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ABSTRACT: Blue-tailed forest hawk dragonfly (Orthetrum triangulare) wings, covered with inclined conical structures, are studied
for their high transparency and low reflectance for large viewing angles. However, limited by existing technologies, the exquisite
inclined structures are not replicated easily or applied adequately. Here, we combine a shear-induced self-assembly approach and a
colloidal lithography technology to create omnidirectional antireflection structures that are inspired by dragonfly wings. Nonclose-
packed colloid crystals are spin-coated and serve as structural templates in a plasma etching procedure to pattern subwavelength
inclined conical structures directly on shape memory polymer-coated substrates. The dependence of the antireflection functionality
on the shape and inclination of conical structures is systematically investigated in this research. Compared with a featureless
substrate, the structure-covered substrate can display an approximately 8% higher average transmittance in the visible wavelength
range at normal incidence and even approximately 23% higher average transmittance as the incident angle increases to 75°.
Moreover, the reconfigurable structures composed of shape memory polymers can be repeatedly deformed and recovered as a result
of external stimuli at ambient conditions, and the corresponding broadband omnidirectional antireflection functionality is therefore
reversibly erased and restored.

KEYWORDS: dragonfly wings, inclined conical structures, omnidirectional antireflection, shape memory polymers, reversibility

■ INTRODUCTION

Owing to high chemical resistance, lightweight, significant
degrees of strength, and rapid processability, a variety of
optical-grade polymers have taken the place of inorganic
optical materials in optical, optoelectronic, and electro-optical
applications.1 Although most polymers exhibit high optical
transparency, Fresnel reflectance appears on the polymer
surface as light impinges the interface between air and polymer,
accompanied by the redistribution of light energy, and thereby
degrades the overall performance of optical devices.2 To
reduce glare, protect image readability, and improve optical
transmittance of polymer optics, antireflection coatings have
been extensively exploited in recent years.3 On the basis of
antireflection principles, single layer antireflection coatings and
multilayer antireflection coatings are developed to render
destructive interference of reflected light from polymer

surfaces.4,5 However, antireflection coatings suffer from narrow
operating wavelengths and incident angles, limited choices of
low refractive index coating materials, and performance
mismatch between multiple materials.6

Over millions of years of evolution, nature has developed
various strategies to overcome survival challenges. For
example, the hexagonally ordered subwavelength structure
arrays on cicada wings, glasswing butterfly wings, and hawk
moth wings allow them to avoid tracking by predators.7−9 The
structure arrays build effective refractive index gradients to
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suppress optical reflectance as well as light scattering on
transparent insect wings to overcome the dazzling of insects by
light during flight.10,11 To effectively reduce optical reflectance
in the visible light wavelength region, antireflection structures
inspired by nature are developed to eliminate the abrupt
refractive index change by providing a gradual refractive index
transition from air to material surfaces.12,13 To date, diversified
subwavelength structure arrays, including dome arrays, sphere
arrays, cone arrays, wire arrays, pillar arrays, and pyramid
arrays, have been designed and fabricated for use as
antireflection coatings.14−19 Unfortunately, the broadband
antireflection functionality of most structure arrays declines
significantly with increasing viewing angles. Unlike many other
insects, dragonflies cannot walk with legs and are thus fully
dependent on their wings for movement.20 Interestingly,
dragonfly wings possess antireflection ability and the character-
istic of superhydrophobicity due to the presence of natural
wax-coated irregular structures on these surfaces.21 Among
numerous species of dragonflies, the structures established on
the transparent wings of the blue-tailed forest hawk dragonfly
(Orthetrum triangulare), an Asian freshwater dragonfly species,
are far from regular.22 The randomly inclined conical
structures are the origin of a marvelously broadband
antireflection functionality for a broad range of incidence
angles.23

For mimicry of the broadband antireflection performance of
the transparent wings, a variety of lithography-based
technologies for creating antireflection structures have been
reported.24,25 Nevertheless, most current technologies are
restricted to low-resolution subwavelength structures due to
surface damage, along with complicated serial processing
involved in generating structures. Moreover, it is still
challenging to engineer inclined subwavelength structures,
which are crucial for improving omnidirectional antireflection
performance. By contrast, colloidal lithography has evolved as
an alternative for engineering antireflection structure arrays.26

