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ABSTRACT: In this work, mechanically, chemically and thermally resistant broad-band and
broad-angle anti-reflection coatings were prepared on 10 cm diameter glass substrates combining
sol-gel deposition with nano-imprint lithography. The coatings are composed of water-repellent
methylated silica (Si4O;Me;) and exhibit a transverse refractive index gradient created by tapered,
nipple-dimple, sub-wavelength nano-structures, featuring a record vertical aspect ratio of ~1.7.
The structure is composed of hexagonal arrays of nano-pillars (~200 nm height; ~120 nm width)
and holes (~50 nm depth, ~100 nm width) with 270 nm pitch. The corresponding effective
refractive index is between 1.2 and 1.26 depending on the fabrication conditions. Total
transmission for double-face nano-imprint wafers reaches 96~97% in the visible range, it is
limited by specular reflection and mostly by the intrinsic diffusion of the glass substrate. The
anti-reflective effect is effective up to ~60 degrees incidence angle. We address the robustness of
the inorganic-based coating in various realistic and extreme conditions comparing them to the
organic Perfluoropolyether (PFPE) counterpart (master reference). The sol-gel system is
extremely stable at high temperature (up to 600°C, against 200°C for the polymer reference).
Both systems showed excellent chemical stability, except in strongly alkaline conditions. The
inorganic nano-structure showed abrasion resistance more than two orders of magnitude superior
to the polymer one, with less than 20% loss of anti-reflective performance after 2000 rubbing
cycles under ~2 Ncm™ pressure. This difference springs from the large elastic modulus of the sol-
gel material combined with an excellent adhesion to the substrate and to the specific nipple-
dimple conformation. The presence of holes allows maintaining a refractive index gradient
profile even after tearing-out part of the nano-pillars population. Our results are relevant to
applications where transparent windows with broad-band and broad angle transmission are
needed, such as protective glasses on photovoltaic cells or C-MOS cameras.

Introduction

Efficient Anti-Reflection Coatings (ARC) have been extensively studied and are nowadays well
established in industrial applications over large scales (e.g. for photovoltaic, opto-electronic
devices, laser windows and much more)."** ** ARC-based multilayered thin films, refractive
index gradient and surface texturing with micro/nano structures have been optimized with many
different methods. Beyond optical performances (e.g. improved transmission over a broad



spectral band and a broad acceptance angle), there are several features, such as ease of
implementation over large scales, mechanical, thermal and chemical stability, rendering an ARC
a competitive device that are not commonly addressed in most reported works. ® 7% ?

Most common ARC are two-dimensional layers. Their working principle is destructive
interference of reflected and impinging light. This kind of 2D ARC are extremely well developed
thanks to the ease of implementation, cost-effectiveness, and hydrophobicity.’ However, owing
to the underlying working principle, they can be optimized only for a specific angle, limiting their
performances in applications where the incidence of the impinging light beam can change (e.g. in
photovoltaic). *,*> This is why advanced nano-fabrication techniques were developed in order to
produce ordered and disordered 3D sub-micrometric structures extending the performances of
ARC to larger angles. In addition, the presence of such 3D structures is extremely useful to
suppress interference and thus spectral and angular dependence of their optical properties. These
structures can exploit resonance effects of high-permittivity particles (e.g. dielectric-based such
as Si'""* Ge® and TiO,"", or metallic-based, such as Au resonators'®). Other materials featuring
a lower dielectric constant (such as polymers and silica) have been used to produce a refractive
index gradient on glass, providing an adiabatic change of optical constant from air (n = 1) to the
underlying material (e. g. n ~ 1.5 for glass)''®. For this latter working principle, the effective
refractive index of the graded layer should be close to the square root of the substrate one
(Fresnel’s law). If the substrate is glass, materials that are non-absorbing at visible frequencies
and exhibit intrinsic refractive index of typically between 1.37 and 1.70 are used in combination
with void. The 3D structures must be composed of features having dimension and pitch much
below the wavelength of the impinging visible radiation (typical size ~100 nm) to prevent
scattering and diffraction, and have a large vertical to horizontal size aspect ratio. These features
render their implementation challenging.

