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Tellurite Glass Systems by Femtosecond Laser Irradiation

Gozden Torun,* Tetsuo Kishi, Diego Pugliese, Daniel Milanese, and Yves Bellouard

1. Introduction

The formation of elemental trigonal tellurium (t-Te) on tellurite glass surfaces

exposed to femtosecond laser pulses is discussed. Specifically, the underlying
elemental crystallization phenomenon is investigated by altering laser param-
eters in common tellurite glass compositions under various ambient condi-
tions. Elemental crystallization of t-Te by a single femtosecond laser pulse

is unveiled by high-resolution imaging and analysis. The thermal diffusion
model reveals the absence of lattice melting upon a single laser pulse, high-
lighting the complexity of the phase transformation. The typical cross-section
displays three different crystal configurations over its depth, in which the
overall thickness increases with each subsequent pulse. The effect of various
controlled atmospheres shows the suppressing nature of the elemental crys-
tallization, whereas the substrate temperature shows no significant impact
on the nucleation of t-Te nanocrystals. This research gives new insight into
the elemental crystallization of glass upon femtosecond laser irradiation and
shows the potential to fabricate functional transparent electronic micro/

nanodevices.
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Tellurium (Te) is a naturally occurring
elemental van der Waals material that has
a p-type narrow band gap semiconductor
behavior and features a chiral structure
in an atomic level.! It has a trigonal
crystal structure with three atoms in the
unit cells, which are covalently bonded
forming elongated helical chains, side-
linked one to another by weak van der
Waals forces. The typical helical chain
structure spirals around the z-direction,
with three-fold rotational and translational
symmetry. Depending on the chains heli-
city, either left- or right-handed (i.e., space
groups of P3,21 and P3;21, respectively),
the material exhibits a chirality-dependent
behavior.?! Te has gained considerable
interest because of its unique structure
originating mainly from its electronic
structure with four 5p-orbital valence elec-
trons in the outer shell, with two 5s-lone-pair electrons!® that
lead to particularly attractive piezoelectric,”) thermoelectric,®!
photoconductivel® strain-sensitive,’! and nonlinear optical
responses.”! Promising devices have been reported recently,
such as low-dimensional field-effect transistors,'>2l energy
harvesters, and photothermal converters.[1>14]

To unleash the technological potential of Te, one has to
master the production at the nanoscale. However, producing
thin films, nanosheets, nanorods, nanowires, and nanoparti-
cles remains challenging.™ Numerous processes have been
proposed, including chemical vapor deposition (CVD),!
hydrothermal method,” molecular beam epitaxy, "l solution-
based growth, vapor phase synthesis, growth vapor trap-
ping " with many recent efforts on pulsed laser deposition,2°!
magnetron sputtering,?!! and liquid exfoliation.?” In addi-
tion, few studies showed the production of Te starting from
its amorphous oxide counterpart (TeO,). The formation of Te
from tellurite (or TeO,-based) glass has been observed in a
handful of studies where researchers employed electrochemical
charging—discharging*?4 and femtosecond laser direct-write
processing,>>?/ the approach discussed herein. In the previous
work, we showed the formation of localized Te embedded in
self-organized nanostructures, oriented perpendicular to the
laser polarization, that span beyond the focal volume, and the
evolution of nanostructures on the tellurite glass surface upon
femtosecond laser exposure.l?’l Here, we further investigate the
in-depth formation mechanism of laser-induced elemental Te
and, in particular, the effect of the substrate composition, the
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substrate temperature, and ambient conditions for various
laser processing parameters. Our findings reveal the formation
of Te not only on the surface as nanoparticles but also below
it as nanocrystals embedded in the tellurite glass. The most
surprising fact is the observation of elemental Te nanocrys-
tals after a single laser pulse, which is remarkable considering
the extremely short time scale. In the sequel, we unravel the
formation mechanism of elemental Te in common tellurite
glass compositions. This work is meant to expand the realm
of production of Te nanoparticles by offering a framework for
selecting appropriate glass composition with relevant laser
parameters and, at the same time, to document illustrations of
ultrafast glass decomposition and elemental crystallization.

2. Results and Discussion

2.1. General Methodology

Experimental details are presented in a separate section at the
end of this paper. Briefly, our methodology is exposing the
surface of the carefully selected tellurite glass compositions
to ultrafast laser pulses of varying intensity to create laser-
modified tracks to highlight the formation mechanism. First,
the effect of laser pulse-to-pulse overlapping, a way to effec-
tively determine the number of pulses per focal volume in a
dynamic laser writing process, is discussed to understand the
feedback mechanism on the elemental crystallization and struc-
tural modifications. Second, the effect of heat generated during
ultrafast laser processing on the nucleation and the growth of
elemental nanocrystals from single pulse to multi-pulse per
focal volume is examined. In addition, the effect of an open-
air atmosphere (nitrogen, oxygen, and humidity) is investi-
gated by comparing it with a controlled dry air atmosphere, a
dry nitrogen atmosphere, and a vacuum. Likewise, the effect of
substrate temperature is explained briefly. For these parts of the
study, we consider the following composition: 80TeO,~10WO;—
10K,0 (mol%, TWK). The laser processing window (incoming
pulse fluence vs repetition rate) is presented in Figure S1, Sup-
porting Information. Finally, the effect of glass modifiers on
elemental crystallization is considered in various tellurite glass
systems with an effort to generalize the elemental crystalliza-
tion phenomenon.

2.2. Formation of t-Te on Tellurite Glass Surface: From a Single
Pulse to a Few Pulses Exposure

Let us first examine the case of single to a few pulses exposure,
that is, from no to gradual accumulation of pulses, for which
we investigate the structural evolution using Raman and UV-
VIS spectroscopies. The rationale of these investigations is to
unravel stepwise mechanisms leading to the formation of t-Te.
Figure 1a,b presents a schematic illustration of the typical
laser processing, the atomic structure of Te, and the structural
evolution of the tellurite glass surface after the inscription.
Figure 1c—e shows characteristic features and spectroscopy
results after single to a few laser pulse exposure of the tellurite
glass surface. Figure 1c displays the optical microscopy (OM)
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images and the Raman spectra of the laser-modified zones on
the surface of tellurite glass. At 1 kHz, the effective number of
pulses at the focal volume increases from a single pulse to ten
pulses, subsequently forming continuous tracks.