Self-assembling monolayer colloids are exploited as structural
templates in a plasma etching procedure to pattern the material
surface. However, most accessible self-assembly technologies
are limited by low throughput and consequently are unfeasible
in standard microfabrication processes.27−29 In addition,
conventional technologies are available only to self-assemble
close-packed colloidal crystals with hexagonal ordering,
whereas nonclose-packed arrangements of colloids are
preferred for biomimicking the structures on transparent
wings.30 Fueled by the rapid progress of nanotechnologies,
Jiang et al. develop a microfabrication-compatible self-assembly
technology to deposit nonclose-packed colloidal crystals in a
single step.31 The colloidal crystals can be exploited as
structural templates to pattern structure arrays on silicon
wafers, which can serve as second-generation templates to
fabricate antireflection structures on polymer surfaces.32

Nevertheless, the soft-lithography replication still encounters
difficulty in creating high-resolution features.
Nowadays, reversible antireflection functionality has at-

tracted great attention due to various prospective applications
in display screens, optical lenses, sensors, internal partitions,
and numerous architectural or vehicle windows.33 Shape
memory polymers are promising candidates for achieving the
optical modulation of antireflection in view of the fact that the
polymer configurations change in response to external stimuli
under different environments.34 Consequently, the shape
memory polymers with structure arrays prospectively promote

the development of reversibly erasable antireflection coatings.
It is worth noting that external stimuli can be divided into
chemical stimuli and physical stimuli. Chemical stimuli alter
the intermolecular forces between polymer chains, which can
erase and reconstruct the structures.35,36 However, chemical
stimuli generally require the use of specific solvents, which
pose environment hazards and potentially dissolve or damage
other components in the device. In contrast, physical stimuli,
including temperature, lasers, electric fields, and magnetic
fields, allow the level of energy sources to be influenced and
molecular interactions to be changed, indicating that the
structures on the surface can be reversibly switched.37 For
physical stimuli-responsive shape memory polymers, the
recovery period is usually long, which significantly impedes
many applications that require rapid response.38 Furthermore,
most of the operating length scales of current shape memory
polymers are on the order of centimeters, while materials to
memorize shape at micrometer-scale are required for largely
unexplored applications.
In this work, reversibly erasable shape memory polymer-

based antireflection coatings, inspired by blue-tailed forest
hawk dragonfly wings, are patterned on polymers by
combining a scalable spin-coating technique and a colloidal
lithography approach. The shear force-induced self-assembled
nonclose-packed colloids can serve as structural templates
during plasma etching to engineer inclined conical structure
arrays, which display impressive broadband antireflection
performance for a wide range of viewing angles. Compared
with traditional stimuli-responsive polymers, this new type
shape of memory polymer enables instantaneous nanoscopic
shape memory recovery by introducing either contact
pressures or low surface tension liquids under ambient
conditions. The stimuli-responsive shape recovery cycle
associated with reversible broadband omnidirectional antire-
flection functionality considerably improves smart film
development. Here, we systematically characterize the
antireflection properties of templated inclined conical structure
arrays to bridge the gap between bioinspired antireflection
design and practical applications.

■ EXPERIMENTAL SECTION
Reagents and Substrates. The chemicals employed to

synthesize spherical silica colloids, including tetraethyl orthosilicate
(98 vol %, Sigma-Aldrich), ammonium hydroxide (28 vol %, Sigma-
Aldrich), and anhydrous ethanol (200 proof, Sigma-Aldrich), were
used without further purification. Deionized water obtained from a
Milli-Q Advantage A-10 water purification system exhibits resistivity
of 17.5 MΩ·cm at 27 °C and was used directly in all experiments.
Ethoxylated trimethylolpropane triacrylate oligomers (ETPTA, SR
415, molecular weight 1176 kDa) and (ethylene glycol) diacrylate
oligomers (EGDA, SR 610, molecular weight 742 kDa) were provided
by Sartomer Company Corporation. 2-Hydroxy-2-methyl-1-phenyl-1-
propanone (Darocur 1173), used as a photoinitiator in the study, was
purchased from BASF Corporation. Poly(ethylene terephthalate)
(PET) films with a thickness of about 0.01 cm were obtained from
Wisegate Technology.

