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The structuring of mid-IR materials, such as chalcogenide glass (ChG), at the micro and
nano scales, is of high interest for the fabrication of photonic devices in general, and for
spectroscopy applications in particular. One efficient method for producing regular
patterns with a sub-micron to micron length scale is through self-organization
processes occurring during femtosecond laser exposure. These processes occur in a
broad set of materials, where such self-organized patterns can be found not only on the
surface but also within the material volume. This study specifically investigates the case of
chalcogenide glass (GexgSb7S70) exposed to femtosecond laser pulses, inducing pulse-
to-pulse nanostructure formation that is correlated to the glass network structural evolution
using Raman spectroscopy as well as morphological and elemental microscopy analysis.

Keywords: chalcogenide glass, NIR femtosecond laser machining, self-organized nanostructures, photo-
modifications, nanostructuring, microstructuring

INTRODUCTION

There have been numerous efforts to synthesize glass with broad transmission window spanning
the mid-and long-wave infrared (MIR and LWIR). Glass systems for these spectral regions are of
particular interest not only for vibrational spectroscopy absorption but also for a variety of
photonic applications, including optical communications in space [1, 2]. Among MIR and LWIR
materials, chalcogenide glass systems are particularly attractive due to their interesting physical
and chemical properties [3-5] and their transparency window well above the traditional 2-5 um
spectral range.

Chalcogenide glass (ChG) systems consist of chalcogens from group 6A (S, Se, Te) of the periodic
table, which are covalently bonded to other network formers such as As, Ge, Sb, Ga, Si, and P, etc. [6].
As a general condition to complete the coordination number (CN) of the cations, the atomic
structure should consist of two bonds for S or Se (CN = 2), three bonds for As or Sb (CN = 3), and
four bonds for Ge (CN = 4); such defines the element’s bonding configuration in the as-processed
glass. Depending on the chalcogen content, homopolar bonds may be found in a particular situation
where non-chalcogen metal cations (in this study, Ge) are fully coordinated with chalcogens, and
there remains residual S who can only bond to themselves. In glass compositions having higher
chalcogen content, this results in chalcogen-chalcogen homopolar bonds. In instances where
insufficient chalcogen species are available to fully meet the cation’s coordination requirement,
one observes metal-metal homopolar bonds [3]. It is the former case that occurs in the compositions
studied in this effort, however, an ongoing evaluation in our group is investigating additional
response variation when the identity of the iso-structural anion (Se for S), or cation (As for Sb), is
changed. This study sets the baseline for our understanding of laser-induced structural changes
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TABLE 1 | Physical properties of chalcogenide glasses investigated in this study.

Physical properties (unit) Geo3Sb;S7o
Density (g/cm®) 2.946 + 0.001
Thermal diffusivity (m?/s) 0.2 x 10°°
Transition temperature (Tg, ‘C) 311 +2
Refractive index (at 1.064 pm) 2.25
Band gap (eV) 2.3
Transmission window (um) 0.593-8.3

occurring during self-organization processes in the ternary glass
system where Ge and Sb are fully coordinated and residual S
remains forming homopolar bonds [7].

Because of their broad transparency, chalcogenides have
prompted investigations on diverse glass compositions since
the 1960s [8]. They exhibit a high refractive index, optical
nonlinearity with ultrafast response time to the light,
photosensitivity, and moderate environmental stability while
having low mechanical properties and low glass transition
temperature [9]. Their use spans from infrared optical imaging
and sensing [10, 11], optical communication systems and
photonic devices [5, 6, 12, 13]; laser power delivery [14];
super-continuum generation [15] as well as non-volatile
memory and switching devices [16-18]. Over the past decade,
various geometries have been explored to expand chalcogenide
glass usage, including bulk materials, thin films, and nanoscale
waveguides [3-5].

