N
N

N

HAL

open science

Engraving Depth-Controlled Nanohole Arrays on Fused
Silica by Direct Short-Pulse Laser Ablation
Xin Liu, Raphaél Clady, David Grojo, Olivier Utéza, Nicolas Sanner

» To cite this version:

Xin Liu, Raphaél Clady, David Grojo, Olivier Utéza, Nicolas Sanner. Engraving Depth-Controlled
Nanohole Arrays on Fused Silica by Direct Short-Pulse Laser Ablation. Advanced Materials Interfaces,

2023, 10 (7), pp.2202189. 10.1002/admi.202202189 . hal-04241493

HAL Id: hal-04241493
https://hal.science/hal-04241493
Submitted on 13 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04241493
https://hal.archives-ouvertes.fr

RESEARCH ARTICLE

'-) Check for updates

ADVANCED
MATERIALS

INTERFACES
www.advmatinte

Engraving Depth-Controlled Nanohole Arrays on Fused
Silica by Direct Short-Pulse Laser Ablation

Xin Liu, Raphaél Clady, David Grojo, Olivier Utéza, and Nicolas Sanner*

Periodic nanohole arrangements constitute an important building block of
advanced photonic devices. Aside from standard nanofabrication tools, a
direct laser-based approach is introduced here, that enables single-step and
point-by-point machining of arrays of holes with subwavelength diameters
and depths reaching several micrometers at the surface of fused silica. The
method relies on a simple optical arrangement including an axicon combined
with an amplitude mask to shape the laser intensity in appropriately trun-
cated micro-Bessel beams of adjustable length. The suitability and limitations
of the technique are investigated to fabricate arrays of cylindrical nanoholes
with tunable depths. In particular, the challenge of avoiding crosstalk effects
during the laser-writing process of high-density arrays is explored. The
achievability of square arrays of nanoholes at the surface of fused silica, with
diameters down to 200 nm and variable depths from 3 to 20 pm at a spatial

face plasmon resonances, and fostered
the development of advanced sensors.?!
Fabricated on dielectric materials, arrays
of nano-holes — and more generally reg-
ularly-ordered structures composed of
subwavelength-diameter holes - form
the basis of the architecture of integrated
two-dimensional photonic crystals and
all-dielectric metasurfaces, able to confine
and manipulate light at unprecedented
levels (including amplitude, spectral and
spatial management). The usual techno-
logical approaches for such nanofabrica-
tion of both plasmonic and all-dielectric
nanostructures rely on various tools and
approaches, amongst which focused ion

density defined by a pitch of 1.5 pm is demonstrated. The performance level
shows the potential of the direct-laser-processing method towards the realiza-
tion of integrated devices, offering a highly flexible and cost-effective alterna-

tive technique to current nanofabrication methods.

1. Introduction

Arrays of nanoholes with a controllable period, diameter, and
depth at the surface of materials are of high interest for a large
range of applications in physics, chemistry, and material sci-
ence. Implemented on thin metallic films, they lead to a wide
variety of unexpected optical properties!! resulting from sur-
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beam, electron beam, photolithography,
reactive ion etching, etc.>%l These fabri-
cation methods are mature and highly
performant, however, they are slow and
they require several steps and techniques
that need to be optimized for each mate-
rial used, thereby inevitably increasing the
overall costs and complexity of the whole process.

Future advanced devices are now calling for making use
of the third dimension (Z) in addition to perfectly well con-
trolled planar nanopatterns (in X and Y dimensions).l In par-
ticular, arrangements made of arrays of nanoholes with depths
reaching at least several micrometers may greatly broaden the
range of possible designs and functionalities of nanophotonic
structures.’#l However, the technological fabrication of such
deep holes with a cylindrical profile at the surface of materials is
challenging.®'2 Thus, introducing a versatile fabrication tech-
nique that adds the hole depth as a straightforward and inde-
pendent degree of freedom holds promises to form advanced
architectures. In this context, we explore ultrafast laser pro-
cessing as a direct way to create deep air holes at the surface of
a reference dielectric material, fused silica. By “direct” we mean
that one hole is fabricated by a single-step process, consisting
in only one laser shot to ablate matter, without any extra treat-
ment (like chemical etching for example!®)) nor translation of
the target material.' Although the ultimate spatial resolution
of direct laser ablation with ultrashort pulses has not reached
yet sufficient performance standards to compete with tradi-
tional nanofabrication processes to fabricate functional nano-
photonic components, our aim is to show it represents a route
for an alternative and complementary solution with attractive
advantages in terms of speed, maskless and single-step pro-
cess, absence of need of vacuum environment or chemicals.
Additionally, the nanostructures can be fabricated on a single
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material (fused silica here, used as a model glass substrate),
thus playing both roles of substrate and constituent material,
without requiring separate deposition and etching sequences
of different dielectric/semiconductor materials.®! For photonic
applications, the low refractive index of fused silica just needs
to be compensated by increasing the structure lengths, that is
readily provided by directly fabricating several-micrometers-
deep holes, without requiring tedious multistep cycles for 3D
processing.