Ideal moldable materials gathering all the required properties can be found in organic polymers.
They can be processed with high throughput soft-nano imprint lithography (NIL) methods'*%*',
22 2 that consist in imprinting the soft-viscous material with an elastomeric stamp before
consolidation. 3D micro- and nano-structures made of thermoplastic organic polymers, such as
PMMA, have been elaborated on a plethora of substrates. However, 3D structures made of plastic
are mechanically fragile with respect to flat, dielectric layers. As such, they do not provide the
longevity necessary for instance, for integration onto photovoltaic panels (~20 years). Moreover,
polymers are not very resistant to photo bleaching and high temperature rendering them more
prone to deterioration. Furthermore, the detrimental impact of micro- and nano-plastic on the
environment and their potential damage to human health demands for a drastic reduction to the
use of these materials.

Alternatively, 3D nanostructures have been elaborated in hybrid (organic/inorganic) *, %, % silica
through direct sol-gel NIL processs® over relatively small glass wafers. They showed a
remarkable reduction of reflection up to an acceptance angle of 60 degrees.?® These results
account for the relevance of this approach, however, mechanical, thermal and chemical stability

have not yet been properly addressed so far and the extension of the printed areas is still limited.



The present work is dedicated to the elaboration and the complete characterization of sol-gel
nano-imprinted methylated silica (SisO;Me;) nanostructures as efficient graded ARC on glass.
The imprint was performed by using a PDMS mold that was replicated from a commercial
nipple-dimple Perfluoropolyether (PFPE) ARC master that is systematically used as a reference
for comparing the performances of our methylated silica ARC. We first demonstrate the
possibility to process sol-gel ARCs composed of nano-metric structures obtained by NIL over the
record size of 10 cm diameter wafers (which is the maximal size of the available PDMS mold),
confirming the scalability and the cost-effectiveness of the method. Overall, the sol-gel replica
exhibited superior ARC performances and stability than the initial polymer counterpart. Indeed,
the presence of the graded sol-gel ARC, with calculated effective refractive index of ~1.27,
improves the total transmission of visible light of about 6-7% with respect to the bare glass
substrate, which is 1% better than the polymer master ARC. Finally, both organic and inorganic
coatings showed excellent chemical stability, while the inorganic one was much more resistant to
abrasion and high temperature. Indeed, the nipple-dimple conformation allowed preserving the
AR properties even after 2000 rubbing cycles for the sol-gel system. These results confirmed
that, due to their processability, the versatility to adjust their optical constants, and their
robustness, sol-gel materials are ideal systems to serve as nanostructured ARC over large
surfaces.

Results

Thin methylated silica (SisO;Me;) ARC coatings were elaborated on 10 cm wafers as detailed in
the method section. The SisO;Me, composition has been selected for its relatively low refractive
index and hydrophobicity, as shown in previous study." Structural and optical characteristics of
the graded coating are given in Figure 1. First, the visual inspection of the coating revealed a
slight diffused blue color all over the 10 cm coating if one observes at high incident angles
(Figure 1A), originating from the diffraction of the nano-pillars array. Since this aspect is found
all over the coating, one can state that the whole surface is homogeneously structured. A more
accurate description of the 3D structure of the surface has been deduced from SEM micrographs
acquired in various configuration (Figure 1C, E, F, G). They revealed the expected nipple-dimple
structure faithfully replicated from the perfluoropolyether ARC master. The structure is
composed of intercalated hexagonal arrays of pillars and holes separated by a pitch of 270 nm.
The pillars (nipples) have ~200 nm height and ~120 nm width, while the holes (dimples) are ~50
nm deep and ~100 nm width. Note that, previous reports on NIL of silica-based sol-gel coatings
did not provide pillars featuring such a large vertical aspect ratio * * nor a nipple-dimple
structure. Both characteristics are important to produce a smoother change of refractive index.
The thickness and refractive index of the non-imprinted bare layer were 480 nm and 1.33 at a
wavelength of 600 nm, respectively (measured by ellipsometry on a flat layer, not shown ).
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Figure 1. A) Picture of 10 cm diameter wafer coated with the nanoimprinted methylated silica (Si,O-Me,)
antireflection coating (MS ARC). B) Scheme illustrating the topography of the nipple-dimple surface. C)
Scanning electron microscopy (SEM) image of MS ARC the patterned surface (tilted at 52 degree). D)
Refractive index profile of the MS ARC system deduced from the structure geometry. E) to F) SEM
images of the MS ARC from the top (E), from the side after FIB-preparation (F), and from a 52° tilted angle
(G) Typical dimensions of the structure have been measured on SEM images (E, F, G) and are reported in
each image for clarity. These have been used to calculate the volume fraction transversal profile of the
ARC, from which the refractive index profile (D) was deduced using a linear medium approximation (S1,
S2 correspond to projected surface of the nipple and dimple, respectively, modeled using 2 half circles
sandwiching a rectangle).

