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ABSTRACT: Leathoppers (Thaia rubiginosa) actively coat their
wings with embroidered ball-like secretory brochosomes, which act
as antireflective structures to enhance camouflage against
predators. Inspired by the leathoppers, we report a scalable
nonlithographic approach for self-assembling nonclose-packed
embroidered ball-like hierarchical structure arrays. The resulting
structures create a gradual refractive index transition at the air/
substrate interface, thereby suppressing the optical reflection for
wide viewing angles. Compared with a bare substrate, the average
reflectance of the structured substrate in the whole visible spectral region is reduced from 9 to 3% at normal incidence, and the
average reflectance of that is even reduced by ca. 22% as the incident angle reaches 75°. Moreover, the dependence of the height and
the shape of the hierarchical structure on the omnidirectional antireflection performance is systemically evaluated in this research.

B INTRODUCTION

Optical reflection, also known as Fresnel reflection, occurs
when light is incident upon any interface between two media
with different refractive indices, and the incidence angle is
equal to the reflection angle."” The formation of Fresnel
reflection, which is dependent upon the mismatched refractive
index difference and the incidence angle, is accompanied by
transmission losses, deteriorated contrast, and veil glare. The
additive energy loss further brings about ghost images because
several components are involved in an optical system.” To
reduce the intensity of reflection and to eliminate the resultant
detrimental effects, a variety of index-matching materials have
been utilized to render light destructive interferences in
numerous optical applications.“_8 However, most quarter
wavelength single-layer antireflection coatings suffer from the
rare selection of low refractive index materials, high fabrication
cost, and narrowband antireflection performance. Although
multilayer antireflection coatings have been extensively ex-
plored to suppress the reflection in a large wavelength range,
poor optical and thermal stability resulting from mismatched
thermal expansion coefficients between foreign materials are
clearly evident.”'® Hence, such approaches are not well suited
for developing large areal and long-term antireflection coatings.

Natural surface architectures have provided multitudinous
distinct functionalities to deal with survival challenges over
four billion years of revolution.'" Taking nature as a source of
bio-inspiration, the booming of research centered on
biomimicking the natural architectures has witnessed striking
developments in advanced structures, materials, and applica-
tions.'”™'® For instance, corneal lenses of moth compound
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eyes are covered with nipple-like protuberances, typically of
subwavelength spacing and height.'” The hexagonally non-
close-packed nipple arrays establish a graded refractive index
transition, eliminating broadband optical reflection. Similar
nonclose-packed structure arrays can also be found on cicada
wings, glasswing butterfly wings, and dragonfly wings for
minimizing the light reflection and light scattering to avoid
being tracked during flight.”"~** Inspired by the broadband
antireflective properties of insects, periodic arrays of
subwavelength structures with high aspect ratios, including
pillar arrays, cone arrays, wire arrays, and pyramid arrays, have
been engineered as antireflective structures by extensive tog—
down lithography-based fabrication methodologies.”**’
Nevertheless, current top-down methodologies require sophis-
ticated facilities and are costly to implement. In addition, most
lithographic technologies suffer from low resolution for
fabricating subwavelength features. Other than lithographic
technology, electroless metal nanoparticle-assisted catalytic
etchings have been developed to realize large surface area
hierarchical structures.””~> Although texturing nanoscale pits
on microstructured surfaces is identified to provide antire-
flective properties, the fabrication involves either a multistep
process or a long etching duration. Besides that, the irregular
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Figure 1. (a) Photographic image of a leathopper. The insert shows a top-view SEM image of the leathopper wing. (b). Optical reflectance and
optical transmittance spectra obtained from the leafthopper wings before/after erasing the integumentary brochosomes at normal incidence.

arrangement of structures offers poor light management.
Contrarily, bottom-up self-assembly methodologies provide
an inexpensive and high throughput alternative in developing
periodic subwavelength features.”> Unfortunately, the as-
fabricated periodic arrays of subwavelength antireflective
structures, such as domes, holes, spheres, and so on, are
limited by low aspect ratios, and thence cannot suppress
optical reflection at large incidence angles.”* ™’

