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Abstract

Ultrashort laser pulses, i.e., pulses emitted shorter than a picosecond, can tailor material
properties by introducing permanent modifications locally in three dimensions. Remarkably,
under a certain exposure condition, these modifications are accompanied by self-organized
patterns with nanoscale periodicity. These peculiar light-induced structural and morphologi-
cal modifications raise numerous intriguing material questions, in particular, related to their
formation mechanisms and characteristic features that are to date largely unanswered.

In this thesis, we investigate the femtosecond laser response of selected complex glass sys-
tems. Specifically, this thesis reports laser-induced modifications and self-organization in the
ultra-low expansion (ULE), tellurite, and chalcogenide glass systems based on post-mortem
observations and analysis. With multiple objectives in this comparative study, we aim to
outline complete modification lists for selected glass systems within the parametric win-
dow, determine laser exposure conditions to sustain/annihilate self-organization and unravel
the role of key material properties on the formation of local modifications along with self-
organized patterns. The final objective is to engineer smart materials and devices based on
laser-induced localized transformation.

This thesis reveals numerous unprecedented laser-induced modifications. Unusual physio-
chemical properties of the representative glass systems lead to 1) a few common modifications,
such as photo-contraction, photo-darkening, valence state change, and ion migration. The
amorphous nature of the modification is preserved by rearranging the glass network, while the
laser-affected zone of chalcogenide glass exhibits fluence-dependent density and refractive
index variations. 2) Less common modifications, such as crystallization, require either a
metastable system or extreme processing conditions. Specifically, under a given condition,
glass decomposition of tellurite and ULE glass generates localized nanocrystalline precipitates
in the glass. 3) Self-organization, strongly dependent on laser parameters, is typical on the
surface of all selected glass systems; further dependency on the electronic and thermome-
chanical properties of the glass can suppress their formation in the volume. Such volume
nanogratings are not present in the tellurite glass, although salient features are achieved on its
surface. 4) Particularly, the etching selectivity of laser-modified material opens up the possi-
bility to fabricate monolithic substrates in chalcogenide and ULE glass, and semiconducting
nanocrystals in the laser-affected area enable UV photodetection in tellurite glass.

Overall, this thesis provides new insights toward a general understanding of how dielectrics
behave under femtosecond laser irradiation and serves as a guideline for future in-situ experi-
mentation.
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Résumé

Les impulsions laser ultra-courtes, d'une durée inférieur a la picoseconde, peuvent changer
les propriétés des matériaux en introduisant localement des modifications permanentes, dans
trois dimensions. Dans certaines conditions d’exposition, ces modifications sont accompag-
nées de motifs auto-organisés avec une périodicité nanométrique. Ces modifications struc-
turelles et morphologiques particulieres, induites par la lumiere, soulévent de nombreuses
questions intresement au niveau des matériaux, en particulier liées a leurs mécanismes de
formation et a leurs caractéristiques, qui restent largement sans réponse a ce jour.

Dans cette thése, nous étudions les modifications induites par un laser femtoseconde dans
une sélection de systémes de verres complexes. Plus précisément, ce travail rend compte des
modifications et de I’auto-organisation induites par 'exposition a des lasers femtosecondes
dans les verres a coefficient de dilatation ultra-faible (ULE), les verres de tellurite et le verres
de chalcogénures. Cet étude se base sur des observations et des analyses post-mortem. Dans
cette étude comparative, nous visons a établir des listes de modifications completes pour
les verres sélectionnés en établissant une fenétre paramétrique, ainsi qu’'a déterminer les
conditions d’exposition au laser pour maintenir ou effacer I’auto-organisation et a élucider le
réle des propriétés des matériaux qui jouent un réle clé dans la formation de modifications
locales ainsi que de motifs auto-organisés. L objectif final est de concevoir des matériaux et
des dispositifs intelligents basés sur des transformations localisées induites par un laser.

Cette these révele de nombreuses modifications induites par laser, avec une variété sans précé-
dent. Les propriétés physicochimiques inhabituelles des systémes de verres sélectionnées
conduisent a 1) des modifications communes, telles que la photo-contraction, le photonoir-
cissement, le changement d’état de valence et la migration ionique. La nature amorphe de la
modification est préservée en réorganisant le réseau de verre, tandis que les zones du verre
chalcogénure affectées par le laser présentent des variations de densité et d'indice de réfraction
dépendantes de I'énergie déposée. 2) Les modifications moins courantes, telles que la cristalli-
sation, nécessitent d'un systeme métastable ou des conditions de traitement extrémes. Plus
précisément, dans certaines conditions, la décomposition du verre tellurite et du verre ULE
génere des précipités nanocristallins localisés dans le verre. 3) Lauto-organisation, fortement
dépendante des parametres du laser, est observée a la surface de tous les systémes de verre
sélectionnés; une dépendance supplémentaire aux propriétés électroniques et thermomé-
caniques du verre peut supprimer leur formation dans le volume. De tels nanoréseaux volu-
miques ne sont pas présents dans le verre tellurite, bien que d’autres caractéristiques saillantes
soient obtenues a sa surface. 4) En particulier, la sélectivité de gravure du matériau modifié
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par laser ouvre la possibilité de fabriquer des substrats monolithiques en verre chalcogénure
et ULE, tandis que, dans le verre tellurite, les nanocristaux semi-conducteurs observés dans la
zone affectée par le laser permettent la photodétection de rayonnement UV.

D’'un point de vue plus général, cette thése fournit de nouvelles perspectives pour une com-
préhension générale du comportement des diélectriques sous irradiation laser femtoseconde,
et sert de guide pour des futures expérimentations in situ.

Mots clefs: Science des verres, traitement laser femtoseconde, auto-organisation, modifica-
tions induites par laser, matériaux et dispositifs intelligents.
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Nomenclature

Table 1: Table of abbreviations used in the thesis and their descriptions.

Descriptions Abbreviations
Femtosecond fs
Optical microscopy oM
Differential interference contrast DIC
Digital holographic microscope DHM
Optical path differences OPD
Secondary electron images SE images
Scanning electron microscopy SEM
Energy dispersive spectroscopy EDS
Inverse Polar Figure IPF
Transmission electron microscopy TEM
High-resolution transmission electron microscopy HR-TEM
Scanning transmission electron microscopy STEM
High-angle annular dark-field HAADF
Selective area electron diffraction SAED
Fast Fourier transformation FFT
X-ray diffaction XRD
Small angle X-ray scattering SAXS
Extended X-ray absorption fine structure EXAFS
Neutron diffraction ND
Nuclear magnetic resonance NMR
X-ray absorption near edge structure XANES
Electron paramagnetic resonance EPR
Photoluminescence PL
Cathodoluminescence CL
Ultraviolet-visible-near-infrared UV-VIS-NIR
Finite-difference time-domain FDTD
Molecular dynamics MD
Two-temperature model TT™
Long-wave infrared LWIR
Mid-infrared MIR
Extreme-ultraviolet EUV
Coordination number CN
Supercooled liquids SCL
Room temperature RT
Glass transition temperature Ty
Crystallization temperature T
Melting temperature Tm
Short range order SRO
Medium range order MRO
Non-bridging oxygen hole centers NBOHC
Oxygen vacancies with 3-fold-coordinated silicons E’ centers
Oxygen-deficiency center ODC
Laser-induced periodic surface structures LIPSS
Yttrium aluminum garnet YAG
Time-Temperature-Transformation TTT
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|§ Introduction

Non-ablative laser-matter interaction in the femtosecond (~10"!® seconds) regime has led
to a taxonomy of numerous materials modifications, ranging from localized densification,
formation of self-organized nanostructures, elemental redistribution, and crystallization in
glass, or the opposite when dealing with crystalline substrates. Altogether new categories of
material modifications have been discovered [1, 2], which are not possible otherwise. These
modifications are created by tightly focusing an ultrashort pulsed laser beam on the surface or
inside a transparent material, leading to extreme peak power densities (~tens of TW/cm?).

Remarkably, self-organized patterns with nanoscale periodicity may form within the laser
focus under specific exposure conditions. These peculiar laser-induced modifications raise
numerous intriguing material questions, in particular, related to their formation, structure,
and properties, that are largely unanswered to date. Depending on the exposure conditions
and the material, further physical and chemical modifications are generated within or outside
the self-organization domain.

In this context, this thesis investigates the self-organization phenomena and photo-induced
modifications in three different classes of glass systems, exposed to similar laser conditions.
Specifically, we explore the cases of ultra-low expansion (ULE), tellurite, and chalcogenide
glass systems. They form model materials for elaborating a general understanding of how
dielectrics respond to femtosecond laser pulses. Each of these representative glass systems has
striking properties relevant to technological applications, for which this work also examines
the relevance of self-organized patterns. With this vision, this chapter begins with a brief
description of glass and complex glass systems. Self-organization and femtosecond laser-
induced material modifications are discussed from numerous examples of various dielectric
systems starting with fused silica glass, a model material extensively studied previously. To
this end, the objectives are detailed, followed by the general approach and the outline of the
manuscript.



Chapter 1 Introduction

1.1 Fundamentals of a glass and complex glass families

Naturally occurring material, glass, has formed more than 7 billion years ago [3]. It can be
much earlier since the nucleosynthesis of silicon (Si) and oxygen (O), the elements of a natural
glass former, and the first reactions between them are thought to date earlier than the birth
of our solar system. Whether naturally made or synthetic, glass is one of the fundamental
material classes, indispensable for human life since ancient times.

Throughout history, there have been various scientific definitions for glass. The most com-
prehensive definition has been recently unified by Zannatto and Mauro [4]: “Glass is a non-
equilibrium, non-crystalline condensed state of matter that exhibits a glass transition. The
structure of glasses is similar to that of their parent supercooled liquids (SCL), and they spon-
taneously relax toward the SCL state. Their ultimate fate, in the limit of infinite time, is to
crystallize.” Here, the glass transition is a temperature that the viscosity of the supercooled
liquid is at a certain value (e.g., n(Tg) ~ 10'2 Pa-s for a typical oxide glass [4]). At room tempera-
ture, the relaxation is expected to happen for an infinitely long time. By heat and/or pressure,
the crystallization of a glass (or devitrification) decreases the free energy, making the material
stable. Thermodynamically, the glass differs from an amorphous solid since they display the
glass transition upon heating, and the non-crystalline atomic structure is similar to the one of
a parent supercooled liquid [5]. Still, they are both classified under non-crystalline materials.

At the atomic scale, a glass network is composed of one of the glass-forming elements, oxides,
compounds, or alloys, such as S, Se, P (refer to molecular glass systems), SiO», BoO3, GeO,
Zr0,, V505 (oxide glass systems), As»Ss, SboS3 (non-oxide glass systems), and TexCupsAus
(metallic glass systems) [6]. The classification results from the type of bonding, such as
metallic, ionic, or covalent. In addition, there are other types of glass systems, such as organic
glass systems and polymers. Furthermore, a special class of non-silicate oxides, such as TeO,,
Al, O3, Pby0Os, Biy 03, are considered as conditional glass formers. These glass systems require
a sufficient amount of other oxides, such as network modifiers or intermediates, and/or a
special quenching technique to form a glass. The addition of such oxides tailors the glass
network and hence, chemical, optical, thermal, and mechanical properties.

Fused silica (pure SiO») and silicate (SiO2-based) glass systems are the most common ones,
both geological-formed and human-made, dominating industrial production and usage world-
wide. Other non-silicate glass-forming oxides, such as tellurites, germanates, and phosphates,
lead promising technological advancements with properties beyond silicates. Additionally,
non-oxide glass systems, such as chalcogenides or halides, have offered further distinctive
properties, although they require a specialized installation for their production. In this thesis,
complex glass systems refer to multi-component silicate, non-silicate oxide, or non-oxide
glass networks, consisting of more than a single compound, presented in Figure 1.1. The
structure of the complex glass systems is covered in the next chapters.



