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Abstract: We demonstrate efficient anti reflection coatings based on adiabatic index matching
obtained via nano-imprint lithography. They exhibit high total transmission, achromaticity
(99.5% < T < 99.8% from 390 to 900 nm and 99% < T < 99.5% from 800 to 1600 nm) and wide
angular acceptance (T > 99% up to 50 degrees). Our devices show high laser-induced damage
thresholds in the sub-picosecond (>5 J/cm2 at 1030 nm, 500 fs), nanosecond (>150 J/cm2 at
1064 nm, 12 ns and >100 J/cm2 at 532 nm, 12 ns) regimes, and low absorption in the CW regime
(<1.3 ppm at 1080 nm), close to those of the fused silica substrate.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Anti reflection coatings [1,2] (ARCs) are devices that reduce the impact of impedance discontinuity
for light propagation across two media featuring a different dielectric constant. They are
commercial devices exploited in many applications, including imaging [3] (e.g. on an objective
lens [4] or on the glass cover of a C-MOS or CCD detector to enhance the image brightness and
reduce the impact of ghost images), photovoltaic [5] (e.g. directly on the absorbing material or
atop the glass cover of the solar panel to maximise the light-to-electricity conversion), and extreme
UV optics [6,7] (e.g. for high resolution photolithography). Another relevant and challenging
field of research on ARCs is high-power lasers: they are relevant to fundamental research (e.g.
atomic physics, spectroscopy [8–12]) and they are also used in many applications (e.g. materials
processing and inertial fusion [13–22], metrology [23], bio-science and bio-medicine [24],
sensing [25,26], communications [27], engines ignition [28], and mining [29]).

It is difficult to quantitatively compare all the solutions that have been developed in many
decades of research and development on ARCs devices. Nonetheless, a fundamental distinction
between ARCs can be done based on their working principle:

1) they can use destructive interference of light using thin films of appropriate thickness and
refractive index [2] (e.g. obtained via chemical vapor deposition [30,31], atomic layer
deposition [4], sol-gel chemistry and dip- or spin-coating [32], sputtering [33], electron
beam evaporation [34,35]).
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2) they can use 3D resonant structures made of high-refractive index materials that funnel the
light in the substrate (e.g. done by lithography and etching [37–39], self-assembly by solid
state dewetting [40], nano-imprint lithography of metal oxides [36,41–44]);

3) they can provide a smooth change of refractive index from the surrounding medium to that
of the underlying substrate (adiabatic index matching) [16,45–49].

This latter, bio-inspired approach [16,50–53] has become more popular in recent years thanks
to its good performances and to the progress in micro- and nano-fabrication. 3D structures can be
obtained via top-down lithography [16,48,51,54–65], colloidal self-assembly assisted lithography
[56,66,67], nano-imprint lithography of polymers [45,46,49,51] and of metal oxides [42–44,68].
In what follows, we will not consider the case of polymers owing to their lower stability (e.g
against rubbing, high temperature, high laser flux) with respect to hard ceramics [68].

When ARCs for high-power laser are considered [69–71], 2D interference coatings and
resonant structures are generally less performing: in the first case, the differences in the thermal
expansion coefficient of the thin film stack (e.g. with respect to the substrate) result in a rapid
degradation of the ARC performances owing to thermal induced strain and consequent fracturing;
in the second one, the electromagnetic field intensity is high within the meta-atoms (e.g. owing
to the presence of Mie resonances [37,39–41,44,72]) limiting the maximum usable laser power.

For these reasons, the use of ARCs based on adiabatic index matching is nowadays a well-
established strategy that extends the usable power range of pulsed and CW lasers. These 3D
structures are built with a material having a refractive index close to that of the substrate [43,68]
or are directly engraved in the substrate itself [16,37,39,57,59,61–67]. The 3D features of the
ARCs have relatively large vertical aspect ratio (height over lateral size h/d⪆1) a height close or
larger than the wavelength of the incident light (h⪆λ), high density (⪆10/λ2) and can be either
ordered or disordered.

This kind of ARCs can be tailored to have high transmission and handle high-power lasers:
they reduce the impact of the incident light by confining the field intensity in the air gaps between
the 3D dielectric elements [73–75]. Recent reports of this approach showcased outstanding
performances providing LIDT very close to that of the underlying fused silica (FS) substrate (30
J/cm2 at 351nm with 8 ns pulses, 74 J/cm2 at 1053 nm with 4 ns pulses), and reflectance below
1% from 400 to 1100 nm [62–65].

Thus, there are several challenges to address in order to produce efficient ARCs fulfilling the
hard requirements for high quality optics, including the sustainability, environmental impact, and
costs of the fabrication process used.

In this work we report on the fabrication of broad-band and wide-angle ARCs on glass and
FS and their applicability to high-power lasers at visible and near-infrared frequencies. They
are obtained via sol-gel spin-coating followed by nano-imprint lithography of metal-oxides
(MOx-NIL) [36,43,68]. They are composed of methylated silica (MSA, Si4O7Me2) and are
shaped as tapered nipple-dimple arrays, a 3D double structure of intercalated pillars and holes
arranged in a triangular pattern.

The design of the nipple-dimple structures was not optimized and the masters we used are
available on the shelf over large surfaces [76]. The substrate was not processed prior to MOx-NIL
and the final structures were not cleaned nor laser-conditioned before the LIDT and absorption
measurement.