Unlike many other insects, leathoppers, inhabiting forests,
grasslands, and agricultural fields throughout the world,
actively coat their wings with a monolayer of nonsticky
proteinaceous secretory particles, named brochosomes.*>*”
Even though the leathopper-produced embroidered ball-like
integumentary brochosomes are with relatively low aspect
ratios, the hierarchical structures generate smooth and low
refractive index gradients in wide incidence angles. As a result,
the brochosomal coating exhibits broadband omnidirectional
antireflection behavior, and functions as a camouflage layer to
protect themselves.*” Inspired by the leathopper-produced
brochosomes, this research combines a scalable self-assembly
technology and a simple colloidal templating methodology to
develop a nonlithographic approach enabling the fabrication of
periodic embroidered ball-like antireflective structures. The
surface morphologies of the as-fabricated hierarchical structure
arrays can be well controlled for systematically investigating
the dependence of structural geometry on omnidirectional
antireflection performance.

B EXPERIMENTAL METHODS

Materials and Reagents. The leathopper, which had been
selected as a biomimetic prototype, was acquired from Flying Insect
Specimen Studio. The chemicals used for the synthesis of silica
colloids included anhydrous ethanol (99.5%), aqueous ammonium
hydroxide (28%), tetraethyl orthosilicate (98%), and ultrapure water
(18.4 MQ cm). Anhydrous ethanol, aqueous ammonium hydroxide,
and tetraethyl orthosilicate were provided by Sigma-Aldrich
Corporation and used without further treatment. Ultrapure water
was collected from a Milli-Q IQ 7000 purification system. The UV-
curable ethoxylated trimethylolpropane triacrylate (ETPTA) mono-
mer (SR 454, 98%), the ethylene glycol diacrylate (EGDA) monomer
(90%), and the photoinitiator, 2-hydroxy-2-methyl-1-phenyl-1-prop-
anone (Darocur 1173, 96%), were collected from Sartomer, Sigma-
Aldrich Corporation, and BASF Corporation, respectively. Poly-
(urethane acrylate) (PUA) (ETERANE 89,452, 22,000 g/mol) was
purchased from Eternal Materials Company Limited. N-Type silicon
wafers were acquired from The Semiconductor Materials and
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Logistics Network, while the silicon wafer primer, 3-acryloxypropyl
trichlorosilane (APTCS, 98%), was obtained from Gelest, Inc.

Preparation of Spherical Silica Colloidal Suspensions.
Narrowly size-distributed silica colloids with varied diameters were
synthesized using a standard StOber method.*' The StOber silica
colloids were collected and purified in anhydrous ethanol by applying
five centrifugation—redispersion cycles to eliminate aqueous ammo-
nium hydroxide and any unreacted silanes. The purified silica colloids
were then dispersed in anhydrous ethanol, of which the silica colloid
volume fraction was adjusted to 1 vol %.

Spin-Coating of Monolayer Nonclose-Packed Colloidal
Crystals. After centrifugation of the as-prepared suspension, silica
colloids were redispersed in a mixture of ETPTA monomer and
photoinitiator (1 vol %), in which the colloid volume fraction was
adjusted to 25 vol %. The silica mixture was then deposited on an
APTCS-primed silicon wafer. The silicon wafer was tilted to spread
the mixture and spun at 500 rpm for 100 s, 2000 rpm for 50 s, 4000
rpm for 30 s, 2500 rpm for 30 s, and 8000 rpm for 120 s. After spin-
coating, the ETPTA monomer was photopolymerized in an X Lite
500 Pulsed UV curing chamber for 10 s to fabricate a monolayer of
silica colloidal crystals.

Fabrication of Nonclose-Packed Embroidered Ball-Like
Structure Arrays. A commercial PUA solution (20 vol %) was
poured onto the colloidal crystals. After being dried under ambient
conditions, the PUA hole array was created and removed from the
silicon wafer gently. The PUA film was then immersed in the as-
prepared silica colloidal suspension, followed by spinning at S00 rpm
to deposit silica colloids on the holes. Subsequently, a mixture of
EGDA monomer and photoinitiator was cast onto the silica colloid-
attached PUA film and degassed in a vacuum chamber for 20 min.
After UV polymerization of the EGDA monomer, the PEGDA film
was peeled off, and the silica colloids were selectively removed using a
hydrofluoric acid aqueous solution (2 vol %) to engineer nonclose-
packed embroidered ball-like structure arrays.