Preparation of Silica Colloid/ETPTA/EGDA Suspensions.
Uniform spherical silica colloids with mean diameters of 240, 180,
and 90 nm were prepared by the standard StÖber method.39 In the
process, silica colloids are synthesized by hydrolysis of tetraethyl
orthosilicate in ethanol solution in which ammonium hydroxide is
applied as a catalyst to facilitate the reaction at ambient temperature.
The resulting silica colloids are purified using anhydrous ethanol for
three centrifugation and dispersion cycles, and then redispersed in a
mixture consisting of ETPTA oligomers, EGDA oligomers, and 1 vol
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% Darocur 1173 by using an ultrasonic homogenizer (Esquire
Biotech). The colloid volume fraction of the silica colloidal
suspension is controlled at 25 vol %.
Self-Assembly of Silica Colloidal Crystals with Non-Close-

Packed Arrangement. A mixture of ETPTA oligomers, EGDA
oligomers, and Darocur 1173 is dispensed on a cleaned PET film,
which is rinsed with anhydrous ethanol, followed by drying under
ambient conditions before use. The oligomer mixture is spin-coated at
3000 rpm for 2 min (WS-400B-6NPP-Lite, Laurell Technologies) and
photopolymerized by exposure to UV radiation performed on a UV
curing system (X Lite 500 Pulsed UV curing system, OPAS) for 6 s.
The prepared silica colloidal suspension is filtered to remove any
particle aggregate and deposited on the PETPTA/PEGDA polymer-
coated PET film. The coating layer, PETPTA/PEGDA polymer, has
shape memory capability. The PET film is slowly tilted to spread the
colloidal suspension, followed by spinning at 250 rpm for 1 min, 500
rpm for 1 min, 1200 rpm for 1 min, 3500 rpm for 1 min, 6500 rpm for
1 min, and 8500 rpm for 5 min to remove excess suspension and
create two-dimensionally ordered silica colloidal crystals with a
nonclose-packed arrangement. After this process, the oligomers are
photopolymerized by UV radiation for 6 s.
Fabrication of Shape Memory Conical Structure Arrays. The

monolayer silica colloidal crystal/shape memory polymer composite-
coated PET film is etched by oxygen and argon reactive ions in an
Unaxis Shuttlelock RIE/ICP reactive ion etcher for directly patterning
shape memory conical structures on PET substrates. The chamber
pressure is 20 mTorr with a fixed oxygen flow rate of 5 SCCM and a
fixed argon flow rate of 15 SCCM. The silica structural templates can
then be wet etched in an ethanol solution containing hydrofluoric acid
(2 vol %) for 3 min and rinsed with anhydrous ethanol.
Characterization. Photographic images of the samples are

obtained using a Canon Ixus 185 HS digital camera. The microscopic
features and morphologies of the samples are determined by scanning

electron microscopy (SEM, JEOL 6335F). The samples are mounted
and sputtered with high purity gold using a sputter coater (Agar
Sputter Coater) prior to imaging. Optical reflectance and trans-
mittance spectra are obtained by a UV−visible-near-IR spectrometer
(Ocean Optics HR4000) with an optical fiber probe (Unice R-400-7-
SR) and recorded in the wavelength range from 300 to 800 nm. A
halogen-tungsten lamp (Ocean Optics LS-1) is used as the light
source.