We demonstrate a high total transmission (up to 99.8%) in a broad spectral range, exceeding
500 nm, a wide acceptance angle for both polarizations that feature an almost identical behavior
when increasing the beam incidence angle up to 50 degrees with respect to the sample normal.
LIDT was tested for sub-ps and ns pulses as well as for CW lasers showing values comparable to
those of the underlying FS substrate.
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2. Methods

In this Section we provide a detailed description of the samples preparation and their structural
characterization, of the spectroscopic setup for high-power laser measurements (LIDT and
absorption), as well as of the finite element methods used for simulations.

2.1. Sol-gel preparation and nano-fabrication of 3D patterns

A detailed description of the MSA sol-gel preparation, mould preparation and the MOx-NIL
method used in this work can be found elsewhere [43,68]. The same method was already
exploited to fabricate nipple-dimple-based ARCs. In the present work we substantially improved
the quality of the nano-imprint quality and tested the devices against high power lasers.

The nickel-based hard masters are provided by Temicon [76] (HT-AR-02 for visible frequency
and HT-NIR-02 for near-infrared frequency) and are used to produce a polymeric mould made of
PDMS.

The sol-gel solution containing precursors and solvents is spin-coated atop glass and fused FS
(Fig. 1(a)). These were previously cleaned using an automatic procedure involving ultrasonic
immersion and detergents followed by deionized water, rinsing, and drying. Finally they were
treated by oxygen plasma. The substrates are purchased from SINOPTIX (FS, JGS1, double-face
polished, 1 inch round wafer, 400 µm thick, surface quality RMS < 5 nm) and SCHOTT
(borosilicate glass, double face polished, 1 inch diameter, 500 µm thick).

The equivalent thickness of the 2D layers of MSA used for visible and near-infrared ARCs
are respectively of 100 nm and 200 nm after thermal annealing. The amount of initial sol gel
spin-coated was set to approximately fill the mould cavities, in order to minimize the residual
layer underneath the 3D structures. The corresponding refractive index of the MSA is shown in
the Supplement 1 together with those of the glass and FS substrates.

After MOx-NIL by application of the mould, pre-stabilization, demoulding and calcination at
high temperature [42,44,68,72,77], the process can be repeated on the back face of the substrate
to fabricate a double face ARC (Fig. 1(a)). No particular protection was applied on the front face
when printing on the back face.

2.2. Characterization of the optical properties

The spectroscopic characterization from 250 to 2500 nm at normal incidence (0 degrees) of
light transmission is performed using a Cary UV-VIS-NIR 5000 spectrophotometer mounting
an integrating sphere. The beam size was about 2 cm2. We estimate an error in the measured
intensity of about ±0.1% over the full investigated spectral range (see Supplement 1).

Sol-gel 2D coatings (not imprinted by MOx-NIL) were characterised by ellipsometry (Woollam
M2000V) between 400 and 1000 nm by fitting the experimental data with a standard Cauchy
model (Supplement 1). The same ellipsometer is used in transmission to measure ss and pp
transmission while turning the sample orientation with respect to the beam incidence from
0 to 50 degrees. We estimate an error in the measured intensity of about ±0.25% over the
investigated spectral range (see Supplement 1). The beam size was about 0.8 cm2. This is a
relatively small area with respect to the sample extension (about 5 cm2) and it does not account
for its average properties. That is why we compared these results obtained with the ellipsometer
with those measured with the spectrophotometer that integrate over a much larger area. The
agreement between the two measurements accounts for the reliable information obtained with
the ellipsometer.

https://doi.org/10.6084/m9.figshare.25378627
https://doi.org/10.6084/m9.figshare.25378627
https://doi.org/10.6084/m9.figshare.25378627
https://doi.org/10.6084/m9.figshare.25378627
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2.3. Structural characterization setup

Scanning electron micrographs (collected with a JEOL JSM-7900F SEM) are used for studying
the morphology of the sample (Fig. 1(b)-(d) and Supplement 1). The spatial resolution is about
10 nm.

2.4. Laser damage resistance measurements setup

The LIDT is a measure of the maximum laser fluence (J/cm2 for pulsed laser) or intensity (W/cm2

for CW lasers) that a device can withstand without damage. By definition, the LIDT is "the
highest quantity of laser radiation incident upon the optical component for which the extrapolated
probability of damage is zero" [78] (ISO 21254).

The laser damage resistance of the samples (2D flat sol-gel layers and 3D, MOx-NIL based
ARCs) has been investigated in three different laser regimes: sub-picosecond, nanosecond and
continuous wave (CW). These temporal regimes are representative of the most common high
power laser systems used in industrial laser applications.

The setup used for LIDT measurements in ultrashort regime is described in Ref. [79] detailing
the test procedures and metrology methods. For the results reported here, the pulses have a
nearly Gaussian spatial profile and 500 ±50 fs pulse duration at 1030 nm. The LIDT tests were
performed with a beam diameter [80] of 84 µm using a p-polarized laser impinging on the sample
with an angle of 51.4 degrees with respect to the normal. The sample under investigation were
impacted with laser pulses on different spots using a defined pulse energy. This was increased of
2% to obtain a statistical information. The same measurement process was used for a different
number of pulses, sweeping from individual shot up to 1000 shots at a frequency of 10 Hz. The
relative incertitude in LIDT measurement is about 4% in the test conditions.