Since silica has a refractive index around 1.5, the measured value of n = 1.33 suggests that the
layer has a residual porosity P of around 33% vol. By taking into account these optical and
structural features, we deduce the transverse profile of void-to-material volume fraction, the
corresponding refractive index profile and the global effective refractive index (n.¢). The plot
shown in Figure 1 D) reports this profile assuming a linear effective medium approximation. The
coating is thus composed of three layers: the non-imprinted pristine material at the bottom (nye =



1.33, hyee = 350 nm), the layer bearing holes in the middle (nma = 1.21, hmie = 50 nm), and the top
layer composed of pillars (ne, = 1.13, hep, = 150 nm). Assuming a simplified geometry of the
structure, the refractive index profile has been slightly smoothed at the top and bottom edges in
order to better reproduce the edge shapes observed in the real structures. The resulting calculated
effective refractive index is nes= 1.27 at 600 nm.

Optical performance

Changing the initial sol-gel layer thickness and its intrinsic refractive index will result in a
different n.¢ and different ARC properties. Here, the refractive index is fixed by the material
composition (SisO;Me;), while the thickness of the layer has not been optimized.

Spectra in Figure 2 A) and B) compare the transmission and diffusion of Si4O;Me, sol-gel layers
(plain non-imprinted, single-face sol-gel ARC imprinted, double-face sol-gel ARC imprinted)
with those of the bare glass substrate and of the polymer master ARC (all substrates are from the
same producer batch). All spectra in Figure 2 A) and B) were collected at quasi-normal incidence
(12 degrees) using a spectrophotometer mounting an integrating sphere allowing to measure the
spectral features of total reflection, reflected diffusion (that is total reflection minus specular
reflection) and total transmission. Absorption can be excluded in the investigate range of
wavelength for both the substrate and the sol-gel coatings in use. The transmitted intensity is
larger for nanostructured MS ARC and spectrally flatter with respect to the plain sol-gel,
confirming the superior performances of graded systems (Figure 2A). The single-face sol-gel MS
ARC allows for a transmission increase of 3% with respect to the bare glass substrate, which is
1% above the PFPE graded counterpart Polymer ARC. This improved transmission property is
likely due to a lower ne of the sol-gel layer compared to that of the polymer. A double-face
imprinted Si,O;Me; sol-gel (MS ARC DF) shows a rather flat transmission of 96%-97% over the
full visible spectrum. It is limited by specular reflection and reflected diffusion. Measuring the
reflected scattering allows to assess the haze of the structure, that is an important parameter for
using these devices in transmission (Figure 2B). It emerges that bare glass scatters almost 3% of
the impinging light, that is very similar to the plain (not imprinted) Si,O;Me, coated glass,
scattering about 3%. This accounts for the high quality in terms of homogeneity and flatness of
our sol-gel coatings. From the same analysis on 3D NIL structures (Figure 2B) we observe that
the Polymer ARC scatters about 4-4.5% of the impinging light, whereas the MS ARC is in the 3-
4% range demonstrating a reduced haze in our inorganic material with respect to the organic
counterpart. Provided flat layers scatters only ~3% of the light, we deduce that the diffusion from
the nipple-dimple structure in MS ARC is about 1-2%. This also suggests that the intrinsic
scattering from the underlying glass support is actually the main limiting factor for light
transmission of the double face ARC shown in Figure 2 A).
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Figure 2. A) Total transmission spectra of single face NIL Methylated silica antireflection coating (MS
ARC, green full curve), double-face NIL Methylated silica antireflection coating (MS ARC DF, green
dashed curve), polymer ARC (blue curve), flat Methylated silica coating 480 nm thick (Plain, red curve)
and bare glass (Glass, black curve). Symbols represent the theoretical prediction for a single layer of 120
nm with n = 1.225 (Sim. SQRT) and a composite layer (Sim. Comp.) composed by “bulk” sol-gel bottom
layer (Npot = 1.33, huet = 350 Nnm), the dimple middle layer (nmia = 1.21, hmia = 50 Nm) and the nipple top layer
(nwp = 1.13, hyp = 150 nm). B) Normalized diffusion spectra of samples MS ARC, Polymer ARC, Plain and
Glass. C) Scheme of the experimental setup for detecting the specular reflection. The angle of incidence
of the illumination light beam (Biumination) and that of the detection (B etecion) are the same. D) Angle-resolved
specular reflection normalized to the reflection of the bare glass substrate (black dashed line,
corresponding to MS ARC (green line), polymer ARC (blue line), MS (methylated silica) plain surface thin
film (red line).