Laser processing approaches for the fabrication of regular
patterns composed of subwavelength features have already
been explored, but mainly non-direct ones. They are based
either on i) matter self-organization upon controlled accumula-
tion of thousands of femtosecond laser shots,[1*8 or ii) optical
near-field super-resolution techniques that take advantage of the
local enhancement of the laser electric field provided by, e.g.,
predeposition of microspheres(1®2% or pre-processing of nano-
holes?! on the sample surface. The feature size can reach the
sub-100 nm scale and on relatively large areas, but these tech-
niques give access only to shallow depths (<100 nm) and they
are intrinsically nondigital. To give access to individual control
of each elementary feature and provide the highest degree of
agility, point-by-point direct writing is needed.

Direct ultrashort-pulse laser ablation of the materials surface
has come to a level of maturity relevant to imprint individual
features much smaller than the laser wavelength, reached
mainly by careful adjustment of the laser pulse energy with
respect to the ablation threshold.?>?Y Writing an array of
nanoholes one by one therefore offers an infinite freedom for
designing any higher-complexity structures and architectures.
However, accessing hole depths larger than few hundreds
of nanometers is not straightforward for a Gaussian beam
tightly focused on the material surface, due to the physics of
the interaction between an ultrashort pulse and a transparent
wide-bandgap dielectric material. Indeed, nonlinear absorption
of laser photons followed by inverse Bremsstrahlung and sub-
sequent collisional excitation create a fast buildup of a dense
free-electron plasma during the laser pulse itself,?* that signifi-
cantly alters the beam propagation (screening/reflection) below
the surface.??! This yields to transient skin depths typically
in the 100 nm range, and then ablation depths much shorter
than the Rayleigh distance of the focused beam. As a result,
small-aspect-ratio holes (depth/diameter < 1) or distorted hole
shapes(®l are obtained, that cannot be avoided unless complex
temporal shaping!®! or specific microfilamentation regimes”
are used. On the other hand, the processing of extremely
long individual nanochannels with aspect ratios higher than
100:1 have been demonstrated using Bessel beams,*3% that
provide an interesting solution to obtain small-size core dia-
meters on long distances. However, a gap exists between these
two regimes. Fabricating nanoholes with an aspect ratio equal
to few units (typically between 1 and 30) and well-controlled
dimensions with on-demand tunability, that match the require-
ments for fabricating nanophotonic structures, has been poorly
investigated so far. Thus, the laser-fabrication of dense arrays
of such nanoholes at the surface of dielectric materials has not
been demonstrated yet.

Here, we investigate experimentally this solution based
on ultrafast laser ablation. We first present how we generate
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a micro-Bessel beam with a truncation giving control on its
length, irrespective of the core diameter. Then we irradiate
fused silica surface to fabricate square arrays of nanoholes,
with laser pulse energy and spatial periodicity as key varying
parameters. A threshold-based analysis is presented, and a rel-
evant processing range is identified. We also demonstrate that
building arrays of nanoholes by juxtaposing individual ones is
not straightforward, and we explore how the presence of the
previously-engraved neighbor hole may perturb the processing
of the next one. This defines limits observed experimentally
and supported by numerical simulations. The assessment of
these aspects is of major importance to propose perspective
solutions towards further downscaling and denser packing and
then develop efficient and suitable nanofabrication technolo-
gies based on this laser-processing method.