The experimental setup and procedure that were used to measure the LIDT in the nanosecond
regime is reported in Ref. [81]. We used an injected Nd:YAG laser (Quantel YG 980) featuring
pulses with effective duration of 11 ns [80] at 1064 nm (beam diameter of 106 µm) and at 532
nm (beam diameter of 53 µm). The LIDT is estimated with an R-on-1 ramp test over 20 sites in
order to obtain statistical information. The fluctuations of the beam intensity, of its spatial and
temporal profiles, lead to a relative incertitude of about 10% in the measured LIDT.

Ex situ investigation of the impacted spots was performed by using a 20× objective lens
magnification (Zeiss Axiotech) in a differential interference contrast microscope. The LIDT (for
both sub-ps and ns lasers pulses) is estimated considering any observable change of the sample
surface as damage. Thus the LIDT was determined as the value of the largest laser energy flux
that is below than the lowest flux producing an observable surface modification.

Absorption of the samples was measured using lock-in thermography, with the experimental
configuration described in details in Ref. [82]. The system uses a 1 kW CW laser at 1080 nm and
a thermal imaging camera to measure the temperature elevation of the sample. Based on coated
substrates of the same nature with known value of absorption, it is possible to determine the
absorption of the samples in the ppm (part per million) range. The relative incertitude is about
10% in the test conditions. All tests were performed in an air environment at a room temperature
of 20 oC and humidity around 30%.

2.5. Simulations

Finite Difference Time Domain (FDTD) simulations are performed employing the commercial
software ANSYS Lumerical. The structure is modelled according to the geometry shown in
Fig. 1(e) by imposing periodic boundary conditions. As light source we used a broad band
plane-wave I(f ) (where f is the frequency) covering the spectral range 350-1200 nm. The beam
incidence angle is set at 0 degrees with respect to the sample normal. A 2µm × 2µm monitor
is placed underneath the surface as light detector at a distance of 180 nm with respect to the
MSA-substrate interface. The transmission detected by the monitor is calculated as follows:

https://doi.org/10.6084/m9.figshare.25378627
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Fig. 1. (a) MOx-NIL fabrication process. (b) Left panel: scanning electron micrograph
(SEM) of the PDMS mould obtained from the hard master used for near-infrared
frequency devices [77] (NIR). Right panel: MSA-based ARC replica. The insets show
a magnified view of the structures. (c) Tilted view at 50 degrees of the MSA replica
used at visible frequency (VIS). The inset highlights the nipple-dimple structure. (d)
Close-up view showing the cross section of a sample printed on silicon to highlight
the thickness of the residual layer. The horizontal, white, dashed line highlights the
separation between the MSA-based 3D nano-architectures and the underlying substrate.
e) Simplified scheme of the nipple-dimple structure used at visible frequency with the
corresponding measures as deduced from SEM. See also in Supplementary Figure 1.

𝑇 ( 𝑓 ) =
1
2

∫
𝑚𝑜𝑛𝑖𝑡𝑜𝑟

𝑅𝑒( ®𝑆( 𝑓 )) · ®𝑆𝑑𝑆
𝐼 ( 𝑓 ) (1)

where 𝑇 ( 𝑓 ) is the normalized transmission as a function of frequency 𝑓 , ®𝑆( 𝑓 ) is the Poynting
vector and ®𝑆 is the surface normal. Field monitors are placed in the 𝑥𝑧 and 𝑦𝑧 plane to reconstruct
the spatial distribution of the near-field time averaged Poynting vector.

3. Results

3.1. Samples morphology

A detailed description of the ARCs morphology is provided in Figure 1 (b)-(e). We also refer to
previous works [69]. Further characterization is provided in the Supplementary Figure 1.

Comparing the PDMS mould with the MSA replicas we observe a reduction of about 25% in
the nipples diameter and a corresponding increase in the diameter of the dimples (Figure 1 (b)).
This is typical of MOx-NIL and is due to the evaporation of the volatile compounds present in the
initial sol-gel solution upon stabilization and calcination at high temperature [73,84]. From SEM
at tilted angle and in cross section (cleaving a sample printed on a silicon wafer) we measure the
main features of the nipple-dimple structures (Figure 1 (c) and (d) and Supplementary Figure
1). Their approximated shape is described in detail in Figure 1 (e). These structures sit on a
negligibly thin residual layer having a thickness below our instrumental resolution (about 10 nm).
This is also confirmed from top view images where the underlying substrate is exposed at the
bottom of the dimples (Supplementary Figure 1).

We tested the hydrophobicity of our ARCs (Supplementary Figure 5): the geometrical analysis
of the droplets shows a contact angle exceeding 90 degrees implying that the surface of the

Fig. 1. (a) MOx-NIL fabrication process. (b) Left panel: scanning electron micrograph
(SEM) of the PDMS mould obtained from the hard master used for near-infrared frequency
devices [76] (NIR). Right panel: MSA-based ARC replica. The insets show a magnified view
of the structures. (c) Tilted view at 50 degrees of the MSA replica used at visible frequency
(VIS). The inset highlights the nipple-dimple structure. (d) Close-up view showing the
cross section of a sample printed on silicon to highlight the thickness of the residual layer.
The horizontal, white, dashed line highlights the separation between the MSA-based 3D
nano-architectures and the underlying substrate. e) Simplified scheme of the nipple-dimple
structure used at visible frequency with the corresponding measures as deduced from SEM.
See also in Supplement 1.

