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Biomimetic Omnidirectional Antireflective Glass via

Direct Ultrafast Laser Nanostructuring

Antonis Papadopoulos, Evangelos Skoulas, Alexandros Mimidis, George Perrakis,
George Kenanakis, George D. Tsibidis, and Emmanuel Stratakis*

Here, a single-step, biomimetic approach for the realization of omnidirectional
transparent antireflective glass is reported. In particular, it is shown that
circularly polarized ultrashort laser pulses produce self-organized nanopillar
structures on fused silica (SiO,). The laser-induced nanostructures are
selectively textured on the glass surface in order to mimic the spatial
randomness, pillar-like morphology, as well as the remarkable antireflection
properties found on the wings of the glasswing butterfly, Greta oto,

and various Cicada species. The artificial structures exhibit impressive
antireflective properties, both in the visible and infrared frequency ranges,
which are remarkably stable over time. Accordingly, the laser-processed glass
surfaces show reflectivity smaller than 1% for various angles of incidence in
the visible spectrum for s—p linearly polarized configurations. However, in the
near-infrared spectrum, the laser-textured glass shows higher transmittance
compared to the pristine. It is envisaged that the current results will
revolutionize the technology of antireflective transparent surfaces and impact
numerous applications from glass displays to optoelectronic devices.

aiming to design and fabricate biomi-
metic structures.”] Research in this
field indicated several methodologies to
develop bioinspired surfaces, exhibiting
hierarchical structuring at the nano- and
micro-lengthscales.®11 Laser fabrication
is a maskless process allowing mate-
rial modifications with a high precision
over size and the shape of the fabricated
features.' However, due to optical
diffraction, the feature size resolution is
limited to the order of wavelength (i.e.,
microscale); therefore, the challenge in
biomimetic laser processing is to beat the
diffraction limit and realize the structural
complexity of natural surfaces, also, at the
nanoscale. Materials’ structuring using
ultrashort (less than 1 ps) laser pulses,
in particular, proved to be a precise and
highly versatile tool to realize artificial sur-

There are numerous species in nature that exhibit extraordi-
nary surface functionalities including plant leafs,!* insects,>*
reptiles,”) even elasmobranch fishes, and marine life.** These
remarkable properties help those species to survive, feed, and
thrive through extreme environmental conditions; their devel-
opment has followed millions of years of evolution and the
necessity of the species to evolve through natural selection.
In most cases, the unconventional surface properties and
attributes stem from their unique hierarchical morphological
features, ranging from a few tens of nanometers to hundreds of
micrometers in size.]

Based on the concepts and underlying principles discov-
ered in nature, an interdisciplinary field has been developed,
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faces that quantitatively mimic the mor-

phological features and functionalities of
their natural archetypes.'31°l This capability comes as the out-
come of the optimal combination of the ultrafast laser field and
material properties that enable the production of features with
sizes beyond the diffraction limit (i.e., nanoscale). A promi-
nent example is the formation of self-organized subwavelength,
laser-induced periodic surface structures (LIPSS), which have
been proven an important asset for the fabrication of nano-
structures with a plethora of geometrical features.!'>20-2°]

This work is the first report on direct laser nanofabrication of
biomimetic omnidirectional antireflective glass surfaces. It was
inspired from the unique antireflection properties of the wings
of the glasswing butterfly, Greta oto, and the Cicada Cretensis
species.>3 This property is due to the presence of arrays (with
periodicity in the range of 150-250 nm) of nonreflective nano-
sized (sub-100 nm size) pillars on both the top and the bottom
surface of the wing. The current state-of-the-art technologies
employed for the production of antireflection surfaces require
either complex multiple steps and time-consuming procedures
or chemical processes, #2732l which, in some cases, produce
hazardous wastes. At the same time, the chemical coatings’
quality tends to degrade with time.””3334 Here, we demon-
strate a single-step laser texturing approach for the structuring
of biomimetic antireflective nanopillars, on fused silica glass
(SiO,) surfaces. The overall properties of the produced surfaces
were found remarkably similar to the natural butterfly and
Cicada archetypes, both in terms of the surface morphology
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and of functionality. The proposed technique is simple, low
cost, chemicals free, and it can be easily scaled up using
commercially available industrial laser-processing systems.[3>-3¢)

Antireflective transparent materials can be useful for a
wide range of technological applications including daily device
screens,?’) solar windows,®3% optoelectronic devices,***] and
a plethora of optical components.[324243 We envisage that the
laser-based biomimetic fabrication approach presented here
will have a huge impact on such applications, considering the
simplicity of the process coupled with the durability of the
antireflective structures attained.