2. Experimental Section

2.1. Beam shaping

The experimental setup is depicted in Figure 1a. It is based on
a Ti:Sa laser source, delivering 25 fs pulses at the central wave-
length of 800 nm and with a linear polarization. The pulse dura-
tion is negatively chirped to 1 ps by adjusting the compressor of
the laser chain, previously identified as the optimal conditions
for processing high-quality craters.**l For generating a Bessel
beam, the incident Gaussian beam of radius W = 2.5 mm
at 1/¢? intensity propagates through an axicon,?*3’! of base
angle o = 1°, yielding a half-conical angle 6 = asin(nsin o) —
o =0.45°, with n = 1.45 the refractive index of the fused silica at
the working wavelength. An annular aperture, placed just after
the axicon, acts as an amplitude mask that limits the trans-
verse width of the set of conical plane waves that interfere to
form the Bessel beam, therefore enabling to tailor its length on
demand. Then, a 4-f telescopic demagnifying system composed
of alens (f; = 500 mm) and a long-working-distance microscope
objective (Mitutoyo Plan APO NIR 20x, NA = 0.4, f, = 10 mm)
reduces the beam dimensions by a factor y=f,/f; = 50. The half-
conical angle of the beam (in air) incident onto the sample is
therefore 8’ = y8 = 22.5°, corresponding to the one that would
be obtained by an axicon of base angle o’ = 36.1°. Before
placing the workpiece in the beam path, the obtained micro-
Bessel beam is imaged longitudinally plane by plane and recon-
structed by stacking 2D images together, as shown in Figure 1b.
Without the annular aperture, the beam intensity distribution
shows a long central intense core surrounded by concentric
lobes, as expected for a typical Bessel beam generated by such
a technique (Figure 1b, 1! row). Now, introducing the annular
aperture truncates the length of the Bessel beam®® (Figure 1b,
2" row). In addition, by masking the tip of the axicon, this
technologically-simple technique also offers the advantage of fil-
tering out its fabrication imperfections, responsible of nonideal
tapered shape of the obtained non-truncated Bessel beams,*”!
as observed experimentally (Figure 1b, 1% row). The diameter
of the core of the truncated Bessel beam is unchanged, because
the half-conical angle 0 is the same as the non-truncated beam.
Then, the relevant parameter to engineer the length zj of the
Bessel beam (irrespective of its diameter) is the width e of the
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Figure 1. a) Schematics of the experiment. The laser beam is shaped by a combination of an axicon followed by an annular aperture, enabling to shorten
the length of the obtained Bessel beam (= length of the diamond-shaped red zone) while its core diameter is unchanged. After demagnification by a
telescopic system composed of a lens and a microscope objective, the array of nanoholes is fabricated by processing holes one by one at the surface of
the fused silica sample. b) Beam intensity distributions at the surface of the fused silica sample: the full Bessel beam without truncation (experimental
— 1% row) and the truncated beam (experimental — 2" row, and simulation — 3 row) used for processing of the nanoholes. The transverse XY intensity
maps represented on the left are taken at the coordinate Z of maximum beam intensity, represented by white dashed lines on the XZ intensity maps.

annular slit. Even if straightforward application of geometrical
optics ( zg =e/tan 6) can help for dimensioning purposes, accu-
rate analytical estimations®® or numerical calculations®®! are
required to set the optimal value of e, since strong modulations
of intensity along Z may occur due to diffraction effects caused
by such beam truncation. In our conditions, the optimal aper-
ture of the annular slit is e = 420 um, enabling to obtain a “focal
line” of length zp = 21 um with a smooth intensity profile along
Z and a core diameter (= first zero of intensity of the Bessel
function) of 0.90 um FWHM. This is perfectly reproduced by
numerical simulations (Figure 1b, 3™ row). Note that tech-
nical details about the simulations are reported in Section 3.4,
whereas Supporting Information Note 1 provides more details
about beam truncation and optimization of the width of the
annular aperture used.

2.2. Laser Processing

The experiments are carried out in ambient air. The fused silica
sample is placed on a 3-axis motorized translation stage and
its front surface is precisely positioned at the coordinate Z cor-
responding to the location of the peak intensity of the beam.
When the beam penetrates into the sample, its diameter is kept
constant but its length is stretched along the propagation axis
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due to refraction by a factor equal to the refractive index (small-
angle approximation), resulting in a useful length for ablation
inside the sample of nzp/2 ~ 15 um. The holes are processed
sequentially one by one, each hole being ablated with a single
laser pulse. We fabricated square arrays of 10 x 10 holes at the
surface of fused silica, with a spatial period (pitch) of respec-
tively a = 5, 3, and 1.5 um. A large range of laser pulse energy
is explored, in the sub-microjoule range. After fabrication, the
surface of the sample is analyzed by SEM imaging after being
coated with 5 nm of gold (Figures 2 and 3), enabling to measure
the diameters of the holes. The side view is analyzed by optical
microscopy (Figure 4), enabling to accurately measure their
depth (= length L).

3. Nanohole Arrays: Results and Discussion

3.1. Parametric Study {Energy, Pitch}

Figure 2 presents SEM pictures of the nanohole arrays written
at the surface of the fused silica glass sample, for various pitches
and laser pulse energy. The energy threshold for producing a
hole, estimated by decreasing the pulse energy until no hole
is realizable, is Ej; ~280n] in our conditions. The measured
beam intensity distribution (presented in Figure 1b) can be
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Figure 2. Arrays of 10X 10 holes at the surface of fused silica (SEM images
taken with a 40° tilt angle). The three columns correspond to arrays with
decreasing spatial periodicity, with a pitch between holes of respectively
a=5pum, 3 um, and 1.5 um. The laser pulse energy is indicated for each
row. The scale bars (5 um) are the same for all images, except for zoomed
insets for energies of 360 n) and 300 nJ.

translated into an absolute fluence distribution through a cali-
bration procedure. As an example, for the measured threshold
energy of =280 nJ, the peak fluence of the central core of the
Bessel beam amounts =3.1 ] cm™2. This is comparable to values
reported in the literature.3**! However, one should keep in
mind that this fluence value is the one that would be obtained if
the beam were propagating in air (i.e., without any interaction
with the material) and with no obstacles, which is obviously not
the case here in ablation regimes. The most relevant parameter
to the user is therefore the incident pulse energy.