Characterization. Photographic images of a leathopper and
leathopper-inspired structure-coated substrates were acquired with a
Canon SX 740 HS digital camera. A JEOL 633SF field-emission
scanning electron microscope was employed to characterize the
surface morphologies and structures of the samples, on which
extremely thin platinum layers were sputter-deposited before imaging.
The reflectance spectra and transmittance spectra of the samples in
the wavelength range of 250—800 nm were obtained using an Ocean
Optics HR4000 fiber-optic spectrometer with a tungsten-halogen light
source. A standard silicon wafer was used for calibration.

B RESULTS AND DISCUSSION

In this research, a leathopper (Thaia rubiginosa, Motschulsky)
is selected as a biomimetic prototype to engineer antireflective
structures. The leafhopper wings, as displayed in Figure 1a, are
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Figure 2. Schematic illustration of the biomimetic procedures for engineering the leathopper wing-inspired antireflection coating.

highly transparent in appearance under white light illumina-
tion, which provide camouflage against predators. The
transparency originates from leathopper-produced integumen-
tary brochosomes (insert of Figure 1a), which are embroidered
ball-like submicrometer-scale particles covered with nano-
meter-scale holes. The brochosomal coating builds a gradual
refractive index transition to reduce incident light reflection,
and therefore results in a broadband antireflection perform-
ance. As shown in Figure 1b, the average reflectance and the
average transmittance of the leathopper wings in the visible
wavelength range of 380—740 nm are ca. 5, and 91%,
respectively. It is worth mentioning that the average reflectance
is increased by ca. 7%, while the average transmittance is
decreased by ca. 7% after erasing the non-stick brochosomes
on leathopper wings. This further demonstrates that the
embroidered ball-shaped architecture can yield the broadband
antireflective function.

Inspired by the leathopper-produced integumentary brocho-
somes, embroidered ball-like structure arrays are engineered by
integrating the bottom-up self-assembly technology and soft
lithography technique. In the biomimetic procedure (Figure
2), monolayered nonclose-packed 250 nm silica colloidal
crystals are self-assembled on a silicon wafer using spin-coating
technology, followed by casting a PUA solution to create a
nonclose-packed 250 nm hole array. Under visible light
illumination, both of silicon wafer and the PUA film display
characteristic six-arm diffraction patterns (Figure 3), which are
identical to long-range nonclose-packed structures.*”** The
crystal lattices are further evident in the inserts of Figure 3.
Even though a few defects can be found, the hexagonal
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Figure 3. (a) Photographic image of nonclose-packed 250 nm silica
colloidal crystals on a silicon wafer prepared by the spin-coating
technology. The insert shows a top-view SEM image of the wafer. (b)
Photographic image of a PUA film with nonclose-packed 250 nm
holes templated from the wafer in (a). The insert shows a top-view
SEM image of the film.
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arrangements of nonclose-packed structures are clearly
identified. The as-fabricated PUA film is immersed in a 90
nm silica colloidal suspension (1 vol %), followed by a
spinning process to remove excess silica colloids until the holes
are filled with silica colloids (Figure 4a). The silica colloids in

Figure 4. (a) Top-view SEM image of nonclose-packed 250 nm holes
filled with 90 nm silica colloids. (b) Top-view SEM image of
embroidered ball-like hierarchical structures templated from the holes
in (a). (c) Top-view SEM image of nonclose-packed 250 nm holes
with 90 nm silica colloids attached. (d) Top-view SEM image of
hierarchical structures templated from the holes in (c).