Following irradiation of fused silica with a specific linearly
polarized number of pulses (NP), the appropriate fluence
(Fl) and high spatial frequency LIPSS (HSFL) are formed
on the surface. The periodicity of HSFL is half, or less, of
the laser wavelength A, while their orientation is perpen-
dicular to the incident polarization, as shown in Figure 1a.
The physical mechanism that determines the size and
orientation of HSFL in fused silica has been discussed in
previews reports.?122# According to the most prominent
explanation, the HSFL nanoripples’ formation is due to the
coherent superposition of the scattered near-field (evanes-
cent) waves generated by single inhomogeneities, which
are possibly irradiation remnants present on the material's
surface.l*¥ The local field enhancement and eventual super-
position of such scattered waves lead to periodic modulation
perpendicular to the laser beam polarization.* An impor-
tant feature of this mechanism is that nanoplasmas from
randomly distributed inhomogeneities become oriented
perpendicular to the laser polarization and evolve into self-
organized HSFL patterns.

www.advmat.de

HSFL can be considered as a suitable structure for the
production of antireflection surfaces in the visible, as their
characteristic periodicity, obtained by 2D fast Fourier transform
(2D-FFT) analysis, is 359 £ 24 nm, i.e., within the range of the
periodicity exhibited by the array of nanopillars formed on the
Cicada Cretensis*®! (Figure 2a) scales.

Notably, irradiation of fused silica with a specific number of
circularly polarized pulses at 1026 nm, of appropriate fluence,
gives rise to arrays of nanopillars (nanospikes), as shown by
the respective scanning electron microscopy (SEM) images in
Figure 1d. The respective 2D-FFT image confirms the uniform
distribution of such nanospikes within the spot area. The size
of nanospikes is controllable by the wavelength of the incident
beam, although the periodicity remains unaffected (Figure S4,
Supporting Information). The formation mechanism of nano-
pillars can be attributed to the characteristics of the circularly
polarized laser light; more specifically, the equivalent contribu-
tions of the laser field components on the material's surface
plane, due to circular polarization, cancel any periodic field
modulation and subsequent pattern organization along a pref-
erential direction.*® As a result of the random distribution of
nanoplasmas,*?! the laser-irradiated area is textured with an
array of dots (see also Figure S8 in the Supporting Informa-
tion), which are evolving into nanospikes upon irradiation with
subsequent pulses.

A parametric study was conducted to identify the appropriate
laser parameters required for the nanopillars formation. It is
generally observed that, depending on the fluence used, nano-
spikes are formed for different number of pulses. For example
at Fl = 6.1 ] cm™2, well-ordered nanospikes are formed for
NP = 50, while at F1 = 6.6 ] cm~2, well-ordered nanopillars are
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Figure 1. Polarization-dependent LIPSS. a,d) Top-view SEM image of fused silica surface. b,e) 2D Fourier transform (2D-FFT) of the area marked with
the dashed black square. ¢,f) The profile of the dashed horizontal and vertical lines of b,e) Fourier transform, following irradiation with a—c) NP =15
and 1=1026 nm, linearly polarized pulses of FI =2.8 ] cm™2, and d—f) NP =40 and A= 1026 nm, circularly polarized pulses of FI = 6.0 ] cm™2. The red
arrows (in (a) and (d)) indicate the laser beam polarization.
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Figure 2. Natural versus biomimetic artificial surface and morphological characterization of the laser fabricated nanospikes. a—d) Photograph of
a Cicada Cretensisl®! wing and respective SEM images (45° tilted) of the transparent antireflective area at different magnifications; the red spot
indicates the SEM imaging area. e-h) Photograph of a fused silica plate and SEM images (45° tilted) of a spot fabricated on the surface using
NP =15 circularly polarized laser pulses of A = 1026 nm wavelength, 1 kHz repetition rate with and170 fs pulse duration, of Fl = 6.8 | cm™%; the red
spot indicates the location of irradiation. i) Nanospikes’ periodicity as a function of NP for FI = 6.6 | cm™2. j) Nanospikes’ periodicity as a function of
fluence for NP =10. k) High-resolution SEM image (45° tilted) of a single nanospike. ) Nanospikes’ radius as a function of NP for FI=6.6 | cm=2. m)
Nanospikes’ radius as a function of fluence for NP = 10. n) Cross-sectional SEM image of the femtosecond laser-induced nanospikes. o) Height