Whatever the pitch, in a working energy range Ey, < E < 2Ey,
the entrance of each hole is free of any rims or molten matter.
To highlight the capability of realization of such high-quality
patterns by direct laser fabrication in air environment, we did
not apply any post-treatment or even simple cleaning of the
sample before or after laser ablation. This explains the scarce
presence of surrounding ablation products and residual debris
at the surface, mainly observed when the pitch is decreased.
Overall, we observe a good reproducibility of the holes. For a
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given energy, each hole of an array has the same diameter as a
“single hole” (i.e., a hole drilled far away from any other ablated
zone, not shown here) whatever the distance between adjacent
holes. Within this energy range below twice the threshold,
reducing the pitch to 3 um and then down to 1.5 um enables
to obtain more densely-packed arrays of nanoholes, as desired.
Note that the fluctuations of the distance between adjacent holes
are attributed to accuracy limitations of the translation stages
used to move the fused silica sample between irradiations.

Then, for the smallest pitch of 1.5 pm and if the energy is
too high (see the case of energy E = 900 n] for instance), the
whole processed surface of the sample can be completely
ablated with a very irregular morphology. This is obviously not
desirable; however, by carefully adjusting the couple of para-
meters {energy, pitch}, small-size holes with various pitches are
obtained for a large range of experimental conditions.

While Figure 2 shows SEM pictures recorded with a 40° tilt
view angle, Figure 3a,b,c shows top-view images recorded at a
0° view angle. This enables to identify, for each hole, two dis-
tinct features: a dark round area in the very center, surrounded
by a brighter circular zone. Considering the parallax effect due
to the difference of view angles, the dimensions of the bright
circular zone in Figure 3 perfectly match the diameters meas-
ured in Figure 2, that define the diameters of the entrance of the
holes (D). The dark central zone, significantly smaller, is identi-
fied to be the diameter of the hole along its whole depth (d),
in accordance with similar recent observations.l?) Combining
analyzes of tilted and nontilted images of Figures 2 and 3, we
therefore obtain a strong indication that the entrances of the
holes are funnel-shaped, as observed also by other authors in
similar conditions.?:3%#0 More details about this point are pro-
vided in Supporting Information Note 2.

3.2. Threshold-Based Analysis

The graph of Figure 3d shows how the hole diameter is con-
trolled by the laser pulse energy. For the whole range of ener-
gies tested here, d and D are systematically measured for each
of the 100 holes per case. The graph plots averaged values, with
corresponding standard deviations (error bars). The evolution
of d and D with the incident laser energy is quite different:
the entrance diameter D rapidly decreases with a decrease
of energy, while the hole diameter d shows less dependence
(spanning in the range 190-330 nm). For a very low energy,
these two values tend to merge, which would be the signa-
ture of a perfectly cylindrical hole without any funnel-shaped
entrance.

Now, comparing beam dimensions to the hole diameter is
instructive to interpret the results. Figure 3e presents the trans-
verse profile (cross-section along X) of the experimental beam
incident on the surface of the sample. Even if we severely
truncated the beam after the axicon, the experimental beam
profile remarkably well corresponds to a perfect non-truncated
Bessel beam, as theoretically expected. The best numerical fit
is obtained for an equivalent axicon angle of " = 35.5° (corre-
sponding to a base angle of the axicon of o = 0.97°), very close
to the expected value, and yielding a core diameter of 0.95 um
FWHM. The truncation also does not deteriorate the core-lobe
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Figure 3. a,b,c) SEM images of the laser-processed holes with various combinations of energy and pitch. The hole diameter d (central dark area) and
the entrance diameter D (surrounding white region) are indicated on the pictures. The experimental XY intensity of the tailored Bessel beam is also
superimposed on image (c) in order to illustrate how the first lobe ring intercepts the neighboring hole when the pitch is reduced to 1.5 pum. d) Evolution
of measured diameters D and d with the incident laser energy. The values are averaged over the 100 holes per energy case and the error bars represent
the standard deviation = ¢ of our measurements (spanning in the ranges [63-121 nm] for D and [24-50 nm] for d). The solid line is a numerical fit
(see text for details). (e) Transverse profile of the experimental beam (red), numerical fit of a non-truncated Bessel beam (black dotted), and numerical
Gaussian fit of the central peak (blue dashed). The colored vertical regions represent the diameters D (in orange) and d (in blue) obtained for the case

E =300 n)J. The blue region is reproduced every 1.5 um, in order to figure out the location of the neighboring holes.

intensity ratio compared to a regular Bessel beam (17% meas-
ured here).