T(f ) =
1
2

∫
monitor Re(S⃗(f )) · S⃗dS

I(f ) (1)

where T(f ) is the normalized transmission as a function of frequency f , S⃗(f ) is the Poynting
vector and S⃗ is the surface normal. Field monitors are placed in the xz and yz plane to reconstruct
the spatial distribution of the near-field time averaged Poynting vector.

3. Results

3.1. Samples morphology

A detailed description of the ARCs morphology is provided in Fig. 1(b)-(e). We also refer to
previous works [68]. Further characterization is provided in the Supplement 1.

Comparing the PDMS mould with the MSA replicas we observe a reduction of about 25% in
the nipples diameter and a corresponding increase in the diameter of the dimples (Fig. 1(b)). This
is typical of MOx-NIL and is due to the evaporation of the volatile compounds present in the
initial sol-gel solution upon stabilization and calcination at high temperature [72,83]. From SEM
at tilted angle and in cross section (cleaving a sample printed on a silicon wafer) we measure
the main features of the nipple-dimple structures (Fig. 1(c) and (d) and Supplement 1). Their
approximated shape is described in detail in Fig. 1(e). These structures sit on a negligibly thin
residual layer having a thickness below our instrumental resolution (about 10 nm). This is also
confirmed from top view images where the underlying substrate is exposed at the bottom of the
dimples (Supplement 1).

We tested the hydrophobicity of our ARCs (Supplement 1): the geometrical analysis of the
droplets shows a contact angle exceeding 90 degrees implying that the surface of the samples is
hydrophobic [36,48,84]. This is expected for nano-structured surfaces thanks to the presence of

https://doi.org/10.6084/m9.figshare.25378627
https://doi.org/10.6084/m9.figshare.25378627
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https://doi.org/10.6084/m9.figshare.25378627
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the pillars and of air inclusions in between the 3D nano-architectures and the air droplets. The
hydrofobic nature of the surface is also expected to enhance the self-cleaning properties of the 3D
ARC with dust particles that can be absorbed by water droplet that then can roll off the surface.

3.2. Transmission intensity

Light transmission (T) for double face ARCs is determined for both visible and near-infrared
frequency cases and accounts for their broad-range character (Fig. 2). ARCs on FS and glass
display the same behavior (Fig. 2(a) and (b)). T can reach values as high as 99.8% and has an
achromatic character with T > 98% from 400 to 1200 nm and > 96% from 800 to 2500 nm,
respectively for the ARC at visible and near-infrared frequencies. Narrowing the spectral range,
we observe 99.5% < T < 99.8% from 390 to 900 nm and 99% < T < 99.5% from 800 to 1450
nm, respectively for visible and near-infrared ARCs (Fig. 2(a)-(c)). ARCs on single face display
95.5% < T < 96.2% both at visible and near-infrared frequencies (not shown).

samples is hydrophobic [37, 49, 85]. This is expected for nano-structured surfaces thanks to
the presence of the pillars and of air inclusions in between the 3D nano-architectures and the
air droplets. The hydrofobic nature of the surface is also expected to enhance the self-cleaning
properties of the 3D ARC with dust particles can be absorbed by water droplet that then can roll
off the surface.

3.2. Transmission Intensity

Fig. 2. Transmission measurements with unpolarized light at normal incidence for
double face ARC on glass (a) and FS (b) at visible frequency and on FS at near-infrared
frequency (c). Each plot reports the FS reference in the main panels and a zoomed plot
of the ARC transmission in the insets. Black arrows highlight the wavelength where
diffraction start to affect the transmission. Red arrows highlight the presence of light
absorption by the FS substrate [86].

Light transmission (T) for double face ARCs is determined for both visible and near-infrared
frequency cases and accounts for their broad-range character (Figure 2). ARCs on FS and glass
display the same behavior (Figure 2 (a) and (b)). T can reach values as high as 99.8% and has
an achromatic character with T > 98% from 400 to 1200 nm and > 96% from 800 to 2500 nm,
respectively for the ARC at visible and near-infrared frequencies. Narrowing the spectral range,
we observe 99.5% < T < 99.8% from 390 to 900 nm and 99% < T < 99.5% from 800 to 1450 nm,
respectively for visible and near-infrared ARCs (Figure 2 (a)-(c)). ARCs on single face display
95.5% < T < 96.2% both at visible and near-infrared frequencies (not shown).

Diffraction, springing from the ordered character of these ARCs, is evident below 400 and 800
nm, respectively for the visible and near-infrared frequency ARCs, with a steep reduction in the
total transmission. Owing to intrinsic absorption from OH groups in the FS substrate we observe
two deeps at about 1380 nm and 2200 nm [86] (Figure 2 (c)).

