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Although there has been significant interest in the novel material
properties of bio-inspired nanostructures, engineering them to
become mechanically durable remains a significant challenge. This
work demonstrates the fabrication of sapphire nanostructures with
anti-glare, anti-fogging, anti-dust and scratch-resistant properties.
The fabricated nanostructures demonstrated a period of 330 nm
and an aspect ratio of 2.1, the highest reported for sapphire thus far.
The nanostructured sapphire sample exhibited broadband and
omnidirectional antireflection properties, with an enhanced trans-
mission of up to 95.8% at a wavelength of 1360 nm. The sapphire
nanostructures also exhibited enhanced wetting performance and
could mitigate fogging from water condensation or repel water
droplets. Furthermore, owing to their sharp features, the fabricated
structures could prevent particulate adhesion and maintain a 98.7%
dust-free surface area solely using gravity. Furthermore, nanoin-
dentation and scratch tests indicated that the sapphire nanostruc-
tures have an indentation modulus and hardness of 182 GPa and
3.7 GPa, respectively, which are similar to those of bulk glass and
scratch-resistant metals such as tungsten. These sapphire nano-
structures can be fabricated using high-throughput nanomanufac-
turing techniques and can find applications in scratch-resistant
optics for photonics, electronic displays, and protective windows.

|. Introduction

There has been significant interest in studying biological
micro-/nanostructures that are found in nature, which have
inspired engineered materials with novel physical properties.
In optics, photonic nanostructures in butterflies (Morpho
menelaus)," green peacocks (Pavo muticus),” and flower beetles
(Torynorrhina flammea)® have led to the fabrication of
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Scratch-resistant sapphire nanostructures with
anti-glare, anti-fogging, and anti-dust propertiest

1 Andrew Tunell’® and

New concepts

Existing windows with bio-inspired properties are generally made of
silica-based glass and are not mechanically durable. This work demon-
strates a novel transparent window made of sapphire nanostructures with
anti-glare, anti-fogging, self-cleaning, and, most importantly, scratch-
resistant properties. The new key concept is that by engineering the
material composition and geometry of nanostructures, their material
properties can be tailored in multiple physical domains. This work also
provides the key insight that nanostructures can be as durable as smooth
ceramic and scratch-resistant metal surfaces.

engineered materials with brilliant structural colors that can
be dynamically tuned.*® In these photonic structures, light
interference effects lead to structural coloration and a narrow
reflectance band, which can be shifted to change the color
appearance. Another example is the moth eye, where anti-
reflection nanostructures with a tapered profile can minimize
optical losses on the surface or interface of a material.”™*>
These structures create a gradient-index medium, where the
refractive index gradually changes to reduce Fresnel losses, and
have been widely demonstrated in silicon, silica-based glass,
and polymers.®%%1%1¢ [n addition to bioinspired hierarchical
structures based on the moth eye, those based on brochosomes
found in leafhoppers (Alnetoidia alneti) have demonstrated high
antireflection properties."”"®

Moreover, surface nanostructures can exhibit novel wetting
properties after engineering geometric roughness and surface
energy.'>'®1°?® The lotus leaf (Nelumbo nucifera) exhibits
superhydrophobicity,"® where a water droplet in the Cassie-
Baxter state has an extremely high water contact angle. Creating
rough geometric features with lower surface energy enables
the engineering of surfaces and devices with self-cleaning
properties.'>'®**7¢ Nanostructures with high surface energy can
also improve fluid wetting, which has been observed in desert
beetles (Stenocara sp.) for fog collection.* In this regime, water drop-
lets are in the Wenzel state, where the fluid fully wets the surface,
and can lead to wicking effects and anti-fogging properties.'*>>"**>>

This journal is © The Royal Society of Chemistry 2025
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In the design of bio-inspired nanostructures, one of the critical
geometric parameters is the structure aspect ratio, which is defined
by the ratio of the height (%) to the width (w). Recent work has shown
that nanostructures with a high aspect ratio can lead to a broader
wavelength band for antireflection and enhanced pressure robust-
ness for maintaining superhydrophobicity.” However, although a
high aspect ratio can lead to improved physical properties, it also
degrades the mechanical robustness of the structures.™ Therefore,
one key challenge and an enabling factor for bio-inspired nano-
structures is how to engineer structures with enhanced mechanical
durability.

One potential method to improve the mechanical durability
of nanostructured glass is the use of transparent ceramic
materials, which have a higher bulk strength, stiffness, and
hardness. One example is alumina-based sapphire, which has
attractive optical, chemical, and mechanical properties.>’>°
Sapphire can maintain an optical transmittance of greater than
80% in the range of 230 to 4400 nm, which is essential for
optics operating in the broadband spectrum from ultraviolet
(UV) to infrared (IR) region. Also, it has excellent mechanical
properties, a Mohs hardness rating of 9, and Young’s modulus
of 350 GPa, and is scratch resistant. Furthermore, sapphire is
temperature tolerant, chemically inert, and corrosion resistant,
making it a compelling choice for extreme environments.
Sapphire is widely used as a protective window for watches,
electronics, and sensitive optical elements due to its high
scratch resistance and optical transparency. One primary appli-
cation of sapphire is windows and domes for defense and space
applications,*® where it must withstand harsh launch condi-
tions and maintain high infrared light transmission for optical
signals.

