques, laser processing is a serial manufacturing approach with relatively
low processing efficiency. One of the most critical limitations of antireflection structures for
transmission enhancement is their poor wear resistance [26]. Xu et al. prepared a trilayer
hydrophobic antireflective coating based on the sol-gel method, achieving an average
transmittance of 97.77% and a transmittance decrease of 1.63% after abrasion testing [27].
Zhang et al. fabricated a coating by modifying hollow SiO, nanospheres with methyl-
triethoxysilane (MTES) and tetraethyl orthosilicate [28]. The coating exhibited an average
transmittance of 95.61% and a transmittance decrease of 0.6% after abrasion testing. However,
the uniformity of such wear-resistant nanostructured coatings must be carefully ensured in
practical applications; otherwise, the optical transmittance will be compromised. Wang et al.
fabricated an armor-protected wear-resistant structure on fused silica substrates via embossing
technology [29]. The nanostructures were formed on the recessed oblique surfaces of fused
silica, and their transmittance was only approximately 94.5%, failing to achieve broadband
supertransmissivity. Xu et al. prepared armored nanocone structures through selectively
laser-doping-enhanced plasma etching (SDEM) [26]. The double-sided structured fused silica
exhibited an average transmittance of around 97% in the 0.4-1.2 pm wavelength range, with
no significant decrease in transmittance after 150 cycles of abrasion. However, compared
with plasma etching technology, laser processing is a serial manufacturing method, leading to
relatively low processing efficiency in large-area fabrication.

In this study, a fabrication method for double-sided nanocone structures is proposed,
which enables parallel large-area processing while achieving both high wear resistance
and high transmittance. A micro-scale grid armor structure is prepared to improve the
wear resistance of the substrate, followed by the construction of double-sided nanocone
structures to reduce surface reflection and enhance transmittance. The micro-scale grid
armor structure is fabricated on a fused silica substrate via photolithography and RIE. After
the formation of the protective armor, a nanofiber etching mask is created by treating the
photoresist with oxygen plasma, and nanocone structures are subsequently formed via RIE.
Upon completing the nanocone etching on the opposite side, the double-sided nanocone
structure with high wear resistance and high transmittance is finally obtained. Then, the
transmission properties of nanocone structures with different dimensions are simulated
and evaluated using the finite-difference time-domain (FDTD) method. Meanwhile, fi-
nite element analysis is employed to investigate the bottom stress distribution of armor
sidewalls with different geometries, aiming to achieve optimal wear resistance. This work
integrates the fabrication of nanocone with wear-resistant armor structures, providing a
reliable technical strategy for realizing antireflection performance. It helps promote the
practical application of highly transparent optical windows in wear-resistant scenarios.
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2. Materials and Methods
2.1. Materials

Fused silica substrate (Corning 7980) was purchased from Research Materials Mi-
crotechnology Co., Ltd., Suzhou, China. Polyimide (PI) photoresist was purchased from
Beijing POME Science and Technology Co., Ltd. (Beijing, China).

2.2. Fabrication of Protective Armor

An AZ-6130 photoresist layer was spin-coated onto the cleaned fused silica substrate
and soft baked at 100 °C for 60 s. After exposure using the EVG610 photolithography
machine, the sample was hard-baked at 120 °C for 100 s. The sample was then developed
using TMAH, washed with deionized water, and dried with nitrogen. CHF3; and Ar plasma
were used to etch the fused silica substrate, forming the protective armor structure. The RF
power for plasma etching was set to 210 W, with a chamber pressure of 2.7 Pa. The flow
rates of CHF3 and Ar were 70 sccm and 5 sccm, respectively. After etching, the sample was
cleaned sequentially with acetone, ethanol, and deionized water to remove any residual
photoresist. The protective armor structure was created using the RIE-10NR (SAMCO
International, Kyoto, Japan) etching system.