Transmission measurements at 600 nm resolved in polarization display an almost identical
behaviour of ss and pp polarization channels for double face ARCs on FS (Figure 3): the
transmitted intensity stays above 99% up to 50 degrees of beam incidence, accounting for the
wide-angle character of our ARCs. These results are representative for all the investigated spectral
range: the same measurement performed at different wavelength showcases a similar behaviour
and they are not shown. We also show the cases of single face ARC and the bare FS substrate,
that show a marked polarization-dependent Fresnel reflection from the flat, unprocessed surfaces.
Similar results were obtained for glass at visible frequency and for FS at near-infrared frequency
(not shown).

Fig. 2. Transmission measurements with unpolarized light at normal incidence for double
face ARC on glass (a) and FS (b) at visible frequency and on FS at near-infrared frequency
(c). Each plot reports the FS reference in the main panels and a zoomed plot of the ARC
transmission in the insets. Black arrows highlight the wavelength where diffraction start
to affect the transmission. Red arrows highlight the presence of light absorption by the FS
substrate [85].

Diffraction, springing from the ordered character of these ARCs, is evident below 400 and 800
nm, respectively for the visible and near-infrared frequency devices with a steep reduction in the
total transmission. Owing to intrinsic absorption from OH groups in the FS substrate we observe
two deeps at about 1380 nm and 2200 nm [85] (Fig. 2(c)).

Transmission measurements at 600 nm resolved in polarization display an almost identical
behaviour of ss and pp polarization channels for double face ARCs on FS (Fig. 3): the transmitted
intensity stays above 99% up to 50 degrees of beam incidence, accounting for the wide-angle
character of our ARCs. These results are representative for all the investigated spectral range:
the same measurement performed at different wavelength showcases a similar behaviour and they
are not shown. We also display the cases of single face ARC and the bare FS substrate, that show
a marked polarization-dependent Fresnel reflection from the flat, unprocessed surfaces. Similar
results were obtained for glass at visible frequency and for FS at near-infrared frequency (not
shown).

3.3. Laser-induced damage threshold and absorption

LIDT and absorption measurements for different measurement conditions were performed on
MSA-based, flat 2D layers (see Supplement 1), on MOx-NIL MSA-based 3D nipple-dimple
structures (only one face processed) and on the FS substrate reference (Fig. 4). The LIDTs show

https://doi.org/10.6084/m9.figshare.25378627
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Fig. 3. Transmission measurements for ss and pp polarization at 600 nm for the
uncoated FS substrate, single and double face ARC on FS at visible frequency.

Fig. 4. LIDT and absorption measurements reported for ARCs and Fused Silica
substrates (FS). The bar-histograms display the data normalised to the FS substrate
values of LIDT and absorption, respectively of the pulsed lasers and for the CW one.
The corresponding measured values are reported on the graph and for each case is
reported the wavelength of the laser and its pulse length characteristic. Representative
examples of R-on-1 LIDT test for the ns laser at 532 and 1064 nm are reported in the
Supplementary Figure 4.

3.3. Laser-induced damage threshold and absorption

LIDT and absorption measurements for different measurement conditions were performed on
MSA-based, flat 2D layers (see Supplementery Information), on MOx-NIL MSA-based 3D
nipple-dimple structures (only one face processed) and on the FS substrates reference (Figure 4).
The LIDTs show very similar values to the substrate accounting for the high quality of our 2D
sol-gel coatings and 3D ARCs. Absorption values are close to the ppm, corresponding to about 1

Fig. 3. Transmission measurements for ss and pp polarization at 600 nm for the uncoated
FS substrate, single and double face ARC on FS at visible frequency.

very similar values to the substrate accounting for the high quality of our 2D sol-gel coatings and
3D ARCs. Absorption values are close to the ppm, corresponding to about 1 mW of coupled
power in the coating for a 1 kW of laser power.

Fig. 3. Transmission measurements for ss and pp polarization at 600 nm for the
uncoated FS substrate, single and double face ARC on FS at visible frequency.

Fig. 4. LIDT and absorption measurements reported for ARCs and Fused Silica
substrates (FS). The bar-histograms display the data normalised to the FS substrate
values of LIDT and absorption, respectively of the pulsed lasers and for the CW one.
The corresponding measured values are reported on the graph and for each case is
reported the wavelength of the laser and its pulse length characteristic. Representative
examples of R-on-1 LIDT test for the ns laser at 532 and 1064 nm are reported in the
Supplementary Figure 4.

3.3. Laser-induced damage threshold and absorption

LIDT and absorption measurements for different measurement conditions were performed on
MSA-based, flat 2D layers (see Supplementery Information), on MOx-NIL MSA-based 3D
nipple-dimple structures (only one face processed) and on the FS substrates reference (Figure 4).
The LIDTs show very similar values to the substrate accounting for the high quality of our 2D
sol-gel coatings and 3D ARCs. Absorption values are close to the ppm, corresponding to about 1

Fig. 4. LIDT and absorption measurements reported for ARCs and Fused Silica substrates
(FS). The bar-histograms display the data normalised to the FS substrate values of LIDT
and absorption, respectively of the pulsed lasers and for the CW one. The corresponding
measured values are reported on the graph and for each case is reported the wavelength of
the laser and its pulse length characteristic. Representative examples of R-on-1 LIDT test
for the ns laser at 532 and 1064 nm are reported in the Supplement 1.