Although bio-inspired nanostructures have been widely
reported for silica-based glass, silicon, polymers, and other
more traditional materials, they have been less explored for
alumina-based glass. The challenge in creating high-density,
high-aspect-ratio sapphire nanostructures can be attributed
to the high mechanical hardness and chemical stability of
sapphire, which makes traditional micromachining processes
less effective. Microscale structures can be patterned on sap-
phire substrates using reactive ion etching (RIE),** but they
are too large to have effective antireflection and wetting proper-
ties. Recent work has demonstrated the successful patterning
of sub-micrometer pillars or holes;**® however, these struc-
tures lack long-range spatial coherence and/or have an aspect
ratio of less than 1. Furthermore, previous work required
complex pattern transfer steps to enhance the etch selectivity
of sapphire, resulting in a relatively high surface roughness and
structure randomness, which can increase the optical scatter-
ing and reduce the optical clarity.

Herein, we demonstrate the fabrication of bio-inspired,
multifunctional sapphire nanostructures with anti-glare,
anti-fogging, self-cleaning, and scratch-resistant properties.
Enabled by scalable nanolithography and advanced pattern
transfer processes, the fabricated nanostructures were perfectly
ordered with a period of 330 nm and low surface roughness.
Furthermore, the fabricated structures possessed an aspect

This journal is © The Royal Society of Chemistry 2025
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ratio of 2.1, the highest value reported in the literature for
sapphire nanostructures to date. The fabricated sample was
characterized using a spectrophotometer and demonstrated a
broadband, omnidirectional antireflection effect. The sapphire
nanostructures also exhibited anti-fogging and water-repelling
properties by controlling the surface energy using surface
functionalization. Furthermore, the fabricated structure demon-
strated anti-dust properties by reducing the contact area with
particulates. The indentation modulus and hardness of the
sapphire nanostructures were characterized using nanoindenta-
tion and found to be similar to that of bulk glass and scratch-
resistant metal. The demonstrated sapphire nanostructures have
a unique combination of anti-glare, anti-dust scratch-resistance
properties, and thus can be applied as protective windows,
displays, and sensor surfaces for extreme environments.

Il. Experimental approach

The nanostructures were patterned using interference lithography,
and then transferred to a sapphire substrate using reactive ion
etching. Sapphire has a low etching rate due to its chemical
stability, and thus a thick polysilicon layer with a thickness
of 1000 nm was deposited on the sapphire substrates for use as
an etching mask. Subsequently, the samples were spin coated
with a 100 nm-thick antireflection coating (Brewer Science,
ARC i-con-7) and 200 nm-thick photoresist (Sumitomo, PFi-
88A2). The photoresist was exposed using a Lloyd’s mirror inter-
ference lithography (Kimmon HeCd laser, 325 nm wavelength) to
pattern a 2D pillar array with a period of 330 nm. The photoresist
pattern was transferred into the underlying ARC, polysilicon, and
sapphire substrates using inductively coupled plasma reactive ion
etching (ICP, Oxford 100) using O,, HBr, and BCl;/HBr gases,
respectively. Notably, a low-RF power was used for the etching of
the polysilicon layer with HBr RIE, which significantly increased
the silicon to photoresist etch selectivity.*>*° This process resulted
in a high aspect-ratio silicon mask from a low aspect-ratio resist
structure and allows deep etching into the sapphire substrate.
Subsequently, the structures was coated with a protective polymer
film (Brewer Science, ProTEK B3-25), and the processing steps
were repeated for the back side to create nanostructures on both
sides of the substrate. The fabrication process is described in
more detail in the Supporting Information A (ESIT).

The fabricated sapphire nanostructures are depicted in the
scanning electron microscopy (SEM) images shown in Fig. 1.
Here, it can be observed that the sapphire nanostructures are
periodic and have a tapered profile, as shown in Fig. 1(a). The
structures were fabricated over an area of roughly 30 mm
by 30 mm, and few defects could be observed. The structures
were ordered in a square lattice with a period of 330 nm, as
illustrated in the top-view SEM image shown in Fig. 1(b).
Higher-magnification images are shown in Fig. 1(c) and (d)
for the samples that were etched in BCl3/HBr RIE for 18 and
23 min, respectively. It can be observed that the tapered profile
became increasingly sharp with longer etching times due to
the shrinking of the polysilicon mask during RIE. The profile

Mater. Horiz., 2025,12,1796-1807 | 1797
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Height: 500 nm