As a glass, tellurite has a peculiar glass network that comes
from the active free lone-electron pairs, responsible for the
high refractive index and non-linear optical transmission in
the IR region.l?®l The free lone-electron pairs in TeO,, polyhedra
are the reason why forming a pure tellurium dioxide (TeO,)
glass phase is difficult to obtain under traditional quenching
conditions. Vitrification can be facilitated by introducing new
structural units and forming mixed Te—O—R (in our case
R = W, Nb, etc.) bonds. Studies have shown that the “pure”
TeO, glass consists of TeO, trigonal bipyramids (tbp) and TeO,
trigonal pyramids (tp) units.?*3% The increase of glass modifier
content causes the transformation of TeO, into TeO; along with
the creation of non-bridging oxygen (NBO) atoms, with one of
the equatorial positions occupied by the lone pair of electrons.
Therefore, the glass network of TWK is composed of TeO, tbp,
TeO3,, distorted trigonal bipyramids (d-tbp), and TeO; tp units.
It results in the presence of Raman peaks located at around
470, 610, 670, 720, and 790 cm™, and assigned to a symmetrical
stretching of Te—O—Te linkages, continuous network of TeO,,
antisymmetric stretching of Te—O—Te linkages consisting
two unequivalent Te—O bonds, Te and NBO of TeO;,; and
TeO;, stretching of Te—O~ in TeOj;,; and TeOs, respectively.l’!
Depending on the glass composition, additional peaks can
originate from glass modifiers. For instance, in TWK, Raman
peaks at around 355, 860 and 920 cm™! are related to tungsten-
oxygen vibration, that is, the stretching of W—0—W, W—O0O,
W—07, and W=0 bonds associated with WO, and WOy poly-
hedra.}*! All these units are considered the backbone of the
glass structure, whose intensity decreases with the appearance
of the peaks at lower wavenumbers after femtosecond laser
irradiation.

We note the presence of vibration peaks corresponding to
t-Te after two effective pulses per focal volume in Figure 1c,d.
The characteristic vibration peaks of the laser-affected zone
are located at 118, 139, and 260 cm™, corresponding to A; and
E, modes, and second-order spectra, respectively.3% Another
broad peak at around 170 cm™ is attributed to Te-Te homopolar
bonds in amorphous Te (a-Te). The a-Te observed in Raman
spectra could survive even though a-Te is unstable above
285 KPY due to higher stress around the interface, yet, it can be
found up to 473 KB in some compounds of Te. In a different
set of experiments, Vasileiadis et al.*®l reported the short-live
presence of a-Te (similar peak at around 170 cm™) during the
first exposure of tellurium to continuous wave lasers (at vis-
ible wavelengths) at low power density. In addition, a peak at
around 238 cm™! may originate from ionized Te dimers (Te,
color center) or Te, or Te, clusters.}*3%l Another possible iden-
tification of this peak is TeO;?" (specifically the —OH units in
the hydrogen bonding of (TeO3)?” unitsl®’)) at the expense of
those with higher wavenumbers, indicating that the glass net-
work is progressively cleaved. A few other studies state that this
peak may also be related to the formation of WOjs crystals,33
thombohedral-TeO3,*! or 5-TeO, crystals.*! Interestingly, this
peak appears at every even pulse up to ten pulses and eventu-
ally disappears from Raman spectra when the femtosecond
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Figure 1. A schematic illustration of elemental Te production by femtosecond laser inscription on TeO,-based glass and its characterization at 1 kHz.
a) Femtosecond (fs) laser direct-write process. b) The crystal structure of t-Te and the formation process of t-Te. ¢) OM image and Raman spectra
on the surface of TWK glass upon femtosecond laser inscription at 1 kHz with 200 n), and from no overlap to 10 pulses (incoming pulse fluence:
0.03-0.66 ) mm~2). d) The relative intensity change of main glass network peaks measured at the center of the laser-affected zone for each inscription
indicated in (a). The inset image shows the change in relative peak intensity upon single laser exposure. ) The transmission spectra of the scanned
area of 2 x 2 mm? with a different number of pulse per focal volume. f) Simulated temporal evolution of the temperature at 1 kHz.

laser process is performed in an open-air atmosphere. Figure 1d
shows the changes in relative peak intensities extracted from
Raman spectra in Figure 1c. The evolution of the peak to the
effective number of pulses highlights a dramatic increase in the
t-Te at the expense of the glass network. The decomposition of
this peak is discussed further in detail.

The UV-Vis transmission spectra of a laser-inscribed area of
2 x 2 mm? on the tellurite glass surface in Figure le indicate
that the UV cut-off wavelength was at around 460 nm (corre-
sponding to 2.7 eV). The transmission spectra are progressively
decreasing due to the formation of t-Te after each pulse. Com-
pared to Raman spectra results, UV-Vis spectra results repre-
sent the gradual change in the glass structure upon a single
pulse to two-pulse irradiation.

The time-dependent temperature distribution of focal
volume calculated by thermal diffusion* of multi-pulse irra-
diation at 1 kHz is shown in Figure 1f. The temperature rises
quickly in the focal volume, and thermal quenching with a typ-
ical cooling rate of =10 K s7! eventually leads to supercooling
of new dense phases, and/or metastable phases recovered
under extreme conditions.*’! As the pulse interval (1 ms) is
longer than the lattice cooling time, the temperature rise is not
affected by the second pulse. We note that the modification cre-
ated upon the first pulse changes the overall material properties
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within the focal volume, resulting in different thresholds, ioni-
zation rates, etc., for upcoming pulses.

A similar laser exposure at 1 kHz was performed on the glass
with a temperature ranging from 77 to 293 K. The sample was
cooled with liquid nitrogen in a designated chamber to avoid
possible thermal effects. The Raman spectra of pristine glass
and three-pulse exposure at 77 K are presented in Figure S2,
Supporting Information. No particular difference in Raman
spectra of the laser-affected zone at room temperature or below
is observed, showing the sort of athermal nature of the ele-
mental crystallization or “phase separation” process.

Figure 2a—c shows the transmission electron microscopy
(TEM) images (including high-resolution TEM or HR-TEM)
after a single laser pulse. The overall selected area electron dif-
fraction (SAED) pattern in Figure 2a shows a bright amorphous
ring with several polycrystalline diffraction spots. The crystal-
lized width is =1 um, and the overall depth is =350 nm. The
laser-affected zone shows three different crystal arrangements
over its depth, namely, ejected and subsequently resolidi-
fied nanoparticles, densely packed nanocrystals, and scattered
spherical nanocrystals, respectively. The different morphology
of nanocrystals along the depth is related to the laser pro-
cessing itself, similar to a recent study* of Cu ablation by fem-
tosecond laser. The temperature decreases exponentially along
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Figure 2. a—c) Single pulse exposure case. a) TEM image of the overall laser-affected zone within the focal volume with the inset image being the SAED
pattern. b) HR-TEM image of a nanoparticle in (a) with inset images of FFT patterns oriented along the crystallographic [010] axis and c) HR-TEM
image of the subsurface. Inset images are showing FFT patterns along the [010] crystallographic axis. d—f) Two-pulse exposure case: d) TEM images
of overall the focal volume and e) details of the laser-affected zone; f) HR-TEM image of the subsurface zone with inset images of FFT patterns. The
glass composition is TWK and the pulse energy for both cases is 200 n) at 1 kHz.

the z-direction, resulting in a different cooling rate. The average
size of the densely packed nanocrystals is 5.3 £ 1.4 nm, located
at the first 143 nm below the surface. Below these nanocrystals,
the scattered spherical nanocrystals are present without over-
lapping each other.