It is now interesting to approximate the central peak to a
Gaussian function. The numerical fit (in blue in Figure 3e)
gives a beam waist of wy = 0.74 um (radius at 1/e?). This ena-
bles to use the Liu method*!! to determine the surface abla-
tion threshold: under the assumption that ablation is a strict
threshold-based and deterministic mechanism,?*? the diam-
eter of the ablated crater should write: wy\/2InE/E, . Using
this expression to fit the experimental data of the entrance
diameter D of the holes (solid line of Figure 3d) with w, and
E,, as free parameters, we find an excellent agreement and we
retrieve a surface ablation threshold of E;, = 240 nJ, in reason-
ably good accordance with the experimental observation. Now
regarding the hole diameter d, we observe a pronounced satura-
tion when the pulse energy increases and, more importantly,
a hole diameter that keeps always much smaller than the core
of the Bessel beam. We attribute this effect to the impossibility
for the ablated matter to be evacuated out of the hole in this
regime of confined bulk ablation.*?# Increasing the energy
should yield a larger volume of ablated matter, but which
is further redeposited on the walls of the hole, thus strongly
limiting the increase of the obtained hole diameter. Therefore,
we cannot expect a direct correspondence between the local
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fluence profile and the hole diameter so that fitting the data for
the hole diameter d with a threshold-based method would not
be physically meaningful. The confinement of the interaction
then offers, as a positive technological consequence, the ability
to achieve sub-micrometer hole diameters without any spe-
cific effort of accurate energy adjustment. For illustration, the
measured diameters d and D for the case E = 300 nJ and pitch
a =15 um (corresponding to Figure 3c) are reported on the
beam profile displayed on Figure 3e. This highlights the suita-
bility of Bessel beams for processing reliably holes whose diam-
eters are far smaller than the laser writing wavelength.

We now discuss again the case when the combination
{energy, pitch} is not optimized and can yield to uncontrolled
ablation of the surface, as already observed in Figure 2. Due
to the core-lobe intensity contrast, even if the energy largely
overpasses the threshold for ablating the material surface
with the central core of the beam (which is the case for energy
E = 900 nJ, corresponding to more than three times the
threshold), the first lobe does not carry enough energy to
induce ablation of a fresh surface. However, for series with the
smallest pitch of 1.5 pm, when the beam irradiates the next
location during the point-by-point laser writing process, the sur-
face is actually not fresh everywhere on surrounding regions,
because previous holes preexist. Superposing the experimental
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Figure 4. a) Side-views of the arrays of nanoholes (optical microscope
images) for pitch 3 um and 1.5 um. For each energy, only 10 holes in
the same Y plane are visible. A single hole is also shown on the left
panel, for comparison. The scalebar of 5 um holds for every image. The
XZ intensity profile of the experimental beam is also superimposed on
one hole on the first image, showing a good correspondence between
the hole dimensions and the beam intensity distribution (beam coming
from the top of the image). b) Evolution of the hole length with pulse
energy for pitches of 3 um and 1.5 um. Each bar of the histogram rep-
resents the averaged value over the 10 holes measured for each case.
The error bars stand for £ o (standard deviation) of our measurements
(spanning in the range [0.15-0.32 nm] for both pitches, except for the
pitch 1.5 pm for E > 420 n)). The appearance of detrimental cross-
talk effects when the pitch decreases down to 1.5 um (and for energy
E > 420 n)) yields to irregular morphologies along the holes depth, that
are represented by hatched portions on the violet corresponding bars
of the histogram.
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beam intensity distribution to the SEM images (see Figure 3c)
illustrates how the first lobe of the experimental beam overlaps
neighboring holes, simply because the lobe radius (measured to
be 1.52 pm) almost exactly corresponds to the pitch. Locally, the
threshold (in other words, the minimum local energy density
that triggers matter removal) is therefore significantly smaller
than for a fresh surface (incubation effect) and lobe-induced
ablation can occur. This effect reproduces for each shot of the
array, yielding larger ablated volumes and matter removal over
the whole area of the array. This is an inherent limitation to
Bessel beams, that would require additional strategies to be
overpassed. Nevertheless, this only appears for rather high
energies, and leaves a reasonable processing range of energy
E;, < E < 2Ey, for which the surface is free of such detrimental
effect, even for the smallest pitch.

However, not only the surface ablation is disturbed by the
neighbor holes. The closely-arranged preexisting holes actually
can also affect the proper formation of the Bessel beam on its
whole length beneath the sample surface, and therefore impact
the proper engraving of the next hole. In this context, we name
the “crosstalk effect” any perturbation of the propagation of the
writing laser beam due to the presence of a collateral hole in
close vicinity of the currently-processed one. This obviously
includes the lobe-induced ablation described above, but also
more delicate effects due to propagation distortions, that we
examine in the next sections.

3.3. Controlling the Depth of Nanoholes

We now analyze the side views of the holes, presented in
Figure 4a. These images are obtained by optical microscopy
using a 100x, NA = 0.9 microscope objective, under white light
transillumination through the lateral XZ face of the sample.
Given the optical resolution which is typically A/2NA, this
obviously does not give access to the measurement of the hole
diameters (nor at their entrance or along their depth), but it
provides a convenient and accurate way to measure the depths
of the holes.