■ RESULTS AND DISCUSSION

Blue-tailed forest hawk dragonfly (Orthetrum triangulare)
wings display high clarity and low haze with white light
illumination (Figure 1a). To assess the optical transparency as
displayed, the optical reflectance and optical transmittance of
dragonfly wings are measured at normal incidence. As
disclosed in Figure 1b, the average reflectance is about 7% in
the visible wavelength region, whereas the transmittance is
about 91% on average, indicating a broadband antireflection
characteristic. The antireflection capabilities at various
incidence angles are further evaluated (Figure 1c). Apparently,
no obvious average reflectance change is observed as the
incident angle increases from 0° to 30°, and the average
reflectance is increased by about only 6% as the incident angle
reaches 75°. The average transmittance spectrum also displays
a similar evolution trend as the incident angle varies. The
broadband omnidirectional antireflection characteristic origi-
nates from inclined conical structures covering the dragonfly
wings (Figure 1d).40 The randomly directed inclined
submicrometer-scale conical structures have an average height

Figure 1. (a) Photograph of a blue-tailed forest hawk dragonfly taken at normal incidence. (b) Optical reflectance and optical transmittance spectra
obtained from the dragonfly wing at normal incidence. (c) Optical reflectance and optical transmittance spectra obtained from the dragonfly wing
at various incidence angles. The reflectance and transmittance are averaged in a wavelength range from 300 to 800 nm. (d) Side-view SEM image of
the dragonfly wing in (a).
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of about 276 ± 32 nm and remain apart from each other with
an average interstructure distance of about 108 ± 41 nm.
Inspired by the broadband omnidirectional antireflection

characteristic of blue-tailed forest hawk dragonfly wings, the
nonclose-packed inclined conical structures are fabricated
through a combination of a shear-induced self-assembly
approach and colloidal lithography technology. As illustrated
in Figure 2, two-dimensionally ordered nonclose-packed silica
colloidal crystals are first spin-coated on a shape memory
polymer-coated PET substrate. This simple and scalable self-
assembly technology is based on shear-alignment of colloids in
the spin-coating process. With the intrinsic nature of high
etching selectivity between silica and polymers, the nonclose-
packed silica colloids are employed as structural templates
during the oxygen and argon RIE treatment for patterning
periodic arrays of chess-pawn-like composites consisting of
spherical silica tops and conical polymer bottoms. The size and
shape of templated polymer bottoms can be adjusted through
tuning RIE conditions and templating silica colloid size. It is
worth mentioning that the tips of conical polymer bottoms are
so thin that they cannot fully support the above silica tops after
long RIE treatment, leading to the construction of randomly
inclined chess-pawn-like features. The silica tops are then
selectively wet etched in an ethanol solution containing 1 vol %
hydrofluoric acid to create dragonfly wing-inspired inclined
conical structures.
To biomimic the inclined conical structures, a monolayer of

240 nm silica colloid crystals is self-assembled on a shape
memory polymer-coated PET substrate. Nonclose-packed
arrangement and long-range hexagonal ordering of silica
colloids are evident in Figure S1, and the images reveal that
the average distance between silica colloids is about 100 nm. In
addition, it is observed that the silica colloids float on the
surface of the PETPTA/PEGDA coating layer and that the
coating layer is much thicker than the diameter of silica
colloids. This self-assembly technology is scalable and the
periodic domain over the centimeter-scale can be easily
achieved.41 The prepared monolayer nonclose-packed silica
colloidal crystal-coated PET substrates are plasma etched by
oxygen and argon reactive ions for 5, 7.5, 10, and 12.5 min,
respectively. The highly ordered silica colloids can protect the
shape memory polymer underneath from being etched.42 In
the etching procedure, the combination of isotropic oxygen
plasma etching and anisotropic argon plasma etching leads to

the constitution of chess-pawn-like features consisting of
spherical silica tops and conical-shaped memory polymer
bottoms. The silica tops can then be selectively wet etched in
ethanol solution containing hydrofluoric acid to pattern
nonclose-packed shape memory polymer conical structures
directly on the substrate. The height of conical structures is
determined by the plasma etching duration, while the size is
predefined by the templating silica colloid size. Figure 3
displays that the conical structures are well-retained and that
the long-range hexagonal ordering is preserved during the
templating process. Although the shrinkage of spherical silica
tops can be neglected during the RIE treatment (Figure S2),
the presentation of longer RIE brings about the configuration
of higher and sharper conical structures (Figure 3). For RIE
durations of 5 and 7.5 min, the resulting conical structures are
retained and unbundled after drying of ethanol, whereas the
conical structures become too sharp to support the above silica
tops as the RIE duration extends to 10 min (Figure S2a),
resulting in the inclination of conical structures (Figure 3c).
Contrary to commonly observed close-packed structural
templates, the nonclose-packed arrangement of silica colloids
offers more space to create the inclined structure arrays. It is
worth noting that the upper conical structures become sharper
and significantly bent with the further increase in RIE duration,
leading to serious inclination of chess-pawn-like features
(Figure S2b). After wet etching, the resulting conical structures
are seriously inclined and form collapsed bundles over large
areas as the RIE duration reaches 12.5 min (Figure 3d). The
van der Waals forces among adjacent structures with high
aspect ratios are also attributed to the observed bundles.43