Introduction Chapter 1

| Classification of glass systems |

Oxide glass systems Non-oxide glass systemsl

| I I I 1

| Silicate glass | | Non-silicate glass | |Cha|cogenide glassl | Halide glass | | Metallic glass | | Organic glass
Fused silica Tellurite Sulfide Fluoride
Titania silicate Germanate Selenide Chloride
Lead silicate Borate Telluride Bromide
Aluminosilicate Phosphate lodide
Borosilicate

Soda-lime silicate

Figure 1.1: The classification of glass-forming systems based on composition and chemistry
(adapted from [6]). A representative glass system from each glass family is selected to study in
this thesis work, excluding the halide, metallic, and organic glass systems.

1.2 Ultrafast laser-matter interaction

Ultrashort laser pulses, i.e., pulses shorter than a picosecond (ps, 102 seconds), allow unique
opportunities for tailoring material properties by introducing localized permanent structural
modifications along three-dimensional (3D) trajectories. The availability of ultrashort pulses
with high laser intensities opens a new realm to explore light-matter interaction dynamically,
study material systems in extreme conditions, and fabricate numerous integrated monolithic
devices made from transparent substrates at the micrometer scale.

The interaction between ultrafast laser pulses and the matter involves several dynamic events
at various time scales that are different from classical laser-matter interaction, such as nonlin-
ear optical absorption, electron excitation, and overcritical heating. Let us cover the principles
and characteristics of this interaction in this section.

When an ultrafast laser irradiates a transparent material, a nonlinear absorption mechanism
transfers optical energy to a medium by exciting electrons from the valence band to the
conduction band. For optical breakdown to occur by nonlinear absorption, which in turn
generates localized permanent modifications in the medium, the tightly-focused high electric
field strength is required to bridge the band gap energy and produce critical free carrier density
[7]. Two types of nonlinear absorption mechanisms stimulate this absorption, nonlinear
photoionization and avalanche ionization [8]. Figure 1.2.I illustrate nonlinear excitation
events occurring in a femtosecond timescale during laser irradiation.

Photoionization is a direct ionization of electrons by the electric field of the laser. Depending
on laser exposure conditions and the material, there are different photoionization processes:
multi-photon ionization (MPI), avalanche, and tunneling ionization (see Figure 1.2.1) [8].
Dielectrics with band gaps larger than the photon energy require multiple photons to ionize
electrons. The sum of the simultaneously absorbed photon energy should be larger than the
band gap. In tunneling ionization, the laser electric field distorts the Coulomb potential well,
which describes the bound state of electrons between the parent atom and its valence electron,
so that electrons can tunnel through the lower barrier and become free. MPI occurs under
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a strong laser field at a high laser wavelength, whereas tunneling ionization occurs mostly
under a strong laser field at a low wavelength. The transition between these two ionization
states was modeled by Keldysh theory [9].

The avalanche ionization is associated with the formation and population of free carriers up
to a level where a strong field, like impact ionization, can occur, typically for pulse duration >
10 fs [7, 8]. It requires some "seed" electrons, either thermally excited carriers, easily ionized
impurities, or excited carriers via nonlinear photoionization in the conduction band [8]. The
electrons already in the conduction band gradually gain more energy absorbing incoming
photons, called free carrier absorption. The electrons energized sufficiently may collide with
other electrons present in the valence band, called impact ionization, leading to the formation
of extra free carriers at the bottom of the conduction band. Avalanche ionization can continue
as long as the laser electric field is present in the focal volume.

Photoionization and electron-electron impact ionization can produce a free electron gas with
relatively high density when about 10 percent of valence electrons are removed from bonding
orbitals. The excitation of a large number of electrons from bonding to anti-bonding states
results in lattice distortion by repulsive interatomic forces [10]. According to the non-thermal
model, lattice distortion (around 100 fs) takes place without increasing the thermal energy of
atoms since phonon emission is slower than the pulse duration [10, 11].

Once the overall electron density is increased, numerous energy dissipation mechanisms,
such as carrier-carrier or carrier-phonon scattering occur. The first case (~10-100 fs) is the
recombination of the electrons in the matrix, whereas carrier-phonon scattering (+10 ps) is
the energy transfer from free electrons to the material matrix through phonons [12]. Both
dissipation mechanisms result in different electronic distributions altering the properties by
introducing permanent defects in the lattice [7]. Figure 1.2.1I shows the timescale of relevant
events occurring during femtosecond laser irradiation. At the picosecond to the nanosecond
time scale, the lattice heating starts, and a shock wave separates from the hot focal volume.
Up to several microseconds, the heat dissipation process out of the focal volume is completed.
Depending on the plasma density, which is proportional to the net deposited energy, quick
energy transfer results in permanent structural changes in the focal volume [8]. These events
occur during a single-pulse exposure, repeated by multi-pulse exposure both in static and
dynamic conditions. The timescale of the energy transfer and the related events makes the
final modifications dependent on exposure conditions and material properties.

Overall, nonlinear photoionization is more efficient for a short pulse, i.e., energy at the instant
time should be enough to supply seed electrons, whereas avalanche ionization is more efficient
for longer pulses as it needs some time to produce seed electrons in the conduction band
[12]. With longer pulse durations (ps to ns), seeds are provided by thermally excited electrons,
impurity, and defect states since the ionization process takes place throughout the timescale
of the pulse duration [8]. The critical electron density is reached efficiently via avalanche
ionization, and thus, less energy is required for the optical breakdown. Compared to longer
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I Tunneling ionization MPI Intermediate "

Carrier excitation Absorption of photons
Avalanche ionization
Thermalization Carrier—carrier scattering
Carrier—phonon scattering
Thermal and Shock-wave emission
structural events i
Thermal diffusion

Resolidification

10718 1012 10-° 108
Time (s)

Figure 1.2: I) Schematic diagram of nonlinear electron excitations due to (a) tunneling ioniza-
tion, (b) MPI, (c) intermediate (both tunneling and MPI), and (d) avalanche ionization: free
carrier absorption followed by impact ionization (taken from [13]). IT) Schematic represen-
tation of the characteristic timescale associated with the interaction of a fs-laser pulse with
transparent materials (taken from [7]).

pulses, femtosecond lasers are an ideal tool for high-precision micromachining thanks to the
self-seeded ionization process, which is less dependent on defects, and minimal heat diffusion
outside the focal point due to a shorter time scale than thermal diffusion time leads to more
controllable material modifications [8].

1.3 State-of-the-art: Femtosecond laser-induced phenomena

In this section, first, we present various photo-induced physical and chemical modifications
in several glass and transparent dielectric systems, specifically in fused silica. Later, we
cover extensively the physical properties and theories behind the femtosecond laser-induced
fingerprint morphologies, specifically, self-organization.

1.3.1 Laser-induced modifications

Femtosecond laser direct writing is a powerful technique to modify the physical and chemical
properties of transparent media 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. Relying on laser processing
parameters and exposed materials, numerous types of modifications have been reported
inside and on the surface of transparent media for more than the last two decades. Starting
with the ones in fused silica, a small processing window at low intensity and shorter pulse
duration (typically less than 200 fs) leads to uniform and positive refractive index change due
to the densification process [14]. Densification results from an increase in the concentration
of 3- and 4-membered Si-O molecular rings and a decrease in the average network bond
angle in the laser-affected glass network, involving changes of electronic configuration and
polarizability [2, 15]. This process is accompanied by direct volume change, creating the

5
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stress-state in the material [16]. This type of modification is generally called Regime I [17].
This homogeneous modification based on a positive or negative change in refractive index
has been reported for other types of glass systems, such as phosphate [18], germanate, and
lead oxide-based glass [19].

Further rise in the laser intensity and pulse duration (as in Figure 1.3.I) results in birefringent
anisotropic nanostructures, so-called self-organized nanogratings or Regime II [1], reviewed
extensively in the next section. With even higher laser intensity, disruptive self-organized
nanogratings accompanied by nano-cracks elongated millimeter-length (referring to Regime
IIT) [20] can be detected optically by injecting a dye [21]. In addition, similar morphologies
are observed on the surface of fused silica, such as self-organized nanogratings, ablation, etc.
The results reported for fused silica up to this point are obtained in a non-thermal cumulative
regime when the time between two pulses is long enough for the lattice to cool down. In
contrast, in the thermal cumulative regime, glass decomposition followed by glass melting
and the formation of voids filled with molecular oxygen has been reported [22], as in Figure
1.3.11. The formation of these voids has been attributed to microexplosion as a consequence
of a high temperature and pressure ejection of material.

Other modifications, such as the point lattice defects leading to coloration (i.e., color centers),
have been reported in various glass systems, such as fused silica, phosphate glass, and so
on [2, 23]. This modification allows writing of arbitrary patterns with various colors in the
transparent medium, as illustrated in Figure 1.3.II1. Other ones are ion migrations and valence
state change based on thermal dissipation and diffusion [24, 25] in multi-component glass
systems in Figure 1.3.IV. For instance, the combination of Mn?* into Mn®* accompanied
with the generation of purple color in Mn and Fe co-doped silicate glass [26]. Furthermore,
crystal nuclei can be formed locally by the temperature above the crystallization temperature
and/or by atomic diffusion with subsequent microstructural rearrangement [25]. The first
example of the precipitations and crystallization induced by femtosecond laser-induced
modifications combined with heat treatment has been reported in Ag and Ce doped photo-
sensitive glass [27]. Similarly, through oxidation and reduction reactions, valence electron
transfer as Ag*+ NBO — Ag’+ NBO* leads to selective crystallization of Ag in photo-sensitive
glass [28]. Phase separation and precipitation of crystals of various glass upon irradiation with
high-intensity femtosecond laser have been reported, such as in lithium niobium silicate [29]
(see Figure 1.3.V), barium-alumina-borate glass [30], etc. These modifications often require
multi-component systems and can occur both on the surface and in the volume of transparent
media.

1.3.2 Self-organization

Before we move on to the definition of self-organization, we need to clarify what "complex
systems" mean, as in glass systems. A multi-component system with large variability on the
greatest scale is referred to as a complex one. The large variability arises from the multiple
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Figure 1.3: I) Parametric window and the three types of modification in fused silica (taken
from [20]). IT) OM and SE images of self-organized bubble structures in fused silica (taken
from [22]). III) Absorption spectra and OM image of Mn and Fe co-doped silicate glass after
the fs-laser irradiation. The peak at 520 nm is the absorption of Mn3* ions ( taken from [26]).
IV) Ion distribution and relative concentration profile across the fs-laser modified area (taken
from [24]). V) SE and STEM-HAADF images with the corresponding IPF map based on the
LiNbOj crystal (taken from [29]).

dependencies, relationships, oppositions, and other interactions among components with
themselves and/or their surroundings. In general, such interactions lead to collective dynam-
ics, nonlinearity, and energy availability as a result of their non-equilibrium state. It can exhibit
some feedback mechanisms. That is the reason why modeling their system-wide behavior is
tremendously challenging.

The interactions among neighboring components drive an avalanche of events of all scales.
The system advances into a critical state due to a minor disturbance as it is specified self-
organization criticality [31]. In this critical state, a large number of simple components
produce spontaneous large-scale organization only by interacting with their neighbors or
surroundings within the system. Individual components are no longer autonomous but part
of a big ordered structure. Since strong nonlinear dynamics and many degrees of freedom
are involved, most of the transition from a disordered to an ordered state occurs through
avalanches of catastrophic events rather than smooth paths [31].
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Frequent from the sub-atomic to the cosmic scale, various types of self-organization exist,
such as static, dynamic, templated, biological, and so on [32]. In nature, self-organization
takes various forms, for instance, fundamentals of living cells, flocks of birds as well as the
formation of a brain by an intricate arrangement of interacting cells [32]. In physics, laser-
matter interaction is one kind of dynamic and templated self-organization: There is an energy
dissipation from the system, and the interaction between the components and regular features
in their environment determines the final state. In particular, it is interesting when the matter
is glass, which does not show an isotropic or symmetric scheme on a molecular scale and does
not possess long-range order as in crystalline materials. Other examples of templated self-
organization are the crystallization of colloids under optical fields [32], surface crystallization
of a glass determining the morphology of the crystal, and self-assembly of nanoparticles into
various morphologies upon laser ablation.