These performances in transmission are in line with those reported for double-side coated graded
ARC systems®?"># A graded ARC from a similar sol-gel hybrid material was reported®,
exhibiting an excellent ARC effect close to 0% in reflection (at ~560 nm) with a fluctuation of
~3% in the full visible range. Although no data for transmission were provided, the very low
reflection for the double-coated system is likely due to the use of a high-quality, non-diffusive
substrate, combined with the presence of nanostructures that provides a lower effective refractive
index (nes = 1.20).%



We trace the theoretical predictions (obtained with a transfer matrix method) for maximal
transmission with single and multi-layered, double face ARC (Figure 2 A, gray curves). One case
refers to 120 nm thick layer having n ~ 1.225 (close to the square root of the refractive index of
the underlying glass substrate), matching the condition of maximal transmission at about 600 nm.
The corresponding curve is rather flat and the fluctuation, in the considered spectral range, is less
than 2%. The second simulation takes into account a more realistic structure, mimicking the
composition of our graded-index, nipple-dimple ARC and it includes 3 (effective) layers: the
“bulk” sol-gel bottom layer (npoe = 1.33, hyee = 350 nm), the dimple middle layer (nmia = 1.21, hmia
= 50 nm) and the nipple top layer (no, = 1.13, hep, = 150 nm). This structure shows a ~99%
transmission at 600 nm, an overall fluctuation of about 5% and a more wavy behavior with
respect to the single layer. This latter aspect depends mostly in the thick buffer layer of “bulk”
sol-gel bottom layer and could be improved, in principle, by choosing a thinner residual layer.

Comparing these simulations of flat layers with our data emerges that the use of a nipple-dimple
architecture allows for a very small fluctuation in the investigated spectral range (about 1%), that
is an appealing feature for broad band applications. We also note that the overall fluctuation in
the measured transmission spectra is similar to that previously reported in similar structures. *

We assess the specular reflection of our samples by using a spectroscopic goniometer and setting
illumination and detection angles to the same value (8; = B4, Figure 2 C and D). In this setup, the
light is almost collimated, thus defining a precise angle of incidence on the sample and focused in
a spot of about 1 cm in diameter. As a reference for the specular reflected intensity we use the
bare glass support that was used for all the NIL and flat coatings. The specular reflection was
investigated from 10 to 70 degrees (in steps of 5 degrees) and each spectrum was normalized by
that of glass specular reflection at the same angle (not shown). Thus, in this representation the
specular reflection of glass is, by definition, equal to 1 at any incidence angle. The normalized
spectra are averaged in wavelength in the measured interval. From this investigation emerges that
the flat sol gel layer (Plain) progressively loses its ARC effect and quickly approaches 1 (at about
60 degrees of incidence it equals the glass, Figure 2 D). The specular reflection from the Polymer
ARC is much flatter than the Plain coating and keeps a value below 0.6 up to 50 degrees of beam
incidence, accounting for the strength of the 3D ARC strategy with respect to flat layers. Finally,
our MS ARC is more performing than the polymer-based one both in terms of specular reflection
intensity and acceptance angle, as it shows an even flatter response with angle. It shows an
efficient anti-reflective effect up to about 60 degrees (< 0.5 with respect to bare glass).

Abrasion resistance

A crock meter has been used to evaluate the mechanical properties in terms of resistance to
abrasion (Figure 3 A). This instrument rubs the films with a pad (diameter = 1.75 cm) covered
with a calibrated fabric (ISO test method 105-F09). In the present case, it was loaded with a
constant 5 N charge (Pressure = 2.08 Ncm™) and was moved back and forth in a straight line (an
individual cycle corresponds to a back and forth movement of the pad).