2.3. Fabrication of Nanofiber Mask

The PI photoresist layer was spin-coated onto the cleaned fused silica substrate. The
PI photoresist was exposed to O, plasma, creating the nanofiber mask. The RF power
was set to 210 W, with a chamber pressure of 5 Pa and an O, flow rate of 125 sccm. In
this experiment, the spin rate varied (2500 rpm, 3500 rpm, 4500 rpm, and 6000 rpm) to
explore the relationship between spin speed and the etching time required to create the
mask. Nanofiber structures were fabricated using the RIE-10NR (SAMCO International,
Kyoto, Japan) etching system.

2.4. Fabrication of Nanocone Structure

Nanocone structures were prepared on fused silica substrates via RIE with nanofiber
masks. SFg, CHF3, and He were introduced at flow rates of 5.5, 35, and 160 sccm, respec-
tively. With a chamber pressure of 245 Pa and RF power of 210 W, the etching time was
adjusted from 1 to 4 min to achieve different nanocone structure morphologies. After
etching, residual nanofiber masks were stripped using buffered oxide etch (BOE) solution,
achieving the well-defined nanocone structures. The nanostructures were fabricated using
the RIE-10NR (SAMCO International, Kyoto, Japan) etching system.

2.5. Fabrication of Double-Sided Nanocone Structures with Protective Armor

After sequentially fabricating the protective armor and nanocone structure on one
side of the fused silica substrate, nanocone structures were prepared on the opposite side.
The sample was then cleaned using BOE solution, acetone, ethanol, and deionized water in
sequence, finally achieving a double-sided nanocone structure with protective armor.

2.6. Wear Test

The double-sided nanocone structure with protective armor was subjected to wear
testing using the friction and wear tester (MFT-2000, RTEC). The applied normal force was
3.92 N, resulting in a normal pressure of 10 MPa for a line width of 2.5 pm and a line length
of 1000 um. The tester recorded a force of 1.44 N in the wear direction, corresponding to a
shear stress of 3.66 MPa. Friction testing was conducted using an acrylonitrile butadiene
styrene (ABS) plastic rod (diameter 10 mm) for 100 cycles. Following the wear test, the
sample was cleaned via ultrasonic washing with ethanol and deionized water.
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2.7. Characterization

The morphology of the protective armor, nanofibers, and nanocones were charac-
terized using a scanning electron microscope (SEM) (Gemini SEM500, Zeiss Oberkochen,
Germany). Spectrum data of transmittance were measured with a spectrometer (LAMBDA
750S, PerkinElmer, Waltham, MA, USA).

2.8. Simulation Methods

The transmittance simulation was carried out using the Ansys Lumerial 2020 R2 soft-
ware for the nanocone model. The nanocone was set to be made of silicon oxide. Periodic
boundary conditions were applied in the X-direction, while perfectly matched layer bound-
ary conditions were employed in the Z-direction. A plane-wave light source with a specified
bandwidth was incident along the Z-direction, which is a transverse electromagnetic wave
with constant amplitude on the plane perpendicular to the propagation direction. The
incident angle was set to 90°, and a detector was placed beneath the nanocone model to
monitor the transmittance. The mesh refinement level was set to 7, and the simulation
domain fully enclosed the nanocone model. For the transmittance simulation with different
bottom diameters of the nanocone, the height was set to 480 nm, the duty cycle to 1, and
the wavelength range to 400-1300 nm. The bottom diameter was set to 272 nm, 282 nm,
376 nm, 386 nm, 481 nm, 491 nm, 50 nm, 100 nm, 150 nm, 200 nm, and 250 nm respectively,
and the corresponding transmittance values were obtained through simulation. For the
transmittance simulation with different duty cycles, the height was set to 480 nm, the
bottom diameter to 200 nm, and the wavelength range to 800-1200 nm. The transmittance
variations were simulated at duty cycles of 0.5, 0.6, 0.7, 0.8, 0.9, and 1. For the transmittance
simulation with different nanocone heights, the duty cycle was set to 1, the bottom diameter
to 200 nm, and the wavelength range to 400-1300 nm. The transmittance variation was
simulated with the height scanned from 0 to 700 nm.