Figure 2b shows an ejected particle, whose appearance is
rare in single laser pulse irradiation. The Fast Fourier trans-
form (FFT) of the image indicates the presence of a nanocrys-
talline phase of t-Te along [100] direction, even though most
of the particles remain in an amorphous state, possibly due to
the presence of glass structures. Figure 2c shows an HR-TEM
image of the center of the laser-affected zone with densely
packed nanocrystals of polycrystalline t-Te along [100] direc-
tion, showing characteristic double diffraction patterns (Moiré
fringes) in a spatially confined area. Moiré fringes, typically with
spacing an order of magnitude higher than the original ones,
may originate from the superposition of repetitive nanocrystals
of t-Te with very small or equal spacing with suitable mutual
orientation. Their thickness depends on the spacing of the
interacting lattices, the misfit, and the angle formed.*] The
high lattice mismatch is related to laser-induced stress. A prom-
inent example is twisted bi-layer graphene, which forms Moiré
fringes at a particular angle and exhibits superconductivity and
other electronic properties.*!

Figure 2d—f shows the TEM and HR-TEM images upon
two pulses per focal spot. With the second pulse, the surface
roughness increases, and the formation of a cavity becomes
prominent, filled with redeposited material. Similar to a single
pulse exposure, three different characteristic morphologies
along its depth are observed. The average size of the densely
packed nanocrystals is 6.5 £ 2.8 nm. Several crystal orienta-
tions coexist in the FFT image of Figure 2f. The interplanar
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distances of the nanocrystal are 0.385, 0.323, and 0.222 nm,
which are in good agreement with the value of (100), (101), and
(110) of the t-Te crystal structure. The lattice parameters from
the SAED correspond to a = 0.4447 nm and ¢ = 0.5915 nm.
Details of interplanar distances and TEM analysis for a few
laser shots are shown in Table S1 and Figure S3, Supporting
Information. There is no other crystalline phase detected in the
laser-affected zone rather than t-Te, corroborating the Te-related
nature of the extra vibration peak at =238 cm™ in the Raman
spectra.

Tellurite glass is known as conditional glass former, which
requires glass modifier oxides to make a amorphous network.
TWK glass system is selected for this study due to its extremely
large glass-forming window.?’l Depending on the glass modi-
fier oxides, for example, the addition of K results in cleavage
of Te—O—Te bonds and generates NBO sites, whereas W
substitutes Te and Te—O—W bond formation enhances glass
against devitrification in our case.”*#’] One of the requirements
from the laser processing to obtain t-Te from a tellurite glass
is to use laser pulse in the femtosecond regime (270 fs) with
a high peak intensity emitting near-IR wavelength to satisfy
the nonlinear absorption, which subsequently leads to ioniza-
tion processes. The effect of the nonlinear ionization process is
investigated by exposing the same glass with the femtosecond
laser emitting UV wavelength (343 nm; 450 fs) and pulsed CO,
laser irradiation (10.6 um; 1 us to 1 ms). The Raman spectra
in Figure S4, Supporting Information show the signature
peaks of TeO, crystals, similar to the results obtained from the
annealing process.*® The results highlight the importance of
the interaction time and the non-linear absorption mechanism.
The proposed formation mechanism of t-Te from tellurite glass
under a few pulses is as follows:

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

85UB01 SUOWIWIOD BAIERID d|qed!jdde aup Aq pausenoh e Sap1e YO ‘88N JO S3[n Joj AReiqIT 8UIIUO AB]IM UO (SUORIPUOD-PUR-SWLIRYLIOD" AB| 1M AReiq 1 [puluU0//SANY) SUORIPUOD PUe SWB L 33 885 *[£202/50/6T] U0 AriqiT8uluo ABJIM ‘outioL 1 Jied A (419 SIS 0ULOL 1Q 001UBlIod AQ 97P0TZZ0Z BwPe/Z00T OT/I0p/uod AB| 1mAreiq1feuljuo/sSdiy woiy papeoiumod ‘02 ‘€202 ‘S60rTZST



ADVANCED
SANCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de

1) During femtosecond laser irradiation, the plasma is seeded The other potential assignment of the peak at 238 cm™ is

by the multiphoton absorption process (=three photons) and
fed through avalanche ionization of the electrons excited to
the conduction band. In the present case, the plasma consists
of a high concentration of Te ions upon bond cleavage. Upon
the first pulse, the self-seeding reduction reaction of Te*" to
Te® occurs. It has been reported that once the smallest coop-
erative group of molecules (Te, clusters) consisting of two or
more Te atoms together is established, it leads to the forma-
tion of crystalline structures through glass decomposition or
“phase separation” of Te. Interestingly, a similar mechanism
has been reported for Te-compounds and alloys, such as Te—
Se or Cd-Te-Se alloys.*>>% Upon the formation of multiple
Te clusters, strong interchain bonding results in a decreased
energetic requirement, and thus a higher Te content is more
prone to crystallization. Since the chain-to-chain bonding
strength is higher in Te due to the unlocalized electrons, this
can indicate that the interchain contributions increase as the
glass contains more Te content.’!l According to the configu-
rational entropy model, Te—O—Te network bonds are weak in
tellurite glass, and bond breaking can occur upon annealing
around glass-transition temperature (T,).* In our case, while
Te makes Te—Te bonds, oxygen ions can form molecular
oxygen (O, (g)) as observed in other glass systems,? and
also can make a bond with the glass modifiers. The charge
neutrality is satisfied by the selective oxidation of the other
species, such as the conversion of WO, units to WOs5 or WO
units. In addition, W—O bonds are much stronger than Te—O
bonds, therefore, higher energy is required to break the bond.
The Gibbs free energy change, AG, of tungsten oxide is much
lower than tellurium oxide, making WO; formation more
favorable and promoting the reduction of TeO, into Te.l>*>4

2) As the material is modified gradually in the focal volume, the
subsequent laser pulse encounters with transformed mate-
rial each time. The following pulse will be less efficiently
captured by the material, due to scattering by the surface
roughness introduced previously.’”) Hence, the absorption
efficiency will be lower for the second pulse. In addition,
the absorption mechanism is altered by the presence of t-Te
nanocrystals in the focal volume, whose band gap is 0.34 eV
(the bandgap of the glass is =3 eV). Upon the second pulse,
the peak at 238 cm™ in Raman spectra in Figure 1 can be
due to Te, or/and Te, clusters, or interaction between species
of Te—O with relative humidity, resulting in —OH groups
in (TeO;)>~ unit. As mentioned in the first step, the self-
reduction reaction of Te accompanied by the formation of
Te, clusters consisting of two or more Te atoms leads to the
formation of crystalline structures of Te. In addition, upon
the second pulse, a large cavitation is generated, promoting
the interaction between a larger surface area and the open-
air atmosphere. The large surface area interacts with the
open-air atmosphere, which is also the crucial step for the
deoxygenation of tellurite glass network units. The following
chemical reactions can occur in the plasma:

Te*" +4¢” =Te(, 1)
20”7 +4€ =0, (2)
Adv. Mater. 2023, 35, 2210446 2210446 (5 of 14)

—OH groups in (TeO3)?~ units, which can be formed during
the bond cleaving of the glass network, such as TeO,, TeOs,,
and TeOj;. The origin of —OH groups can be from the dan-
gling bonds on the surface inherently or the relative humidity
in the open-air atmosphere during the fs-laser process. In
our case, the glass substrates were produced in a protected
atmosphere with raw materials with a high-purity. After glass
production and stress relief treatment, the substrates were
heated to 423 K for a few hours in the furnace to remove
any chemically bonded water and —OH groups from the sur-
face. Later, glass substrates were kept in a dry air atmosphere
until the femtosecond laser exposure. In addition, it has pre-
viously been shown that tellurite glass exhibits strong resist-
ance against relative humidity.’®) However, the interaction
with the species in an open-air atmosphere in the plasma
cannot be excluded completely. Therefore, the following reac-
tions may have occurred while the plasma was present and
facilitated Te formation in the open-air atmosphere:>’!