AR: 2.1 o

Fig. 1 SEM images of fabricated sapphire nanostructures. (a) Cross-section image of nanostructures with a 330 nm period and 400 nm height. (b) Top-
view image of the structure with a square lattice. Higher magnification images of sapphire nanostructures with (c) 400 nm and (d) 500 nm heights.

was controlled by the relative etching rates of the polysilicon vs.
sapphire, and a more etch-resistant mask material could be
used to create a slower taper. Over-etching of the sapphire
structure once the mask is completely etched can lead to
rounded taper, which can be mitigated by using end-point
detection methods such as optical emission spectroscopy.*’
The sample with a longer etch time possessed a feature width
(w) of 240 nm and height (%) of 500 nm, which was used in all
the characterization experiments. These dimensions resulted in
an aspect ratio of #/w = 2.1, which is the highest value reported
to date for sapphire nanostructures. In addition, the structure
has relatively sharp tips with an estimated radius of 30 nm,
which is important for reducing dust adhesion and will be
discussed in the following sections. It is also important to note
the structures have a low surface roughness, which is important
for reducing optical scattering. The fabricated sample showed
good uniformity over its entire area, with a shorter height
of around 50 nm at the outer edge of the sample compared
to the center. The boundary of the sample does not have
any patterned nanostructures, which can be attributed to the
formation of a non-uniform resist film due to edge effects
during spin coating.

lll. Results and discussion
A. Antireflection properties

The antireflection effects of the sapphire nanostructures were
characterized using a UV-vis-NIR spectrophotometer (Agilent,
Cary 5000), and the broadband transmittance in the wavelength
range of 200 to 3000 nm for the planar, single-sided, and
double-sided nanostructured sapphire substrates is shown in
Fig. 2(a). The simulated transmittance was calculated using

1798 | Mater. Horiz., 2025, 12, 1796-1807

rigorous coupled-wave analysis (RCWA),"""** as described in
more detail in the Supporting Information B (ESIt), and agrees
well with the data. It should be noted that sapphire has a
relatively high optical refractive index of 1.7-1.8 in the visible to
IR region, which can result in up to 15% reflection losses at
normal incidence due to the high index mismatch. It can be
observed that the transmittance of the single-sided and double-
sided samples was higher than that of the planar sapphire for
wavelengths longer than 550 nm. Overall, the average transmis-
sion from 550 to 3000 nm was 92.8% for the double-sided
sample, 89.7% for the single-sided sample, and 86.7% for the
planar sample. The maximum transmission for the double-
sided sample was 95.8% at a wavelength of 1360 nm, in
comparison to that of 91.1% and 85.9% for the single-sided
and planar samples, respectively. This data agrees with the
roughly 7.4% reflection loss for each of the planar sapphire
surfaces at normal incident angle, which has an index of
around ng = 1.75 at this wavelength. The absolute transmission
enhancement of the nanostructures is around 9.9% for the
double-sided sample and 5.2300% for the single-sided sample.
The transmittance measurements indicate there are still reflec-
tion losses of around 4%, which can be attributed to the non-
optimized profile near the valley of the structure. It can be
observed that the duty-cycle of the structures abruptly ended at
0.85, which still resulted in an index mismatch to the substrate.
Another source of loss is scattering losses due to fabrication
defects and feature variations, which is compounded by
double-sided patterning of the substrates.

It can be observed that the antireflection effect gradual
diminished at longer wavelengths, where the transmission
of the double-sided nanostructured and planar samples at
3000 nm were 90.8% and 87.7%, respectively. This data shows
an improvement of only 3.1%, which is much lower than the

This journal is © The Royal Society of Chemistry 2025
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(a) Broadband transmittance of the planar, single-sided, and double-sided nanostructured sapphire samples. Transmission of (b) TE and TM and

(c) non-polarized light versus the incident angle for the double-sided and planar sapphire samples at a wavelength of 1330 nm. (d) Visual demonstration
of the anti-glare effects on color and black/white texts viewed through the double-sided nanostructured (left) and planar (right) sapphire samples.

antireflection effect at shorter wavelengths. This effect can be
attributed to the relatively short 500 nm height of the sapphire
nanostructures, where the effective medium was not suffi-
ciently tall for the longer operating wavelength. The maximum
wavelength for effective antireflection can be approximated
by,"” Amax = 2hngcos(;, where 0; is the incident angle. The
upper wavelength bound for the fabricated sapphire nano-
structures was calculated to be Ay, = 1750 nm, which agrees
well with the transmittance data shown in Fig. 2(a). The
antireflection effect at longer wavelengths can be improved by
increasing the structure height, which requires deeper etches
into the sapphire substrate. In the short wavelength regime,
it was observed that the transmittance of both the single and
double-sided nanostructured samples began to decrease for
wavelengths shorter than 550 nm. This degradation can be
attributed to diffraction, where the 1st-order diffractions were
no longer evanescent but instead propagating orders trapped in
the substrate as a waveguide mode. The lower wavelength
bound to avoid diffraction effects can be approximated by,
Amin = A(ns + sin6;). In the case of the fabricated sapphire
nanostructures, A, = 570 nm, which agrees with the observed
trend shown in Fig. 2. The A, can be extended to the 300 nm
range using structures with a shorter period in the range of
200 nm, as described further in Supporting Information B
(ESTH).