Femtosecond (fs) laser direct-writing is a powerful technique
to modify the physical and chemical properties of transparent
mediums through nonlinear absorption phenomena. Focused on
the surface and/or inside transparent materials, the femtosecond
laser can induce diverse and localized permanent morphological
and chemical modifications. Self-organized nanogratings [19],
crystallization [20], density modulation as well as chemical
composition changes [21] due to ions migration are a few
examples of reported laser-induced changes in various
transparent substrates. For chalcogenide glass, our knowledge
about ultrashort laser interaction with these substrates is limited
to a few studies [9, 22-39]. Some of the first studies highlight the
nonlinear absorption of chalcogenide glass and explore the usage
of laser-process thin films as a waveguide [22, 23]. In further
studies, reported facts are 1) laser fluence-dependent photo-
expansion and a change in refractive index [9, 24-27], 2)
surface self-organized nanostructures [28-33], 3) enhanced
optical nonlinearity [34-36]. In addition, a few studies
explored specifically the laser damage threshold in binary (As-
S, As-Se) and ternary (Ge-As-S) chalcogenide glass systems
[37-39], primarily for use in fiber-based applications.

In this study, we investigate femtosecond laser-induced
modifications in Ge,3Sb;S;0, manifesting themselves in the
form of self-organized nanostructures appearing in the vicinity
of its surface, but also, through volume modifications. A Ge-based
chalcogenide glass composition was selected for its large glass-
forming ability, more rigid glass network, high glass transition,
and melting temperature as well as for its technological
importance [40]. After the laser exposure, the glass structural
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evolution after laser exposure was characterized using both
transmission measurement and Raman spectroscopy, while its
morphological changes were observed using both optical and
scanning electron microscopy.

EXPERIMENTAL PROCEDURE

Glass Specimens Preparation and

Characterization

The nominal composition of the glass used in this study is
Ge,3Sb;S70. 100 g of elemental starting materials were weighed
and batched in a nitrogen-purged glove box with a controlled
atmosphere. The weighed batch was loaded into fused quartz
tubes (30 mm in diameter) and sealed under a vacuum using a
methane-oxygen torch to form ampoules. The glass batch was
melted in a rocking furnace overnight at a melting temperature of
850°C. After overnight rocking at elevated temperature, the
molten glass was quenched at 750°C by natural convection.
Bulk specimens were subsequently annealed at 270°C for 2h
to relax quench related stresses in the glass.

The density was determined by Archimedes’ method with
distilled water as immersion fluid at room temperature. The
specific heat and thermal conductivity were determined by the
transient planar source method. The thermal analysis was
performed using a differential scanning calorimeter (DSC from
Netzsch DSC 204 F1 Phoenix). The instrument error on
temperature was + 2°C. Transmission data was obtained using
Fourier transform infrared spectroscopy (FT-IR from
ThermoFisher Scientific Nicolet iS5). Measurements were done
over a range of wavelengths from 1.4 to 25 pm on ~4.13 mm thick
double-sided polished specimens. Below 1.4 um, the transmission
was measured by UV-VIS-NIR spectrometer. X-ray diffraction
(PANalytical Empyrean) was performed to confirm the
amorphous nature of the glass. The specimens were cut and
polished to optical quality for fs-laser machining. Table 1
summarizes some of the physical properties of the pristine glass.