Here, we first discuss the characteristics and several formation theories of self-organized
nanostructures in volume and later on the surface. Early works have shown that upon irradia-
tion of femtosecond laser, there are regular patterns inside fused silica, so-called self-organized
nanogratings [1]. Figure 1.4 shows the characteristic features of these nanogratings. Although
the final structure depends on numerous factors, nanogratings generally consist in alternating
subwavelength nanoplanes with features as small as 20 nm, with an orientation perpendic-
ular to the electric field [1, 17, 33]. Earlier results show that the composition of nanoplanes
alternates between oxygen-rich and oxygen-deficient, displayed in Figure 1.4.1. Another study
reported that nanogratings evolve from nanoporous planes with a periodicity of approximately
250-300 nm [33]. Later, Richter et al. confirmed that nanopores are the main structures of
nanogratings by small-angle X-ray scattering (SAXS) measurements combined with focused
ion beam (FIB) milling, and their plane-like structures give rise to the periodic arrangement,
as illustrated in Figure 1.4.1I [34]. The nanopores are filled with molecular oxygen in the gas
form, easily detectable by Raman spectroscopy [33]. As in the self-organization phenomena,
incubation and subsequent emergence of nanogratings upon accumulation of multiple laser
pulses (in Figure 1.4.11I) present a great example of the positive feedback mechanism. The
temporal separation of pulses is required to be longer than the lifetime of the plasma and
self-trapped excitons [35]. Interestingly, Figure 1.4.IV presents the evolution of erased and
rewritten nanostructures by upcoming pulses, with little or no degradation [36].

Particularly in fused silica, nanogratings exhibit large birefringence [37] due to anisotropic
index change in isotropic parent material [34] and chemical etching selectivity [38]. In terms
of mechanical properties, nanoindentation results showed that [39] localized densification,
supported by measurements of volume variation and Young’s moduli with vibrating cantilevers
[40, 41]. The same cantilevers have been used to determine the thermal expansion of nanograt-
ings in fused silica [42]. Their polarization-dependent properties have been established over
the last two decades, as in Figure 1.4.V [36]. Finally, the annihilation of some point and lattice
defects in nanogratings starts at around 600 K, and the structures are thermally stable up to
1500 K for several hours [33, 43, 44].
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Figure 1.4: I) SE and BSE images of the polished fused silica glass surface, Auger spectra of
oxygen (taken from [1]). II) 3D structure of nanogratings: a) SE image of a FIB slice in the x-y
plane with projections on the b) x-y plane and c) y-z plane (taken from [34]). III) SE images of
the evolution of uniform nanogratings with the number of pulses (taken from [44]). IV) SE
images of the evolution nanogratings by rewriting: a) 3-pulse, b) 30-pulse, ¢) 300-pulse, and d)
4000-pulse irradiation to the point, initially irradiated by 4000 pulses (taken from [45]). V) SE
images of nanostructures at a-c) 300 nJ and d) 900 nJ, revealed by 20 mins of 0.5% HF etching
(taken from [36]).

To date, there are good agreements on the structural information of nanogratings, which is
emerging from a combination of ultrafast and complex events at the nanoscale. Although the
formation mechanism of nanogratings is not fully understood yet, a few theories are trying to
explain the orientation, periodicity, size, shape, chemical arrangement, and dependency on
laser parameters with a single model; to the best of our knowledge, none of them has been
validated with other glass or dielectric systems yet.

» Shimotsuma et al. [1] revealed the nanogratings inside the fused silica in focal volume
by secondary electron (SE) imaging. They have reported the logarithmic dependence on
grating periods with the number of pulses, and the grating period increases with pulse
energy. In terms of chemical compositions, modulation of the oxygen concentration
has been observed between alternating structures. The formation of nanogratings has
been attributed to the interference between the incident light field and the electric
field of the bulk electron plasma wave, leading to a modulation in electron plasma
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concentration and subsequent structural modifications. A similar theory was suggested
to explain laser-induced surface ripples in 1981 [46]. However, there are some critics
of this formation theory. For instance, the temperature of the plasma determines the
frequency of the electric field of the plasma. It is speculated in [47] that the deposited
energy is insufficient to reach the required temperatures (and so does the frequency).
Also, this model fails to explain the cumulative effect. Although an interference pattern
is sinusoidal, the nanograting appears as more discreet thin planes. This is one of
the strong points of the model of nanoplasmonics, localized enhancement mentioned
below [47].

Another investigation has shown that the periodicity is ten times smaller than a laser
wavelength in porous glass [48]. Splitting in the nanogratings and the reduction in
the periodicity have been observed with several pulses. The saturation of reduction in
periodicity has been attributed to thermal accumulation. The model explaining the
splitting behavior states that the constructive interference of the scattering light from
the original nanoplanes creates a high intensity between the two adjacent nanoplanes,
resulting in shortening the nanograting period by half.

* Bhardwaj et al. [47] proposed a nanoplasmonic model, i.e., local field enhancement
(concentrated electric field) at the nanoscale, leading to light confinement, well below
the wavelength. Any localized inhomogeneity, e.g., color centers, defects, etc., is ion-
ized due to highly inhomogeneous plasma aligned with the light propagation. After
multiple laser pulses, this plasma transforms into a spherical nanoplasma, expanding
to an ellipsoid and finally into nanoplanes due to the asymmetric growth of the initial
spherical nanoplasma. The growth of nanoplasma into nanoplanes is attributed to the
pulse-to-pulse nonlinear material memory effect. It has also been suggested that peri-
odicity follows roughly half of the incident wavelength A/2n, suggesting the insensitivity
to pulse energy. This theory also clarifies the structural modifications below critical
plasma concentrations. All explanations presented above are related to the excitation of
plasma and its interaction with light. It is unclear how plasmons are responsible for the
formation of nanogratings in the propagation direction.

* Beresna et al. [49] suggested a theory based on interference and dipole-dipole attraction
of exciton-polaritons (quasi-particles resulting from the coupling of a photon and an
exciton) and self-trapped excitons, can exist in wide band gap amorphous materials.
The once critical concentration of exciton-polaritons is achieved upon laser irradiation,
the structure freezes into a form of final gratings. The molecular oxygen formation
inside the nanopores is attributed to the recombination of localized high concentrations
of excitons by the following decomposition reaction: SiO; + excitons — SiOz(j_x) +
x0,(g). They also presented a mathematical model that describes the periodicity and
the required energy as less than what has been shown experimentally. In agreement
with this theory, Richter et al. [34] refers to self-trapped excitons, which can relax
into permanent defects, e.g., in the case of fused silica, dangling bond type defects,
such as nonbridging oxygen hole centers NBOHCs) and oxygen vacancies with 3-fold-
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coordinated silicons (E’ centers). The absorption can be facilitated at the location of
dangling bond-type lattice defects that have lower energy states than the band gap.
Subsequently, enhanced coupling between individual laser pulses leads to a memory
effect, implying that the pre-modified material causes nanogratings. In this theory, they
have experimentally shown that the self-trapped excitons have a large impact on the
formation of nanogratings [34].

Each of the suggested theories is supported by experimental observation. Most of the forma-
tion theories are concerned only deposition of optical energy based on laser parameters and
the fundamental physics behind it, leaving the material-dependency minimum or often aside.

Let us cover a few examples of nanogratings in the volume of different transparent media.
Starting with Ge- or P-doped fused silica, a larger processing window with higher birefringence
is obtained as opposed to F-doped fused silica [50]. In borosilicate glass, nanogratings with
much smaller periodicity and less birefringence than fused silica have been reported [51,
52]. In germanate glass systems, nanogratings obtained in pure germanium oxide glass
with much smaller nanopores in the nanoplanes (less than 10 nm for GeO, vs. 30-50 nm
for SiO,) [53, 54]. The addition of sodium dioxide, the higher energy requirement for the
formation of nanograting, which further increases with sodium content and crystallization
of Na;Ge4Og precipitates are reported [55]. Similarly, partial crystallization accompanied
by the nanogratings is observed in alumina glass [56]. Various commercial and heavy metal
oxide glass systems, such as aluminoborosilicate, lithium-niobium silicate glass [29, 57-59],
and crystals, such as sapphire [60] and YAG [61], have been investigated and compared with
fused silica. Although there is a growing interest in other media, almost all of the theoretical
work performed is based on fused silica. The thesis precisely aims to narrow down this gap of
knowledge.

Now, we present the femtosecond laser-induced surface nanostructures, so-called laser-
induced periodic surface structures (LIPSS), surface nanostructures, nanogratings, or ripples.
Although early research on surface nanostructures dates back 1960s, our understanding of
their structure and formation has advanced in the last two decades [62]. Similar to volume
nanogratings, their alternating nanoplanes with a regular period, or, in this case, sort of
nanocraks, range from tens of nanometers to several micrometers [63]. Since those nanograt-
ings can be fabricated on almost all material systems by focusing the laser on the surface, more
diverse morphology, periodicity, and polarization dependency have been reported compared
to the ones in volume. Several studies classify these jstructures with respect to their periodicity
expressed as a ratio of laser wavelength and the refractive index of the material [63].

Many early electromagnetic theories are based on interference of electromagnetic radiation
emerging from scattered at the microscopic rough surface, or in some specific cases, near field
enhancement through surface plasmon polaritons (SPPs) [62]. The surface excitation modes
can lead to spatial modulation of the local energy. Still, the generation of surface roughness
by multi-pulse exposure is required to excite SPPs, resulting in surface nanostructures with a
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positive feedback mechanism.

According to Sipe’s theory, possible excitation of SPPs is defined by wave vectors as a function
of surface roughness, dielectric permittivity, and laser irradiation parameters [64]. This elec-
tromagnetic theory can predict shape, orientation, and periodicity through redistribution of
the required energy and positive feedback mechanism, yet, intra-pulse feedback cannot be
explained only with this theory. Later, with additional transient dielectric function adopted
from the Drude model, the Sipe-Drude theory considers the changes in the dielectric permit-
tivity during the transient metallic state in semiconductors or dielectrics due to MPI process,
demonstrates the importance of intra-pulse feedback mechanism by varying interpulse delays
in double fs-laser pulse experiment [65]. Relying on the Maxwell equation, the spatiotempo-
ral electromagnetic field distribution near the surface by the finite-difference time-domain
(FDTD) model has shown a successful link between a theoretical understanding of the carrier
density and ablation depth-dependent with inhomogeneous energy distribution [66].

Buividas et al. [67] and Liang et al. [68] observed nanogratings on the surface, and their peri-
odicity satisfactorily explained by the reduction with the increase of the number of overlapped
pulses. The formation of nanogratings is attributed nanoplasmonic model and the incubation
effect as in the volume nanogratings proposed by Bhardwaj et al. [47].

Similarly, by time-resolved pump-probe diffraction experiments, Rudenko et al. explained the
surface nanogratings (with periodicity sufficiently smaller than the irradiation wavelength)
by the existence of nanoscopic local defects that promote locally enhanced absorption, field-
enhancement, and scattering [69]. Later, with the combination of the electromagnetic and
hydrodynamic simulations, Rudenko et al. successfully modeled the tunable periodicity
emerging from the frequency shift of quasi-cylindrical and surface plasmon waves [70, 71].

Both electromagnetic and material redistribution theories are required to explain the final
structures since the former ones consider the rather immediate effects of optical absorption
and scattering towards the first seed of modifications, and the latter ones can take up to ms,
presented in Figure 1.2.11. The theory of the redistribution of the exposed material at the surface
can explain inter-pulse feedback, and 3D modifications in volume even better than some of
the electromagnetic theories; still, it is insufficient to unravel the orientation of nanostructures
and intra-pulse feedback [62]. In general, formation theories of surface nanostructures are
concerned with the local effects of thermodynamic and hydrodynamic, such as surface tension
gradients, thermoelastic ally generated surface acoustic and thermocapillary waves, or self-
organization [72, 73]. While the former is based on the thermal gradient and strain field
associated with the deposited energy, the latter is based on the formation of local defects and
destabilization of the surface upon femtosecond laser irradiation. The control of orientation
through self-organization is correlated later by asymmetric kinetic energy distribution of
excited electrons [74].
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1.4 Femtosecond laser-enabled multi-functional materials

Ultrashort laser processing has evolved significantly over the last two decades and started to
reveal its scientific, technological, and industrial potential not only for fabricating photonic
devices but also for implementing three-dimensional and multi-functional micro-devices in
bulk transparent materials towards commercialization [75]. In this section, we present numer-
ous examples of smart materials and devices fabricated by femtosecond laser micromachining
in the volume and on the surface of the glass, illustrated in Figure 1.5.1-VIII and Figure 1.6.I-I11.