The stress distribution simulation of the protective armor was performed using Ansys
workbench 2022 R1. The length of the protective armor was set to 1000 um, the width to
2.5 um, and the material to fused silica, with a mesh resolution of 7. A horizontal shear
stress of 3.66 MPa and a vertical pressure of 10 MPa were applied, and the bottom surface
of the structure was set as a fixed support. The stress distributions were simulated and
calculated for three protective armor shapes (regular hexagon, square, and equilateral
triangle) and three sidewall inclination angles (75°, 90°, and 105°).

3. Design and Simulation
3.1. The Wear-Resistant Mechanism of Armor-Protected Nanocone Structures

Figure 1a shows the schematic design of the highly wear-resistant antireflection sur-
face. The structure consists of a nanocone structure and a micro-scale protective armor,
in which the micro-armor serves as the key component. It is composed of interconnected
frameworks with multiple “pockets” inside, which are specifically designed to accom-
modate the nanocone structures with relatively poor mechanical robustness. Acting as
a “protective framework” for the antireflection surface, the armor can effectively block
abrasion or impact from objects larger than the pocket size, thus preventing damage to the
nanocones during service. This protection mechanism ensures that the nanocones maintain
their tip morphology, thereby prolonging their service life. In addition, the monolithic
structure formed by the interconnected frameworks not only shields the nanocones, but
also reinforces the mechanical stability of the entire surface, making the structure resistant
to fracture under external pressure or impact. As shown in Figure 1b, the protective armor
prevents the nanocone structure from wear damage. In the absence of this protective layer,
abrasive structures would directly scrape the nanocones during relative motion, leading
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to a rapid degradation of optical performance. With the protective armor incorporated,
its feature size is sufficiently small to block abrasive objects larger than its openings, such
that these forces cannot reach the nanocones underneath, thereby reliably shielding the
structure from mechanical damage.
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Figure 1. (a) Schematic diagram of the composition of armor-protected nanocone structures. (b) The
wear resistance process of armor-protected nanocone structures.

3.2. Design of Nanocone Structure

The nanocone structure primarily achieves broadband antireflection by suppressing
Fresnel reflection at the boundary between media with differing refractive indices, and the
underlying physical principle is based on the effective medium theory (EMT) for subwave-
length nanostructures. EMT is a classic theoretical model for describing the optical response of
composite materials with structural features much smaller than the incident light wavelength
The effective refractive index of the nanocone structure is expressed as follows:

ng =ngf+ni(l—f) )

where 7, represents the effective refractive index, 1, denotes the refractive index of air,
ns refers to the refractive index of the fused silica substrate, and f signifies the volume
fraction of air in the micro-nanostructure region. Based on this relationship, the specific
value of the effective refractive index can be calculated. It can be derived from the formula
that the gradual gradient variation of the refractive index at the interface is mainly caused
by the change in the air volume fraction between the nanostructures. During incidence,
the incident light first encounters air with a refractive index close to 1. As it propagates
downward along the nanocones, the effective refractive index increases continuously and
eventually approaches the refractive index of the substrate. This continuous variation in
refractive index eliminates abrupt index discontinuities, which can significantly reduce
surface reflection and thus achieve excellent antireflection performance. Figure 2a numeri-
cally demonstrates that the effective refractive index increases smoothly from the tips of the
nanocones toward the base. The inset of Figure 2a displays the key structural parameters of
the nanocone architecture. The height H, diameter d, and duty cycle are critical factors gov-
erning its optical properties. The duty cycle (the ratio of the area occupied by the nanocone
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structure to the total area) quantifies the compact packing degree of the nanocones. This
ratio is equal to d/(L + d), where L is the minimum linear distance between the bottoms of
the nanocones. To more comprehensively investigate the influence of these parameters on
light transmittance, a series of FDTD simulations were performed.