TeO, =TeO +2¢” 3)

TeO} +4e +6H" =Te{, +3H,0 (4)

3) In theory, this reaction can go as long as there is a source of
Te in the focal volume, such as TeOy4, TeOs,;, and TeO; units.
Let us now examine the stopping mechanism of the t-Te for-
mation. Figure 3a shows the t-Te content at the focal volume
and modified depth depending on the number of effective
pulses. After forming t-Te, the concentration of t-Te rises
exponentially up to ten pulses in the laser-affected zone and
decays in the glass network, which in turn affects the forma-
tion of t-Te nanocrystals and the degree of supersaturation.
After the tenth pulse, the saturation indicates the comple-
tion of the conversion of the glass network to t-Te at the focal
volume. The saturation mechanism is due to nucleation-
induced concentration depletion in the focal volume. When
the degree of supersaturation of Te is relatively low, several
seeds can accumulate together to form t-Te nanocrystals. Yet,
the higher degree of supersaturation causes slower nuclea-
tion kinetics of t-Te nanocrystals. Another reason is the for-
mation of an anisotropic surface nanostructure, which makes
non-uniform electric field distribution. The final reason is
that by the nanocrystal formation, the physical properties of
the focal volume are altered. The proposed scenarios of tel-
lurite glass composition and the formation of t-Te under a
few pulses are schematically representated in Figure 3b.

2.3. Formation of t-Te on Tellurite Glass Surface:
Thermal-Cumulative Exposure

Let us now consider the case when the time between pulses
is shorter than the lattice cooling time constant, which typi-
cally occurs in a few us.’® The purpose of this part of the
study is to observe the effect of temperature on the formation
of t-Te nanocrystals and their growth. Figure 4a shows the
time-dependent temperature distribution of the focal volume
calculated using the thermal diffusion modell*? for the case of
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Figure 3. a) The percentage of t-Te Raman peaks (ly15139260) at the laser-affected zone of TWK glass and the maximum depth of t-Te to the number of
effective pulses (measured from TEM images). b) Schematic representation of the possible scenarios of polyatomic-ions migration processes and the

formation of t-Te under a few pulses.

multi-pulse irradiation at 1 MHz. Tellurite glass under the 3D
enclosure of a laser focal volume is subjected to high pressure
and temperature. Under our experimental conditions, since the
arrival of the next pulse (1 us) is shorter than the lattice cooling
time, the thermal accumulation regime is observed, subse-
quently leading to a melting of the glass surface.

Raman spectra (Figure 4b) performed across the laser-
exposed side indicate the presence of multiple phases, blending
crystalline and amorphous phases. The pristine glass peaks are

found around 355, 490, 610, 670, 720, 790, 860, and 920 cm™,31:49
still present in the Raman spectra and consequently still pre-
sent in the probed volume. Additional peaks of t-Te after laser
exposure are located at 118, 139, and 260 cm 1% Another
peak located at 170 cm™ is attributed to Te—Te homopolar
bonds in a-Te. Further details about the laser parameters in
the thermal-cumulative regime have been presented in our
previous work.?l Detailed information on the deconvolution
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Figure 4. a) Temporal temperature evolution during the first ten pulses within the focal volume. The dashed lines indicate the glass transition (T),

crystallization (T,), and melting (T,,) temperature of TWK glass. b) Raman spectra of pristine TWK and the center of the laser-affected zone indicated
in (a). ¢) UV-Vis transmission spectra of TWK glass surface (thickness of 2 mm) and after the laser exposure of 200 n} with =~4000 pulses (incoming
pulse fluence: 262 | mm=2). Inset: The schematic of laser-scanned area (2 x 2 mm?) on TWK glass for UV-Vis spectroscopy. d) Atomic force micro-
scopy (AFM) image of surface nanostructures at 40.6 x 40.6 um? area with z-direction intensity of 1.99 um and back-scattered electron (BSE) image
of the surface of TWK glass.
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of Raman spectra is presented in Figure S5, Supporting
Information.

The transmission spectra of the pristine glass and the laser-
affected zone are presented in Figure 4c. The reason for the
vast reduction in the transmission is the formation of t-Te,
photodarkening due to rearrangement in the glass structure,
increase in reflection and scattering due to surface nanostruc-
tures and nanoparticles. Figure S6, Supporting Information
shows the corresponding absorption spectra of the pristine
glass and the laser-affected zone. As for the Te nanoparticles,!¥
the absorption spectrum of the laser-affected zone shows
broadband absorption with two distinct peaks around 400 and
1000 nm. The self-organized nanostructures perpendicular
to the laser polarization, and ejected nanoparticles, which are
byproducts of laser exposure, are shown in Figure 4d.

Figure 5 shows back-scattered electron (BSE) and TEM
images of the laser-affected zone on the tellurite glass surface
upon multi-pulse femtosecond laser inscription at the thermal
accumulation regime. The typical BSE image of self-organized
surface structures perpendicular to the laser polarization is
presented in Figure 5a. Figure 5D illustrates the TEM image of
the cross-section of the laser-affected zone with the schematic
of the laser focal point. Figure 5c shows the TEM image of the
tellurite glass surface at the border of the focal volume with an
inset image of the SAED pattern. The SAED pattern presents
the polycrystalline nature of the area, which contains ejected
nanoparticles with subsurface nanocrystals. The relatively large
grains result in bright single diffraction spots, whereas the ring

www.advmat.de

pattern originates from several nanocrystals with different crys-
tallographic orientations. The details of the SAED pattern can be
found in Table S2 and Figure S7, Supporting Information. The
X-ray diffraction (XRD) pattern of the SAED pattern shows a
slight shift from t-Te (Te-I), which corresponds to t-Te (Te-I) at 2
GPa.’l Undefined weak diffractions point out a possible match
with the Te-1I phase,l®¥ although further confirmation is needed
with advanced characterization techniques. The electron-lattice
energy transfer in the fs-laser process results in lattice heating in
Us time scale with shock wave (pressure-wave) generation. The
pressure is estimated to be around a few TPa in the volume of
the fused silica and on its surface when it is irradiated by fs-laser
with an energy density of 40 ] cm™2[U The generated pressure
results in high-density silical®?! and a new crystalline phasel®¥! in
fused silica or elemental aluminum formation(® in the sapphire
(0-Al,0O3). Additionally, the surface cracks along the laser writing
direction upon fs-laser irradiation in Figure S8 indicate the stress
level exceeds Young’s modulus of tellurite glass (=42 GPa).l%
From surface to subsurface, there are three different charac-
teristics along its depth similar to the ones at 1 kHz, that are,
nanoparticles, densely packed irregularly shaped nanocrystals,
and spherical nanocrystals. Figure 5d presents the morphology
of typical ejected particles with an inset of the FFT pattern.
Crystalline nanoparticles indicate the material ejection after the
surface melting, re-solidification, and re-deposition to the sur-
face. The HR-TEM and SAED confirm that nanoparticles dis-
play excellent crystallinity of [100] t-Te with an average diameter
of 54 nm. Figure 5e-g shows TEM images of the center of the