The first optical waveguide [76] is based on a local modification of refractive index by fem-
tosecond laser irradiation. Later, it has been also demonstrated in fused silica [77]. A similar
method is used to fabricate Bragg grating mirrors [12]. By self-organized structures, additional
capabilities, including the production of Fresnel zone plates, birefringence quarter-wave
plates, and beam splitters polarizers, can be achieved [12, 78, 79]. With high temperature and
stability combined with birefringence, nanogratings demonstrated potential to be used as
data storage [80, 81]. Furthermore, combined with an etching step, [82], these modifications
have leveled up to fabricate monolithic functional glass substrates, such as hinges, cantilevers,
etc., to create new tools which were not possible by other means [40, 83-86]. Combination of
direct-write modifications with the etching step, numerous miniaturized systems have been
fabricated, such as lab-on-a-chip, lab-in-a-fiber, and monolithic microsystems [87-89].

By focusing the femtosecond laser on the surface, maskless nanostructuring of nearly any ma-
terial offers efficient means for controlling numerous properties such as optical, mechanical,
wetting, chemical, and so on. Apart from glass melting, welding, or ablation, various new types
of surface self-organized structures are attractive thanks to their sub-micron periodicities [91].
For instance, one can use surface periodic patterns for tailoring optical properties such as
transparent antireflective glass surfaces in the visible and infrared spectral range or wetting
properties from hydrophilic to hydrophobic behavior [91-93]. Designing laser patterns can
even enable liquids to run vertically uphill against gravity over an extended surface area on the
glass surface [94]. Other tested features are encoding local and selective coloration of metal
and semiconductor surfaces [94], modifying wear-rate in tribological application [95], etc.

1.5 Thesis purpose

This thesis aims to draw a general roadmap toward understanding ultrafast laser-matter inter-
action in selected complex glass systems; the role of material’s properties on the generation
of laser-induced modifications and self-organization. It will serve as a guideline for in-situ
observations.

Towards this ambitious endeavor, this thesis explores femtosecond laser interaction with
complex glass systems, namely, ULE, chalcogenide, and tellurite glass systems, which possess
striking similarities and differences. Altogether, they form a representative group of materials
for systematic investigation of local modifications towards how dielectrics respond to fs-
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Figure 1.5: I) OM image of the top view and end face of waveguides in fused silica (taken from
[77]). 1) The first demonstration of a waveguide integrated with Bragg gratings (taken from
[90]). IIT) Femtosecond laser inscribed Fresnel zone plate with the image of the logo projected
onto the CCD camera with embedded Fresnel zone plate (taken from [79]). IV) SE image of
micro-tunnel by selective chemical etching of femtosecond-laser modified fused silica (taken
from [83]). V) SE image of a cross-spring pivot (taken from [85]). VI) The surgical tool produced
by femtosecond laser combined with etching (taken from [86]). VII) A multifunctional fiber
sensor design lab in a fiber (LIF) with optical waveguides and optical cavities fabricated by
fs-laser (taken from [87]). VIII) The schematic representation of a glass chip with a curved
waveguide directing light across a microchannel for algae detection (taken from [88]).

laser pulses. Each of the selected glass systems has intriguing properties, relevant to various
technological applications. Upon laser irradiation, the flexibility of multi-component glass
systems allows tuning of glass properties, including not only photosensitivity but also density,
thermal and environmental stability, etc. To this end, a comparison is made with fused silica,
a model material extensively studied in the field of ultrafast laser micromachining.

The objectives of this comparative study are multiple. One is to systematically investigate
the influence of the field strength (by varying the pulse duration) and the energy deposited
(net fluence) on the photo-induced physical and chemical modifications correlating them
with numerous phenomena in complex glass matrices. A second objective is to investigate
the formation of self-organized nanostructures. These observations test various hypotheses
formulated to elucidate the conditions for forming nanostructures. Then, the effect of key
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Figure 1.6: I) OM and SE images of natural Cicada Cretensis wing and the biomimetic artificial
surface of the laser-processed fused silica (taken from [93]). II) SE image of the laser-processed
fused silica glass surface (taken from [92]). III) Time-lapse images of water running uphill on a
vertically-standing glass with SE images of microgrooves (taken from [96]).

material properties is discussed for each type of final modification. The final objective is
the fabrication of novel materials and devices using optimized femtosecond laser processing
parameters to tailor the material properties. This thesis work is built on existing advanced
experimental methods, laser platforms, and investigation tools to focus on the detailed anal-
ysis of the post-mortem material response after laser exposure supported with a numerical
simulation.

1.6 General methodology

The transfer of the optically-absorbed energy to a transparent medium is affected by several
other factors, including exposure parameters, such as pulse energy, repetition rate, wavelength,
polarization, writing speed, and focusing conditions, as well as material properties, such as
band gap, composition, viscosity, and thermomechanical properties. Experimental details are
presented in a separate section in each chapter. In brief, the experimental work in this thesis
starts developing quantitative information with systematic laser processing. This allows us to
optimize the parameters and draw a baseline of possible types of modifications and structures.
Within the established laser systems, modulation of pulse duration, pulse energy, repetition
rate, writing speed (or pulse overlapping), polarization, writing direction, and wavelength
maps our possibilities and limitations. In our experiments, the beam profile (Gaussian beam)
and focusing objective were kept constant.

The results are classified in morphological and chemical modifications on the surface and in
the volume. While pulse energy determines the field strength, various pulse duration leads
to a large range of peak power. The effect of laser pulse-to-pulse overlapping, an effective
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way to determine the number of pulses per focal volume in a dynamic laser writing process,
is discussed to understand the pulse-to-pulse evolution and the feedback mechanism. Ad-
ditionally, the post-mortem observation is performed in two different regimes with low and
high repetition rates to keep thermal accumulation separate from other ionization events.
The thermal diffusion model has supported an understanding of the effect of the thermal
gradient. The effect of an atmosphere and the substrate temperature is investigated in a
controlled environment. The effect of glass modifiers is considered in various glass systems
with an effort to generalize the modifications within their initial systems. The characterization
is performed by existing techniques to correlate the laser parameters to the final optical,
chemical, thermal, and structural properties. Various advanced characterization techniques
are employed, such as optical microscopy, high-resolution imaging, and elemental analysis by
electron microscopy, ultraviolet-visible (UV-VIS), and Raman spectroscopy. Finally, numerous
post-processing methods are applied to fabricate smart materials and devices.

1.7 Thesis outline

This thesis consists of six chapters, and the rest of the thesis is subdivided as follows:

¢ Chapter 2 focuses on femtosecond laser interaction with ULE glass and compares it with
fused silica. Specifically, the photo-induced modifications illustrate several phenomena,
such as glass decomposition, crystallization, and self-organized nanogratings in the
volume and the surface.

¢ Chapter 3 investigates the laser-induced modifications on the surface and in the volume
of various tellurite glass, highlighting the glass decomposition and elemental crystal-
lization phenomena. We also investigate the influence of the atmosphere and various
compositions with a similar primary glass network.

* Chapter 4 deals with laser interaction with non-oxide mid-infrared glass, which is
the chalcogenide glass system with various compositions. This chapter covers photo-
induced modifications, such as photo-oxidation, photo-darkening, photo-expansion,
and photo-contraction, some of which are accompanied by self-organization on the
surface and in the volume.

* Chapter 5 presents the fabrication capability of smart materials and devices initially
based on femtosecond laser irradiation, which is later combined with various techniques.
This chapter is also a showcase of how tailoring complex glass systems by femtosecond
laser method gives rise to new functionalities.

* Chapter 6 summarizes all of the findings to draw a general understanding of the fem-
tosecond laser interaction with complex glass systems, discuss the potential of main
results, and gives a direction for further research.
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IExternal contributions: In this study, the initial laser machining parameters were chosen together with Dr.
Margarita Lesik. The femtosecond laser machining for initial coarse parametric search with various pulse durations
was performed by Dr. Margarita Lesik.
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Chapter 2 Silicate glass system: Ultra-low expansion glass

In this chapter, we begin with the glass structure of fused silica, the effect of the addition of
TiO,, and the interaction of ULE glass interaction with femtosecond lasers. Specifically, we
show how the fused silica is perturbed by the presence of TiO,, its influence on the formation
of self-organized nanogratings, and various photo-induced modifications, such as photo-
darkening, photo-induced glass decomposition, and crystallization.

2.1 Glass structure and properties

Silicate glass systems are one of the oldest, highly abundant, naturally occurring as well as
massively produced man-made refractory glass, based on silicon dioxide, as a main glass
backbone structure. A wide range of compositions are available for numerous applications
in our daily life thanks to their excellent optical, thermal, and chemical properties. Their
versatile technical capabilities satisfy a broad range of requirements in high technology fields,
such as biocompatibility for medical, high transmission for optics and telecommunications,
chemical durability and environmental stability for nanotechnology, nuclear waste disposal,
and high-temperature applications [97].

Let us describe the glass network of pure silicon dioxide, commonly referred to as fused silica.
SiO, glass consists of slightly distorted SiO4 tetrahedra, in which Si-O has approximately 50:50
ionic and covalent bond characteristics (sigma bonds between Si sp® and oxygen and pi bonds
between Si d orbital electrons and oxygen) [98]. Tetrahedra bridged between each other by
their oxygen atoms from their corners in the glass network refer to bridging oxygens (BOs).
Although ideally, most oxygen is connected with silicon to satisfy the charge balance, with
some exceptions due to defective sites generated from impurities. These sites lead to broken
bridges of oxygen, referring to non-bridging oxygens (NBOs). Figure 2.1.1 displays the Si-O
tetrahedron, local coordination sphere (within the first 2.5 A), or short-range order of the fused
silica. The inter-tetrahedral angle between silicon atoms connected with bridging oxygen
(Si-O-Si) is called the bond angle, and azimuth oxygen-silicon angles within the tetrahedron
are called torsion angles [99], as demonstrated in Figure 2.1.I1. With the bond length, they
determine their intermediate-range order (2.5-5 A) of the glass network. Additionally, they
define the medium range order (MRO), i.e., how tetrahedrons are interconnected in a 3D glass
network. Finally, Figure 2.1.11I illustrates the fused silica glass network projected in a 2D plane.
Corner-sharing tetrahedra form polygon ring with 2- to 8-fold members [100]. The number of
ring members determines the various physical properties.

On an atomic scale, there are various defects intrinsically in fused silica. For example, E’
centers consist of silicon with three oxygens with an unpaired electron in a dangling tetrahedral
(sp®). Non-bridging oxygen hole center (NBOHC) represent the missing bond of one of the 2p
orbital electron of the oxygen in the Si-O tetrahedron. In contrast, the oxygen deficiency center
(ODC) refers to the missing oxygen bond in the Si-O-Si bridge. While E’ center and NBOHC
are paramagnetic and the latter is diamagnetic, they have been subjected to investigation by
numerous methods, such as electron paramagnetic resonance (EPR), photoluminescence (PL),
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and cathodoluminescence (CL) spectroscopy [101-104]. Many of these defects are generated
during the glass formation from the supercooled liquid as well as by various irradiation, such
as y-ray or fs-laser [44, 104].

Considering that silicon dioxide is the basis of naturally occurring silicate glass, fused silica
can form glass during the standard melting and quenching method. According to its TTT
diagram, the critical cooling rate for homogeneous crystallization is around 9-107° K/s, slightly
faster for heterogeneous crystallization (~1071-107° K/s) [99]. However, due to the high cost of
manufacturing fused silica, it is often preferred in high-technology applications. For other
commercial applications, silicate glasses with additives such as soda-lime silicate (SiO,, CaO,
Na, O and Al,O3), borosilicate (SiO», B,O3, and alkali oxides), lead silicate (SiO2, PbO and other
oxides), and aluminosilicate (Al,O3, SiO2, with other alkali and alkaline oxides) are preferred,
thanks to easy and low-cost process [99].