To assess the optical properties of the blue-tailed forest
hawk dragonfly wing-inspired inclined conical structure arrays,
Figure 3e compares specular reflectance spectra acquired from
conical structure arrays with various RIE durations (5, 7.5, 10,
and 12.5 min). The featureless PET substrate (black curve)
displays an average reflectivity of about 12% in the visible
wavelength range at normal incidence, agreeing with previous
findings.44 In contrast, the specular reflectance of conical
structure-covered PET substrates decreases over the entire
visible spectrum with the increase of RIE duration. Clearly, the
conical structures with greater height exhibit smoother
refractive index transition and thus reduce normal incidence
reflectance more efficiently than the bare PET substrate.45

Figure 2. Schematic illustration of the fabrication process for creating dragonfly wing-inspired antireflection coatings.
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To investigate the dependence of conical structure shapes on
their omnidirectional antireflection performances, the optical
reflectance and transmittance spectra of the previously
mentioned samples are further evaluated at various incidence
angles. As displayed in Figure 4a, for either a flat PET substrate

or conical structure-covered PET substrates the average optical
reflectance in the visible wavelength region increases as the
incident angle increases from 0° to 75°. Moreover, it is found
that conical structures with great heights are capable of
suppressing optical reflectance even for large incidence angles.
It is notable that although the reflectance of the conical
structure-covered substrate with 12.5 min RIE treatment
remains almost unchanged at large incidence angles, the
transmittance of that sample decreases greatly with the increase
of incidence angles (Figure 4b). The impaired optical
transmittance results from the presented micrometer-scale
bundled conical structures with larger scale than the visible
wavelengths, as shown in Figure 3c. A portion of the incident
visible light is therefore reflected and scattered off of the
structures. In contrast, the other average transmittance spectra
display similar evolution trends with the average reflectance
spectra as the incident angle varies. The transmittances of
conical structure-covered substrates increase with RIE duration
(5, 7.5, and 10 min) at various incidence angles. Compared
with the bare PET substrate, the conical structure-covered
substrate with 10 min RIE treatment exhibits about 3% higher
average transmittance at 0° (normal incidence) and about 15%
higher average transmittance at 75°. Importantly, even though
the heights of the inclined conical structures created after 10
min RIE are close to the heights of the conical structures after
7.5 min RIE treatment (Figure 3c,d), the inclined conical
structure-covered substrate displays higher transmittances at
different incidence angles. The results suggest that broadband
omnidirectional antireflection performance can be improved
by introducing inclined conical structure arrays on the material
surface.
To comprehend the dependence of the shape and

inclination of conical structures on the omnidirectional
antireflection properties, nonclose-packed 180 nm silica
colloidal crystals and nonclose-packed 90 nm silica colloidal
crystals are spin-coated on PET substrates for patterning
inclined conical structure arrays, respectively (Figure S3 and
Figure S4). Figure S5 displays the hexagonally ordered conical
structure arrays templated from the 180 nm silica colloidal
crystals at various RIE durations, followed by selectively wet
etching silica colloids. Obviously, the heights of the resulting
conical structures increase with RIE duration, and the
structures are bundled and collapsed as the REI duration
reaches 10 min. In addition, inclined conical structures are
created after 7.5 min RIE treatment. Compared with the

Figure 3. Tilted-view SEM images of the dragonfly wing-inspired
conical structures templated from 240 nm silica colloids for different
RIE durations of (a) 5 min, (b) 7.5 min, (c) 10 min, and (d) 12.5
min; (e) optical reflectance spectra obtained from a bare PET
substrate and PET substrates coated with shape memory polymer
conical structures templated from 240 nm silica colloids for different
RIE durations at normal incidence.