distribution.
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formed for NP = 15, as shown in Figure 2b. By contrast, for
NP > 50, no structures are produced, while a crater is formed
instead. Hence, minor changes in fluence or in the number
of pulses are strongly influencing the formation of nano-
spikes. The range of fluences where nanospikes are formed is
Fl = 5.7-8.3 ] cm™2, while that of NP = 6-50 for the 1026 nm
central wavelength. Moreover, the optimum pulse duration
for the formation of nanospikes is below 5 ps. More informa-
tion and the full map of structures obtained at various fluences
and the number of pulses can be found in Figures S2 and S3
(Supporting Information).

To account for the periodicity, radius of curvature, and
height of the fabricated nanospikes, a morphological analysis
has been performed. The periodicity, in particular, calculated
from 2D-FFT analysis of the corresponding SEM images and
presented in Figure 2c,d, is estimated to be within the range
of 200-400 nm. It can be observed that the pseudoperiodic
character of those structures gives rise to a wide range of
periodicities. However, as the fluence and number of pulses
increase, the mean periodicity slightly increases. The nano-
spikes’ radius, also calculated from the SEM images, shown
in Figure 2f,g, was measured in the range of 70-100 nm.
The radius values seem to be unaffected by the fluence
changes; however, they increase slightly upon increasing the
number of pulses. Finally, the average height of nanospikes

Untreated
SiO, area

www.advmat.de

was estimated, from cross-sectional SEM images, to be
224 £ 41 nm.

Toward the fabrication of large-area nanospike surfaces, a
line scan study was initially attempted. It is observed that the
homogeneous production of nanospikes, within the line, is
quite challenging (see Figure S7 in the Supporting Informa-
tion). In order to avoid the textures’ inhomogeneities, the nano-
spikes were progressively formed using a series of consecutive
scans (see Figure S8 in the Supporting Information). For the
formation of the nanospikes in large areas, the sample was
scanned in both directions and structuring is performed via
the line-scan procedure described above. Figure 3a presents
a picture of a fused silica plate processed in its central part
to provide a square-shaped area of nanospikes (SEM images
are provided in Figure S9 in the Supporting Information).
The maximum area that can be textured using our setup was
equal to 1 cm?, as depicted in Figure 3a. It can be observed that
under white light illumination, the laser-treated area is highly
antireflective compared to the untreated outer peripheral area.
The antireflection property of the processed areas has been
confirmed by the respective reflectance spectra (Figure 3b,c)
showing that it is more pronounced in the vis—NIR part of the
spectrum. It is also found that the scanning lines’ separation
significantly affects the antireflection property (Figure S10,
Supporting Information). In particular, as the percentage

fs-processed area
with nano-spikes
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Figure 3. a) Photograph of a fused silica sample plate (the background is from the Greek translation of Quantum Optics by Mark Fox. and is reproduced
with permission from Crete University Press), the central part of which was laser-treated to fabricate nanospikes; the black dashed rectangle indicates
the processed area. b,c) Reflectance spectra of a pristine (black lines) and laser treated at one (red lines) or both sides (blue lines) of the fused silica
plate. Laser processing has been performed using Neg,p = 15 circularly polarized pulses (A =1026 nm, 1 kHz, 170 fs) with FI=5.8 ] cm™.
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coverage of nanospikes increases, the antireflection property is
enhanced as well. Furthermore, as also shown in Figure 3b,c,
the reflectivity was further decreased if both sides of the fused
silica plate are laser-treated. Indicatively, the relative difference
in reflectance between the untreated and the single-side pro-
cessed plate is 1.7% for 1200 nm and 1.9% for 600 nm while
that of the double-side processed one is 4.1% for 1200 nm and
7.1% for 600 nm, respectively. Such properties are comparable
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to those attained through the best antireflection technologies
reported to date.[®?7]