The most common metal oxide additives of technical silicate glass are alumina (aluminum
oxide, Al,O3) or titania (titanium dioxide, TiO,). The addition of TiO, has been practiced
since the 1960s, and around that time, the binary glass of SiO, with TiO, was developed [105].
Starting with exploring various compositions, later it has been found out that SiO, with around
5-10 wt% TiO, exhibits near zero thermal expansion coefficient (0 + 30 ppb/K from 278 to
308 K compared to fused silica ~500 ppb/K [105]) at room temperature [106]. Other notable
examples of glass, glass-ceramics, and ceramic exhibiting low thermal expansion coefficients
are Vycor® (from Corning), Zerodur® (from Schott), and SiC, respectively [107].

The glass structure of SiO, with ~1-10 wt% TiO2 which has been studied by various methods
such as XANES and EXAFS, XPS, Raman, NMR [108-111] consists of 4-fold coordination of
Ti** ions, substituting the Si ions in the tetrahedra and Si-O-Ti bridges, which has lower bond
energies compared to Si-O-Si bridges in addition to the fused silica glass network [109, 112].
The glass network changes to a higher bond angle (~159°) to accommodate Ti substitution,
further causing a more open glass structure and lower density [109]. In addition to Ti ions in
four-fold coordination, a small number of Ti ions in six-fold coordination increases further
with the addition of TiO» [109], as shown in Figure 2.1.IV-V.

TiO, is one of the glass intermediates, acting as a glass network former and modifier. While
substituting Si ions with Ti in fused silica in general results decrease in the mechanical proper-
ties of fused silica, coordination of Ti with NBO in some silicate glass systems actually increases
the overall mechanical properties [114, 115]. Although TiO, causes more open glass structure,
high crystallization temperature (T>1573 K) is maintained thanks to a fully polymerized glass
network (connection of NBO with Ti). Depending on the titanium dioxide content, binary
Ti0,-Si0, glass exhibits superior optical, electrical, thermal, and chemical properties. The
addition of TiO; up to 10 wt%, increases the refractive index, while the density stays stable
since increases in the free volume compensate for the higher density of TiO, (panatase= 3.9
g/cm®). Increasing the TiO, content more than ~15 wt% (production process-dependent
value) results in phase separation of the glass and the formation of anatase or rutile crystals
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Figure 2.1: Tllustrative glass network images of fused silica: I) The basic structural unit of SiO4
tetrahedron, IT) MRO with the bond angle of 8 (~120-180°) and torsion angles of a;.5. III)
Schematics of fused silica glass network (taken from [99]) projected in 2D. Structural units
of TiO, in silica: IV) octahedral-coordinated Ti and V) tetrahedral-coordinated (taken from
[113]).

with continuous Si-O-Si glass network around [109, 112].

Thanks to its near-zero thermal expansion coefficient combined with lightweight, rigidity,
polishability, and excellent thermomechanical and chemical properties as fused silica, ULE®
glass has been practiced as glass blanks, optics, masks, and mirrors in the ground- and space-
based astronomical telescopes, space satellites, astronomical instruments, and among others
[107, 116, 117].

2.2 Femtosecond laser and ULE®Glass interaction

As discussed in the first chapter, numerous femtosecond laser-induced modifications in fused
silica have been documented. Here, we cover the known facts on how TiO, disturbs the
silica-based glass network and prompts numerous permanent photo-induced structural and
chemical modifications locally upon femtosecond laser irradiation.

TiO,, known as a photo-sensitive compound, undergoes photo-induced chemical modifica-
tions under laser irradiation. For instance, photo-darkening can lead to colorization without
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damage in an elastomer containing fine TiO, particles [118]. Since TiO, has a large band gap
(3-3.2 eV [119]), it acts as a photocatalyst, giving rise to the decomposition of the media and
acting as a crystal nucleation site [120-122]. In addition, its high refractive index (2.5-2.7 [118])
is attractive for nonlinear optics and photonics applications.

TiO; containing multi-component glass systems also presents crystallization by electromag-
netic irradiation [122]. Specifically, femtosecond laser irradiation can lead to the formation of
crystalline phases of TiO, such as rutile in Ca0-Al,03-Bi; 03-TiO2-B,O3 (aluminoborate glass)
[123], but also more complex oxides, such as the formation of Ba, TiSi, Og in BaO-TiO,-SiO»,
or Sr,TiSi»Og in a stoichiometric SrO-TiO,-SiO; glass accompanied with the reduction of Ti**
to Ti3* [124, 125]. These direct-write crystals open up new possibilities of tailored properties
and multi-functionalities.

There are only a handful of studies on the interaction of ULE glass with femtosecond laser in-
teraction, such as the formation of self-organized nanogratings and their erasure mechanism,
photodarkening, and local structural transformations [52, 54, 126-129], illustrated in Figure
2.2. Led by Richter et al. [52] in 2013, the nanogratings perpendicular to the laser electric
field with a nanoplane periodicity of 250 nm and much smaller internanoplane periodicity
are presented in Figure 2.2.1. The retardation of the birefringent nanostructures (due to the
density modulation in refractive index change) is independent of pulse duration (from 40
fs to 400 fs) at fixed laser parameters, and the value is comparable with fused silica at pulse
duration above 150 fs. Further study has explored the quantitative evolution of pores within
the nanoplanes by SAXS (Figure 2.2.1I) and its relationship with the birefringence [54, 126].
Raman spectroscopy results are indicated the presence of molecular oxygen in the nanopores
(around 30 nm [126]).

The transition between modifications from nanograting to melting region upon microexplo-
sion in thermal cumulative regime is previously reported by irradiating samples with 450
fs pulses at 515 nm [126]. At this regime, the laser-affected zone consists of a molten glass
network centered by a hollow cavity containing molecular oxygen surrounded by a densified
dark shell with reduced Ti**, Ti>*. Well-detailed Raman spectroscopy analysis has highlighted
that the molecular oxygen is surrounded by Ti3* octahedral sites in the Ti,O3-type cluster
shell. At the same time, the shell is also surrounded by resolidified Ti®* tetrahedral sites by
irradiation with a femtosecond laser emitting at 515 nm in thermal cumulative regime (9.4
MHz) [127]. In addition, unlike silica, the photo-darkening of the laser-affected zone, covering
almost the entire fs-laser processing windows reported previously [126], is demonstrated in
Figure 2.2 1I1.

Furthermore, the thermal stability of nanogratings has been subjected to extensive research
along with ones in ULE glass [128, 129]. The retardance measurement of the birefringence
after the accelerated aging by classical heat treatment is correlated with the presence or the
erasure of the nanogratings. Figure 2.2.1V highlights the retardance of the nanostructures over
a temperature range [129]. The initial decay is associated with the point defects, and a further
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increase in the temperature annihilates the stress-induced birefringence and nanotexture.
Finally, at 1298 K, nanogratings in ULE glass are erased, leading to zero retardance. Yet to
the best of our knowledge, no comprehensive and systematized study over a large parameter
window has been reported on the photo-induced structural and chemical modifications of
ULE glass generated by femtosecond laser exposure.

n darkening and 1 darkening v

Laser nanograting formation: | and local melting: 1 O—W
® . ; =W

[}
@
£ g
= <
= B
2 % \
o °
g \
& 044 . v,
! ® N Glass (mol%) °
v Bt Amimy S | ST . |
s & 3 .'} zgi’, i E —0—98.1510,1.9 GeO,, //
/ sE z3%3 " .'1 5 0.2 ~A=83150,16.9e0, / T
N3 ,!-.*“" 'k‘ Z —¥—93Si0,-7TiO, (ULE cornin ), Il
/ 5 E is.; ; k3 ; g —A—81Si0,-138,0,4Na,0-ALO,
Wb S S 1] “i i *' 4 3. e (Borofioat 33), //
025 50 ym av 50 ym . T T T T T y y
05\*(& D Hm 3k SUL 0 200 400 600 800 1000 1200 1400

075 D 075

¢ tam) repetition rate: 500 kHz §repetrtion rate: 9.4 MHz Temperature [°C]

v 500 nm 5 o025

Figure 2.2: I) SE image of nanogratings in ULE with 200 nJ, 800 pulses, and at 120 fs with
800 nm, taken from [52]). II) SE image of the nanopores in ULE shown in the y-z plane, and
3D reconstruction of SE images of nanogratings (2000 pulses per spot at a pulse energy of
150 nJ) prepared by FIB milling (taken from [126]). III) OM images of different laser-induced
modifications in ULE (taken from [126]). IV) Normalized retardance as a function of annealing
temperature of various silicate and ULE glass systems (taken from [129]).

In this chapter, we first briefly report morphological and structural modifications in the ULE
glass by various writing in non-cumulative and thermal-cumulative regimes. Further, we
extend our systematic research on volume modifications, especially the formation of self-
organized nanogratings and various photo-induced phenomena such as photo-darkening,
photo-decomposition, and crystallization. Our methodology is exposing the glass to ultrafast
laser pulses of varying intensity and peak power by altering pulse duration, pulse energy,
repetition rate, and writing speed in a wide range. In addition, the non-cumulative and
cumulative regimes are demonstrated both experimentally and numerically. Finally, the
results are correlated and compared with well-studied fused silica with an effort to draw a
general modification map for ULE glass.

2.3 Experimental procedure

Commercial Corning ULE®Glass (7972), consisting of SiO, with 7.4 wt% TiO, was used to
study in this chapter. The physical properties of the glass properties are presented in Table 2.1
[106, 107].

2.3.1 Femtosecond laser irradiation

Four different femtosecond laser systems were used, emitting pulses of different durations: 50
fs pulses at 850 nm (Yb-doped fiber, Satsuma with an OPA from Amplitude), 150 fs pulses at
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Table 2.1: The physical properties of ULE®Glass [106, 107]. The table displays the sample
name, density, refractive index at 656 nm, the softening temperature, heat capacity, Young’s
modulus, thermal conductivity, and coefficient of thermal expansion (CTE).

Sample p (g/cm3) n Ts (K) Cp (J/kg'K) E(GPa) K(W/m-K) a (ppb/K)
ULE 7972 2.21 1.4801 1763 767 67.6 1.31 0+30

1030 nm (Regen amplifier, S-pulse from Amplitude), 270 fs pulses also at 1030 nm (Yb-doped
femtosecond fiber laser, Yuzu from Amplitude), and finally, 500 fs pulses at 1030 nm (Yuja from
Amplitude). 100 fs pulses were obtained by negatively chirping the pulse in the compressor,
which is the maximum pulse duration in the OPA laser configuration.

Laser patterns were inscribed on the surface and in the volume (with a depth of 100 ym) of
the ULE glass as parallel lines with a length of 10 mm. Square patterns (1x1 mm?) consisting
of several lines with a spacing of 2 um were written inside the glass to study optical properties.
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 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 pm (see Appendix A for the laser spot size measurement).
The transition from a non-cumulative to a cumulative thermal regime exposure regime was
determined by observing the evolution of the width of the laser-affected zone with the pulse
repetition frequencies for the same net fluence at static exposure conditions. A wide range
of pulse repetition rates (1 kHz-1 MHz) was employed at 270 fs. The transition from a non-
cumulative to a thermal-cumulative regime was found at around 500 kHz. The repetition rate
of 1 MHz is within the cumulative regime for the glass. For comparative experiments, repetition
rates of 100, 250, 333, 500 kHz, and 1 MHz were used. Here, pulse-to-pulse overlapping ratios
were varying from 0 to 99.9%, and the pulse energy was ranging from 50 nJ to 1700 nJ, as
measured after focusing with the objective lens (see Appendix A for details of the calculation
of net fluence). 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 electrical field E) defined as parallel, at 45 °, and perpendicular
to the writing direction, respectively.

2.3.2 Specimen characterization

After laser exposure, specimens were observed using an optical microscope (BX51 from Olym-
pus) and a digital optical microscope (KH-8700 from Hirox), and subsequently, the cross-
polarizer optical images were obtained using a polarized light microscope (Olympus BX51).
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. A series of line scans
were performed from 10 um outside the laser-affected zone towards the center of the modifi-
cation with a period of 1 ym, and with acquisition times of 30 s for an individual spot. The
transmission and absorption spectra were measured for wavelengths ranging from 250 to
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2500 nm using an ultraviolet-visible-near-infrared spectrometer (UV-VIS-NIR, Lambda 950
from Perkin Elmer). A mask with a hole of around 2x2 mm? is 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 1 mm.