each hemispherical hole tend to be in physical contact with
each other, which is attributed to the attractive capillary forces
between the colloids. Subsequently, the silica colloid-attached
hole array is exploited as a second-generation template on
which a mixture of EGDA monomer and photoinitiator is
poured over, and degassed in a vacuum environment to
remove any trapped air. After UV polymerization of the EGDA
monomer, the silica colloid-embedded PEGDA film can be
peeled off easily. The embedded silica colloids are finally wet-
etched to engineer leathopper wing-inspired embroidered ball-
like structure arrays. As shown in Figure 4b, the nonclose-
packed arrangement and hexagonal ordering can be well
reserved in the biomimetic procedure. Additionally, the
average height of the hierarchical structures is about 125 nm.
In comparison with the surface morphology of the bumps
templated from the nonclose-packed featureless hole array
(Figure S1), it is evident that nanometer-scale holes are
created on the hierarchical structures. It is worth mentioning
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Figure S. (a) Normal incidence optical reflectance spectra and (b) normal incidence optical transmittance spectra acquired from a bare PEGDA
substrate and PEGDA substrates coated with bump arrays and embroidered ball-like hierarchical structure arrays. The structures are with an

average height of ca. 125 nm.

that the surface morphologies and the sizes of the embroidered
ball-like structures can be easily adjusted by introducing silica
colloids of different sizes. Interestingly, the spinning process
duration can be extended until only one single silica colloid can
be retained in each hole (Figure 4c). Afterward, the single
silica colloid-attached hole array can serve as a template to
fabricate nonclose-packed single-hole covered hierarchical
structure array (Figure 4d).

As mentioned previously, hierarchical structures are capable
of developing a gradual refractive index transition at the air/
substrate interface to efficiently reduce optical reflection. To
investigate the antireflection functionality of the embroidered
ball-like hierarchical structure arrays shown in Figure 4, the
normal incidence optical reflectance spectra and transmittance
spectra of a featureless PEGDA substrate, a bump array-coated
PEGDA substrate, and embroidered ball-like hierarchical
structure array-coated PEGDA substrates are evaluated and
compared in Figure 5. It is worth noting that the tungsten-
halogen light source for spectroscopy features weak emission in
the wavelength range below 380 nm, resulting in the low
reflectance and low transmittance in the wavelength range
from 250 to 380 nm. The average optical reflectance in the
visible spectral range is reduced from ca. 9% for a bare
substrate to ca. 7% for a bump array-coated substrate.
Compared with that, the optical reflectance is further reduced
by introducing hierarchical structure arrays. The average
reflectance of multiple hole-covered embroidered ball-like
hierarchical structure array-coated substrate reaches ca. 4%
over the whole visible spectrum, while the average trans-
mittance of 94% is achieved, revealing broadband antireflection
functionality. The antireflective functionality can be further
comprehended by comparing the calculated effective refractive
index changes in the templated structures.*”** A hemispherical
bump-shaped profile displayed in Figure 6 is adopted to
modulate the structures, which are divided into multiple layers.
The effective refractive index of each layer can then be
simulated using the effective medium theory. As revealed in
Figure 6, it is apparent that the construction of more
nanometer-scale holes in the hierarchical structures leads to
a lower optical reflectance and a higher optical transmittance,
which resulted from the lower average refractive index and the
smoother refractive index gradient across the hierarchical
structures. Moreover, the simulated normal incidence
reflectance and transmittance of the nonclose-packed em-
broidered ball-like hierarchical structure array produced by a
regular coupled-wave analysis model agree well with the
experimental results (Figure S2), further confirming the effect
of the hierarchical structure on the antireflection performance.
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Figure 6. Comparison of the change in the calculated effective
refractive index from the PEGDA substrate (height = 0) to the top of
templated bumps and embroidered ball-like hierarchical structures.
The structures are with an average height of ca. 125 nm.