In addition to broadband behavior, the specular transmis-
sion as a function of incident angle was also investigated to
demonstrate the omnidirectional behavior of the samples. The
transmission of TE and TM-polarized light for the planar and
double-sided nanostructured sapphire samples was measured
versus incident angle in the range of 0° to 80° at 1330 nm, as
shown in Fig. 2(b). It can be observed that both angle-
dependent data agree well with the RCWA model. In the case
of TE-polarized light, the transmission of the nanostructured

This journal is © The Royal Society of Chemistry 2025

sample was enhanced across all incident angles. Notably, at a
high incident angle of 60°, the transmission was over 80%,
which is a significant enhancement compared to the planar
sample, which decreased to 54.2%. In the case of TM-polarized
light, the double-sided nanostructured sample maintained
transmission over 90% for incident angles from 0° to 60°,
and no pronounced Brewster peak could be observed due to
the suppression of the discrete index mismatch at the interface.
Alternatively, the transmission of the planar sapphire had a
peak at 60.3°, which agrees with the calculated Brewster angle
at the air/sapphire interface.

The non-polarized transmission is the average of the TE and
TM-polarized measurements, as shown in Fig. 2(c). Here, it can
be observed that the sapphire sample with the nanostructures
showed enhanced transmission at all incident angles. Notably,
the non-polarized light transmission of the nanostructured
sample could be maintained at around 90% for incident angles
up to 60°. On the contrary, the transmission of the planar
sample dropped to 76.4%. In addition, the planar sample
exhibited a more pronounced decrease in transmission at high
oblique incident angles, with a marked reduction to 38.4% at
80°. In contrast, the nanostructured sample could maintain
55.0% under the same conditions. Therefore, the antireflection
effect was more pronounced at higher incident angle, where the
absolute transmission enhancement increased from 12.4% at
normal incident to 16.6% at 80°. The data confirms that the
sapphire nanostructures have omnidirectional antireflection
effects and can enhance the light transmission for all polariza-
tion states and wide incident lights.

The anti-glare effects in the fabricated sapphire samples
could be visually observed, as illustrated in Fig. 2(d). Here, two
camera images of the double-sided nanostructured and planar
sapphire samples are placed over printed color and black/white
texts on paper and illuminated with ambient white light.

Mater. Horiz., 2025, 12,1796-1807 | 1799
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In both images the glare of the nanostructured sample can be
observed to be significantly lower, resulting in high visibility
of the underlying text through the nanostructured sample.
In contrast, the planar sample has high glare, and the under-
lying text cannot be visually identified. It should be noted that a
slight purple tint can be observed on the nanostructured
sample, which can be attributed to the reduction in the anti-
reflection effects at shorter wavelengths. This effect can be
mitigated by further reducing the period of the sapphire
nanostructures to 200 nm, enabling the operating range to be
shifted to a shorter wavelength, as described in the previous
section. It is important to note that glare can be observed at the
boundary of the sample, where there are no patterned nano-
structures due to edge effects during processing.

B. Anti-fogging properties

In addition to antireflection effects, the untreated sapphire
nanostructures also exhibited anti-fogging effects. This effect
can be attributed to the high surface energy of sapphire and its
high aspect ratio, resulting in a superhydrophilic surface in the
Wenzel state with a measured contact angle of close to 0°.****
This structure is also in the wicking state, and any water droplet
on its surface is wicked into its structure. As a result, any water
condensation forms a thin water film rather than micro-
droplets with random sizes, which reduces light scattering
and mitigates the fogging effect. The anti-fogging effect of the
bio-inspired nanostructured sapphire sample is illustrated in
Fig. 3. Here, a cup of hot water with steam was placed under the
double-sided nanostructured and planar sapphire samples
for 10 s and the water condensation event was recorded (see
Video S1, ESIt). The extracted frame before water condensation
is shown in Fig. 3(a), where both the nanostructured and planar
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samples have high clarity and the logo on the display screen
behind the samples are visible. The frame after introducing the
steam for 2 s is shown in Fig. 3(b), where the water condensa-
tion on the planar sample results in significant fogging and
the logos are obscured. Alternatively, very little fogging can
be observed on the nanostructured sample, and the logos are
still clear with high visibility. It is important to note that
fogging can be observed at the edge of the nanostructured
samples, where there are patterns due to the edge effects during
processing.