When investigating the effect of nanocone diameter on transmittance, the height was
fixed at 480 nm. We simulated the transmittance of nanocones with diameters of 272 nm and
282 nm over the 400-1300 nm wavelength range, those with diameters of 376 nm and 386 nm
over 550-1300 nm, and those with diameters of 481 nm and 491 nm over 700-1300 nm. The
wavelengths of 400 nm, 550 nm, and 700 nm served as the minimum incident wavelengths
for the three sets of simulations, corresponding to fused silica refractive indices of 1.47, 1.46,
and 1.455, respectively. The simulation results are presented in Figure 2b. For diameters
slightly smaller than the ratio of the shortest wavelength to the refractive index (272 nm,
386 nm, 481 nm), the transmittance varies smoothly with wavelength without any abrupt
drops. In contrast, for diameters slightly larger than this ratio (282 nm, 396 nm, 491 nm), a
significant decrease in transmittance is observed at certain short wavelengths. This is likely
caused by strong surface scattering induced when the diameter exceeds A/n;. In addition,
we simulated nanocones with diameters of 250 nm, 200 nm, 150 nm, 100 nm, and 50 nm
across the 400-1300 nm wavelength range, as shown in Figure 2c. The results showed only
minor variations in transmittance, further suggesting that the diameter should be below
A/n;. For instance, at a wavelength of 800 nm, the refractive index of Corning 7980 was 1.452,
meaning that the diameter should be less than 550.96 nm to achieve optimal transmittance
in the 800-1200 nm range. The duty cycle is also a critical factor in determining the optical
performance of nanocone structures. As shown in Figure 2d, we conducted FDTD simulations
with the cone height set at 480 nm and diameter at 200 nm, calculating the transmittance at
duty cycles of 0.5, 0.6, 0.7, 0.8, 0.9, and 1. The results demonstrated that higher duty cycles led
to better transmittance. The optimal performance occurred at a duty cycle of 1. The duty cycle
in the simulation represents only the nanocone structure without the protective frame, rather
than the entire patterned surface including the frame.

With the diameter still fixed at 200 nm, we analyzed the influence of height on the
transmittance of single-sided nanocone structures, with the structure height ranging from
0 to 700 nm (see Figure 2e). The results showed that the transmittance increased with the
increase in structure height. When the height exceeded 470 nm, the structure exhibited
optimal performance in the 400-1300 nm band. Taller nanocones contributed to a more
gradual gradient of the effective refractive index, thereby reducing reflection losses. We
also performed simulations on double-sided nanocone structures over the same height
range (Figure 2f). Overall, the double-sided structure presented higher transmittance
than the single-sided one. In the 800-1200 nm band, a height slightly above 300 nm was
sufficient to achieve peak performance. This performance improvement was attributed to
the deployment of nanocone structures on both surfaces of the structure, which further
suppressed Fresnel reflections and optimized optical performance. The results indicate that
the ideal nanocone structure should satisfy four criteria: the duty cycle should be as close
to 1 as possible, the height is preferably above 300 nm, the diameter is preferably below
550.96 nm, and the nanocones should be fabricated on both sides of the substrate. The
simulation model of the nanocones is a simplified standard model. All simulation results
only reflect the trend of optical performance variation with structural parameters and
provide theoretical guidance for experiments, rather than precise quantitative predictions
of the actual structural dimensions.
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Figure 2. (a) Simulation results of the effective refractive index as a function of nanocone height (inset:
nanocone structural parameters). Simulated transmittance for various (b,c) nanocone diameters and
(d) duty cycles. Simulated scanning transmittance of (e) single-sided and (f) double-sided nanocone
structures for various heights.

3.3. Design of Protective Armor

The stability of the protective armor is a core consideration in its structural design.
Only with excellent mechanical stability can the armor effectively shield the nanocone
structures from harsh environments, prevent structural damage, and ensure that its an-
tireflection function remains intact. We improved the structural stability by regulating the
micron-scale morphology and sidewall inclination angle of the protective armor.