Only the results of pitch 3 and 1.5 um are presented for a
conciseness purpose, since the results with pitch 5 um are
qualitatively similar to holes obtained with pitch 3 pm. The
black tracks correspond to air holes, where matter has been
ablated, as we have previously checked.*®l Analyzing the 3 um
pitch series, deep holes with straight and reproducible profiles
are obtained. Each hole of the array is the same as a single indi-
vidual hole (displayed on the left) processed on a fresh material
zone far away from any other hole. Importantly, no cracks or
brittle fracture between holes is observed, whatever the energy
in the range explored here, so that the holes are well defined
and well separated. The use of Bessel beams proves here to
be a direct convenient hole-writing solution, thanks to the
good qualitative correspondence between the hole morphology
(diameter, depth, cylindrical profile) and the intensity profile of
the part of the experimental beam that enters inside the sample
(also represented on the top line of the Figure). This is a major
advantage, in particular over etching processes, for which main-
taining a straight profile over depths of several micrometers can

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWIIOD BAIIE8.D 8|qed!(dde aupy Aq peusenob a1e SSe YO ‘SN JO S8|nJ o} A%eiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWBIAL0D A8 | 1M Afe1q 1 Ut |UO//SdNL) SUORIPUOD Pue SWe 1 84} 89S *[£202/20/20] U0 Areiqiaulluo AS|IA ‘8oueI 8URIyd0D Aq 68T202202 ILUPe/Z00T OT/I0p/Woo A3 (1M Akeid 1 puluoy//Sdiy wolj pspeojumod ‘0 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

be a technological challenge.’2l The graph in Figure 4b shows
how the hole lengths can be easily adjusted by tuning the laser
pulse energy, with a roughly linear trend.

Decreasing the pitch to 1.5 pm and restricting the energy
within a range E,;, < E < 15E;, simply yields more densely-
packed arrays of holes, as desired. No crosstalk effect is
observed, and holes with straight and regular morphologies are
obtained. As an example, using an energy of 360 nJ enables to
produce holes of length L = 4.1 um and diameter d = 215 nm
(aspect ratio = 19) for a pitch of 3 um as well as 1.5 um, with
a good reproducibility (measured rms deviation of 4%). Fur-
ther lowering the energy gives access to shorter holes, but the
counterpart is a loss of reproducibility (see the error bars on
the graph) because the energy used is very close to the abla-
tion threshold, yielding higher sensitivity to pulse-to-pulse
laser energy fluctuations. Note also here that using a truncated
Bessel beam instead of a regular one enables us to benefit from
a sharper falling edge of the tail of the beam (see Figure 1b) and
thus to gain in the robustness of reproducibility regarding the
hole length.

Still, for the 1.5 um pitch series and now examining results
for higher energies, the depth profile is affected, showing non-
homogeneous and irregular hole morphologies. For moderate
energies, the hole entrance is still of high quality (as already
observed in Figures 2 and 3 for the energies of 420 n] and 490
nJ) but the end of the holes is affected. The corresponding
regions are represented by hatched portions on the violet cor-
responding bars of the histogram of Figure 4b. For the highest
energy of 900 n] for which the surface is totally ablated, the
remaining length of the holes is surprisingly unaffected
(except on the last micrometers). This feature, a priori unex-
pected, illustrates here a crucial advantage of Bessel beams
over Gaussian beams for robust processing capability of nano-
hole arrays: since the laser energy is delivered “from the side”
(with the angle @) all along the hole depth with the lobe rings
acting as the energy reservoir, the machining of holes below the
surface is still efficient (when using high energies) even if the
surface is destroyed. Besides, postpolishing of the sample sur-
face to remove the first micrometers of matter should enable to
access the holes and thus reveal them at the surface. For holes
produced with a lower energy, such an approach could also con-
stitute a convenient way to remove the funnel-shaped entrance,
as well as bring additional freedom to the final holes lengths by
removing calibrated material thicknesses.

3.4. Crosstalk Effect: Numerical Investigation

In this section, we investigate in more details the crosstalk
effect, responsible of a current limitation on the achievable
density of the produced close-packed arrays of holes. For ener-
getic conditions that are too low to sustain the side-lobe abla-
tion effect already discussed, at least two other reasons could be
invoked. The first one is optical: despite the robustness of prop-
agation of Bessel beams against obstacles, also known as “self-
healing” capabilities,*! the presence of the previous holes can
still perturb the wavefront propagation. This may cause that the
micro-Bessel beam does not form properly anymore, thereby
affecting the processing of the next hole. Since hole diameter
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and depth depend on energy, as characterized previously, obsta-
cles of growing dimensions affect the beam propagation upon
increase of laser pulse energy. The second reason, more minor,
is the possible modification of the material properties between
the holes (e.g., densification, index change, structural reorgani-
zation, shear stress, etc.). This may also induce uncontrolled
material fracture, thus preventing the processing of straight
and regular holes at high energy. Such modifications would
not be easily detectable by optical microscopy, but they could
be evidenced by more advanced material analysis tools, which
is out of the scope of the present paper. Here, we propose a
numerical study of optical propagation to investigate the first
reason. We simulate the behavior of the truncated micro-Bessel
beam when its propagation is perturbed by the presence of a
regular arrangement of pre-existing holes.