To examine the transient effect of the anti-fogging behavior,
the specular transmission of the double-sided, single-sided
nanostructured, and planar sapphire samples was measured
using a broadband spectrometer (Ocean Insight HR4Pro). The
measured transmittance in the range of 300 to 1000 nm before
and after water condensation is shown in Fig. 3(c) and (d),
respectively. It can be observed that the transmission of the
planar samples dropped to below 10% across the entire wave-
length range after fog formation. In contrast, the double-sided
sample maintained a transmission of above 80% for wave-
lengths longer than 540 nm, demonstrating a strong anti-fogging
effect. The slight reduction in transmission can be attributed to
the thin water film formed on the nanostructures, which can result
in reflection losses due to index mismatch.

Furthermore, two commonly used laser wavelengths in the
visible (632 nm) and near-IR range (980 nm) were selected
to represent the time evolution of the transmission during the
water condensation and evaporation processes, as shown in
Fig. 3(e) and (f), respectively. During the 1-s water condensation
period, the transmission of the planar sample significantly
dropped to below 10% at both wavelengths, while the single-
sided and double-sided samples maintained a transmission

Fig. 3
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Images of the double-sided nanostructured (left) and planar (right) sapphire samples (a) before and (b) after water condensation. Measured

broadband transmission (c) before and (d) after water condensation on double-sided (orange), single-sided (red), and planar (blue) sapphire surfaces.
Time evolution of optical transmission at (e) 632 nm and (f) 980 nm due to fogging and defogging on double-sided (orange), single-sided (red), and

planar sapphire (blue) substrates.
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above 70% and 80%, respectively. Moreover, it took about 6 s
for the water to evaporate from the planar sample and fully
recover its optical transmission. In contrast, the recovery time
for the double-sided nanostructure samples improved to
around 1 s. The faster recovery can be attributed to the thin
water film on the nanostructure having a higher water-sapphire
interfacial area, allowing the water to evaporate faster. Although
there was a slight drop in transmission for the double-sided
sample during the water condensation process, the difference
was difficult to observe with the naked eye given that the
transmission remained above 80%.

C. Self-cleaning properties

In addition to an anti-fogging effect, the sapphire nanostruc-
tures also exhibited a self-cleaning effect by tuning their surface
chemistry. Inspired by the lotus leaf, one way to achieve a self-
cleaning surface is to induce superhydrophobicity in the
Cassie-Baxter state, where the water droplet does not fully
wet the structures.'>'®*>™7 [n this state the water droplet has
low adhesion to the structure can remove any particle contam-
ination through surface tension. High aspect-ratio structures
also play a key role in maintaining pressure robustness, where a
high impact velocity or pressure can induce a Cassie-Baxter to
Wenzel state transition.'>*®***® To reduce the surface energy,
the double-sided nanostructured and planar samples were
treated with oxygen plasma etching to promote hydroxylation
on their surface and coated with trichloro(octyl)silane through
vapor phase deposition. After treatment, the static water con-
tact angle (0) of the planar sapphire surface increased to
0 = 98.9° due the reduction in surface energy. The high
structure aspect ratio induced the Cassie-Baxter state, where
the apparent contact angle (0*) for the nanostructured sapphire
surface increased to 0* = 144.2°. The contact angle hysteresis
(CAH) and roll-off angle of the sapphire nanostructures was
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measured to be about 12.2° as described further in Supporting
Information C (ESIf). The wetting characterization indicates
that the fabricated sapphire nanotextured surface is close to being
superhydrophobic, which is typically defined as 6* > 150° and
CAH < 10°. The slightly lower contact angles can be attributed to
fabrication defects in the sapphire nanostructures, which increase
surface friction during droplet motion.

The dynamic wetting behavior of water droplets at low and
high velocities on the nanostructured sapphire sample was
captured by a high-speed camera (Phantom Miro C321), as
illustrated in Fig. 4. At low velocity, the droplet can be observed
to completely roll off the nanostructure sapphire sample at an
incline angle of 20°, as shown in Fig. 4(a). Here, the water was
dispensed by a pipette close to the sample, and no droplet
pinning can be observed. To demonstrate the high pressure
robustness, the wetting response at higher droplet velocity was
examined, as shown in Fig. 4(b). Here, the water was dropped at
elevated height and had an impact velocity of 1 m s™* on the
sapphire nanostructures, which was inclined at 50°. It can be
observed that the droplet completely rebound from the impact,
indicating that the Cassie-Baxter state was maintained. At higher
impact velocity, the droplet can be observed to be partially pinned
after impact, indicating the that the droplet transitioned to the
Wenzel state. The maximum velocity can be improved by further
increasing the aspect ratio of the sapphire nanostructures. The
videos of low and high velocity impact are available as Videos S2
and S3 (ESIY), respectively.