Femtosecond Laser Exposure

Three different femtosecond laser systems were used, emitting
pulses of different durations: 50 and 100 fs pulses at 850 nm
(Yb-doped fiber, Satsuma with an OPA from Amplitude),
150 fs pulses at 1,030 nm (Regen amplifier, S-pulse from
Amplitude), and finally, 270 fs pulses also at 1,030 nm (Yb-
doped femtosecond fiber laser, Yuzu from Amplitude). This
choice of two wavelengths is a compromise for investigating
pulse durations, only motivated by the availability of laser
sources. Although the 50 and 100 fs pulses are emitted at
850 nm, instead of 1,030 nm like for the other pulse
durations, we assume that it remains close enough to
1,030 nm [41, 42], at least for a phenomenological
interpretation and discussion. The reasoning is that the
wavelength mostly affects the rate of creation of
multiphoton seed-electrons, igniting cascading events
eventually leading to a plasma formation, mainly sustained
by carrier-carrier excitations and avalanche ionization
processes. 100 fs pulses were obtained by negatively chirping
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the pulse in the compressor, which is the maximum pulse
duration in the OPA laser configuration. The specimen was
translated under the laser focus with the help of a high-
precision motorized stage (Ultra-HR from PI Micos). The
laser beam was focused at the surface and in the volume 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 for 1,030 nm, 1.6 um for 850 nm.
Note that the focal point is set on the surface, and that,
considering our focusing parameters, part of the non-linear
interaction volume lies a few microns within the volume. First,
static laser exposure was performed to determine the repetition
rate at which thermal accumulation outside the exposed
volume is observed. Specifically (and following a method
proposed in [43]), the transition from non-cumulative to
thermal cumulative exposure regime was determined by
observing the evolution of the width of the static
modifications with the increasing number of pulses and
pulse repetition rates from 10 kHz to 1 MHz, for the various
laser fluence values. The transition was found around 500 kHz.
The repetition rate was then fixed at 100 kHz for most of this
study, which lies well below the thermal cumulative regime for
this glass. Finally, the laser patterns, consisting of 10 mm-long
lines were inscribed at the surface interface, and just below the
surface (between 10 and 20 um) to limit effects related to
spherical aberrations (due to the high-index value of the
chalcogenide glass). For refractive index measurement, a
pattern consisting of a single layer of parallel lines, spaced
2 um apart and covering a surface of 1 x 1 mm?, was written.
For absorptivity measurement, a similar pattern was written,
this time in the bulk defining an area of 100 x 100 um® of
modified materials. The thickness of this layer written in the
volume was defined by the length of the laser-affected zone
along the propagation axis and is shown in Figure 2A. Writing
speed and pulse energy were selected as main variables to vary
laser net fluence (or deposited energy). The effective number of
pulses (per focal spot) is calculated as

f
M = wy 1
wos ( )
where w, defines the beam-waist (defined at 1/e* of the Gaussian
intensity distribution) at the focus, f the laser repetition rate (fixed
in this case) and 9 the writing speed, respectively. Accordingly,
the laser net fluence on the specimen can be approximated by:

b 25(1) o

Wy 9

where E,, is the pulse energy. This laser net fluence represents a
dose of how much energy per unit surface is passing through the
material in an aperture defined by the beam waist, but does not
indicate how much of this energy is effectively absorbed or
reflected. While one can achieve the same net fluence either
by varying the pulse energy or the writing speed at a fixed
repetition rate, the effect may not be the same as the pulse
energy also affects the instant peak power level and
consequently, the strength of the electrostatic field in the
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affected zones. However, Eq. 2 remains a convenient and
simple metric for comparing and reproducing experimental
exposure conditions from one experiment to another.

Here, pulse-to-pulse overlapping ratios were varied from 0 to
99.9%, and the pulse energy was ranging from 1nJ to
1yJ. Furthermore, tracks were inscribed using opposite
directions of laser beam movement along with a single writing
axis and under three different linear-polarization states (and
therefore, the orientation of the electrical field E) defined as
parallel, at forty-five degrees, and perpendicular to the writing
direction, respectively.

Specimen Characterization

After fs-laser exposure, specimens were first observed using a
digital optical microscope with standard lighting conditions (KH-
8700 from Hirox). The cross-polarizer optical images were
obtained using a polarized light microscope (Olympus BX51).
A digital holographic microscope (DHM) was used to measure
the optical path differences and subsequently to estimate the
refractive index changes at 633 nm.