d

Figure 5. a) BSE image of self-organized nanostructures on the surface of TWK glass upon laser inscription at 1 MHz with 200 n) and 4000 pulses
(incoming pulse fluence: 262 ) mm~2). b) TEM image of the cross-section indicated by a dashed line in (a) with the schematic of the laser focal point.
c) TEM image of the surface with an inset image of the SAED pattern. d,e) HR-TEM image of the ejected particles and subsurface with inset images
of FFT patterns. The zone axis of (d) is [100]. f,g) TEM images of the laser-affected zone at focal volume with inset images of SAED patterns with the
zone axis of [031] and h) TEM image of nanostructures in the volume. The location of (c)—(h) images is marked in (b).
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laser-affected zone at focal volume with inset images of SAED
patterns. The SAED pattern in Figure 5e reveals a polycrystal-
line t-Te phase. (Unidentified diffractions spots found together
with the diffraction spots of t-Te are presented in Figure S7,
Supporting information). Similarly, those diffractions fit well
with Te-I with a weak signal of Te-II rather than the oxide poly-
morphs of Te and any known compounds of each element pre-
sent in the pristine material 3261626870 The results are not sur-
prising since at least tens of GPa of pressure is generated on
the surface of dielectrics upon the femtosecond laser process,
yet, it needs advanced techniques to confirm high-pressure Te
phases. It is assumed that the peak pressure at the front of the
shock wave driven Dby the laser is at least a few times the pres-
sure value necessary to induce structural phase changes near
the point where the energy is deposited. The first subsurface
layer in Figure 5f shows densely packed irregularly distrib-
uted nanocrystals with double diffraction. The interplanar
spacings of the nanocrystals are 1.2, 0.38, 0.32, and 0.22 nm,
corresponding to the double diffraction of (001), the diffrac-
tion of (100), (101), and (110) of the t-Te structure, respectively.
The average nanocrystal size is 12.78 + 2.84 nm. Below the
first =330 nm, the scattered spherical nanocrystals are located
without overlapping each other. The interface between two
types of nanocrystalline morphology is shown in Figure 5g. The
interplanar spacings are 0.38 and 1.75 nm, corresponding to
(100) and (013), respectively. The average thickness of the third
layer is 420 nm. The SAED pattern of the scattered spherical
nanocrystals exhibits also diffraction of t-Te.

Another characteristic of laser modification on the surface of
dielectrics is the formation of self-organized nanocracks, per-
pendicular to the laser polarization.” The cracks were enlarged
during TEM lamella preparation by focused ion beam (FIB),
and hence, their dimensions after the milling appear larger
than they actually are. The nanocracks under the surface
are surrounded by alternating amorphous and polycrystal-
line t-Te layers, as displayed in Figure 5h. The very first layer
of 10-20 nm is an amorphous material. Polycrystalline layers
show Moiré fringes due to the same reason mentioned above.
The polycrystalline t-Te around nanocracks has densely packed
irregularly distributed spherical morphology similar to the ones
observed in the first layer of the laser-affected zone. We note
that the oxidation of the t-Te nanocrystals into TeO, crystals in a
multi-pulse regime is not detected by Raman spectroscopy and
is not observed in high-resolution imaging.

The above investigation showed the formation of nanocrys-
tals in extreme conditions, such as high temperature and pres-
sure upon 4000 pulses at 1 MHz. The crystallinity of the ejected
nanoparticles is improved. The number and the average size of
particles increase with the multi-pulse exposure; the average
size of nanocrystals is slightly larger than the one at a few
kHz. The effect of the thermal-cumulative regime on the grain
growth and connectivity of the nanocrystals can be tested, for
example, by nano-tomography, high-resolution XRD techniques
(synchrotron radiation), or electrical resistivity measurement.
The DC resistivity is tested on a single laser-inscribed track
with a length of 10 mm, and the results obtained by 4-probe
measurement are presented in Table 1. The electrical resistivity
of the laser-affected zone at the thermal-cumulative regime
exhibits the lowest value, similar to polycrystalline bulk Te.73]
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Table 1. The electrical resistivity of the laser-irradiated tracks on the sur-
face of TWK glass with various laser-writing conditions. Note that the
length of the laser tracks is 10 mm, and the cross-sectional area was
calculated from TEM analysis.

Laser processing parameters DC resistivity

(Qm)
1 kHz; 200 n}; 10 pulses (incoming pulse fluence: 0.66 ] mm=?) 188.143
1 kHz; 200 nJ; 4000 pulses (incoming pulse fluence: 262 | mm™) 0.53981

100 kHz; 200 nJ; 4000 pulses (incoming pulse fluence: 262 | mm=2) 0.16028
1 MHz; 200 n}; 4000 pulses (incoming pulse fluence: 262 | mm~?) 0.00445

2.4. Conditions Suppressing the Formation of t-Te
(Presented in the Cumulative Regime)

So far, upon femtosecond laser writing process under an open-
air atmosphere, the formation of the laser-induced defects may
indicate the interaction of the glass surface with an ambient
environment. The purpose of this part of the study is to inves-
tigate the effect of environmental conditions on the formation
of Te, a crucial step for establishing a general understanding.
For this part of the study, the laser inscription was performed
on a TWK glass sample in a sealed chamber with a controlled
dry air atmosphere [consisting of O,(g) and N,(g)], a dry pure
nitrogen atmosphere [N,(g)], and a vacuum (<10~ Pa). The
results are compared with the open-air atmosphere [con-
sisting of O,(g), N,(g), and relative humidity level of 40%,
which is constantly measured].