In conjunction with repelling water, the surface nano-
structures can also facilitate anti-dust property by reducing
particle adhesion to the surface. This effect leads to the well-
documented self-cleaning effect, where water droplets are used
to remove particle contamination on the surface through surface
tension. However, recent work has demonstrated that if the
particle adhesion force can be mitigated, the cohesion of particles

Fig. 4 Extracted frames from high-speed camera of water droplets falling on the sapphire nanostructures. (a) At low velocity, water droplet falls on the
nanostructure sample at a 20° incline angle and rolls off. (b) At a velocity of 1 m s™%, the droplet impacts the nanostructure sample at a 50° oblique angle

and completely rebounds.

This journal is © The Royal Society of Chemistry 2025
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to form larger aggregates can be an effective mechanism for dust
removal.”® This effect is important for dust mitigation in space or
applications where water is not readily available. Thus, to examine
this dry self-cleaning effect, the adhesion of a particle with a
surface nanostructure can be approximated by the Johnson-
Kendall-Roberts (JKR) model,”***™" as follows:

3 . RiR

Fagnh = =nf ————
adh 2TFR1+R2

where fis the fractional contact area due to the nanoscale surface
roughness, Ay is the work of adhesion, and R, and R, are the radii
of the nanostructures and contacting dust particles, respectively.
Here, it can be observed that for nanostructures with sharp
features that are much smaller than the particle size, or R; < R,,
the adhesion force scales Foqn, ~ fR,Ay. The tip of the fabricated
sapphire nanostructures is sharp and has R; ~ 30 nm, which can
be effective in mitigating the adhesion of microscale dust particles
when R; > 1 um.

The anti-dust property of the fabricated sapphire nanostruc-
tures were tested by using lunar dust simulant (Exolith Labs
LMS-1), which consisted primarily of oxides and had a broad
size range with an average value of around 50 pm.>> In this
experiment, a layer of dust was applied onto the double-sided
nanostructured and planar sapphire samples, which were then
tilted vertically to allow the dust to be removed via gravity
(see Video S4, ESIT), as shown in Fig. 5. Confocal microscopy
(Keyence VK-X1100) was utilized to generate a topographic map
of the contaminated surface, allowing any raised point to
be identified as residual dust. The optical microscope images
of the planar and double-sided nanostructured samples are

Nano
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shown in Fig. 5(a) and (b), respectively. Here, it can be observed
that the dust particles cover a significant portion of the planar
sapphire sample, while they are mostly removed from the nano-
structured samples. The percentage area coverage of dust was
used to compare the relative dust mitigating performance
of these two samples. Based on 30 confocal images, the
average dust coverage for each sample was determined to be
31.8% =+ 2.7% and 1.3% =+ 0.8% for the planar and nanos-
tructured samples, respectively. This data shows a 95.9%
reduction in residual dust coverage and is better than existing
anti-dust polymer and metal surfaces.”®>® The calculation of
the dust coverage and raw confocal images is described in more
detail in Supporting Information D (ESIT).

The histograms of the residual particle on the planar and
nanostructured sapphire samples are shown in Fig. 5(c), where
particles smaller than 8 um are examined given that most large
particles were removed via gravity for both samples. Here, it can
be observed that a significant number of particles remained
on the planar sample, with 671 and 1012 particles counted with
diameters of less than 1 and 2 um, respectively. Alternatively,
the nanostructured samples have only 36 and 21 for the corres-
ponding two sizes, demonstrating a 20 and 50-fold reduction in
residual particles, respectively. The calculation of the histo-
gram is described in more detail in Supporting Information D
(ESIt). The anti-dust property of the sapphire nanostructures
can be visually observed. The extracted frames of the planar
and double-sided nanostructures samples before and after the
application of dust are shown in Fig. 5(d) and (e), respectively.
Here, it can be observed that a layer of dust remained on the
planar but mostly removed from the nanostructured sample.

1200
ElPlanar Sapphire

3 1000 M Nanostructured Sapphire
S 800
3
» 600
3
£ 400
c

200 I

- S I —
3 4

1 2 5 6 7 8
Particle Size (ym)

Fig. 5 Demonstration of the anti-dust effect by the sapphire nanostructure. Top-view optical microscopic images of (a) planar and (b) nanostructured
samples after dust application; the percentage area covered by dust is 31.8% and 1.3%, respectively. (c) Histogram of residual particles on both samples
using confocal microscopy. Camera images of the planar and nanostructured samples (d) before and (e) after dust application and removal via gravity.
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It is interesting to note there are small patches of residual dust
on the edges of the nanostructured sample, which are regions
on the substrate with no structures.