Regarding the armor morphology, we compared and analyzed three types of grid unit
structures: regular hexagon, square, and equilateral triangle. The side length of all of these
structures was set to 1000 pm and the width to 2.5 pm, and their basic stress-bearing units
are shown in Figure 3(al-a3). Each node of the regular hexagonal grid is connected to
three branches, the square grid to four branches, and the triangular grid to six branches.
Simulations were carried out under an applied shear stress of 3.66 MPa. The finite element
analysis results are displayed in Figure 3(b1-b3). The maximum stress generally occurs
near the nodes, and the enlarged stress distribution diagrams at the nodes for the three
structures are shown in the upper right corner of Figure 3(b1-b3). The square unit exhibits
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T

the smallest maximum equivalent stress, followed by the regular hexagonal unit, while the
equilateral triangular unit shows the largest maximum equivalent stress, indicating that the
square design provides optimal structural stability. In addition, we performed simulation
analyses of the equivalent stress at three different sidewall inclination angles (75°, 90°, and
105°) under identical loading conditions. The results shown in Figure 3(c1-c3) reveal that
the equivalent stress of the structure is the lowest at an inclination angle of 105°. Compared
with the 90° case, increasing the inclination angle by 15° reduces the stress to 1/1.96 of the
original value. A larger inclination angle further decreases the stress, which corresponds to
enhanced structural strength, but it also reduces the distribution area of nanocones, thereby
affecting the transmittance. The stress reaches its maximum at an inclination angle of 75°;
relative to the 90° structure, decreasing the angle by 15° increases the stress by a factor of
1.77. Moreover, the stress amplification becomes more significant as the angle decreases,
which raises the risk of structural cracking and wear. Therefore, an obtuse angle is adopted
for the armor sidewalls rather than a right angle or an acute angle. In actual fabrication, the
protective armor with such obtuse sidewall angles can be relatively easily prepared using
photolithography and RIE techniques.

(a2) (a3)

— A

9.6Mpa,b3Max

9.4Mpa,b1Max
8.5Mpa,b2Max

Shear stress
3.66Mpa

OMpa

(c1 ! (c2 c3 69.6Mpa,c1Max
39.3Mpa,c2Max

20.4Mpa,c3Max

OMpa

Figure 3. Schematics of basic stress-bearing units of (al) hexagon unit (3 branches per node),
(a2) square unit (4 branches per node), and (a3) triangle unit (6 branches per node). Finite ele-
ment simulations of different armor shapes: (b1) hexagon unit, (b2) square unit, and (b3) triangle
unit. Finite element simulations of different sidewall angles: (c1) 75°, (¢2) 90°, (¢3) 105°.

To investigate the influence of protective armor on transmittance, we performed
simulation comparisons on the transmittance of nanocone structures with and without
protective armor. The nanocone diameter, height, and duty cycle were set to 200 nm, 480 nm,
and 1, respectively. As can be seen from Figure 4a, the protective armor has almost no
effect on the transmittance of the nanocone structures. This is because nanocone structures
are also fabricated on top of the protective armor during the preparation process (inset
of Figure 4a), so the regions covered by protective armor exhibit the same transmittance.
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Therefore, the influence of protective armor on the transmittance of nanocone structures
can be neglected. We further investigated the variation in transmittance after surface wear.
The nanocones were set to have a diameter of 200 nm, a height of 480 nm, and a duty cycle
of 1. Assuming that the nanocone structure on top of the protective armor was worn away,
the proportion of nanocones located on the armor is very small, which means that only a
slight change in the duty cycle of the overall nanocone structure is induced. The smaller
the area of the protective armor, the fewer nanocone structures are damaged, resulting in
a very small reduction in transmittance. Therefore, to balance structural protection and
optical performance, we adopted a minimized design for the dimensions of the protective
armor. This design can effectively resist most wear while minimizing its impact on the duty
cycle of the structure.

Considering both application requirements and fabrication constraints, the final design
adopted a protective armor with a length of 1000 um and a width of 2.5 pm. At this size,
the structural duty cycle decreases by only 0.5%, even when wear occurs. As shown in
Figure 4b, FDTD simulations were performed to compare the optical performance at duty
cycles of 1 and 99.5%. The results demonstrate that a 0.5% reduction in duty cycle causes
only extremely slight variation in transmittance.