Figure 6 shows the experimental setup, the Raman spectra
of the laser-affected zone, the relative intensity ratio of the main
peaks, and possible scenarios of polyatomic-ions migration
processes occurring at the tellurite glass surface upon femto-
second laser inscription under various atmospheres. Figure 6a
presents the experimental setup of the sealed chamber used in
this study for different atmospheres. The same laser exposure
conditions were applied with the same laser for all four atmos-
pheric conditions. At 1 kHz with two-pulse irradiation, the
sharp peak at 238 cm™ exists in the Raman spectra (not shown
here) for all atmospheric conditions. Figure 6b shows the
Raman spectra of the laser-affected zone under open-air, dry air,
dry nitrogen, and under a vacuum at 1 MHz. Compared to irra-
diation in open-air, the peak at =238 cm™ is present in dry air,
a vacuum, and dry nitrogen conditions, whose intensity varies
as follows: Injrogen > Lacuum > ldry airr The surface of the glass
substrates was free from chemically bonded water and —OH
groups before the laser irradiation. Therefore, the experimental
results under various atmospheres indicate that the origin of
the peak at =238 cm™ can be only Te dimers or Te, clusters.
Even though the nature of the peak is identified, the intensity
of the t-Te peaks at 119, 139, and 260 cm™ decreases with an
increase in the intensity of 238 cm™ peak in Figure 6¢c. This
evidence indicates that the presence of open-air atmosphere
(including relative humidity) plays a significant role in the for-
mation of Te and supports the reduction reactions (3) and (4).

Let us examine the laser irradiation under dry nitrogen flow,
which shows the minimum level of t-Te formation. Figure 6d,e
shows the Raman spectra of the laser-affected zone irradiated
under dry nitrogen and the intensity ratios of the Raman peaks
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Figure 6. a) A schematic representation of experimental setup with a sealed chamber. b) Normalized Raman spectra of the center of the laser-affected
zone under different atmospheres at 1 MHz. c) The relative intensity of the main peaks along the laser-affected zone under different atmospheres.
d) Normalized Raman spectra of the center of the laser-affected zone under the dry nitrogen atmosphere. The laser parameters are 4000 pulses at
various energies (25, 50, 100, and 200 n}; incoming pulse fluence from 33 to 262 ] mm™2) at a rate of 1 MHz on the surface of TWK glass. e) The intensity
ratio of the peaks. "A"~"E" indicate the peak intensity ratios of t-Te/glass, a-Te/glass, 238 cm~'/a-Te, 238 cm™'/t-Te, and 238 cm™'/glass, respectively.
f,g) Spatial distribution of the ratio of peaks along the laser-affected zone, prepared under open-air atmosphere (f) and a constant dry nitrogen flow
(g) at 25 n) with 4000 pulses (incoming pulse fluence: 33 | mm™). h) Schematic representation of the t-Te formation under different atmospheres.

(A to E are the fractions of t-Te/glass, a-Te/glass, 238 cm™/a-Te,
238 cm!/t-Te, and 238 cm™'/glass, respectively). Under open-
air exposure, the peak at 238 cm™! disappears upon exposure
to ten pulses at 1 kHz. Even at lower pulse energy, the focal
volume is converted into t-Te. However, after exposure to 4000
pulses under dry nitrogen flow, the peak is still present, whose
intensity increases with the pulse energy. The presence of
238 cm! indicates that the conversion of tellurite glass units
to t-Te in the laser-affected zone is not completed effectively.
Note that the polarizability of the molecules can decrease

Adv. Mater. 2023, 35, 2210446 2210446 (9 of 14)

under different atmospheres, resulting in lower peak intensity
in Raman spectra. To validate the suppression of t-Te forma-
tion under dry nitrogen flow, interpreted from Raman data,
a 4-probe electrical measurement is performed to the laser-
affected zone inscribed under nitrogen. Under the same condi-
tions as in Table 1 (200 n] with 4000 pulses at 1 MHz; incoming
pulse fluence of 262 ] mm™), the DC resistivity of the laser-
written track is 115.9 Q m.

Interestingly, the effect of the atmosphere has been investi-
gated for conventional tellurite glass melting."¥ There, among
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argon, oxygen, and room atmospheres, Te* ion formation is
inhibited in the inert atmosphere, and more Te* concentration
is obtained when the glass is prepared in an oxygen-rich atmos-
phere. From our experiments, we show the femtosecond laser
exposure under various atmospheres resembles a similar situ-
ation as in a glass melting. Similarly, during the fiber drawing
process, tellurium-doped silica fibers drawn under an argon
atmosphere show a formation of Te,® dimers compared to
fibers drawn in oxidizing conditions.’¥ Although, in this case,
the oxidation of Te,’ dimer causes a diminish of this peak
under an oxidizing atmosphere, in our case, oxygen is removed
quickly from the laser-affected zone, leaving a plasma rich in
terms of Te atoms under the laser irradiation.

A possible explanation can be that as in an open-air atmos-
phere, the formation of Te dimers and Te, clusters is an essen-
tial step for the completing t-Te transformation. It means the
energy delivered by each subsequent pulse is enough to break
the Te—O bonds to form free Te atoms and deoxygenate the
laser-affected zone. Subsequently, the abundance of Te atoms
in the plasma facilitates the formation of Te nanoclusters and
nanocrystals. On the contrary, under the dry nitrogen atmos-
phere, the transformation of Te dimers and Te, clusters to Te
nanocrystals remains challenging. It shows that oxygen and
humidity (—H or —OH groups) are necessary for the reduc-
tion reaction, whose absence eventually hinders the formation
of the t-Te. Note that Raman analysis did not reveal the forma-
tion of any compound containing nitrogen. Finally, Figure 6h
illustrates the glass network and the final structure of the laser-
affected zone under different atmospheric conditions. Post-
exposure experiment shows that the irradiation atmosphere is
one of the key elements to modulate the content of t-Te at the
laser-affected zone.

2.5. Effect of the Substrate Composition

In this part of the study, we evaluate the validity of t-Te forma-
tion for all tellurite glass systems. For this purpose, common
tellurite glass systems, namely TeO,-WO;-Ag,0 (TWA),
TeO,~ZnO-Na,O-BaO  (TZNB), TeO,-Nb,05~GeO,~PbO-
ZnF, (INGPZ) and TeO,-WO;-K,0 (TWK) are selected for
their technical importance. For instance, the presence of heavy
metal ions further increases the nonlinear refractive index,
making the tellurite glass systems promising candidates for
photonic applications, such as optical limiting and all-optical
switching.?83 The addition of silver ions confers a high ionic
conductivity, making them suitable for solid-state energy con-
version applications and the immobilization of radioactive
wastes in nuclear applications.”” These glass systems are
promising active materials for optical switching devices,/®
optical transistors and amplifiers,””! acousto-optical and electro-
optical components,”®! and as anodes for lithium-ion batteries
(LiBs).”?I The details on the physical properties of the substrates
and fs-laser modification thresholds are presented in Table S3,
Supporting Information.

The Raman spectra of the laser-affected zone, the spatial dis-
tribution of relative peak intensity of t-Te, secondary electron
(SE) images of the laser-affected zone, and the DC resistivity
of the laser-inscribed lines in the open-air atmosphere are pre-
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sented in Figure 7. The Raman bands and nomenclatures are
summarized in Table S4, Supporting Information. Figure 7a
shows the Raman spectra of the laser-affected zone in the TWA
glass. A few peculiar behaviors are observed in the laser-affected
zone at a pulse energy of 25 nJ. The one is the strong intensity
of the boson peak, associated with the existence of nanocrystals,
transversal phonons, or changes of the medium-range order
(MRO).8%-#2] Tts position depends on the thermal or pressure
history of the glass.®3] Another one is weak low wavenumber
peaks, which are associated with t-Te. The peak at around
240 cm™ is associated with the Te dimers or Te, clusters. At
the onset of ablation (the pulse energy of 50 nJ), no peaks at
low wavenumber are observed, and the main glass band gets
narrower. Combined with the result of energy dispersive spec-
troscopy (SEM-EDS) in Figure S9, Supporting Information, the
oxidation of the laser-affected zone of TWA is observed.