Specimens having volume modifications were polished to
reveal the structures and etched with NaOH (2.5%) for less
than 5s. NaOH has proven itself as an effective etchant for
the laser-affected zone for chalcogenide [9]. Specimens coated
with a carbon thin film were observed using a field-emission
scanning electron microscope (FE-SEM, Gemini 2 from Zeiss)
equipped with energy-dispersive X-ray spectroscopy (EDS)
operated at 5kV for high-resolution imaging and 20kV for
elemental analysis. A Raman spectrometer (LabRam HR from
Horiba), equipped with a 633 nm-laser excitation source
attenuated down to less than 4 mW (to prevent damaging the
specimen), was used to record Raman spectra of the modified
zones. This wavelength is selected to minimize the absorption in
the material. The linearly-polarized Raman laser beam was
focused at the surface of the specimen using a 0.9 NA
objective (100x-532 nm from Thorlabs). A series of scans were
performed at room temperature on each laser-modified zone,
with acquisition times of 30 s for each spot.

The transmission and reflection spectra were measured at
room temperature for wavelengths ranging from 250 to 2000 nm
using an ultraviolet-visible-near-infrared spectrometer (UV-VIS-
NIR, Lambda 950 from Perkin Elmer). A mask with a hole of
around 1 x 1 mm? is prepared from a black paper for broadband
absorbance. For the measurement, the reference beam power is
attenuated to 1%, 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 2.5 mm. Finally, the surface
roughness was obtained by the laser confocal microscopy (VK-
X1000 from Keyence).

RESULTS AND DISCUSSION

Volume Self-Organized Nanostructures
Figure 1 summarizes various regions of modification obtained by
dynamic laser exposure in the volume and on the surface as a
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FIGURE 1 | Laser-induced (A) volume modifications and (B) surface modifications of Ge»3Sb-S7o as a function of pulse energy and duration by dynamic laser
exposure. The number of effective pulses is fixed to 400, and the repetition rate is 100 kHz.

function of a pulse duration ranging from 50fs to 270 fs at
100 kHz. For volume modifications, a homogeneous
modification was observed at the lowest pulse energy, which
subsequently lead to a change in the density and a concurrent
increase of refractive index in the glass volume. In fused silica, this
regime has been typically observed at low pulse energy and for
pulse duration shorter than 200 fs, and it has been linked to
localized densification, which results in positive refractive index
change as in Figure 2A [44-46]. Here, densification was observed
at the lowest pulse energy for all the pulse durations
considered here.

At relatively higher pulse energies, another regime
characterized by the periodic formation of void-like is
observed and may be related to the formation of periodic
spherical patterns triggered by photo-dissociation processes
occurring at higher field densities (Figure 2C). Two types of
contrast in refractive index as a function of laser fluence have
been demonstrated for this glass composition, and relatively
similar results in terms of the sign and magnitude were
reported for thin-film counterparts as well as for Ge;sAs;5Sy
[9, 24]. Similarly, the amplitude of change in the refractive index
increases with the pulse energy, showing that the glass
connectivity progressively decreases with laser fluence. This
regime was explained by hydrodynamic expansion followed by
thermomechanical relaxation [24]. It has been shown that
thermal annealing above glass transition can annihilate the
structural changes [24].

The final modification, e.g., densification or porosification,
heavily depends on the compactness of the glass network, itself
related to the thermal history of the glass [9, 24]. The
densification causes photo contraction, whereas porosification
results in photo expansion, which has been discussed extensively
elsewhere [40, 47]. Densification or porosification alters the
refractive index, which was characterized by measuring the
optical path difference (OPD) changes (Supplementary Figure
S1). The densification regime is mostly used to fabricate optical

components such as waveguides and diffractive elements; the
latter has been used to fabricate micro-lenses [48].