(a) (b)
99 99
Nanocone with protectective armor Before abrgtion
- - - =Nanocone without protective armor 1 —— After abration
98- 98
b -°
2 <
E g
= E974
£97 “‘““““““ 297
4] >
: -
= =
96 96 /
95 U T T 95 T T T T T T T
800 900 1000 1100 1200 800 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)

Figure 4. (a) Simulated total transmittance of nanocone structures with and without protective armor.
(b) Simulated total transmittance of armor-protected nanocone structures before and after abrasion.

4. Fabrication and Results

The fabrication of armor-protected nanocone structures involves two processes: the
preparation of the protective armor and the preparation of the nanocone structures. For the
fabrication of protective armor, square protective armor structures were fabricated on the
fused silica surface using photolithography and RIE techniques. The procedure included
substrate cleaning, photoresist coating, pre-baking, lithography, development, and post-
baking. Using the photoresist as a mask, the protective armor structures were etched using
RIE. After etching, the residual photoresist was removed, yielding the square protective
armor. The protective armor fabrication process is shown in Figure 5a, The protective frame
exhibits a periodic structure with a cycle length of approximately 1000 pm. Figure 5b shows
a SEM image of the protective armor. The armor has a square grid structure with a side
length of approximately 1000 pm, which can block wear on the internal nanocone structures
caused by external forces. With a linewidth of around 2.5 pm, this design minimizes the
influence of the armor on the duty cycle of the nanocone structure and improves the optical
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transmittance. The sidewalls adopt an obtuse-angle design (~109°), which helps reduce the
stress peak and enhance wear resistance.

Protective armor

Fused silica

1001.5 pm
- >

Figure 5. (a) Fabrication process of protective armor. (b) SEM images of protective armor.

After fabricating the protective armor via photolithography and RIE, the next step
is to prepare the nanofiber mask for the construction of the nanocone structure, whose
process flow is illustrated in Figure 6a. A layer of PI photoresist is uniformly spin-coated
onto the surface of the cleaned fused silica substrate, followed by oxygen plasma treatment.
During the initial stage of oxygen plasma treatment on the PI layer, the outermost layer
of PI decomposes into imide monomers and other low-molecular-weight compounds. As
the plasma treatment progresses, these low-molecular-weight compounds are removed,
leaving only the imide monomers on the surface of the PI layer. Meanwhile, under the
action of the plasma, the organic components on the surface of the PI layer also decompose,
exposing the silane coupling agents, which then immediately begin to form nanoparti-
cle structures. Subsequently, during the high-energy dissociation phase of the plasma,
the imide monomers remaining on the PI layer surface dissociate, generating ions, free
electrons, neutral particles, and reactive (reaction) fragments. These particles and frag-
ments then recombine to form a novel plasma polymer (also termed nanoresidues), which
begins to exist in a crosslinked structure; at the same time, the nanoparticle structures
undergo a polymerization reaction with these dissociation products, eventually forming
fibrous cross-linked polymer structures. As the oxygen plasma treatment continues, the PI
layer progressively thins and is gradually removed: on the one hand, more nanoresidues
are synthesized and grafted onto the previously formed cotton-like structure, ultimately
forming vertical nanowires; on the other hand, the height and diameter of the fibrous
cross-linked structures increase continuously. Once the PI layer is completely removed,
the nanofiber mask structure is obtained [30]. We conducted a comparative analysis of the
nanofiber structures formed at different spin-coating speeds. The results show that the
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higher the spin-coating speed, the thinner the PI layer formed, and the shorter the required
oxygen plasma treatment time. Figure 6b—e display the SEM images of the mask structures
fabricated at different speeds. As can be seen in the figure, the minimum height of the
nanofibers is about 1 um. It is known that the mask is consumed during the etching process.
Therefore, nanocone structures with different dimensions can be fabricated by adjusting
parameters such as the height of the nanofibers.