The 2D spatial distribution of holes at the surface of the
sample, therefore, requires 3D description and computing. In
the framework of Fresnel propagation model, the optical field
at a position z is depicted by a 2D complex amplitude A(x, y,
z) and can be decomposed in the Fourier space as a sum of
plane waves (the “angular spectrum”), each plane wave being
defined by a wavevector k= (k,,k,,k.). If the optical field
encounters obstacles, then A(x, y, z) is multiplied by the cor-
responding complex transmittance function T(x, y). This ena-
bles us to depict within the same formalism pure phase ele-
ments (the axicon, the air/glass interface) as well as obstacles
that affect the amplitude (annular aperture, pre-existing nano-
holes) placed in any plane z along propagation. In the Fourier
space, propagation along a distance dz is calculated by multi-
plying the angular spectrum by the Fourier Kernel propagator
P (x,y,dz) = ¢"* = explidz\[k’ — k. —k]]. Note that this Fresnel
propagator of plane waves is valid even if paraxial conditions are
not fulfilled. Note also that we neglect here the effects of the spec-
tral bandwidth of our laser pulse. The optical field after propaga-
tion then writes A (x,y,z+dz)=F " {P(x,y,dz).F{A(x,y,2).T(x,)}},
where F denotes the Fourier transform. The 3D complex
amplitude along propagation is obtained by applying this algo-
rithm step by step along z, and the intensity is finally obtained
by I(x,y,2) =|A(x, y, 2) |

Results are presented in Figure 5. Case (a) represents the
truncated micro-Bessel beam that propagates at the air/glass
interface without introduction of any obstacle, as a reference.
Cases (b), (c), and (d) simulate the propagation of the beam that
will process the next hole, when approximately the first half of
the 10 x 10 array of holes is already fabricated. Simulations are
run for the case of energy E = 490 nJ, taking the experimen-
tally measured values for hole diameter (d = 265 nm) and hole
length (L = 10.0 um). Considering that a lateral hole is mainly
a source of energy loss, we depict numerically one hole by a
cylindrical pattern whose transmission is zero (white disks and
tracks on the Figure) as in Ref. [45]. Also, for simplicity, no
funnel-shaped entrance is considered here. Since 2D calcula-
tions with high numerical sampling require large computa-
tion time resources, the simulation includes a transformation
optics approach with corresponding virtual obstacles affecting
the Bessel beam before demagnification. Then, we do not
expect that the detailed features of near-field diffraction effects
are accurately depicted by the simulation. However, as we
will show, the way the lateral masking effects can affect the

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWIIOD BAIIE8.D 8|qed!(dde aupy Aq peusenob a1e SSe YO ‘SN JO S8|nJ o} A%eiq1T8UlUO A1 UO (SUONIPUOD-PUR-SWBIAL0D A8 | 1M Afe1q 1 Ut |UO//SdNL) SUORIPUOD Pue SWe 1 84} 89S *[£202/20/20] U0 Areiqiaulluo AS|IA ‘8oueI 8URIyd0D Aq 68T202202 ILUPe/Z00T OT/I0p/Woo A3 (1M Akeid 1 puluoy//Sdiy wolj pspeojumod ‘0 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

— D
www.advmatinterfaces.de

Truncated beam
without obstacle

Pitch 3 um

Pitch 1.5 ym

Pitch 0.75 pm

10 15 20 25 30

Propagation distance Z (um)

e T .

o AP 1
- / o Threshold

---- no obstacle L VEING

—— pitch 3 um - L YR

—— pitch 1.5 um = us 3.6 FE\

—— pitch 0.75 um s 04r 5.6 um
£ o2t 10.0 pm

0 ) ___air;glass

0 5 10 15 20 25 30

Propagation distance Z (um)

Figure 5. Numerical study of crosstalk: simulations of beam propagation and distortions in presence of preexisting holes at the surface of the sample,
for decreasing pitches. a) no obstacle, b) pitch a =3 um, c) pitch a = 1.5 pm, d) pitch a = 0.75 um. The coordinate Z = 0 is the surface of the fused
silica glass sample, placed at the maximum intensity of the incoming beam. All images are normalized to this value and they are therefore directly
comparable. The XY beam intensities (left panel) are taken at Z =10 pum; this enables to compare the beam distortions and drop of intensity at the
end of the hole for each case studied. The YZ intensity distributions (right panel) display the beam propagation. The white disks and the white tracks
represent the preexisting holes. The intensity profiles along Z are plotted on the graph e) for all cases. By direct comparison with experiments, the

ablation threshold is obtained for a normalized intensity of 78%.

general delivery and dimensions of the intense elongated beam
remains accessible with these simplifications.