Figure 7b,c shows the Raman spectra of the laser-affected
zone in the TZNB and TNGPZ glass systems, respectively.
The increase of the peak at 238 cm™ is proportional with pulse
energy, stimulating the reduction of the intensity ratio of t-Te/
glass. Note that the peak at 238 cm™ in TNGPZ glass over-
laps slightly with the peak at 230 cm™, which is related to Nb-
O-Nb bond in NbOg. The formation of t-Te accompanied by the
peak at 238 cm!is a common feature in three different compo-
sitions regardless of the processing parameters in the open-air
atmosphere; however, the crystal-to-glass ratio in focal volume
differs.

Figure 7d shows the spatial distribution of the ratio of t-Te/
glass along the laser-affected zone. The compositions of Te in
TWA, TWK, TNGPZ, and TZNB glass are around 35, 60, 65,
and 70 wt%, respectively. The relative intensity of t-Te at the
laser-affected zone is the highest in TWK since the Te dimers
and clusters are effectively converted to t-Te. The content of
t-Te at the laser-affected zone in TZNB and TNGPZ is around
the same as in the pristine glass, showing the almost effective
transformation of TeO,-glass to t-Te in the focal volume. Lastly,
TWA exhibits the lowest elemental crystallization ratio of t-Te/
glass and an extremely narrow laser-processing window.

The tellurite glass systems used in this study have a com-
position of Te between 35 to 70 wt% (TeO, content is above
55 wt%). Similarly, the prerequisite for the formation of
homopolar bonds of Te-Te and Te—clusters is that the Te con-
tent should be above 40 wt% for amorphous telluride alloys.>?!
In addition, the amount of glass modifiers and their stability
define the nature of the reaction of each element (reduction or
oxidation) in the laser-affected zone. For instance, thermody-
namically, in the presence of Te, Ag,0 can be reduced to Ag
by Te, and lead to the TeO, formation. These results highlight
other requirements to obtain t-Te locally from tellurite glass
upon femtosecond laser irradiation: the rich glass composition
in terms of Te, and the quantity and the type of glass modifier
oxides, which can reduce TeO,.

Figure 7e shows the SE images of the laser-affected zone of
TWA, TZNB, and TNGPZ at 1 MHz. The typical self-organ-
ized nanostructures on tellurite glass are perpendicular to the
electric field of the laser, extending beyond the focal volume.
Figure 7f shows the DC electrical resistivity of the laser-written
tracks in the thermal-cumulative regime of all compositions.
The resistivity results are close in each composition at 25 nJ.
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Figure 7. a—c) Raman spectra of the pristine glass and the laser-affected zone of TWA (a), TZNB (b), and TNGPZ (c) at 4000 pulses with various pulse
energies of 25 and 50 n) (incoming pulse fluence of 33 and 66 | mm™, respectively) at 1 MHz. The inset image shows the deconvolution of the lower
wavenumbers of TWA. d) Spatial distribution of the ratio of t-Te/glass along the laser-affected zone at 25 n]. e) Secondary-electron (SE) images of
laser-affected zone written with 50 n) and 4000 pulses at 1 MHz. f) The DC resistivity of the laser-written tracks of all compositions used in this study.

TZNB, TNGPZ, and TWK show a similar trend over pulse
energy, whereas TWA shows a steep increase due to oxidation
at the onset of ablation. Since the onset of ablation of TWK is
higher than TZNB and TNGPZ, it reaches a similar value as
polycrystalline bulk Te resistivity at 200 nJ (0.00445 Q m as indi-
cated in Table 1). These results indicate not only the potential
for combining multiple material phases in a single substrate as
a means for functionalizing tellurite glass but also enable the
direct-write of functional 2.5D nanocomposites with physical
properties easily tailored by the laser parameters. Combining
its high quality and unique intrinsic properties, the t-Te/TeO,
nanocomposite shows interesting properties such as photo-
conductivity®8 and ultrahigh chemical sensitivity,®® and it
is attractive for versatile applications beyond electronics and
photonics.

3. Summary and Outlook

We have reported the formation of t-Te through femtosecond
laser exposure to a tellurite glass surface for various glass com-
positions and both thermally cumulative and non-cumulative
regimes.

Our findings on the formation of Te nanoparticles on the
surface as well as Te nanocrystals under the surface upon
the laser irradiation triggered the following observations:

Adv. Mater. 2023, 35, 2210446 2210446 (11 of 14)

1) Under our experimental exposure conditions (near-IR fem-
tosecondlaser irradiation), a single pulse is sufficient to form
elemental t-Te, as revealed by high-resolution imaging and
analysis.

2) Under the thermal-cumulative exposure regime, increasing
the temperature at the focal spot promotes connectivity and
grain growth in the focal volume, resulting in lower electrical
resistivity.

3) The typical cross-section of the laser-affected zone displays
three different characteristics over its depth regardless of
laser parameters.

4) Interestingly, the formation of t-Te is greatly suppressed
under a dry nitrogen atmosphere as there is limited interac-
tion of glass network units, and the Te, or Te, clusters with
an open-air atmosphere.

5) The formation of elemental t-Te is a common feature in all
compositions; the composition should be rich in Te to obtain
a large laser-processing window.

These observations highlight the complexity of the under-
lying phenomena sustaining the formation of a t-Te phase.

In conclusion, femtosecond laser direct-write processes offer
an opportunity for producing integrated t-Te/TeO,-glass nano-
composites, particularly attractive as future functional devices
fabricated without adding or subtracting any other materials,
and through a single-step process. The femtosecond laser
direct-write technology is simple and scalable. Here, it led to
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millimeter-sized bilayer nanosheets with controllable nano-
structures, physical properties, and multiple functionalities.
Finally, the production of Te is favorable in an open-air atmos-
phere, adaptable to large-area printing of arbitrary semicon-
ductors patterns, and suitable for photonic or electronic device
fabrication.

4. Experimental Section

Glass Specimen Preparation: Four different compositions of tellurite
glass were investigated, each chosen for the relevance in various
applications. All specimens were synthesized by a conventional melt-
quenching technique using high-purity chemicals (99+%). After weighing
and mixing, the batched chemicals were transferred into a platinum
crucible and melted at 1103 K for 2 h within a muffle furnace to produce
TNGPZ (TeO;-Nb,05-GeO,-PbO-ZnF;) and TZNB (TeO,~ZnO-Na,O—
BaO) glass systems. The melts were cast into a preheated cylindrical
brass mold, annealed at a temperature around the glass transition
temperature for 5 h to relieve the residual internal stresses, and cooled
down slowly to room temperature. TeO,—WO;3;-Ag,0 (TWA) and TeO,—
WO;3-K,0 (TWK) glass systems were produced by mixing commercial
powders with high-purity and melting them in the Au crucible at around
973 K for 30 min in an electric furnace. The melts were quenched onto
a brass plate. After quenching, the glass specimens were crushed and
remelted at 973 K for 30 min, followed by subsequent annealing at
598 K for 1 h.