Figure 4. (a) Optical reflectance spectra and (b) optical transmittance spectra obtained from a bare PET substrate and PET substrates coated with
shape memory polymer conical structures templated from 240 nm silica colloids for different RIE durations at various incidence angles.
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structures as shown in Figure 3, it is evident that shorter
structures can be fabricated using smaller templating silica
colloids, while the silica colloid size does not significantly affect
the shape of the fabricated conical structures. Because the
protected region underneath structural templates is propor-
tional to the silica colloid size during the plasma etching
procedure, the width of the conical structure base templated
from 180 nm silica colloids is smaller than that templated from
240 nm silica colloids.
Spectral reflectance and spectral transmittance of the

templated conical structure arrays are evaluated at various
incidence angles (Figure 5). Similar to the spectra displayed in
Figure 4, the omnidirectional antireflection performance of the
conical structure-covered substrates is influenced by RIE
duration. The heights of templated conical structures increase
with RIE duration, resulting in a smooth refractive index
transition at the air and substrate interface. Therefore, the
conical structure-covered substrate with longer RIE treatment
displays lower reflectivity than that of a bare substrate for the
entire visible spectrum at various incidence angles (Figure 5a).
Despite that the transmittances of conical structure-covered
substrates at 10 min RIE duration and 12.5 min RIE duration
significantly decrease as a result of light scattering from
bundled and damaged conical structures, the transmittances of
the other conical structure-covered substrates (RIE 5 min and
RIE 7.5 min) increase with RIE duration (Figure 5b).
Compared with a bare substrate, the substrate with 7.5 min

RIE exhibits about 5% higher transmittance at 0° and about
19% higher transmittance at 75°. Importantly, even if the
shapes of inclined conical structures templated from 180 nm
silica colloids with 7.5 min RIE treatment are similar to those
templated from 240 nm silica colloids with 10 min RIE
treatment (Figure 3c), the structures templated from 180 nm
silica colloids exhibit better antireflection performance. This is
reasonable because the height and the interstructure spacing of
the conical structures templated from 180 nm silica colloids are
smaller than visible wavelengths. Hence, less incident visible
light is scattered off the conical structure arrays, leading to
higher transmittance. Moreover, although the heights of
inclined conical structures templated from 180 nm silica
colloids with 7.5 min RIE treatment and those templated from
240 nm silica colloids with 7.5 min RIE treatment (Figure 3b)
are similar, the structures templated from 180 nm silica
colloids display higher transmittance at various incidence
angles. The results indicate that omnidirectional antireflection
properties can be enhanced by introducing inclined conical
structures.
To further improve the transparency of the dragonfly wing-

inspired antireflection coatings, 90 nm silica colloidal crystals
self-assembled on a PET substrate are utilized to engineer
inclined conical structure arrays (Figure S4). Figure S6 shows
that inclined conical structures with a height of about 400 nm
can be fabricated by applying 7.5 min RIE treatment, whereas
the structures are damaged after 10 min RIE. In addition, it is

Figure 5. (a) Optical reflectance spectra and (b) optical transmittance spectra obtained from a bare PET substrate and PET substrates coated with
shape memory polymer conical structures templated from 180 nm silica colloids for different RIE durations at various incidence angles.

Figure 6. (a) Optical reflectance spectra and (b) optical transmittance spectra obtained from a bare PET substrate and PET substrates coated with
shape memory polymer conical structures templated from 90 nm silica colloids for different RIE durations at various incidence angles.
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evident that the resulting conical structures are smaller than
those templated from 240 nm silica colloids and 180 nm silica
colloids. Even though few bundled conical structures are
found, the hexagonal ordering of inclined conical structures is
apparent.
Figure 6a reveals the optical reflectance spectra of a