Angle-resolved reflectance and transmittance spectra
were recorded at three different wavelengths (445, 535, and
658 nm) for both s- and p-polarized light, using a custom-
built angle-resolved reflectance spectroscope. The results are
presented in Figure 4a and Figure 4b, respectively, for the
untreated, single-, and double-side laser-processed fused silica
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Figure 4. Transmittance and reflectance measurements for various AOI at 445, 535, and 658 nm wavelengths. a,b) Transmittance and reflectance
measurements of “flat, single-side processed” and “double-side processed” fused silica for s-polarization (a) and p-polarization (b) configurations.
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plate at various angles of incidence (AOI). It is observed that
the reflectivity of single- and double-side processed fused
silica plate is reduced compared to the bare one at practically
all AOI and for all three wavelengths. Notably, the double-side
processed material shows a significantly reduced reflectivity,
which is less than 1%, for low AOI and less than 5% even at
a large angle (i.e., 60°), which reveals remarkable omnidirec-
tional antireflective property. Furthermore, the transmission is
higher than 85% in all cases and slightly decreases for large
angles. This result indicates the omnidirectional high trans-
parency of the laser-processed fused silica plates. It should be
emphasized that the observed omnidirectional antireflection
properties are quite stable over time and remain at the same
levels for at least 6 months after fabrication, upon storage in
ambient conditions. This is a remarkable advantage of laser
nanostructuring compared to the current state-of-the-art
antireflection technologies.

To analyze the antireflection properties of laser-fabricated
nanospikes, numerical simulations of light intensity distri-
bution, as well as the angular dependence of reflection, were
carried out. The simulations were conducted on a 1.3 X 0.65 um?
area, 1 mm thick, supercell comprising, on both sides, silica
nanospikes of four different mean-valued dimensions, deduced
from SEM images, as well as on a 0.328 X 0.328 um?, 1 mm
thick, unit cell comprising, in both sides, a single type of silica
nanospike for comparison; on the other hand, reflection calcu-
lations from a 1 mm silica slab with a flat surface were used for
reference (see the Supporting Information and ref. [47]).

In Figure 5a-c, the calculated against the measured reflec-
tivities were compared, as shown in Figure 4a,b, for the three
different wavelengths and two polarizations. It is evident that
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regardless of the angle of incidence, the nanospikes’ surface
exhibits a decreased reflectivity by up to ten times compared
to an untreated glass plate. Notably, the observed antireflec-
tive behavior can be attributed to the presence of nanospikes
that induce a progressive transition of the effective refractive
index, allowing effective coupling of light into the bulk of fused
silica. This light-coupling effect is further indicated by the
significantly enhanced intensity of light among the nanospikes
(Figure 5d). Figures S11-S13 (Supporting Information) confirm
that nanospikes can reduce the reflection by almost an order of
magnitude, compared with the plane silica surface, for all wave-
lengths within the range of 400-800 nm. Moreover, comparing
Figures S12 and S13 (Supporting Information) at spectral/
angular regions where severe diffraction does not occur (i.e.,
500-800 nm and 0°-30°), the four-nanospike supercell shows
a more broadband reflection reduction compared to the unit
cell with the single type of nanospike. This effect can be attrib-
uted to the nanospikes’ randomness, which is found also to be
behind the unique omnidirectional antireflection properties of
the glasswing butterfly.l’!