Scanning electron microscopy (at 52 degrees with respect to the sample normal) and optical
microscopy images acquired every 10 cycles, demonstrate that the master polymer is almost
completely delaminated after only 20 cycles (Figure 3 B), whereas the methylated silica replica is
almost intact after 1000 cycles (Figure 3 C). The detailed investigation of the surface appearance
after 2000 crock meter cycles reveals the presence of trenches where holes (dimples) are
observed together with bases of broken dimples. The presence of the residual dimples after
rubbing, contributes to maintaining a relatively good optical performance.

This is confirmed by monitoring the evolution of the reflected intensity of both organic and
inorganic samples during the crock meter test from 0 to 2000 cycles. The relative change of
reflected intensity (with respect to the starting value R, measured at 0 cycles) was collected
through an optical microscope equipped with a 10X objective lens and a confocal optical fiber
fed into a spectrometer (lateral resolution ~50 pm, Figure 3D). The evolution of the normalized
reflection, that has been averaged over the investigated spectral range and integrated over the
observation solid angle (the numerical aperture of the objective lens, NA = 0.25, defining a
maximal acceptance angle of ~14.5 degrees), is provided for both polymers and inorganic ARC.
Markers were used to reposition the sample under the microscope to always collect the light from
the same area of the sample surface. Reflection spectra from the polymer master show a
pronounced intensity increase after only 20 rubbing cycles, reaching a final value almost identical
to that measured on the bare glass substrate (Figure 3 D). From SEM images in Figure 3 B, it is
evident that the failure of the polymer ARC is due to delamination from the substrate, resulting
from a poor adhesion of polymer materials on SiO,. On the contrary, the methylated silica replica
preserves a reflected intensity close to R, after 1000 cycles (Figure 3 D). The failure of this ARC
is attributed to the pillar tearing-off, as observed and discussed above (Figure 3 C). However, in
this case, no delamination is observed. Therefore, the slight and progressive decrease of
reflectivity measured between 0 and 1000 cycles is related to the modification of the refractive
index profile. Additional effects on the detected reflection within the limited NA of the objective
lens in use may be the contribution of scattering induced by pillar scratching and reorganization
on the surface. After 1000 cycles, the reflectivity increases due to the reduction of the effective
refractive index associated with the elimination of part of the pillars. Nonetheless, the reflected
intensity remains relatively low as a result of the presence of holes (dimples), reducing the
effective refractive index and maintaining a refractive index gradient. This result clearly points
out the superior performance of the nipples-dimples structure and of the sol-gel stiffness over the
polymer-based ones.

A similar detailed analysis against mechanical abrasion was not performed in previous reports, or
were performed by measuring the resistance to scratch with a sharp tip*, by tape stripping® and
mostly on 2D thin film without any NIL pattern>**. Moreover, a systematic investigation of the
optical performances after scratch, as we show here, was not routinely performed. ¢, ** * %
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Figure 3. A) Scheme of the crock meter used for abrasion resistance of the coating against scratch by back
and forth cycle. B) Optical and electronic microscope images collected from the polymer ARC surface before
and after rubbing (0 to 20 cycles). C) Optical and electronic microscope images collected from the MS ARC
(methylated silica) surface before and after rubbing (0 to 2000 cycles). D) Reflected intensity measured with
an optical microscope for both Polymer ARC and MS ARC as a function of the number of abrasion cycles.
The black circles on the optical images highlight the detection spot (diameter of about 50 ﬁm) that is not
changed during the mechanical test The reflection was collected through an optical fiber and analyzed by
spectrometer. It has been averaged over the investigated spectrum and integrated over the solid angle of 10X
objective. The value has finally been normalized to the initial value at zero cycles (RO) in order to monitor the
evolution of the reflected intensity with the number of rubbing cycles. The dashed lines are guides to the
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Thermal resistance

An assessment of the resilience of our structures against heating has been conducted to evaluate
their thermal resistance (see Figure 4). We followed a protocol similar to that previously
employed for the mechanical abrasion.
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Figure 4. A) Reflection intensity, measured for both polymer ARC and MS ARC (methylated silica) under
an optical microscope, as described in Figure 3 D (same conditions), with respect to temperature. The
values of the reflected intensity have been averaged in the measured spectral range and normalized to
the initial value at room temperature, (Ro). B) Optical image of polymer ARC after 15 min at 300°C. C)
Scanning electron microscopy of MS ARC after 15 min at 600 °C.