To better understand the embroidered ball-like hierarchical
structure-shape effect on the antireflection capability, the
optical reflectance spectra and optical transmittance spectra of
all the substrates mentioned above are measured at various
incidence angles from 30, 45, and 60 to 75° (Figure S3). The
results in the visible wavelength range of 380—740 nm are
further averaged and summarized in Figure 7. As revealed in
Figure 7a, although all the optical reflectances increase with
increasing incidence angle, the average optical reflection can be
suppressed by 5% at 0° and 19% at 75° as a multiple hole-
covered embroidered ball-like hierarchical structure array is
sculpted on the substrate. In contrast, the average trans-
mittances of all the substrates decrease with increasing
incidence angles. Importantly, the average transmittance of
the multiple hole-covered embroidered ball-like hierarchical
structure array-coated substrate is significantly improved even
for large incidence angles, and an average transmittance of 60%
can be reached at 75°. It is noteworthy that diffuse reflection
occurs as the incident light interacts within the periodic
structures, where the interstructure distance and the structure
size are comparable with the light wavelength. As a result, the
incident light is partially refracted or reflected in random
directions after a few internal reflections. This suggests that the
diffuse reflection losses at various incidence angles can be
reduced by introducing subwavelength hierarchical structures,
which possess smooth refractive index gradients in wide
incidence angles (Figure S4). Therefore, the propagation of
light is guided by the effective refractive index transition from
air to the substrate. The omnidirectional antireflection
capability can be interpreted by mapping the calculated
effective refractive index across the hierarchical structures at
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Figure 9. (a) Optical reflectance spectra and (b) optical transmittance spectra at various incidence angles acquired from a bare PEGDA substrate
and PEGDA substrates coated with bump arrays and embroidered ball-like hierarchical structure arrays. The structures are with an average height
of ca. 175 nm. Photographic images of (c) a bare PEGDA substrate and (d) a PEGDA substrate coated with embroidered ball-like hierarchical

structure arrays at a 75° incident angle.

30, 45, and 60 and 75°. As shown in Figure S4, the multiple packed 350 nm hole array (Figure S5). The hole array then
hole-covered embroidered ball-like hierarchical structure array served as a second-generation template for engineering a

possesses the lowest effective refractive index and the
smoothest refractive index gradient among the substrates,
and therefore possesses optimum antireflection capability.

multiple 90 nm hole-covered embroidered ball-like hierarchical
structure array, a single 90 nm hole-covered embroidered ball-
like hierarchical structure array, and a bump array following the

To further generate a smoother refractive index transition, biomimetic procedure as mentioned previously (Figures S6
nonclose-packed 350 nm silica colloidal crystals are self- and S7). The structures have an average height of ca. 175 nm
assembled and utilized as a template to fabricate a nonclose- and are hexagonally nonclose-packed. Interestingly, in
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comparison with the optical spectra of the structures templated
from 250 nm hole arrays, the structures templated from 350
nm hole arrays display a lower optical reflectance and a higher
optical transmittance at normal incidence (Figures S8 and 8).
The average normal incidence reflectance of the multiple hole-
covered embroidered ball-like hierarchical structure (175 nm
in height) array-coated substrate reaches 3%, while the average
normal incidence transmittance of that can achieve 96%. It is
noted that the optical reflectances and optical transmittances of
the above substrates exhibit similar tendencies at various
incidence angles (Figure S9). Most importantly, although the
antireflective property is still sensitive to the incidence angle,
the multiple hole-covered embroidered ball-like hierarchical
structure array-coated substrate array displays an average
reflectance of 28% and an average transmittance of 63% even
at 75° (Figure 9a,b). Owing to the smoother refractive index
transition and the lower average calculated refractive index
(Figures 10 and S10), less incident visible light is reflected
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Figure 10. Comparison of the change of the calculated effective
refractive index from the PEGDA substrate (height = 0) to the top of
templated bumps and embroidered ball-like hierarchical structures.
The structures are with an average height of ca. 175 nm.

from the hierarchical structures templated from 350 nm holes,
and therefore results in an improved broadband omnidirec-
tional antireflection performance (Figure 9c,d).

B CONCLUSIONS

To conclude, we have developed a scalable nonlithographic
approach for engineering nonclose-packed embroidered ball-
like hierarchical structure arrays, inspired by the brochosomal
coatings on leafhopper wings. Optical measurements disclose
that the bioinspired structure arrays feature broadband
omnidirectional antireflection capability. Additionally, higher
hierarchical structures possess a smoother refractive index
transition, and exhibit an improved antireflection performance.
The antireflection coating holds promise for various techno-
logical applications in optical devices.
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