These results are representative of the intrinsic quality of the ARCs. Nonetheless, for the
sake of thoroughness, we mention that a relatively small surface has been tested in these LIDT
measurements. Considering the laser spot size the results are not representative of possible
extrinsic defects related to the fabrication process that was not performed in a clean-room
environment.

https://doi.org/10.6084/m9.figshare.25378627
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3.4. Finite difference time domain simulations

We simulated the optical response in the far- and near-field by finite element methods of the
ARC structure on FS working at visible frequency (Fig. 5) using as a simplified model of the 3D
nano-architectures (Fig. 1(e)). For the pattern symmetry considered in this work, the dependence
on polarization of the anti-reflective performances at normal incidence is not very relevant, as
previously shown [74,86,87]. As such, here we only focus on one polarization oriented along the
x direction.

Fig. 5. (a) FDTD simulation of the far-field transmission spectra for nipple-dimple
structures composed of MSA (nMSA) with a residual layer of thickness hres = 0, 10 and 50
nm (respectively black, red and blue lines) and for all-FS-based structures (nFS) with hres =
0 nm (gray line). The refractive index of MSA and FS are reported in the Supplement 1. (b)
Near-field distribution of the normalized luminance (time averaged Poynting vector ⟨S⃗⟩, 1
corresponding to white) at 532 nm for the nipple of an MSA-based structure having hres = 0
nm. In the left panel is represented the xz plane, parallel to the electric field polarization
E⃗ and wavevector plane k⃗; in the right panel is represented the yz plane). The horizontal,
white, dashed line highlights the separation between the MSA and the FS substrate. The
horizontal, red, dashed line highlights the base of the pillar. (c) Same as (b) for the dimple.
The gray scales are different in (b) and (c). In (c) white is 20% smaller than in (b).

The simulated spectra show a high transmission intensity over a broad-band (T > 99% from
about 450 nm to above 1200 nm). As for the experimental results, the sharp reduction of T at
short wavelength is ascribed to diffraction (Fig. 5(a)).

The effect of the residual layer on T for relatively small values of hres is a progressive shift of
the overall spectral response towards longer wavelength, whereas no modulation of the intensity
due to interference is observed.

The refractive index of the MSA used for MOx-NIL is lower than that of glass and FS
(Supplement 1). Thus, we checked the impact of this parameter simulating a nipple-dimple
structure matching the refractive index of the FS substrate (Fig. 5(a)): at short wavelength the
effect of a slightly lower refractive index of the MSA with respect to the substrate is negligible,
whereas it becomes more important at near-infrared frequency. This could justify the somewhat
worse performance of the ARC measured at near-infrared frequency compared to the case at
visible frequency (Fig. 2(b) and (c)).

The discrepancies between the experimental results and the simulated transmission spectra
are ascribed to slight differences in the geometry of the real structures and those considered in
the theoretical model, as well as in the different geometry of the detection in simulations and
experiments. However, to a good approximation, the simulated structures catch the main picture
emerging from the experiments.

Simulations of the near-field intensity at 532 nm show a larger energy flux (time averaged
Poynting vector ⟨S⃗⟩ , or luminance in units of W/m2) in the air gaps between the structures with
respect to the same quantity in the dielectric material, where cold spots are visible (Fig. 5(b) and

https://doi.org/10.6084/m9.figshare.25378627
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(c), note that, in the yz plane the maximum of ⟨S⃗⟩ is actually about 20% smaller than that in the
xz plane).

4. Discussion

An extensive analysis of the available solutions for ARCs is beyond the aim of this work. Here
we consider only the case of adiabatic index matching using 3D structures, that typically provides
broader working ranges, wider angular acceptances as well as larger LIDT with respect to
interference coatings and resonant particles.

The use of sol-gel coatings for ARCs, including the case of textured ones [55], is well-known
[88–90], accounting for their high quality and exploitability for high power lasers. The merit
of our work in this respect, is to deliver high quality, printable sol-gel resins that can provide
3D structures with a large vertical aspect ratio with a high homogeneity over each wafer and
reproducibility from wafer to wafer. Here we showed a process implemented over 25 mm wafers.
Larger ARCs over 100 mm wafers were already reported, accounting for the scalability of the
MOx-NIL method [68]. Previous reports on MOx-NIL-based nipple-dimple structures used as
ARCs at visible frequencies [68] showed a 20% increase in light reflection after 2000 rubbing
cycles with a crock meter (ISO test method 105-F09, pressure 2.08 N/cm2), as well as a high
thermal stability up to 600 oC, and resilience to aggressive chemical environments. The present
results are superior to previous reports [68]. This is mostly due to the minimization of the residual
layer, an increased refractive index of the MSA (closer to that of the substrate), a cleaner process
(lower defectivity), and a better quality of the MOx-NIL replicas.

Our ARCs provide excellent performances in terms of total transmission and achromaticity in
a broad wavelength range and wide-angle acceptance for both polarizations. We compare our
results to recent reports of ARCs for high-power lasers (top part of Table 1). Here we only consider
the nanosecond regime that is the best established case in the available literature. However, it is
important to stress that one original aspect of our study is the complete characterization of the
ARCs devices for a broad set of lasers including, beyond the ns case, the sub-ps and CW cases.
In Table 1, we also compare our results with ARCs based on adiabatic index matching used for
for glass covers (where the LIDT is not addressed), as they are broadly employed well beyond
high power lasers applications.