Figure 2 shows the effect of laser processing parameters on the
induced morphological changes as visible with a transmission
optical microscope. The modifications observed at 100 kHz are
mapped in Figure 1. Above 500 kHz, in a thermally cumulative
regime where heat diffuses away from the focal volume, thermal
melting and resolidification occur, leading to the creation of self-
organized periodic patterns consisting of single or multiple highly
periodic spherical patterns. The repetition rate was fixed at
1 MHz, which lies well within the cumulative regime for
chalcogenide glass [40]. As visible in Figure 2C, the formation
of periodic spherical patterns starts at a pulse energy of 25 nJ,
corresponding to an exposure fluence threshold of ~13 J/cm®. As
the laser net fluence is increased, the outer shell of the patterns
gets wider, which might be associated with a temperature-driven
process. Above 50 n] (>~165 J/cm?), a formation of catastrophic
fracture, removal of a top surface, and the creation of a crater were
observed as shown in Supplementary Figure S2, similar to a
previous study [49]. Patterns consisting of bubbles with spherical
cavities have been demonstrated in fused silica as a consequence
of cumulative energy deposition previously [50], but here we did
not observe, at least at the scale of our observations, the formation
of trapped gas pockets. Further characterization is needed to
explore the existence of voids in chalcogenide glasses in the
thermal cumulative regime. The self-organized periodic
spherical patterns can be used for applications such as 3D
data storage, photonic crystals, optical memories, waveguides,
gratings, couplers, chemical and/or biological membranes, and
other devices [51, 52].

This study specifically investigates the occurrence of self-
organized nanostructures consisting of periodically organized
parallel nanoplanes, with sub-wavelength periodic features
oriented perpendicular to the electric field vector of a linearly
polarized femtosecond laser beam. The first occurrence of a self-
organization process in glass resulting in nanogratings was
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FIGURE 2 | (A) Transmission optical microscope images of 100 x 100 pm? laser-modified single plane inscribed with various pulse energies at 100 kHz with a
pulse duration of 270 fs The square planes were written 20 um below the surface. The refractive index changes are estimated based on the optical path difference (OPD)
measured by a digital holographic microscope. The standard deviation of the method is estimated to be 2 x 107, Transmission optical microscope images of laser
inscribed lines with 270 fs-pulses emitted at different repetition rates (lines were written 20 um below the surface): (B) 100 kHz and (C) 1 MHz. Scale bars are

reported in fused silica [19]. In this glass system, this type of
modification exhibited form-birefringence [53], an increase in
etch rate selectivity [54], and stress-induced birefringence [55]
resulting from a noticeable localized volume expansion [56]. The
nanogratings in fused silica show high thermal stability due to the
formation of nanoporous structures as a by-product of the laser-
induced decomposition of the glass matrix [57, 58]. From a
practical point of view, such modifications have been utilized
to produce birefringent and/or monolithic multifunctional
devices for 5D optical data storage, micro-optics, photonics,
telecommunications, imaging, and so on [59-61]. Like in
silica, self-organized nanogratings in this chalcogenide glass
studied here are observed inside the glass volume, but also at
the glass surface interface, as will be discussed in the next section.

Figures 3A,B show cross-polarizer images of laser-induced
modifications at 270 fs, formed in the volume. The polarization

anisotropy observed here is attributed to a form-birefringence
effect, caused by the existence of periodic structures with
alternating refractive index [53].