featureless PET substrate and the conical structure-covered
PET substrates at various incidence angles. The reflectance at
0° is decreased from about 12% for a bare substrate to about
7% for the PET substrate covered with conical structure arrays
with 7.5 min RIE treatment. Furthermore, the reflectance at
75° can be greatly decreased from about 36% to about 6% by
introducing the inclined conical structures. As mentioned
previously, the periodic inclined conical structures possess
large heights, which can efficiently suppress optical reflectance
at different incidence angles by generating a refractive index
gradient between air and PET substrate. Additionally, the
subwavelength interstructure distance of the conical structures
templated from 90 nm silica colloids facilitates efficient
suppression of light scattering, and thus incident light
propagation is primarily governed by the refractive index
gradient of the conical structures. The transmittance spectra in
Figure 6b disclose that the average transmittance in the visible
wavelength range of this conical structure-covered substrate
reaches about 92% at normal incidence and even about 80% as
the incident angle increases to 75°. The resulting optical
properties agree well with those of blue-tailed forest hawk
dragonfly wings, confirming that broadband omnidirectional
antireflection characteristics can be achieved by patterning
inclined conical structures on material surfaces. In comparison
with the optical properties of dragonfly wings (Figure 1c), the
conical structure-covered PET substrate templated from 90 nm
silica colloids exhibits about 2% higher reflectance and about
2% lower transmittance at 75°. It is worth noting that the
structural disordering of inclined conical structures on
dragonfly wings may also play a role in developing broadband
omnidirectional antireflective properties.
Figure S7 displays the photographs of a bare PET substrate

and the inclined conical structure-covered PET substrates
templated from 240 nm silica colloids, 180 nm silica colloids,
and 90 nm silica colloids. The photographs are taken under
white light illumination for viewing angles at 45°. It is obvious
that the bare substrate exhibits a milky coloration caused by
Fresnel’s reflectance of incident light. In contrast to that, the

inclined conical structure-covered substrates are less milky, and
the letters underneath the substrates are distinctly observed.
Additionally, in comparison with the substrates templated from
240 nm silica colloids or 180 nm silica colloids, which exhibit
blush coloration resulting from light scattering, the substrate
templated from 90 nm silica colloids is macroscopically
uniform and highly transparent. These results suggest that
large-scale dragonfly wing-inspired broadband antireflection
coatings can be engineered through a combination of spin-
coating technology with a colloidal lithography approach.
The shape memory polymer used in this study enables the

deformation from ordered permanent structures to disordered
temporary structures by water evaporation from the templated
structures.46 The recovery of the temporarily deformed
structures to the permanent structures can be triggered by
applying a contact pressure or drying of low surface tension
liquids at room temperature.47 These unique characteristics of
the shape memory polymer provide a platform to achieve
reversible antireflection functionality, which is associated with
the transition from inclined conical structures to collapsed
conical structures (Figure S8).
As demonstrated previously in this research, in comparison

with the left featureless PET substrate the right subwavelength
inclined conical structure-covered PET substrate exhibits high
transparency, resulting from gradual refractive index transition
between air and substrate (Figure S9a,b). Interestingly, the
transparency of the right substrate disappears, and it becomes
translucent after immersion in water, followed by drying of the
water under ambient conditions (Figure S9c). The pale white
appearance suggests that the conical structures are bundled
and collapsed as water evaporates from the structures. This
process is a result of the substantial capillary force created by
water evaporation, which squeezes the elastic conical structures
into disordered arrangements. The surface morphology in
Figure S9d further verifies the statements. Surprisingly, the
substrate recovers its original inclined conical structures and
becomes highly transparent as the substrate is reimmersed in
acetone, followed by an acetone drying procedure (Figure
S9e,f). From the Young−Laplace equation, it is believed that
low surface tension results in a lower capillary force that is not
sufficient to squeeze the structures into disordered arrange-
ments.48 Besides acetone, solvents with low surface tensions,
such as ethanol, can also be applied to fully recover the
structures by solvent evaporation. In the capillary force-