The effect of surface chemistry, and the thermal history of the
substrate, which determines the level of instability/stability of
the glass against crystallization are important points for glass
processing.’%¥1 For this work, all the glasses were stress relief treated
at a temperature chosen carefully according to the composition, thus,
the thermomechanical effects on the crystallization due to cooling were
minimized. In addition, after stress relief treatment, all glass rods were
cut and optically polished into -2 mm-thick specimens. Finally, the
substrates were heated to 423 K for a few hours in the furnace to remove
any chemically bonded water and —OH groups from the surface and
kept in a dry-air atmosphere until the femtosecond laser exposure.

Femtosecond Laser Machining: An Yb-doped femtosecond fiber laser
(Yuzu from Amplitude Laser) emitting 270 fs pulses at 1030 nm was
used in this experiment. Laser patterns were inscribed on the surface
of the different tellurite glasses as a line with a length of 10 mm. The
specimen was translated under the laser focus with the help of a high-
precision motorized stage (Ultra-HR from Pl Micos). The laser beam
was focused on the surface of the specimen with a 0.4 numerical
aperture (NA) objective (OFR-20x-1064 nm from Thorlabs), resulting
in a spot size (defined at 1/e?) of 1.94 um. A wide range of pulse
repetition rates (1 kHz to 1 MHz) was employed. The transition from
a non-cumulative to thermal-cumulative regime was found at around
200400 kHz. Pulse energy and translation velocity were selected as the
main variables to obtain different deposited energies. Effective number
of pulses is calculated as:

M:wg )

where w is the optical beam waist (defined at 1/¢?), f is the laser
repetition rate, and ¢ is the writing speed. Accordingly, the deposited
energy per unit surface (or “net fluence”) on the specimen can be
approximated by:

EdePosited = 4EP (%] (®)

w

where E, is the pulse energy. Here, pulse-to-pulse overlapping ratios
were varying from 0 to 99.9%. The pulse energy was ranging from 1 to
500 n), as measured after focusing with the objective lens.
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Furthermore, tracks were inscribed using opposite directions of laser
beam movement along a single writing axis and under three different
linear polarization states (and therefore, the orientation of the electric
field E) defined as parallel, at 45°, and perpendicular to the writing
direction, respectively.

Finally, to understand the effect of the atmosphere, the laser
inscription was also performed in the sealed chamber with various
atmospheres. The inlet and outlet of the chamber were kept as shown
in Figure 6 for constant dry air flow [O,(g) + N,(g), relative humidity
level < 2% (industrial grade, to eliminate the condensation)] and dry
nitrogen flow [N(g), purity > 99.9%], whereas, only inlet was kept
under a vacuum (<1073 Pa) in the dry chamber connected to pump.
The results are compared with the open-air atmosphere [O,(g) + N (g),
relative humidity level is 40%, measured constantly]. To eliminate the
possible moisture on the surface of the chamber (called “crystal water”),
the chamber was heated to 400 K for 2 h in a furnace. In addition,
desiccant salts were added in the chamber. Then, the dry chamber was
flushed with constant dry nitrogen flow for 24 h before the experiment.
In addition, the same chamber was used to cool down the substrate
from 293 K to 77 K with liquid nitrogen to study the effect of substrate
temperature on the crystallization. The same laser parameters were
employed as mentioned above.

Specimen Characterization: After laser exposure, specimens were
observed using a digital optical microscope (KH-8700 from Hirox),
and subsequently, the surface profile and roughness were obtained by
atomic force microscopy (AFM from Nanosurf). A Raman spectrometer
(LabRam HR from Horiba), equipped with a 532 nm laser excitation
source attenuated down to 4 mW was used to record Raman spectra of
TWK, TZNB, and TGNPZ. For TWA glass, a Raman spectrometer (from
Renishaw), equipped with a 732 nm laser excitation source attenuated
down to 4 mW was used. The linearly-polarized Raman laser beam was
focused at the surface of the specimen using a 0.9 NA objective (100x-
532 nm and 100%x-732 nm from Thorlabs). A series of line scans were
performed from 10 um outside the laser-affected zone towards the center
of the modification with a period of 1 um, and with acquisition times
of 30 s for an individual spot. The transmission and absorption spectra
were measured for wavelengths ranging from 250 to 2500 nm using an
ultraviolet-visible—near-infrared spectrometer ((UV-VIS-NIR, Lambda 950
from Perkin Elmer). A mask with a hole of around 2 x 2 mm? was prepared
from black paper for broadband absorbance. For the measurement, the
reference beam power was attenuated to 10%, to compensate for the
presence of the mask and the ensuing effective drastic reduction of the
beam size from the original 2 cm in diameter. The thickness of the sample
used for this transmission measurement was 2 mm.

For high-resolution imaging and elemental analysis, a thin film of
carbon was sputtered (from JEOL) on specimens using a field-emission
scanning electron microscope equipped with energy-dispersive X-ray
spectroscopy (EDS) (FE-SEM, Gemini 2 from Zeiss, operated at 5 kV for
imaging and 20 kV for elemental analysis). Finally, transmission electron
microscope (TEM, Talos F200S from ThermoFisher) images were
obtained operating at 200kV. TEM lamellae (thickness of about 100 nm)
were prepared by a focus ion beam (FIB, NVision 40 dual-beam from
Zeiss), at 5 and 30 kV. FFT and SAED patterns were fitted with electron
diffraction simulation of GenOVa.[l

Finally, DC electrical resistivity was measured by a 4-probe analyzer
connected to a source measurement unit (SMU B2902A from Keysight)
applying a forward bias of 40 V.

Heat Transfer Model: The time-dependent temperature distribution
model was calculated in a commercial finite element analysis software
(COMSOL Multiphysics) based on a classical thermal diffusion model.l*’!

aT (t,x,y,2)

0O (8, x,,
5 =V(DVT(t,x,y,z))+[L Q(txy.2) @)

pcp ot

where T is the temperature, t is the time after laser exposure, D is the
thermal diffusion coefficient, p is the mass density, ¢, is the specific heat
capacity, Q is the generated heat density calculated from the absorbed
laser power density.
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The initial conditions were in open-air under normal atmospheric
pressure with the ambient temperature set at 293.15 K. The more
accurate calculation of temperature distribution, such as via the two-
temperature model (TTM) was time-consuming, and complicated
since most of the parameters are unknown for the custom-made glass
specimens. The energy losses came mainly from heat conduction,
convection, and thermal radiation, calculated by setting the boundary
conditions in COMSOL Multiphysics. The thermal properties of
materials and the values used in the simulation are shown in Table S5,
Supporting Information.
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Supporting Information is available from the Wiley Online Library or
from the author.
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