Figures 3C-G show secondary electron (SE) images of
volume modifications for varying laser polarizations. SE images
were taken after polishing the specimen surface down to the level of
the modifications and subsequently exposed to a flash etching (2.5%
NaOH). Even merely polishing the specimen tends to preferentially
affect regions of softer material, and thus, distort or possibly erase
any small features. In Ge,3Sb;S;, this subwavelength periodicity
reduces with the pulse energy, from 270 nm at 100 nJ (13 J/mm?)
down to around 220 nm at 200 nJ (26 J/mm?) at an exposure dose of
400 pulses per spot. The periodicity dependence on the laser fluence
as a function of pulse duration is shown in Supplementary Figure
S3. The formation mechanism of these nanogratings remains
unclear.
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FIGURE 3 | Optical and cross-polarizer images of laser inscribed lines with (A) parallel and (B) 45-degree polarization orientation with respect to the laser-writing
direction. The pulse energy is fixed at 100 nJ. (C-E) Secondary electron (SE) images of laser-induced modifications (270 fs pulse length, 100 kHz repetition rate) for three
polarization orientations: (C) parallel (D) 45-degree and (E) perpendicular polarization. The pulse energy is 100 nd with 400 pulses. (F) The laser modification with two
effective pulses per spot (writing speed of 100 mm/s). (G) The higher magnification of the modification in (D).
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FIGURE 4 | (A) Transmission spectra of the laser-affected zone. The inset shows a reflective optical micrograph of a single plane (1 x 1 mm?) formed with parallel
lines, themselves made of overlapping pulses at 100 nJd. The peaks around 800 nm are measurement artifacts, due to the change of the detector measuring visible to the
one measuring NIR during spectral measurement. (B) Raman spectra of bulk Ge»3Sb,S7q versus laser-induced volume modifications (red curve). Note that the
production parameters are similar to the ones reported in Figure 3C. The inset image shows the cross-section of the measured laser-affected zone. The scale bar
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To investigate the elemental distribution in the laser affected
zone, SEM-EDS was performed. The measured composition of
nanogratings was Ge,3,Sb;1S¢0;. While near the resolution
capability of EDS, the laser-affected zone consists of
alternating S-deficient and S-depleted structures. Figure 4A
shows the transmission spectra of the laser-affected zone in
the glass volume. Light-induced defects and the formation of
self-organized nanostructures cause a decrease in the
transmission spectra notably. The decrease in the transmission
is proportional to an increase in reflection as shown in

Supplementary Figure S4A. Structural changes near these
modified regions were also investigated using Raman
spectroscopy. Since the Raman laser spot size is around
1 ym at 633 nm, it integrates across the overall bond structure
within the full, laser-affected zone, not allowing for a more
spatially resolved analysis. However, it does provide some
insight into structural changes associated with the laser-
induced chemical modification seen by EDS. Figure 3B
compares Raman spectra of pristine and laser-modified glass.
The glass network of Ge,3Sb;S; consists of GeS,/, tetrahedra and
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SbS;/, pyramid, which are randomly connected [62]. In addition,
S-S bonds are found in S-rich systems, whereas homopolar metal
bonds are observed in S-deficient glass systems [63]. Compared to
other chalcogenide glass systems, Ge-rich systems have higher
thermal stability, thanks to the rigid GeS, tetrahedra and to the
germanium disulfide (GeS,) that exhibits a higher glass transition
temperature associated with a highly coordinated Ge-backbone
[64]. The addition of Ge increases the glass-forming tendency and
the melting temperature since GeS, tetrahedra has higher
effective S-content thus, highly reactive excess sulfur is
stabilized. However, the rigidity and compactness of the Ge-S
network are reduced by the addition of ternary inclusion (Ga, Sb,
etc.) causing a rearrangement of the bond configurations [65].
Previously, it has been shown that the Ge-Sb-S ternary system
undergoes structural changes under moderate to intense light
sources [65]. This behavior is attributed to coordination defects
i.e., dangling bonds and Sb-S bonds.

Figure 4B shows the Raman spectra of laser bulk-modified
zone and pristine glass. The spectrum of the pristine glass
consists of peaks located between 275 and 485 cm™". The band
at 302cm™' belongs to SbS; pyramids, while 340 cm™ is
assigned to GeS, tetrahedra [9, 24]. 330 and 402 cm! are
assigned to corner-sharing GeSy/, tetrahedra, and 375 cm ™" are
attributed to edge-sharing GeS,/, tetrahedra. Two tetrahedra
are connected with bridging sulfur, namely S;Ge-S-Ge;S,
resulting in a band at 427 cm™'. In addition, excess sulfur
causes bands at 475 cm ™" as Sg rings and 485 cm ™' as S,, chains
[9, 24]. A slight redshift - associated with a decrease in a
backbone structure - is observed in the main band of the laser
affected zone. These shape and intensity variations of the main
band show that the laser-irradiated zone has stronger
connectivity (i.e., rapid resolidification causing different
network connectivity upon femtosecond laser exposure)
than the pristine material. Moreover, a noticeable increase
in the band intensity of the Sg rings, S, chains, and corner-
sharing GeS,/, tetrahedra is observed in the laser affected zone.
There is a slight decrease in the bands located at 330 and
340 cm ™. These results indicate the presence of fewer isolated
GeSy/» groups and more connectivity of Ge-S-Ge and S-S
homopolar bonds. The level of sulfur dissociation as a ring
or a chain increases with laser net fluence. As consistent with
elemental analysis, we observe a minor decrease in GeS,
content, whereas Sb,S; content is unaltered. The laser-
affected zone shows a random glass network due to local
photo-decomposition.