Figure 7. (a) Optical reflectance spectra and (b) optical transmittance spectra obtained from PET substrates coated with shape memory polymer
conical structures templated from 90 nm silica colloids with 7.5 min RIE treatment at various incidence angles. The same sample dried out of water,
and the water drying sample dried out of acetone are labeled as (water) and (acetone), respectively.
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induced shape memory recovery cycle, the capillary force
squeezes the structures, storing excess stresses in the
temporarily configured polymer chains. The strained polymer
chains exhibit a strong tendency to recover the permanent,
stress-free states.
The structure transition and the corresponding antireflection

performance can be evaluated by comparing the optical
reflectance and transmittance spectra of the samples. In Figure
7, the substrate dried out of water displays low reflectance and
transmittance, caused by light scattering from collapsed conical
structures, whereas the acetone-recovered substrate covered
with inclined conical structures displays impressive broadband
omnidirectional antireflection performance. Importantly, the
optical spectra of the recovered sample match well with those
of the original sample, indicating that the temporarily
deformed structures are fully recovered, while the inclined
conical structures are triggered by acetone evaporation. More
importantly, the recovered antireflection functionality can
again be deactivated as the sample is reimmersed in water and
then dried out of water. The capillary force-induced shape
recovery cycle is reversible and can be repeated for at least 10
cycles (Figure S10).
Even more interesting, the recovery of the inclined conical

structures can also be triggered by applying contact forces on
the collapsed structures. To verify the feasibility of pressure-
induced shape memory recovery, different pressures are
applied by placing different weights of a piece of cover glass
with a specific area on the collapsed structure-covered
substrate. The tilted SEM images in Figure S11 correspond
to the structures recovered by applying 0.49 N/cm2, 0.98 N/
cm2, 1.96 N/cm2, and 2.94 N/cm and reveal that the
temporarily deformed structures are fully recovered to the
permanent inclined conical structures as 2.94 N/cm2 pressure
is applied. In contrast, intermediate pressures are capable of
inducing only partial recoveries of structures, resulting in fewer
bundled conical structures than fully collapsed structures.
Although a variety of methodologies have been applied to
fabricate pressure-induced tunable structures using elastic
materials, the temporarily deformed structures cannot be
memorized.49,50 It is worth noting that higher pressure applied
on the substrate leads to the formation of more recovered
structures and therefore the shape memory polymer structure-
covered substrate under higher applied pressure displays better
antireflection performance. The optical reflectance and trans-

mittance spectra of the substrates under different pressures as
displayed in Figure 8 further verify these statements. Moreover,
the spectra of the structure-covered substrate under 2.94 N/
cm2 pressure are consistent with the spectra of the untreated
structure-covered substrate (Figure 6). The agreement
indicates that the broadband omnidirectional antireflection
characteristics of deformed structures can be fully recovered by
applying pressures. As demonstrated previously, the recovered
antireflection functionality can be erased by capillary force
generated by water evaporation. The pressure-induced shape
recovery cycle is reversible and can be repeated for at least 10
cycles (Figure S12).

■ CONCLUSIONS

In summary, stimuli-responsive antireflection structures are
directly fabricated on polymer substrates through a combina-
tion of scalable colloidal self-assembly technology and colloidal
lithography technology. The resulting inclined conical
structures, inspired by blue-tailed forest hawk dragonfly
wings, exhibit high transparency and impressive broadband
antireflection performance for wide viewing angles. Impor-
tantly, the capillary force generated from water evaporation
induces deformed conical structure bundles, leading to the pale
white appearance. Simultaneously, the recovery of the
temporarily deformed structures to the inclined conical
structures can be evoked by drying the structures of low
surface tension liquids or applying contact pressure at room
temperature. The repeatable stimuli-responsive shape recovery
cycle associated with the reversible broadband omnidirectional
antireflection functionality offers a wide spectrum of promising
applications in optical devices.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c00823.

SEM images of nonclose-packed silica colloidal crystals
on a shape memory polymer-coated PET substrate
fabricated by spin-coating technology. SEM images,
photographic images, and reversible antireflection
functionality of PET substrates coated with dragonfly
wing-inspired conical structures by applying solvent and
pressure stimulation. Schematic illustration of the

Figure 8. (a) Optical reflectance spectra and (b) optical transmittance spectra obtained from PET substrates coated with shape memory polymer
conical structures templated from 90 nm silica colloids with 7.5 min RIE treatment under different pressures at various incidence angles. The same
sample dried out of water is labeled as (water).
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reversible mechanism for the antireflection functionality
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