The reflectivity evolution has been monitored from room temperature up to 600 °C in steps of 50
°C (15 min annealing per step) in air. The increase in reflectivity is evident for the polymer after
300 °C, as a result of its thermal decomposition (also confirmed by optical inspection of the
master polymer that becomes darker after annealing). However, the methylated silica replica
features only a slight change of the reflectance ratio in all the investigated temperature range
confirming its high thermal stability. SEM images after annealing account for this stability by
revealing the unchanged features at the surface of the sample after 600 °C. This test demonstrates
the remarkable robustness of silica-based ARCs and opens the possibility to use it for high optical
transmission windows exposed to extreme conditions.

Chemical resistance

Once more, the same optical detection protocol was used to assess the stability of the ARCs
when exposed to different, extreme, chemical conditions (pH, solvent). The test consists of



dipping the samples for 15 minutes in acetone, ethanol, toluene, and acidic/oxidizing (aqueous
1M HNO3) or alkaline (aqueous 1M NaOH) solutions. The reflected intensity after dipping is
normalized to that of the initial value before chemical attack (Figure 5). Both polymer and silica-
based ARCs are stable in polar and non-polar solvents, since no modification of the reflectivity
has been observed. Concerning pH sensitivity, both systems are also extremely stable in acidic
and oxidizing conditions. However, 15 min in 1Mol sodium hydroxide induces an irreversible
decrease of the reflectivity, suggesting that they have been chemically modified by the hydroxyl
ions present in the solution. We attribute this change to the instability of silica at pH > 10. ¥’ In
our case, it shows an improved stability, comparable to the polymer one, as a result of its
combination with methyl groups that makes it water repellent and therefore more stable in water.
% The difference in the spectral features of the reflectivity between both polymer and inorganic
ARC is likely due to the difference in chemical attack mechanism that induce a different
evolution of the refractive index profile. The study of the chemical mechanism behind this
deterioration is out of the scope of the present work and has not been instigated.
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Figure 5. Reflection spectra both polymer ARC and MS ARC (Methylated Silica)
before (pristine) and after immersion for 15 min in 1M nitric acid (HNO3), 1M sodium
hydroxide (NaOH), (A and C respectively ), and acetone, ethanol and toluene (B and
D, respectively)

Discussion



In the light of the previous considerations, direct printing of a sol-gel solution is a competitive
and promising use of NIL processing for ARC. In fact, it enables the formation of high **'* and
low dielectric constant materials *’and it skips many of the more or less cumbersome steps
required by top-down etching.

Finally, NIL has been extensively exploited for etching low dimensional structures. Its direct use
with polymers has been one of the first examples to produce efficient ARC. “*° However, owing
to the limited dielectric constant of this class of materials, they can be used as ARC only on
comparably low refractive index substrates (e.g. glass). In addition to this, as we thoroughly
demonstrated in our work, they suffer from a relatively low resistance to rubbing and to high
temperature, rendering them less adapted to work in extreme conditions with respect to more
stable, dielectric materials as the silica used here.

A further use of NIL of polymers for ARC includes further etching steps: first a polymeric resist
is spread on a surface, printed with a mold and densified (e.g. by heating or UV curing). These
printed structures are used to protect the parts of underlying surface that should be preserved
during the following etching step that can be performed via selective chemical attack or via
reactive ion etching. Finally, the residual resist is removed with a solvent leaving 3D structures
(that can be eventually of larger refractive index of the polymer used for the NIL step). This is for
instance the process used some study * to create a broad-band and broad-angle ARC on a Si
wafer. Due to the many steps required in this approach, this kind of ARC, although performing, is
hardly scalable (e.g. to a roll-to-roll chain of production).