Surface Self-Organized Nanostructures
Figure 1 maps the various modifications in a pulse-duration/
pulse-energy space, and qualitatively, shows the general behavior
of Ge,3Sb, S, under femtosecond laser irradiation as a function of
processing parameters. A first regime, observed at the surface and
for low pulse energies, consists of apparently homogeneous and
continuous structural changes (i.e, zones without obvious
heterogeneities visible with the instruments considered in this
study).

At higher pulse energies, above this homogeneous regime, a
second regime consisting of self-organized nanostructures is

Self-Organized Microstructures of Chalcogenide Glass

observed for all pulse durations considered here (i.e, 50 to
270 fs). For the shortest pulse duration (50 fs), self-organized
nanostructures are observed in a relatively narrower region
compared to the one obtained for longer pulses, while 150 and
270 fs show comparable sizes between themselves. The surface
self-organization threshold, 1.7 J/cm? for a single shot at 100 fs
and 1.3 J/cm? for a single shot at 270 fs, is two to three times lower
than fused silica [66], due to lower bond energy, smaller bandgap,
photosensitivity, and higher absorptivity at 1 um (i.e., the laser
wavelength), which is around 25%.

Figure 5 shows secondary electron (SE) images of self-organized
nanostructures visible on the glass surface as a function of pulse
energy and number of effective pulses per spot. The structures
observed have an average subwavelength periodicity of about
250 nm that decreases with the increase of laser fluence (achieved
by increasing the number of pulses) down to 170 nm. At higher peak
fluence (e.g., above 50 nJ), partial ablation occurs, and randomly
distributed spherical nanoparticles with average sizes of 150 nm are
found. Traces of nanostructures are observed and, interestingly, in
cases for which there is no overlapping of two consecutive pulses. The
observation of subwavelength periodic structures in single pulse
exposure is rather specific to chalcogenides [30] and unlike other
substrates [66]. Supplementary Table S1 summarizes the average
spatial periodicity of self-organized nanostructures observed on
chalcogenide glass surfaces. Interestingly, in some cases, As,S;
shows low spatial periodicity (~800 nm) at lower fluence and
high spatial periodicity around 200 nm at higher fluence [28-30].
The possible mechanism has been interpreted with the pump-probe
experiment previously [28]. The other two glass systems observed
are Ge-S and As-Se which show low spatial periodicity around
~750 nm [31, 33]. It suggests that the first step that initiates the self-
organization process is driven by the plasma-pulse interaction rather
than by pulse-to-pulse accumulation effects. The formation theories
of surface self-organized structures in various materials have been
summarized with great effort elsewhere [67]. Lower spatial
periodicity was explained by surface plasmon wave formation on
the surface upon the first shot and the interference phenomenon
appears resulting in a redistribution of the laser fluence on the
surface. However, the formation of high spatial periodicity remains
unclear.

Ge,3Sb,S7 glass is known as resistant to oxidation, which might
occur during the laser-inscription process, according to similar
mechanisms reported in another study [68]. The elemental
composition as measured in the self-organized nanostructures
shows the composition of nanoplanes in Figure 5F as
Gey 59b7 7S64.9049. SEM-EDS results indicate that the Ge/Sb ratio
seems to be slightly affected, that mostly S is removed, and that
photo-oxidation is taking place. During fs-laser irradiation, chemical
bonds are broken upon the jonization process, and therefore photo-
oxidation is a result of trapped oxygen by ionized elements in the
ambient conditions. The high sulfur loss might be attributed to low
bond energy and high volatility of sulfur.