D. Scratch-resistant properties

In previous sections, the multifunctional sapphire nanostructures
demonstrated effective anti-glare, anti-fogging, and self-cleaning
properties. However, the durability of the nanostructures is a
critical parameter that can limit their broad implementation. This
is especially important given that sapphire is often used in harsh
environments involving high temperatures and abrasion. Thus,
the mechanical properties of the sapphire nanostructures were
characterized using nanoindentation (Bruker, Hysitron TI 950
Triboindenter). A conospherical indenter with a cone angle of
90° and tip radius of 10 um was used to ensure that multiple
nanostructures were in contact. The mechanical response was
measured using both quasi-static and cyclic partial loading-
unloading indentation test methods with load control, as shown
in Fig. 6. The indentation modulus and hardness values were
extracted from the force vs. displacement curves using the Oliver-
Pharr method.>® The indentation depth was limited to around
10-20% of the structure height to mitigate the substrate effect.
A representative quasi-static indentation curve is shown in
Fig. 6(a). Here, the indentation depth was around 64 nm at the
maximum load of 3700 uN, and the inset SEM image shows the
sapphire nanostructures after testing. It can be observed that
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the structures are mostly intact without any observable damage.
The measured indentation modulus and hardness versus depth
are shown in Fig. 6(b) and (c), respectively. Both quasi-static
and cyclic tests were plotted and provide similar results. It can
be observed that both the modulus and hardness increased
with the indentation depth, which can be attributed to the
tapered profile with an increasing solid volume fraction at the
valley of the nanostructures. At the highest depth of 90 nm,
the measured modulus and hardness were 182 GPa and
3.7 GPa, respectively. In comparison, the indentation modulus
and hardness of the bulk sapphire were 440 GPa and 30 GPa,
respectively.>*>® Here, it can be observed that the modulus has
relatively low degradation given the ordered geometry of the
nanostructure, which led to improved modulus vs. density
scaling. The higher degradation in the hardness can be attrib-
uted to the relative ease of deforming the nanostructures versus
a planar surface. It is important to note that the sapphire
nanostructures have higher stiffness and similar hardness
compared with the commonly used bulk glass, which for soda
lime glass are 70 and 6 GPa, respectively.”* The nanostructured
sapphire surface is also as hard as tungsten, a scratch-resistant
metal with hardness of around 4 GPa.’* The detailed calcula-
tions and additional quasi-static and cyclic nanoindentation
tests are shown in Supporting Information E (ESIt).

The scratch-resistant property of the multifunctional sap-
phire nanostructures was tested using pencil hardness testing
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s Bl N @ Cyclic Tests ] L @ Cyclic Tests ]
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Fig. 6 Nanoindentation and scratch testing of sapphire nanostructures. (a) Load-displacement plot of a quasi-static nanoindentation test. Inset SEM
image shows the test region after indentation. (b) Measured hardness and (c) indentation modulus vs. depth for quasi-static and cyclic tests. (d) Picture of
the specimen after the pencil hardness testing showing the scratch mark. SEM image of sapphire nanostructures in the pencil test region (e) before and

(f) after cleaning.
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(Elcometer 501) by following the standard ASTM D3363 testing
protocol. In this experiment the sample was scratched with a
control load of 7.5 N at an angle of 45° with pencil probes of
various hardness. A camera image of the sample after the
scratch testing with a 2B pencil is shown in Fig. 6(d). Here, a
clear pencil mark can be observed, indicating that the graphite
pencil has lower hardness and is scratched. The SEM image
of the sapphire nanostructures after pencil testing is shown
in Fig. 6(e), which shows the graphite debris in between the
structures. It can be noted that the nanostructures are unda-
maged. The graphite marks were removed using RCA and piranha
solution, and the cleaned structures are shown in Fig. 6(f). Here it
can be observed that the structures are undamaged, indicating the
scratch resistance of the sapphire nanostructures. However, some
of the structures were damaged at increasing pencil hardness,
which can be attributed to the high load of the test. These results
indicate that the sapphire nanostructures are scratch resistant
with similar hardness to bulk glass and scratch-resistant metals
such as tungsten.

E. Discussion and future work

The fabricated sapphire nanostructures demonstrated anti-glare,
anti-fogging, self-cleaning, and most importantly scratch-resistant
behavior. It is expected that these physical properties can be
further improved by increasing the aspect ratio of the structures,
which is currently around 2. By reducing the structure period and
increasing the structure height, the antireflection is expected to
be more effective in the short and long wavelength regimes,
respectively. The apparent contact angle can also be increased
and the CAH reduced by having a higher aspect ratio, thereby
reducing the liquid contact area at the tip of the structures. The
increase in surface roughness can also enhance the pressure
robustness and maintain superhydrophobicity for droplets at a
higher velocity. In addition, structures with small features can
also reduce the contact area and adhesion force of particles,
which can lead to better anti-dust properties. Deeper etching into
sapphire can be achieved by further optimizing the RIE para-
meters and using a thicker etch mask. However, it is important to
note that although a higher structure aspect ratio can improve the
optical, wetting, and self-cleaning behavior, it can potentially
degrade the mechanical properties. This effect can be attributed
to the scaling of the mechanical behavior in porous, cellular
materials, which generally degrades at a reduced volume
fraction.’®*” The degradation in stiffness is expected to be
low in the sapphire nanostructures given that they are ordered
and periodic, which can have enhanced stiffness vs. density
scaling. Alternatively, the degradation in hardness is expected
to be more significant given that high-aspect-ratio structures
are more prone to mechanical damage.