Without obstacle, and by comparison to the measured hole
depth, the local intensity at Z = 10 pm defines the threshold for
ablation (see profiles in Figure 5e). For a pitch of 3 pm (case
b), the beam is very little perturbated. The expected hole length
is unchanged, perfectly matching with the experimental meas-
urements reported in Figure 4. Decreasing the pitch to 1.5 pm
and then further to 0.75 um for better illustration yields several

Adv. Mater. Interfaces 2023, 2202189 2202189 (8 of 10)

beam distortions, amongst which: intensity modulations and
local over-intensities, increased beam divergence associated
with a loss of the axial symmetry of the intensity distribu-
tion, but also, and more importantly, shortening of the useful
length of the Bessel beam for ablation. Indeed, since the energy
that forms the tail of the Bessel beam is mainly contained in
the outer lobe rings at shorter Z distances, their perturbation by the
previous lateral holes (even at a radial distance larger than the
pitch) induces spatial reorganization of energy that prevents to
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form properly an intense central core at the tail of the beam.
For the 1.5 um pitch (case c), a premature drop in the intensity
of the Z-profile is observed, that yields an expected shorter hole
depth, with only the first 5.6 pm overpassing the threshold.
This numerical result is in good agreement with the observa-
tion of Figure 4a for the case 490 nJ, where only the first =5 pm
of the holes are straight and reproducible (see also the height
of the nonhatched portion of the histogram bar in Figure 4b).
The same kind of effect is observed for the 420 n] energy case.
Now, further lowering the energy yields a decrease in the hole
diameter and length, thereby diminishing perturbations of
the beam, so that the length of the hole is maintained, even
for small pitches (simulations not shown here). Such evolu-
tion is fully in line with experimental observations and meas-
urements. Remembering that we explore here the condition of
front-side ablation, which is often less favorable than bulk or
rear-side processing®! but offers larger versatility, these results
illustrate the key benefit of Bessel beams in their stability range
for robust processing of nanohole arrays.

Having identified the existence of crosstalk effects defining
limit in the process, beam shaping solutions for future develop-
ments can be proposed, like apodization of the side lobes,*6#]
replacement of Bessel beams by droplets beams!*® or needle
beams.*)] More generally, any solution of beam engineering to
work with asymmetric condition and, thus, provide the possi-
bility to restrict the beam propagation to regions free of pre-
vious features would be of high interest. This would also bring
the possibility to further reduce the pitch to fractions of visible
wavelengths, in view of further design and fabrication of nano-
components for visible light.

4. Conclusion

In summary, we fabricated and characterized square arrays of
deep holes by ultrashort pulse ablation of the surface of fused
silica under ambient air. We demonstrated that length-tailored
Bessel beam ablation is a relevant approach for processing
closely-spaced nanohole arrays with large and controllable
depths and straight profiles. A complete analysis of holes
(diameter, depth, entrance, regularity) was carried and inter-
preted with respect to the ablation threshold and laser beam
intensity distribution. Hole diameters less than 250 nm (which
is roughly one-third of the writing laser wavelength) over a
depth of several micrometers are obtained, arranged in two-
dimensional arrays with a pitch down to 1.5 um. The influence
of the spatial periodicity of the arrays on the stability of the
propagation of the customized Bessel beam inside the mate-
rial depth was investigated, both experimentally and numeri-
cally. Upon the careful adjustment of a couple of parameters
{energy, pitch}, reproducible arrays of nanoholes with aspect
ratio in the range 5-30 are accessible. The dimensions and
pitch attained here thus already open the possibility to design
and write components for the mid-infrared spectral range.
Further downscaling of the patterns and specifically further
densification of the arrays of holes should be accessible either
by changing the writing wavelength to enhance the optical
resolution and/or implement complementary beam-shaping
solutions.
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This technological demonstration is a critical step towards
agile laser-fabrication of advanced devices for a range of applica-
tions in integrated photonics. Indeed, since the point-by-point
laser writing tool offers intrinsically the ability to deliver energy
over flexible geometries, it constitutes a unique route for rapid
prototyping of patterns of higher complexity level, for instance,
intricated structures with varying hole diameters, lengths, and
density across the same substrate, produced on a single laser
process. Moreover, while the results demonstrated here con-
centrate on fused silica as a model glass substrate, the univer-
sality of the ultrashort laser ablation response of bandgap solids
enable us to envision an approach applicable to a broad range
of target materials. An important interest of arrays of deep and
cylindrical “air holes” is for light-confining structures (Bragg
mirrors, photonic crystals) at the surface of photonic integrated
circuits, for example on lithium niobate chips,”®! adapted from
the concept of laser-writing inside optical fiber core.’!! More-
over, semiconductors are accessible upon adjustment of the
laser wavelength to match their transparency spectral region.>?
This could open new opportunities to fabricate silicon photonic
integrated devices by index engineering based on nanohole
assembly laser writing.[>%>4

Aside the spatial resolution, process throughput is an impor-
tant aspect in comparison with more traditional nanofabrication
tools. While the demonstration of our flexible laser-ablation-
based technique in atmospheric conditions may appear limited
in comparison to lithography-based production methods, the
current advent of kilowatt ultrashort laser sources must allow
to rapidly envision massive parallelization of the writing pro-
cess®! leading to the vision of an attractive novel modality for
fast, versatile, low-environmental-impact and cost-effective nan-
oprocessing of optical materials.
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