Figure 6A shows the transmission spectra of both pristine and
laser-modified zones. The decrease in the transmission is correlated
with an increase in reflection as shown in Supplementary Figure
$4B and scattering due to surface structures and roughness as in
Supplementary Figure S5. The transmission decreases with the
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FIGURE 5| (A,B) SE images of surface self-organized nanostructures on Ge,3Sb;S-q under non-scanning conditions. (A) a single pulse and (B) 400 pulses. (C-H)

Self-organized nanostructures while scanning along a line at 50 nd for which 5 pulses overlap and for (C) parallel, (D) 45°, and (E) perpendicular polarization with respect
to the writing direction, respectively. Same conditions but this time with 400 pulses overlapping and for (F) parallel, (G) 45°, and (H) perpendicular polarization defined
with respect to the writing direction. The scale bar is 1 um for all images.
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FIGURE 6 | (A) Transmission spectra of pristine and the laser-affected zone of Geo3Sb;S;o. The inset shows a reflective optical micrograph of a single plane (1 x
1 mm?) formed with lines written at 50 nJ with 400 pulses per spot. (B) Raman observations of the surface of the pristine and the laser-affected zone of Ge,gSb;S70. In
these experiments, the pulse repetition is set to 100 kHz. The inset image shows the measurement point of the laser-affected zone. The scale bar is 4 um.

pulse energy and is correlated with photo-darkening [26]. The
photo-darkening is a rather complex phenomenon, the structural
evolution might be helpful for understanding. Figure 6B shows the
Raman spectra of the pristine glass and the laser-affected zone. Upon
ultrafast laser irradiation, both the left and the right shoulder of the
main band, related to SbS; pyramids at 302 cm™" and corner-sharing
GeS,, tetrahedra at 402 cm™', respectively, were altered. On one
hand, the bands at 302, 330, and 375 cm ™" increase with pulse energy
whereas, the band at 340 cm ™" decreases with the pulse energy. These
changes, along with the rise in the intensity of 475 cm ™", indicate the
replacement of GeS, tetrahedra with edge-sharing and corner-
sharing GeS, tetrahedra, due to a decaying concentration of
sulfur. Overall, the Ge/Sb ratio seems slightly affected by the laser

irradiation. On the other hand, by changing the number of pulses,
the peak intensity of the right and left shoulders of the main band
shows an increase, indicating the onset of glass decomposition. In
addition, with both the increasing pulse energy and the number of
pulses, the main band was broadened due to the increasing disorder
in the glass network [68].

CONCLUSION

We investigated the modifications upon ultrafast laser exposure
by varying laser parameters on Ge-based ternary chalcogenide
glass (Ge,3Sb;S;), both at the surface and in the volume. Various
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photo-structural modifications in the volume, ranging from a
change in refractive index to the formation of highly periodic
spherical patterns were observed. At the lower fluence level, the
laser-affected zones display a change in positive and negative
refractive index. At higher levels, the formation of self-organized
laser patterns, consisting of parallel nanoplanes perpendicular to
the laser polarization resembling similar structures found in other
glass systems, is observed experimentally, both at and under the
surface. The threshold for the onset of this modification was
found to be 6.56 J/cm” using linearly-polarized 270 fs pulse at
1,030 nm. Similarly, self-organization at the surface was shown
with pulse-to-pulse evolution with a threshold of 1.3 J/cm®. We
observed that the magnitude of photo modifications was triggered
by the laser fluence. The photo-modified areas at the surface of
the glass revealed evidence of photo-oxidation, photo-darkening,
and restructuring of the glass network. From the application
point of view, these results may enable the direct-write of
functional 2.5-dimensional (2.5D) or 3D structures with
physical properties tailored with the laser inscription parameters.
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