(a)

PI photoresist

Fused silica

(d) (e)

Figure 6. (a) Nanofiber mask fabrication process. (b—e) SEM images of nanofiber mask formed using
spin-coating speeds of (b) 2500 rpm, (c) 3500 rpm, (d) 4500 rpm, and (e) 5500 rpm.

After fabricating the nanofiber mask, the nanocone structure was prepared via RIE, and
the process flow is illustrated in Figure 7a. Using the nanofibers as a mask, the fused silica
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substrate was etched with gases such as sulfur hexafluoride to form a composite structure
of nanofibers and nanocones. Subsequently, the residual nanofiber mask was removed
using BOE. After the fabrication of one side was completed, PI photoresist was spin-coated
onto the reverse side of the fused silica substrate. Following oxygen plasma treatment, RIE,
and BOE cleaning, the double-sided nanocone structure on the fused silica substrate was
finally obtained. We further investigated the influence of different etching durations on the
nanocone structure. The relevant parameters are listed in Table 1, and the corresponding
SEM images are shown in Figure 7b—e. The insets of Figure 7b—e present low-magnification
SEM images of nanocones, demonstrating that the height of the nanocones is highly
uniform across a large region. Otherwise, the height and diameter of the nanocone structure
increased significantly with the increase in etching time. Under the four etching conditions,
the average heights of the nanocone structures are approximately 181 nm, 311 nm, 448 nm,
and 626 nm, respectively. We have labeled the diameters of some nanocones in the figures,
which are about 79 nm, 137 nm, 147 nm, and 234 nm. Since a complete cross-section
of the nanocones cannot be obtained during SEM characterization by cleaving, only the
L + d values of partial nanocones can be acquired, which are approximately 153 nm, 142 nm,
166 nm, and 374 nm, respectively. Therefore, the duty cycles of the prepared nanocone
structures under the four etching conditions are 0.52, 0.96, 0.89, and 0.63, respectively. After
comprehensive comparison of the above dimensions, the nanocone structure prepared
under the 2 min etching time matches the optimal structural dimensions from the simulation
calculations best. Figure 7f presents the transmittance of the nanocone structures obtained
at different etching times. When etched for 1 min, the cone structure was too short in
height to achieve a satisfactory antireflection effect. When etched for 2 min, the height of
the nanocone structure exceeded 300 nm, and it exhibited excellent optical performance
in the 800-1200 nm wavelength band, with a transmittance of 98.31%, representing a
4.88% improvement compared to that of the unprocessed fused silica. Conversely, the
transmittance decreased with a further increase in etching time. However, the transmittance
of fused silica with the nanocone structure was higher than that of the bare fused silica,
which also demonstrates the antireflection effect of the nanocone structure. We therefore
finally selected 2 min as the optimal etching time. Figure 7g shows the variation in the average
transmittance of fused silica with increasing nanocone height. When the cone height is too
low, the graded region is insufficient to realize a complete refractive index transition. When
the cone height is excessively high, the aspect ratio of the nanocones becomes overly large,
leading to the failure of local effective refractive index grading and matching, which further
intensifies surface scattering and therefore results in decreased transmittance. Although the
fabricated nanocone structures cannot precisely achieve a single optimal size, by adjusting
the etching conditions, nanocones that match the optimal simulated dimensions as closely as
possible can be obtained, resulting in a relatively high transmittance.

Table 1. Samples etched for different time periods.

Sample Etching Time/min H/nm D/nm L + d/nm
01 1 ~181 30-130 30-200
02 2 ~311 100-280 100-290
03 3 ~448 100-300 100-325
04 4 ~626 200450 200-625
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Figure 7. (a) Nanocone structure fabrication process. (b—e) SEM images of nanocones formed via RIE
with etching times of (b) 1 min, (¢) 2 min, (d) 3 min, and (e) 4 min (the red dash line indicates the