Specimens having volume modifications were polished to reveal the structures and etched with
HF (2.5 %) for less than 300 seconds at room temperature. For high-resolution imaging and
elemental analysis, a thin film of carbon was sputtered (C-sputtering from JEOL) on specimens
using a field-emission scanning electron microscope equipped with energy-dispersive X-
ray spectroscopy (EDS in FE-SEM, Gemini 2 from Zeiss, operated at 5 kV for imaging and
20 kV for elemental analysis). Transmission electron microscope (TEM, Talos F200S from
ThermoFisher) images were obtained operating at 200 kV. TEM lamellae (thickness of about
100 nm) were prepared by a focus ion beam (FIB, NVision 40 dual-beam from Zeiss) at 5kV
and 30 kV. Fast-Fourier transform (FFT) and selective area diffraction (SAED) patterns were
fitted with electron diffraction simulation of GenOVa [130].

2.4 Results and discussion

2.4.1 Regimes of femtosecond laser-induced modifications

First, we provide a general purview of the selected parametric window and the observed
photo-induced modifications in ULE glass. Specifically, we discuss the effect of various
laser processing parameters on the laser-induced modifications step-by-step, such as pulse
duration, fluence, polarization, and repetition rate.

In Figure 2.3, we examine the morphological modifications in the volume using different pulse
durations in a non-cumulative regime. A lower repetition rate is beneficial not only for investi-
gating a non-cumulative regime but also for having a high level of control pulse overlapping
in dynamic writing conditions. Figure 2.3.a displays the studied laser parameter window for
pulse durations ranging from 50 to 500 fs. Transmission OM images of laser-affected cross-
sections are presented in Figure 2.3.b. Over an extremely large studied parametric window,
four different modifications are determined in ULE glass. With low pulse energy (90 nJ) at
50 fs, homogeneous modifications associated with densification in fused silica are observed.
Although this type of modification in fused silica is relatively easy to visualize [15, 131], it is
challenging to point out in ULE glass. Thanks to high peak power at 50 fs, the threshold for
this modification is obtained at low fluence (~14 J/mm?). Once the pulse duration is around
150 fs and above, the threshold of homogeneous modifications rises gradually. However,
further increments in the pulse duration cause a drop in their parametric range. The structural
changes based on the homogeneous modification are given in the next section.

Additional laser fluence opens up other possibilities, such as the formation of self-organized
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nanogratings, as in Figure 2.3.c. The nanograting regime is found between 150 and 500 fs pulse
durations and over a larger exposure dose window. These morphologies consist of periodic
nanoplanes perpendicular to the laser polarization. The determination and visualization are
easier thanks to their birefringences, as in fused silica, due to anisotropic refractive index
change [34, 37]. Here, self-organized nanogratings are visualized by relying on their etching
selectivity. After flash etching (less than 300 seconds), each nanoplanes are revealed by
electron microscopy. Other methods, such as optical microscopy with a cross-polarizer, can
help to identify these anisotropic birefringent structures. In Figure 2.3.b, these structures
appear much darker than homogeneous modifications. In addition to the light scattering,
there is also known phenomena of photo-induced darkening, observed previously in ULE
glass [126]. This phenomenon, associated with the valence state change of Ti ions, is covered
in a separate section, and the influence of the laser processing parameters on the degree of
darkening is quantitatively defined.

The threshold for nanogratings is inversely proportional to the pulse duration. For 150 fs, the
threshold is 37 J/mm?, while the threshold of nanogratings for 500 fs pulses is 31 ]/ mm? for 500
pulses at 100 kHz. Although nanogratings are present at a certain parametric range, increasing
pulse fluence, specifically by pulse energy, causes disrupted nanogratings. While in fused
silica [17], the threshold for disrupted nanogratings depends on pulse duration, there is little
or no dependence on pulse duration for ULE glass. This type of modifications have not been
explored yet because self-focusing phenomenon, leading to unhomogeneous modification
in the laser-affected zone. It starts to predominate the irradiation process with increase in
pulse energy [126]. Characteristic features and associated chemical modifications of the
nanogratings are reported in the next section.
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Figure 2.3: a) Laser processing map of ULE glass: Net fluence versus pulse duration. The
observed photo-induced modifications are indicated in the graph. b) Transmission OM images
of the cross-section prior to the flash etching. The laser parameters are 445, 469, 444, and
484 nJ at 50, 150, 270, and 500 fs, respectively. c) SE images of the laser-affected zone after
inscribing with a pulse energy of 231, 288, and 320 nJ at 150, 270, and 500 fs, respectively. The
repetition rate is fixed at 100 kHz.

For the fixed pulse duration of 270 fs, Figure 2.4.a displays the effect of repetition rate varied

25



Chapter 2 Silicate glass system: Ultra-low expansion glass

from 100 kHz to 1 MHz range for a pulse energy range of 50 nJ to 1.5 yJ. In addition to three
different modifications reported in Figure 2.3, higher repetition rate causes the transition of
nanogratings into more disorganized, or chaotic, structures made of an air-bubble network
trapped in the molten glass volume in a thermal-cumulative regime. SE images of the laser-
affected cross-section at 500 kHz are displayed in Figure 2.4.b since all of the modifications
in the selected parametric window can be observed at this rate by simply varying the pulse
energy. At the onset of the cumulative regime, i.e., pulses arriving shorter than the lattice
cooling time, micro-voids at the center of the modifications are achieved at 500 kHz. Above
this rate, the threshold for bubble patterns decreases up to 47 J/mm? for 500 pulses at 1 MHz.
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Figure 2.4: a) Laser processing map of ULE glass: Net fluence versus pulse duration. The
observed photo-induced modifications are indicated in the graph. b) SE images of the laser-
affected zone after inscribing with 270 fs-laser pulses at 500 kHz, displaying the cross-section
of all four modifications after inscribing with 132, 288, 600, and 1068 nJ, respectively.

2.4.2 Self-organization and laser induced-modifications in the volume
Homogeneous modifications

The homogeneous regime is typically associated with low pulse duration (<150 fs). Figure
2.5 display the Raman spectra and the relative change of bands related to TiO; in the laser-
induced modification of ULE glass. As the glass is composed of ~92.6 wt% of SiO,, there are
characteristic bands of fused silica [108, 126, 132]. The bands located at 400, 484, 600, and
800 cm! are assigned to symmetric stretching of 5- to 8-membered rings of SiOy tetrahedra,
4-membered silicate rings, 3-membered silicate rings, bending modes of Si-O-Si bridges, and
1060 and 1200 cm™! are assigned to asymmetric bond stretching of Si-O-Si bridges, respectively.
With the addition of 7.4 wt% TiO,, peaks located at 685, 937, and 1107 cm™ appear in the
Raman spectra. These bands are assigned to the symmetric stretching of TiOg octahedra, and
asymmetric and symmetric stretching of TiO4 tetrahedra, respectively. The Raman spectra of
the pristine glass and the peak deconvolution are presented in Appendix B.
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Starting with short pulse irradiation (50 fs), systematic structural analysis is performed via
Raman spectroscopy. Figure 2.5.a presents the Raman spectra across the laser-affected zone.
Figure 2.5.b compares Raman spectra of the pristine glass and the center of the laser-affected
zone indicated in Figure 2.5.a. Bands related to SiO», such as D, peak at around 600 cm,
shows a slight increase in the intensity which is related to densification in fused silica [15]. The
densification by the increase in the number of 3- and 4-membered rings is due to a decrease
in Si-O bond angle, thus a more compact glass network and a higher density. There is no shift
in the main band at around 430 cm™!, pointing out little or no significant rearrangement in
the silicate network. However, upon laser irradiation, the primary modification is observed
in TiO,-related bands. The relative change in the Ti-sites is shown in Figure 2.5.c, based on
the difference in the ratio of Iggs/Ig37+11197. Bond cleavage results in the valence state change
from Ti** to Ti®*. In this case, the laser dose is proportionally changing Ti-sites and Si-sites,
resulting in a densely-packed glass network. Longer pulse durations (>100 fs), however, cause
significant structural disruption in the glass backbone structure.
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Figure 2.5: a) Raman spectra of the laser-affected zone in ULE glass. The laser irradiation
parameters are 50 fs at 100 kHz with 445 nJ and 2328 pulses. b) The Raman spectra of pristine
(black) versus the center of the modifications in (blue). c) The graph presenting relative
Isg5/1937+11107 ratio along the laser-affected zone from -3 ym to +3 pm.

Self-organized nanogratings

Above a certain threshold indicated in Figure 2.3 and Figure 2.4, self-organized nanostructures,
so-called nanogratings, consisting of nanoplanes perpendicular to the laser polarization are
generated in ULE glass volume. We reveal the nanograting regime between 150 and 500 fs and
over a large exposure dose window.

Figure 2.6.a shows the periodicity of the nanoplanes as a function of the number of pulses
and pulse duration. Interestingly, higher pulse duration exhibits higher periodicity, and the
same trend persists with an increase in the number of pulses. Likewise, periodicity with 150
fs-laser pulses has the lowest value among all pulse durations, indicating a certain relationship
between the pulse duration and the initiation of nanogratings. As an example, we present SE
images of structural evolution for 150 fs pulses in Figure 2.6.b. The characteristic features of
the nanogratings are their periodic nanoplanes, whose periodicity decreases with the number
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of pulses for each pulse duration. The formation of initial nanoplanes with a distinguishable
periodicity requires multi-pulse exposure (at least 23 pulses per spot for 150 fs). Almost an
order of magnitude more pulses are required to obtain uniform periodic nanoplanes. The
average periodicity of initial nanoplanes is 277 nm for 150 fs, diminishing up to 196 nm with
2328 pulses. A similar observation of uniform nanogratings upon multi-pulse fs-laser exposure
is also reported in fused silica [44].

Another characteristic feature of nanogratings is the polarization-dependent orientation,
highlighted in Figure 2.6.b. In ULE glass, the nanogratings are oriented perpendicular to the
laser polarization. While polarization is parallel to the writing direction, the cross-section of
nanoplanes appears, as in the last SE image. This angle of view allows us to distinguish the
nanoporous nature of nanoplanes.
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Figure 2.6: a) The periodicity versus the number of pulses per spot for three different pulse
durations at 100 kHz. b) SE images of the laser-affected cross-section at 231 nJ for 150 fs pulses
with 100 kHz.

Let us explore the photo-induced chemical modification associated with the nanogratings with
the disrupted region in ULE glass. Figure 2.7 displays SE images of nanogratings, disrupted
nanogratings at high pulse energy, and their elemental analysis. Typical nanogratings at 250
kHz with 270 fs-laser pulses are shown in Figure 2.7.a.

Once a certain pulse energy is surpassed, the degradation of nanogratings with the formation
of nanopores is observed. An additional pulse energy results in elongated structures with
a disruption in their periodicity. The final structures as a function of number pulses are
presented in Figure 2.7.b. Although these modifications are obtained in a non-cumulative
regime, each subsequent pulse rises the local temperature and pressure to extreme limits
so that nanogratings can no longer be sustained at 1528 n]J. Likewise, the threshold for this
regime decreases with the repetition rate.

The field strength has a direct influence on the ion migration process in the focal volume. The
results in Figure 2.7.c is obtained on the nanoplanes while elemental results in Figure 2.7.d is
collected from the top part of the modification at 1528 nJ. In the nanograting regime, Si and
O exhibit strong dependency on the number of pulses, however, the composition of Ti ions
fluctuates within +2 wt%. These results are predictable since nanoplanes in fused silica are
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rich in oxygen, and periodic structures alternate between oxygen-deficient and oxygen-rich
regions [33]. Here, we observe that the oxygen content of the nanoplanes is promoted by the
number of pulses. In the disrupted region, in contrast, the oxygen content decays, and only
after 500 pulses, the oxygen content at the center of the modification starts to increase. While
Si also presents the opposite trend of O, Ti is proportional to the number of pulses, increasing
rather exponentially with the number of pulses. In titania-silicate glass systems, TiO» content
more than ~15 wt% leads to phase separation of the glass and the formation of TiO, crystal
precipitates within the continuous Si-O-Si glass network [109, 112]. Further investigation on
glass structure is performed by Raman spectroscopy, and the results are highlighted for both
nanogratings and disrupted regimes in Figure 2.8.
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Figure 2.7: SE image of a) nanogratings inscribed at 288 nJ and b) disrupted nanogratings at
1528 nJ with 270 fs-laser pulses at a repetition rate of 250 kHz. The elemental analysis of c)
nanoplanes in nanogratings at 288 nJ and d) the top region of the disrupted nanogratings at
1528 nJ as a function of the number of pulses.