Our results are comparable or superior for transparency, achromaticity and working range
with respect to previous reports using adiabatic index matching. Here we performed a full
characterization, including glass and FS for ARCs working at visible and near-infrared frequencies,
considering also the incidence beam angle and polarization (that is typically not considered for
high-power lasers). This allows us to compare with existing results and methods for glass covers
with potential use in imaging, displays, detectors, telecommunication, and photovoltaic, showing
that our performances are competitive also in these fields.

The observed limitations of our ARCs at short wavelength (at 400 nm and 800 nm, respectively
for visible and near-infrared ARCs) spring from diffraction owing to the periodic nature of the
3D MOx-NIL-based structures. This issue can be easily circumvented by using a hard master
bearing disordered structures, as already shown in previous reports using dewetted SiGe islands
[44,83]. Here, the advantage of the MOx-NIL approach with respect to recent reports [62–64,91]
is clear: we can dewet only once ordered [83,92] or disordered structures [44] (including the
relevant case of hyperuniform ones [93]) and use this as a hard master to print via MOx-NIL the
ARCs, repeating them ad libitum.

As for the LIDT, a straightforward and quantitative comparison between different reports is
not possible, owing to the critical dependence of this quantity on many parameters (e.g. laser
beam spatial shape and size, pulse shape and duration, polarization) [70,96–98]. Nonetheless, a
reasonable comparison can be done by monitoring the performance loss of the ARC with respect
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Table 1. Summary of optical performances of ARCs for high-power laser and glass covers.
We compare the total transmission T (or reflection R), the performance in angle and the LIDT.

Here we only focus on the ns laser case For sub-ps and CW regime we refer to Figure 4. At the
top of the table are reported the results of this work. In the middle part those studying the LIDT
and in the bottom part the data of ARCs for glass covers (where the LIDT was not addressed).

Ref., Subs. Method Range T,R(λ) T, R(θ) 0-50 deg. LIDT J/cm2 ARC (Subs.),
[λ, Pulse length]

This work,
Glass

MOx-NIL 390-900 nm T>99.5 % T > 99% /

This work,
FS

390-900 nm T>99.5% T>99% 124 (143), [532 nm, 11.7 ns]

This work,
FS

800-1600 nm T>99% T>98% 160 (169), [1064 nm, 11.7 ns]

[57] FS UV-Lithog. 820-1180 nm T>99.6% / 100 (138), [1060 nm, 10 ns]

[94] FS Holog. Lithog. 400-900 nm T>99% / 30 (38), [1064 nm, 12 ns]

[64] FS Dewet. Lithog. 351 nm R=0.37% / 20 (22), [351 nm, 5 ns]

[62] FS Dewet. Lithog. 325-500 nm R<1% / 30 (47), [351 nm, 8 ns]

900-1100 nm R<0.5% / 74 (81), [1053 nm, 4 ns]

[55] FS Sol-gel and ICP 380-700 nm R<0.6% / 26 (32), [351 nm, 5 ns]

[75] FS Holog. Lithog. 980-1220 nm T>99% / 56 (60), [1064 nm, 10 ns]

[65] FS Dewet. Lithog. 350-1300 nm R<1.2% R<0.2% /

[36] Glass MOx-NIL 400-1000 nm R<3% R<1% /

[60] FS Mask-less RIE 300-1000 nm R<1% R<3% /

[58] FS Mask-less RIE 300-1000 nm T>98% R<5% /

[95] FS Block-cop. 400-1050 nm R<0.4% / /

[48] FS Interf. lithog. 600-1700 nm T>98% T>97% /

to those of the bare substrate: the best ARCs showcase an LIDT that is very close to that of the
underlying material.

In the case of the sub-ps regime (1030 nm, 500 fs), the measured LIDT are close to the
substrate value. When corrected from the angle of incidence (cos(51o) = 0.63), the LIDT of
ARCs coatings is about 4 J/cm2, very close to values measured on silica films made by PVD
(such as IBS [97]). This LIDT value implies that the intrinsic limitations of the material, related
to its bandgap, has been reached.

In the ns regime we also tested the 2D flat layers composed of MSA deposited on FS: at 1064
(532) nm for 11.7 ns pulses they show an LIDT of 172 ± 17 (125 ± 12) J/cm2 (Supplement 1).
Within the experimental error these values are equivalent to the bare FS substrate that at 1064
(532) nm shows an LIDT as high as 169 ± 17 (143 ± 14) J/cm2. For MOx-NIL-based ARCs
tested in the ns regime we observe a loss of 13% at 532 nm, and of 6% at 1064 nm with respect
to the FS substrate, that is not far from what can be obtained with lithographic methods (LIDT
loss about 6-10%, Table 1).

In the CW regime the laser damage is caused by heating or mechanical failure owing to
thermally-induced stress in the coating and in the substrate via localized increase in absorption.
Thus, the absorption value is the main parameter to evaluate the laser damage resistance. Our
ARCs exhibit an absorption value close to 1 ppm, similar to that of the FS substrate [99,100],
further accounting for the low-loss character of our materials and ARCs and their explotability
for high power laser applications.