height). (f) Variation in transmittance with wavelength at different etching times. (g) Variation in
average transmittance with etching time.
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After the three critical steps of protective armor construction, nanofiber mask prepara-
tion, and final nanocone structure etching, the armor-protected nanocone structure meeting
our design requirements was successfully fabricated (protective armor line length of ap-
proximately 1000 pum, line width of approximately 2.5 pm, nanocone height greater than
300 nm, and diameter less than 550.96 nm). Throughout the manufacturing process, the
preparation of nanofibers and nanocone structures relies heavily on highly controllable
RIE parameters, such as precisely adjusted gas composition, pressure, and power. We
regulated these parameters to ensure that the desired H, d, and duty cycle were achieved.
Figure 8a shows a low-magnification top-view SEM image of the armor-protected nanocone
structures, in which the square micron-scale protective framework can be clearly observed.
Figure 8b presents a high-magnification detailed view of the protective armor, revealing
that nanocone structures are also formed on top of the protective framework. In addition, a
large number of nanocones are distributed alongside the sidewalls of the protective armor,
with heights lower than that of the framework. When the structure is subjected to surface
abrasion, the nanocones inside the framework remain intact and undamaged.

(b)

Figure 8. SEM images of the armor-protected nanocone structures. (a) Top view at low magnification.
(b) Side view at high magnification.

5. Wear Testing

After fabricating the armor-protected nanocone structures, we characterized their
wear resistance. The as-prepared structure was subjected to friction testing using a friction
and wear testing machine. The morphological comparison before and after friction (see
Figure 9a—d) reveals that the nanocone structures on top of the protective armor were
damaged due to the friction. The overall SEM image after friction (see Figure 9e and inset)
shows that the nanocone structures inside the protected region remained intact with almost
no damage. Therefore, we measured the transmittance of the double-sided armor-protected
nanocone structures before and after the friction test, as shown in Figure 9f. The results
indicate that the transmittance decreased slightly, but not significantly, after the friction
test. In the wavelength range of 800-1200 nm, the transmittance remained at approximately
97.85%. This indicates that the armor-protected nanocone structures can effectively resist
external abrasion and maintain excellent antireflection performance.
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—— Armored antireflective fused silica
Armored antireflective fused silica after abration

1000 1100 1200
Wavelength (nm)
Figure 9. (a—d) Comparative SEM images of the nanocone structure on the wall surface before and after
abrasion. (e) Overall SEM image of the nanocone structure protected by micron armor after abrasion.
(f) Comparison of transmittance of armored antireflective fused silica before and after abrasion.

6. Conclusions

In this study, a wear-resistant and antireflective structure based on a double-sided
nanocone structure protected by micron armor was successfully designed and fabricated.
To minimize the impact of the square-shaped armor structure on optical transmittance
while ensuring satisfactory mechanical stability, parameter simulations were carried out.
Subsequently, simulation calculations were performed on the height, diameter, and duty
cycle of the nanocones, leading to the determination of the following optimal design pa-
rameters: diameter < 550.96 nm, height > 300 nm, and duty cycle of approximately 1. For
the fabrication of the armor-protected nanocone structures, a hybrid process combining
photolithography and RIE was adopted. Specifically, the micron-scale protective armor
structure was fabricated first. Thereafter, nanofibers formed by bombarding PI photoresist
with oxygen plasma were utilized as an etching mask to prepare nanocone structures with
varying dimensions. Ultimately, the double-sided nanocone structure etched for 2 min
achieved the highest transmittance of 98.31% in the near-infrared band of 800-1200 nm,
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which represents a 4.88% improvement compared with bare fused silica. This double-sided
nanocone structure exhibits excellent broadband antireflective performance, thereby provid-
ing a novel approach for enhancing the performance of optical systems. To assess the wear
resistance of the structure, friction tests were conducted on the armor-protected nanocone
structures. After reciprocal friction under a pressure of 10 MPa, the nanocone structure
protected by the micron armor showed negligible wear, with a transmittance of 97.85% and
only a 0.46% decrease from the pre-wear transmittance, thus demonstrating exceptional
wear resistance. Owing to its superior anti-reflective and wear-resistant properties, the
armor-protected nanocone structure has outstanding potential in broadband anti-reflection
applications in optical systems operating in outdoor wear environments.
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