Figure 2.8 displays OM images and corresponding Raman spectra with the relative intensity
ratio of the main bands at the laser-affected zone both in nanograting and disrupted regimes.
Figure 2.8.b-c presents the Raman spectra and the relative intensity of the main bands collected
along the dashed line indicated in Figure 2.8.a. At the nanograting regime, a transformation of
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the D, peak at 600 cm™ is observed towards the center. As in homogeneous modifications, this
peak is related to the Si-O bond angle, which determines the compactness of the glass network.
The intensity of D; and D, peaks alternates along the cross-section of the laser-affected zone
at 288 nJ. At the center of the modification (x= 4 pm), their intensities rise simultaneously
along with a blue shift of the main band from 400 to 430 cm™!. The blue shift indicates the
tendency towards glass crystallization. These modifications are followed by the progressive
transformation of Ti** to Ti** and the generation of molecular oxygen at 1554 cm™! at 288 nJ.

In the disrupted regime displayed in Figure 2.8, numerous new features are detected. First,
the laser-affected zone at 1528 nJ is much larger than the one inscribed at 288 nJ, possessing
a shell-like region at the center surrounded with some light scattering features, as in Figure
2.8.d. In Figure 2.8.e, Raman spectra scanned across the laser-affected zone display new
low wavenumber bands. Starting with the formation of new peaks at 153 and 253 cm™!, the
shift of the main band, and the formation of molecular oxygen appear in the laser-affected
zone. The new peaks are associated with -TiO,, commonly known as anatase, one of the
metastable polymorph of TiO, [112, 133, 134]. The detailed analysis in Figure 2.8.e emphasizes
the progressive transformation of Ti** to Ti** and sharp decay of the Ti-related bands in the
glass network as a result of crystallization.

The Raman spectra agree with the elemental analysis. Note that while EDS results accurately
display the composition of nanoplanes, Raman spectra present the entire structure within the
focal area of the Raman laser (~1 um?). In the nanograting regime, a decrease in Ti-related
bands and the formation of molecular oxygen indicate the onset of the decomposition process
at the center of the modifications although the pulse energy is not high enough to promote Ti
ion migration. While Si-O-Ti bonds are progressively broken leading to disassociated Ti and
O, an increase of 3- and 4-membered silica rings points out the rearrangement of the glass
network and the presence of a possible densified zone.

At low pulse energy, the photo-induced reduction upon fs-laser irradiation leads to the trans-
formation of Ti** tetrahedral sites to Ti*>* octahedral sites and the formation of Ti,O3-type
clusters, similar to the previous observation [127]. Once high temperature and pressure are
generated by high field strength, the creation of Ti3* octahedral sites through glass decomposi-
tion promotes the long-range order as in TiO; crystals [135]. The ratio of octahedral Ti-sites
and tetrahedral Ti-sites, Igg5/I937+11107, at the center of modifications are 0.087 and 0.47 for
288 nJ and 1528 n]J, respectively. In addition, elemental analysis at 1528 nJ indicates that the
composition of Ti can increase up to 10 wt% at the center of the laser-affected zone. These
results indicate the support of high field strength on the Ti ion migration towards the center. In
glass melting of ULE, more than 15 wt% of TiO, results in crystalline segregation as a secondary
phase [109, 112]. In short, the crystallization of the TiO» phase locally is promoted by the
dissociation of Ti-sites tetrahedral sites into octahedral sites and Ti ion migration towards the
laser-affected zone simultaneously.
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Figure 2.8: a) OM images of the laser-affected cross-section and b) corresponding Raman
spectra scanned across the laser-affected zone at 288 nJ with 270 fs-laser pulses emitted at a
rate of 250 kHz. c) The relative intensity ratio of main peaks indicated in (b). d) OM images
of the laser-affected cross-section and e) corresponding Raman spectra scanned across the
laser-affected zone at 1528 nJ. f) The relative intensity ratio of the main peaks indicated in (e).

The effect of thermal cumulative regime

So far, we unveil the laser-induced modifications in a non-cumulative regime. Now, we
consider the case when the time between pulses is shorter than the lattice cooling time
constant, typically in a few us [7]. For ULE glass, the glass melting occurs in multi-pulse
irradiation at 500 kHz. Compared to fused silica (~1 MHz), ULE glass possesses a lower
transition threshold from non-cumulative to the cumulative regime, inherited from its glass
network. The evolution of laser-affected cross-section as a function of repetition rate in Figure
2.9.a indicates that nanogratings are absent at 1 MHz, despite low pulse energy (288 nJ).
The structure at 1 MHz displays disrupted structures located at the top of the laser-affected
zone and a well-defined border of opposite teardrop shapes. At higher pulse energy with
multi-pulse irradiation at 1 MHz, the laser-affected zone exhibit two different zones, i.e., a
micro-void at the center, consisting of molecular oxygen and densified material surrounding
the micro-void in Figure 2.9.b. These structures commonly referred to as periodic bubble
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patterns, studied extensively in fused silica [22]. The well-defined border of the modifications
grows as a function of the number of pulses due to cumulative energy deposition. Another
characteristic feature of this type of modification is the formation of trapped gas pockets at
the center of the modifications. We observe molecular oxygen formation at the center of the
modifications indicated by Raman spectra in Figure 2.9.c. The crystalline phase is located at
the border of the bubble pattern, shown with a black dashed line in Figure 2.9.b. Within the
melted and resolidified region, Raman spectra show an increase in peaks at 600 and 1554 cm™!
and a decrease in 1107 cm™!. These modifications in the bands correspond to the densification
of the glass network due to melting and fast resolidification, the transformation of Ti ions, and
molecular oxygen due to glass decomposition. Similar modifications are obtained at 288 n]J at
1 MHz despite having low optical field strength.
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Figure 2.9: a) SE images of the laser-affected cross-section at 100, 500, and 1000 kHz with 270
fs-laser pulses. The laser processing parameters are 288 nJ with 7000 pulses. b) SE images
of the laser-affected cross-section at 1 MHz as a function of the number of pulses per focal
volume. c) Raman spectra of the laser-affected zone at 1 MHz with 1000 pulses, compared to
the pristine glass. d) Temporal temperature evolution during the first 100 us within the focal
volume at 288 nJ with various repetition rates, ranging from 10 kHz to 1 MHz.

Finally, Figure 2.9.d displays the time-dependent temperature distribution of the focal volume
calculated using the thermal diffusion model [136] for the case of multi-pulse irradiation at
various repetition rates, ranging from 10 kHz to 1 MHz. The temperature rises quickly in the
focal volume, and the lattice cools down with a typical quenching rate of ~10'* K-s™' eventually
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leads to supercooling of new dense phases and/or metastable phases recovered under extreme
conditions [137]. The softening temperature of ULE glass is around ~1763 K, which can be
achieved within tens of microseconds. Once the pulses are emitted shorter than the lattice
cooling time, cumulative effects dominate the laser-affected zone. Numerical simulation and
experimental results agree that laser irradiation at 1 MHz with a pulse energy of 288 n] leads
to glass melting, as presented in Figure 2.9.a.

2.4.3 Photo-darkening phenomenon

Femtosecond laser-induced modifications above 100 fs are associated with the photo-darkening
phenomenon. Regardless of being in the nanograting regime or not, this type of modification
is related to the valence state change of Tiions [118]. Here, we present the influence of laser
parameters, particularly in the non-cumulative and thermal cumulative regimes, and quan-
tify the relative darkening and optical absorption through optical observations and UV-VIS
spectroscopy.

OM images of fs-laser scanned square patterns (1x1 mm?) inside ULE glass are displayed in
Figure 2.10.a. A gradual increase of the contrast compared to the pristine material is observed
as a function of pulse energy, pulse durations, and repetition rate. To compare the degree of
darkening qualitatively for each laser parameter, the OM images are converted to grayscale,
setting the maximum pixel value as 255 after subtracting the background of the pristine glass.
Although the maximum pixel value, 255, results in white and the minimum value, 0, results in
black, we inverted the scale so that the maximum value corresponds to the degree of darkening.
After the image processing, the pixel value assigned to each laser processing parameter is
demonstrated in Figure 2.10.b-c. At 100 kHz, regardless of pulse energy, there is little or no
photo-darkening in a few pulse regimes (number of pulses<10). This regime is similar to
the one in the homogeneous modification regime, in which there is little change in Ti-sites.
Above this regime, the degree of darkening changes linearly as a function of pulse energy
and the number of pulses per spot. Nanogratings and associated transformation of the Ti**
lead to a higher level of darkening. At 1 MHz, in contrast, the degree of photo-darkening
largely depends on the laser parameters, a complete darkening is achieved above 1100 n]J.
Here, the formation of §-TiO, crystalline phase along with periodic bubble pattern leads to
complete absorption. To quantify the observed photo-darkening, the absorbance spectra, and
the corresponding Tauc plots are shown in Figure 2.11 for selected parameters, i.e., a few pulse
regimes, the nanograting regime, and the disrupted region at 100 kHz.

The absorbance spectra at 288 nJ with 40 mm/s, corresponds to a few pulse regime and
shows 10% of additional absorbance in Figure 2.11.a. Decreasing writing speed results in a
nanograting regime, possessing higher absorbance. Still, the change of absorbance remains
less than 25% compared to the pristine glass. However, not only the contribution of valance
state change of Ti-sites but also crystallization contributes a high level of absorbance with
a pulse energy of 1528 nJ in Figure 2.11.b. With 100 pulses (writing speed of 2 mm/s), 60%
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Figure 2.10: a) OM images of laser-written square patterns at 270 fs with two different repetition
rates: 100 kHz and 1 MHz. b) The degree of photo-darkening (PD.) at b) 100 kHz and c) 1 MHz
for laser-inscribed square patterns in the ULE glass.

of relative absorbance is achieved for 1528 nJ. While the increment of absorbance between
each writing speed is smaller for 288 nJ, a large step for each writing speed for 1528 nJ displays
the strong absorbing nature of the crystalline phase. For 288 nJ, the only contributing factors
to absorbance are valence state change and morphological modifications but for 1528 nJ,
the formation of anatase (band gap of 3.2 eV) leads to strong absorbance in the UV-VIS-
NIR spectrum. Figure 2.11 displays the corresponding SE images of the laser-affected cross-
sections for 288 nJ and 1528 nJ at 100 kHz. Furthermore, Figure 2.11.d shows Tauc plot [138]
for only direct band gap model behavior. While a linear region (and hence, a band gap value) is
identifiable for the non-exposed case, the laser-exposed regions exhibit less pronounced linear
zones that may account for their disorganized structures, interfacial effects, and crystalline
phase.
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Figure 2.11: Absorbance spectra of laser-inscribed square patterns with a pulse energy of a)
288 nJ and b) 1528 nJ at 100 kHz with 270 fs-laser pulses. c) Typical SE image of microstructures
at 100 kHz. The laser parameters are 288 nJ and 1528 nJ with 2 mm/s writing speed. d) The
direct band gap (Tauc) plot of the square patterns inscribed with 1528 nJ pulses.