In addition to the aspect ratio, the geometric profile of the
sapphire nanostructures can also be designed to improve their
optical, self-cleaning, and mechanical behavior. A more gradual
taper, where the duty cycle is continuously varied from 0 to 1,
can create an improved gradient-index medium and further
enhance the anti-glare effect. Creating nanostructure tips with
lower curvature radius can also reduce the contact area with
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particle contaminants, which can lead to improved anti-dust
properties. However, these sharp features are expected to be
more prone to mechanical damage and wear, which can reduce
the hardness of the nanostructures. Future work will focus on
investigating the competing effects of optical, wetting, adhe-
sion, and mechanical properties in relation to the structure
aspect ratio and profile geometry.

In addition to demonstrating mechanical robustness,
another key limitation in the broad applications of engineered
surfaces is manufacturing challenges. In this work, the sap-
phire nanostructures were patterned over an area of 30 mm by
30 mm for demonstration of their material properties, but the
developed process is scalable for larger areas. The nanostruc-
tures were patterned using interference lithography, which is a
parallel patterning technique that has been adopted for meter-
size substrates.>® Furthermore, given that only a thin polymer
structure is need for the pattern transfer step, other high-
throughput processes such as nanoimprint lithography can
also be used.’*®' By being compatible with existing nano-
manufacturing processes, the scratch-resistant multifunctional
sapphire nanostructures can be potentially adopted in a wide
array of industries such as electronics, optics, and aerospace.

IV. Summary

This work demonstrated the fabrication of sapphire nanostruc-
tures with anti-glare, anti-fogging, and self-cleaning properties,
which are also mechanically durable and scratch resistant.
Through the large-area pattern transfer of nanostructures into
a hard transparent ceramic substrate, the fabricated sapphire
nanostructures exhibited an aspect ratio of 2.1, the highest
reported to date for sapphire. The double-sided sapphire
nanostructure sample exhibited enhanced specular transmis-
sion in the wavelength range of 550 to 3000 nm and incident
angles of 0° to 80°, with a peak transmission of 95.8% at a
wavelength of 1360 nm. The sapphire nanostructures also
exhibited strong anti-fogging properties and maintained over
80% transmission during water condensation. Furthermore, by
changing their surface chemistry, the sapphire nanostructures
demonstrated superhydrophobicity and effective anti-dust
properties, where 98.7% of their surface was free from dust
when the substrate was tilted via gravity. Using nanoindentation,
the measured modulus and hardness of the sapphire nanostruc-
tures were 182 GPa and 3.7 GPa, respectively, which are similar to
that of bulk glass and scratch-resistant metals such as tungsten.
These results indicate that the anti-glare, anti-fogging, and anti-
dust sapphire nanostructures are also scratch resistant and can
find application in protective windows, infrared optics, and sensor
surfaces that are used in extreme environments.

V. Methods

A. Nanostructure fabrication

The sapphire nanostructures were patterned using interference
lithography and transferred via multilayer reactive ion etching.

This journal is © The Royal Society of Chemistry 2025
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Initially, a 1 pm-thick polysilicon layer was deposited as the
etch mask on a 100 mm sapphire substrate (single crystal with
c-plane cut) using low-pressure chemical vapor deposition
(LPCVD). The samples were spin coated with a 100 nm-thick
antireflection coating (Brewer Science, ARC i-con-7) to reduce
the back reflection during lithography, and then coated with
a 200 nm-thick photoresist (Sumitomo, PFi-88A2). A Lloyd’s
mirror interference lithography setup with an HeCd laser
(325 nm wavelength) was used to pattern a 2D pillar array in
a square lattice with period of 330 nm in the samples. The
photoresist pattern was transferred into the underlying ARC,
polysilicon, and sapphire substrates using inductively coupled
plasma reactive ion etching (ICP, Oxford 100) using O,, HBr,
and BCIl;/HBr gases, respectively. Then, the structures were
coated with a protective polymer film (Brewer Science, ProTEK
B3-25), and the processing steps were repeated for the back side
to create nanostructures on both sides of the substrate.

B. Surface treatment

The nanostructured and planar sapphire substrates were cleaned
with isopropanol and treated with oxygen plasma etching (Harrick
Plasma, PDC-32G) for 10 s at 500 mTorr pressure and 6.8 W power
to activate the surface hydroxyl groups. Then, the sample was
placed inside a vacuum desiccator with a Petri dish containing
100 pL of trichloro(octyl)silane (97%, Sigma Aldrich). After the
pressure in the desiccator was reduced to around 1 Torr,
the samples were treated for at least 6 h to form a monolayer
of covalent silane bonds via vapor phase deposition.
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