In brief, we reported on a novel single-step and chemical-
free technique for the fabrication of broadband, omnidirec-
tional transparent antireflective surfaces, using ultrafast lasers.
It is particularly demonstrated that irradiation of fused silica
with circularly polarized femtosecond pulses gives rise to the
formation of subwavelength-sized nanospikes on the mate-
rials’ surface. Notably, and unlike most antireflection surfaces
fabricated to date, the laser-induced nanospikes exhibit a qua-
siperiodic arrangement and present random height and width
distributions, in a similar manner to the nanospikes found at
the highly antireflective glasswing butterfly and Cicada wings.
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Figure 5. Theory (dashed line) versus experiment (continuous line). a—c) Reflectance measurements for various AOI at 445 nm (a), 658 nm (b), and
535 nm (c) wavelengths of single-side processed (black) and double-side processed (red) fused silica. d) Distribution of electric field |E| at a wavelength

of 658 nm at normal incidence.
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Our simulation analysis indicated that this random height
distribution of nanospikes not only significantly reduces the
surface reflectivity but also is the main reason for the observed
broadband, omnidirectional antireflection property. Optical
spectroscopy, indeed, confirmed that the reflectivity is sup-
pressed by almost one order of magnitude over a large range of
incident angles and wavelengths. More important, and contrary
to the currently best antireflection technologies, the observed
optical properties are found to be remarkably stable over time.
Such a combination of efficient omnidirectional antireflective
performance with high durability has not yet been achieved
by any of the currently well-established AR technologies. Due
to the nature of laser-processing technology, the antireflective
surfaces can be easily scaled up to large areas that could be used
to enhance the light harvesting in solar cells or for efficient
light emission in light-emitting diodes, as well as improving
the performance of optoelectronic and electro-optical compo-
nents and devices, including mirrors, lenses, photodetectors,
and displays.13348]

Experimental Section

Laser Processing: Commercially available, UV-grade polished samples
of fused silica of 99.9% purity (purchased from GPO, Germany), with an
average thickness of 1 mm, were used. For the fabrication procedure,
a potassium gadolinium tungstate (Yb:KGW) laser source emitting
linearly polarized pulses with a pulse duration of 170 fs, 1 kHz repetition
rate, and 1026 nm central wavelength, was employed. To produce left-
handed circularly (LC) polarized pulses, a quarter-waveplate (QW)
plate was used, where the optical axis was set to 45° with respect to
the original linear polarization. The experimental setup, shown in
Figure S14 (Supporting Information), also included a system of a half-
waveplate (HW) and a linear polarizer (LP), used to adjust the laser
power, a dichroic mirror (DM) to guide the beam, a concave lens (CL)
of focal length f= 150 mm to focus the beam onto the sample, and a
complementary metal-oxide—semiconductor (CMOS) camera to observe
the sample surface. The sample was placed on a computer controlled
three-axis translational stage. The spot size was calculated to be 41 um
in diameter at 1/e? using a CCD camera. All experiments were conducted
in ambient air, at normal incidence, and tight focusing conditions.

Morphological and Optical Characterization: The morphology of the
laser-fabricated structures was analyzed by a field-emission SEM (JEOL
JSM-7000F). The periodicity of surface structures was determined by the
2D-FFT analysis of the corresponding SEM images using the Gwyddion
software (Section SA, Supporting Information), while the radius and
height of the structures were calculated from the SEM images via the
Image) software. The reflectivity of the flat and the processed surface
areas was measured via a Bruker Vertex 70v FT-IR vacuum spectrometer,
using a PIKE specular reflectance sample holder with a fixed 30° angle
of incidence. In order to cover a spectral range of 22 500-4000 cm™
(444-2500 nm), two different sets of optics were used: a) for
22 500-8000 cm™' (444-1250 nm), a quartz beamsplitter and a room-
temperature silicon diode detector; while b) for 7500-4000 cm™'
(1333-2500 nm), a broadband KBr beamsplitter and a room-temperature
broadband triglycine sulfate (DTGS) detector were used. In any case,
interferograms were collected at 4 cm™' resolution (8 scans), apodized
with a Blackman—Harris function, and Fourier transformed with two
levels of zero filling to yield spectra encoded at 2 cm™' intervals. Before
scanning the samples, an aluminum mirror (>90% average reflectivity)
background measurement was recorded in vacuum. Finally, the
transmittance and reflectance of the processed areas at various angles of
incidence were measured at 445, 535, and 648 nm wavelengths, emitted
by respective continuous wave (cw) laser sources.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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