Conclusion

To summarize, we showed that sol-gel soft-NIL method can be implemented on at least 10 cm
diameter substrates, which is extremely well-adapted to elaborate graded ARCs (mostly single or
double faces) on glass. The total transmission reaches 96~97% in the whole visible range (limited
by the scattering from the underlying glass substrate), and for angular incidences below 60
degrees, with less than 1% fluctuation in the investigated spectral range. We also demonstrate
that the sol-gel materials combined with a nipple-dimple conformation gathers optimal optical
performances high stability, against abrasion, extreme temperatures, and chemical attacks. These
results confirm that, due to their processability, the versatility to adjust their optical constants,
and their robustness, sol-gel materials are ideal systems to serve as nanostructured ARC over
large surfaces.

Experimental sections

Preparation of Methylated Silica (Si4O;Me;) sol gel solution. Methylated silica (SisO;Me;) sol-
gel solution was prepared by mixing 0.5 TEOS, 0.5 MTEOQOS, 20 EtOH (Absolute), 5 H,0O
(deionized) and 4.10™ Pluronic F127 (PEO-b-PBO), molar ratios. After 24h aging, the solution
was spin coated on glass at 1500 rpm (10s) in room conditions (POLOS TM). All chemicals were
purchased from Aldrich.



NIL procedure via preparation of the nano patterned ARC morphologies. As-prepared
coatings were then transferred into a nano-imprint chamber in which a 70% relative humidity was
maintained using a constant 5L.min"" flux of air generated from a home-made humidity controller
system. The nano-imprint was performed less than 1 min after spin-coating by applying the
PDMS mold onto the sol-gel film. Before unmolding, the system was cured at 60 °C for 10 min.
The imprinted samples were then annealed at 450°C for 20 min to ensure the complete removal
of the F127 polymer and the condensation of the silica backbone. The PDMS mold was
replicated from a commercial Perfluoropolyether Fluorolink (MD700) master. The master surface
was rendered hydrophobic by immersion for 10 min in a solution of 0.05M SiCl, (Me), in
ethanol, followed by an abundant rinsing with ethanol. The PDMS precursors and reactant
mixture (90w% RTV141A ; 10w% RTV141B from BLUESIL) was then poured onto the
functionalized master surface and cured at 70°C for one night. The PDMS replica (mold) is then
peeled off the master surface after cooling. The mold is pumped in primary vacuum for 10 min
before imprinting as described previously *.

Optical measurement and characterization of NIL based ARC. The refractive index and the
thickness of methylated silica (SisO;Me,) sol-gel coating were measured on flat (not imprinted)
zones of the sample, using spectroscopic Ellipsometry (Woollan M2000V) and fitting the
ellipsometry data with standard Cauchy model. Structural investigation of the nano-imprinted
samples was performed by Atomic Force Microscopy (AFM) (PSIA XE-100 AFM) and high-
resolution scanning electron microscopy FEI Strata DB235 (with 5 kV electron acceleration
voltage). Abrasion resistance were performed using a crock meter test, that consists in rubbing
off, with a back and forth motion, the top of the films with a pad covered with a calibrated fabric
(ISO test method 105-F09) and loaded with a constant charge of 5 N (Pressure = 2.08 Ncm™).
Optical characterization has been performed with a spectrophotometer (Perkin Elmer) mounting
an integrating sphere (quasi-normal incidence for total reflection, total transmission and reflected
diffusion). Angular dependence of specular reflection (Bimumination = Bdetection) 1S measured with a
goniometer by scanning the incidence angle of the light beam from 5 to 70 degrees. The reflected
light is collected within a multimode optical fiber (50 pm core diameter) and fed into a
spectrometer (from Ocean Optics). Optical characterization of the reflected intensity after crock
meter, annealing and chemical attacks was performed using a commercial ZEISS optical
microscope (objective lens with magnification 10X, numerical aperture NA = 0.25). A confocal
optical fiber (50 pm core diameter) is coupled with a spectrometer determining a lateral
resolution of ~50 pm.

Thermal stability test on ARC Films. ARC based on Methylated silica and polymer were
tested against annealing in air. Temperature ranged between 100 and 600 °C and was changed in
intervals of 50 °C. All the samples were exposed for 15 minutes for each temperature step.

Chemical stability test on ARC films. ARC based on Methylated silica and polymer were tested
against chemical attacks to test their stability. The test consisted in dipping the samples for 15
minutes in acetone, ethanol, toluene, and acidic/oxidizing (aqueous 1M HNOs;) or alkaline
(aqueous 1M NaOH) solutions.
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