Our results were obtained without any optimization of the ARC design: filling fraction, vertical
aspect ratio and side-walls slanting were not considered [59] as well as the shrinking of the MSA

https://doi.org/10.6084/m9.figshare.25378627
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upon calcination [72]. We just used on the shelf masters, commercially available over 250 mm x
250 mm [76], leaving room for improvement with a dedicated design. Through FDTD simulations
we infer that the field redistribution outside the MSA material and atop the FS substrate is the
key mechanism for the large increase in the LIDT of our ARCs, as previously suggested [73,74].
This observation led to the optimized shape of 3D structures by fine tailoring the vertical aspect
ratio, filling fraction and side-walls slanting [59]. Thus, in spite of the non-optimal geometry of
our ARCs, the measured optical parameters, LIDT, absorption, and the near-field simulations,
account for the fact that the nipple-dimple geometry is favourable for high quality ARCs and
adapted to high power lasers.

For the sake of thoroughness, we mention that the use of relatively small laser spot size and
a R-on-1 ramp test, provides a rough estimation of the LIDT owing to the low defectivity of
the sample and unintentional conditioning of the sample surface by the laser. In the merit of
this, we verified that in the sub-ps regime using 1 to 1000 pulses per site, does not significantly
modify the LIDT of the MSA material, suggesting a minor effect of laser conditioning (not
shown). However, this kind of R-on-1 ramp test is not complete and a more precise assessment
of the real LIDT will require larger impacted areas using raster scan and S-on-1 measures to
assess the fatigue (incubation) effect. In the same context it is worth stressing that changes in
the experimental setup can lead to very large differences (up to a factor of 100) in the measured
LIDT for the FS substrate [101].

Top-down lithographic methods provide excellent ARCs and LIDT performances [102].
Among them, direct engraving the substrate after solid-state dewetting of thin Au [62–64]
or Pt [65,91] films has emerged as one of the best options, delivering an LIDT of only 6%
short of the FS substrate, although assessed only for ns lasers. The forte of this method is the
possibility to process arbitrarily large surfaces with a self-assembled etching mask. Leveraging
on the intrinsically stochastic nature of the dewetting process, the islands feature a rather large
distribution of size and shape and their organization is disordered. As such, it avoids diffraction,
rendering more achromatic the spectral response of the ARC [58,60]. However, the dewetting
instability provides islands with size and average inter-particle distance set by the initial thickness
of the film and by the surface energy density [40,83,92,93,103]. As such, the filling fraction
(area fraction occupied by the islands relative to the underlying area of the substrate) is fixed. To
adjust this parameter, several cycles of re-deposition of Au or Pt are necessary prior to etching the
substrate [64]. All these fabrication steps must be repeated for every device rendering the overall
process very long and expensive. In order to increase the LIDT, the FS substrates are pre-treated
and before use, the ARCs obtained via etching need for a laser conditioning or rapid thermal
annealing to remove any plasma-inducing precursors [63] and potential defectivity springing
from surface and sub-surface contaminants [75,104].

Beyond performances, hard requirements for the widespread use of ARCs (and more generally
nano-devices) are their implementation over large surfaces at sustainable costs, with low
environmental impact and low carbon footprint, while limiting the use of critical raw materials.
In this respect, top down "subtractive" methods (e.g. substrate-engraving by top-down etching
[16,37,39,57,58,60–67]) typically use many chemicals, toxic resists, high-power UV-light sources,
hard lithographic masks made of precious metals such as Au and Pt that cannot be recycled,
resulting in a negative impact on the environment and the working conditions and safety of the
employees producing the ARCs. The use of fluorinated gases for FS and glass etching (e.g. SiF4,
CF3, and C4F8 [62,64,65,91,105]) poses many concerns and many countries (e.g. in EU [106])
will soon ban their use owing to their negative impact on the ozone layer.

It is in this context that MOx-NIL stands as a viable and sustainable solution for high-quality
ARCs as well as for many other applications: it delivers a finalised device in a few fabrication
steps (a sample can be prepared in about 30 minutes [68]) reducing defectivity and production
costs, it does not use any precious metal as mask, it avoids the use of toxic resist and fluorinated
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gases, it saves about 90% energy with respect to deep-UV high power lamps [107] thus cutting on
CO2 production, and it is compatible with plate-to-plate and roll-to-plate industrial processing,
potentially increasing the production yield.

We tested the reproducibility of the MOx-NIL process by using the same PDMS mould several
times to print the ARCs. Monitoring the transmission, we did not measure any performances
loss after 7 replicas, suggesting that the same mould can be re-used a few tens of times. This
detail, together with all the advantages of MOx-NIL over conventional methods involving etching,
corroborates the picture of a sustainable process for ARCs over large surfaces.

5. Conclusion

In conclusion we demonstrated highly performing broad-band and wide-angle ARCs using
nano-imprint lithography of metal-oxides providing a comprehensive assessment of their optical
properties at visible and near-infrared frequencies including the total transmission, angular
acceptance and resilience against high power lasers in the sub-ps, ns and CW regimes. Their
performances are comparable or superior to the existing state of the art, showcasing the
exploitability of our devices for high-power lasers. The high tolerance to wide incidence angles
of our devices accounts also for their applicability as glass covers, extending their use to imaging,
lightening, detection, telecommunication, photovoltaic and quantum optics. The sustainability
and simplicity of our fabrication process together with its compatibility with plate-to-plate and
roll-to-plate fabrication account for its high market readiness.
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