2.4.4 Glass decomposition and the formation of 5-TiO» nanocrystals

Here, we present first the effect of laser parameters on the crystallized volume, i.e., under
which conditions the crystalline phase can form, supporting the thermal diffusion model.
We extend our understanding by observing structural evolution by Raman spectroscopy. The
remaining open question is the size, shape, and preferred orientation of the crystals.
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Titanium dioxide (TiO,) possesses a few polymorphs, such as anatase (tetragonal), rutile
(tetragonal) and brookite (orthorhombic) [134]. Among all, B-TiO, crystals, anatase, exhibits
a tetragonal crystal structure (space group of 14, /amd) with lattice parameters of a = 0.378
nm and c = 0.951 nm. Well-studied -TiO, crystals transform to a rather stable phase of
rutile when heated at about 733-1123 K [135]. In an interesting study, phase transformation
of rutile into anatase was reported by femtosecond laser exposure [120]. In general, TiO»
has been demonstrated as an important material for energy, environment, chemical, and
biomedicine-related applications, such as photocatalysis, solar cells, sensors, and so on
[135, 139]. Information on their shape, size, and orientation is particularly crucial for future
applications, since each orientation possesses different surface energies resulting in variations
in physical properties, for instance, differences in the photocatalytic activities of anatase due
to its orientations along (101) and (001) [140].

Figure 2.12 presents OM and SE images of the laser-affected cross-section, the corresponding
Raman spectra, and the time-dependent temperature distribution of the focal volume at 240
kHz for 500 fs laser pulses. The crystallization is observed above a certain fluence for all pulse
durations above 150 fs. In this section, we present extensive high-resolution imaging and
analysis of the laser-affected zone at 500 fs. The light scattering at the laser-affected zone
allows us to distinguish the crystallized volume even under the optical microscope in Figure
2.12.a. The corresponding SE images with two different polarization states reveal the absence
of clear nanogratings in this disrupted regime. The circular center of the opposite teardrop
shape is somewhat well-defined and surrounded by nanopores in both polarization states.
The corresponding Raman spectra are displayed in Figure 2.12.b. Locations at number 1
and 2 indicated in the SE image contain -TiO- crystalline phase, whereas only densification
and molecular oxygens are present at the center of the modification (at location number 3).
Elongation of the laser-affected zone from the high field strength and self-focusing results
in an extended tail part of the structure pointed out at number 4. Due to non-uniform field
distribution, B-TiO; crystals. Finally, the time-dependent temperature distribution of the
focal volume during the first 100 pulses shows the importance of the effect of field strength.
Around 645 nJ and below corresponds to the nanograting regime at this repetition rate for 500
fs-laser pulses. In the nanograting range, the focal temperature rises to 1000 K with a single
pulse but remains below the melting or glass-transition temperature. The thermal gradient
decays a little above room temperature quickly within the first microsecond and therefore, the
subsequent pulse does not incrementally increase the temperature. Above 1000 nJ, in contrast,
a single pulse is enough to raise the local temperature twice high as the nanograting regime.
This disrupted regime featured a densified shell containing molecular oxygen and surrounded
with a crystalline phase as a result of glass decomposition accompanied by extremely high
temperature and pressure.

Similarly, clustering of TiO» and increasing MRO due to gradual ordering of crystalline TiO»
phase were reported previously upon annealing of ULE glass having different TiO, [141]. While
below 10 wt% no crystalline phase is detected by high-resolution microscopy, nanocrystalline
phases or rutile is detected in ULE glass with 11 wt% TiO,. Interestingly, anatase and rutile
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nanocrystals are obtained above ULE glass with 13 wt% TiO, upon annealing TiO,. With the
TiO, content above 15 wt%, the nanocystals exist as a secondary phase [109, 112]. Here, the
benefit of femtosecond laser irradiation lies within the precise control of Ti composition at the
laser-affected zone and the generation of selective modifications in an arbitrary location and
space in micrometer resolution.

Our observations show that the crystalline phase is observed for pulse durations of 150,
270, and 500 fs above 1000 nJ in a non-cumulative regime. In addition, we did not observe
crystallization with a single femtosecond laser pulse above 1000 nJ. Once the Ti-related defects
are present [123], multi-pulse exposure is needed for the decomposition. The crystallization
occurs only in the disrupted nanograting regime (> 100 pulses) because high field strength is
required to promote bond cleavage and ion migration associated with thermal and pressure
gradients. Although the crystalline phase is present also in a thermal cumulative regime,
however, the control of the location becomes very limited.
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Figure 2.12: a) Reflected bright-field and dark-field OM and SE images of the laser-affected
zone inscribed with 500 fs-laser pulses with 240 kHz. b) The corresponding Raman spectra
along the vertical axis of the laser-affected zone indicated in (a). c) The time-dependent
temperature distribution of the focal volume during the first 100 pulses at 240 kHz with
various pulse energies, i.e. from 161 to 1612 nJ.

Furthermore, we investigate $-TiO, nanocrystals via high-resolution imaging and analysis.
In Figure 2.13, we focus on the top part of the modifications, where we detected crystalline
signals via Raman spectroscopy. Later in Figure 2.14, we cover the tail part of the laser-affected
zone presented in Figure 2.13.a.

Figure 2.13. a displays the SE image of the laser-affected zone and the location where we
obtained the TEM lamella at 1612 nJ. Figure 2.13.b presents the overall nanopores region
with nanocrystals at the top part of the modifications. Although the SAED pattern consists of
multiple crystallographic orientations, some of the spot diffractions are identified as anatase
TiO, with a zone axis of [101]. The magnified image is in Figure 2.13.c shows the amorphous
precipitates with an average size of 4.97+1.23 nm. The well-defined border between the
amorphous phase around the nanopore and the crystallized area is displayed in Figure 2.13.d.
We observe some Moiré fringes associated with a characteristic double diffraction pattern
(not shown here) in a spatially confined area. Moiré fringes, typically with spacing an order of
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magnitude higher than the original ones, may originate from the superposition of repetitive
nanocrystals of TiO, 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
[142]. The high lattice mismatch is related to laser-induced stress.

There are some single crystals, which can be distinguished in Figure 2.13.e. The HR-TEM
image with the SAED pattern with a zone axis of [101]. The interplanar spacing in the oval
area is measured as 0.351 nm corresponding to the (101) plane. Finally, Figure 2.13.f display
HR-TEM image of the nanocrystals between two interfaces, i.e., one with the amorphous laser-
affected zone and the C-coating. The average size of the nanocrystals is 4.78+1.63 nm. The
ring patterns in the FFT image represent the polycrystalline nature of the region of interest.
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Figure 2.13: a) SE images of the laser-affected zone before and after FIB milling. The TEM
lamella was coated with amorphous-C to protect the laser-affected zone during the milling
and thinning process in FIB. The laser processing parameters are 500 fs-laser pulses at 240 kHz
with 1612 nJ and 1 mm/s (500 pulses, corresponding to incoming pulse fluence of 254 J/mm?).
b) TEM images of the overall laser-affected zone within the focal volume with an inset image
of the SAED pattern. ¢c) HR-TEM image of the nanopore at the top part of the laser-affected
zone in a) and d) HR-TEM image of the top part of the nanopores, showing the border between
the amorphous and crystalline phase. e) HR-TEM images of the overall crystallized area with
inset images of Fast Fourier transformation (FFT) patterns oriented along the crystallographic
[101] axis. f) HR-TEM image of the polycrystalline area with inset images of FFT patterns.

Figure 2.14.a presents the tail part of the laser-affected zone. The overall SAED diffraction
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pattern and FFT patterns agree that the matrix and precipitates have an amorphous nature.
Further in Figure 2.14.b-h, we demonstrate the characteristic features in this part of the
laser-affected zone, which are also representative images of the nanocavities formed upon
femtosecond laser irradiation. Figures 2.14.c-d are the magnified images of Figure 2.14.b.
Although the features are not a cavity, the boundary of the features appears to be darker
due to thicker material. While the precipitates are located throughout the area in Figure
2.14.e-f, they are heterogeneously distributed along the laser-affected zone. For example, the
precipitates are located only at the boundary of the features in Figure 2.14.g-h. Overall, the
average precipitate size is found as 3.84+0.78 nm.

The formation of features can be considered as an onset of glass decomposition in which
material is highly deformed and surrounded with amorphous precipitates of TiO,. These
precipitates are most likely Ti»Os-clusters [127] due to the promotion of Ti** octahedral sites
in the laser-affected zone. Once the field strength is high enough, nuclei form and the growth
stage begins, during which the nuclei continue to grow in size and transform into TiO, crystals.
The growth process is typically driven by the diffusion of Ti and O species, which deposit on
the surface of the nuclei and form new layers. The formation of anatase from Ti, O3-clusters
are affected by many factors such as temperature, pressure, composition, and the presence of
other chemical species.

500 nm
10 nm.

10 nm

Figure 2.14: a) TEM images of the center and the tail part of the laser-affected zone within
the focal volume with an inset image of the SAED pattern. The laser processing parameters
are 500 fs-laser pulses at 240 kHz with 1612 nJ and 1 mm/s (500 pulses, corresponding to
incoming pulse fluence of 254 J/mm?). b,e,g) HR-TEM image of the features highlighted with
white squares in a). c,d,f,h) HR-TEM image of the laser-affected zone indicated in b,e,g).
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2.4.5 Remarks on the surface modifications

So far, we studied the formation of nanogratings and the related laser-induced chemical
modifications. In this last section, we extend our understanding of self-organization on the
surface. Figure 2.15.a presents the processing map of surface modifications. The processing
window spans pulse energy from 50 to 1300 nJ and the number of pulses from 1 to 1000 at
100 kHz. The modification threshold of the ULE glass is found around 100 nJ at 100 kHz (an
incoming pulse of 0.15 J/mm? for two pulses with a writing speed of 100 mm/s), showing
relatively similar results as fused silica [68]. Nanogratings are observed in an extremely large
processing parameter range. Thanks to the strong chemical bonds in the glass network,
ULE glass exhibits a high ablation threshold (almost above 1000 nJ). Finally, Figure 2.15.b
shows the self-organized nanostructures on the ULE glass surface. The surface nanograting
consists of nanoplanes, perpendicular to the laser polarization. They are accompanied by
photo-darkening on the surface, like nanogratings in volume.

A s0mm 2m0r Fluence (J/r22102> b W. ‘j W.D
: ,.l‘; WY E
1000 { SRREEESSENNRARIE JE z ."t
"""""" L% 2%
—_ /i Mg 8 T
2 - 3375 7 i s
= o P
> - 2813 . ‘
[8)] r 3
o Té )i
2 - 225.0 e i
o £2 1 8
) - 168.8 g 108
2 i |
- s A i .
O 4004 125 w3 \
-------------------------- A &
g |

wie

l 56.25
e 0.000
10 100 1000
Number of pulses per spot

1
7

v
¥

"‘4-“-‘{.:"‘*& " gy

Figure 2.15: a) The laser parametric window of surface inscription of ULE glass with 270 fs-laser
pulses at 100kHz. b) SE images of surface nanostructures with three different polarizations at
288 nJ with 500 pulses at 100 kHz (incoming pulse fluence of 47 J/ mm?).

2.5 Summary

In this chapter, we investigated various photo-induced modifications on the surface, especially,
in the volume of ULE glass for both thermally cumulative and non-cumulative regimes. Our

findings triggered the following observations:

* Numerous femtosecond laser-induced modifications, in particular, densification, vol-
ume nanogratings, photo-darkening, glass decomposition, and crystallization, are ob-
served in ULE glass. Starting homogeneous modifications associated with densification
are observed with a pulse duration below 100 fs in a non-cumulative regime with a low
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fluence threshold of about ~14 J/mm?. Here, the increase of 3-membered silica rings
leads to a more compact glass network.

* Self-organized nanogratings are formed with pulses above 150 fs with a relatively high
fluence (~31-37 J/mm?) in the glass volume. They are composed of nanoplanes perpen-
dicular to the laser polarization and displays anisotropic birefringence. Above certain
pulse energy in the non-cumulative regime, they are replaced by a disrupted regime
in which we observe glass decomposition, formation of molecular oxygen, and crystal-
lization in the non-cumulative regime. In the thermal cumulative regime, the periodic
bubble patterns filled with molecular oxygen and surrounded by densified glass matrix
are obtained.

¢ With the formation of self-organized nanogratings, the photo-induced chemical modifi-
cations, photo-darkening, results from the valence state change of TiO in silica network
from Ti** to Ti3*. This phenomenon accompanies all modifications generated with 150
fs-laser pulses and above.

* Further increase in the pulse energy lead to glass decomposition and subsequent crys-
tallization of metastable phase of TiO,, 8-TiO, (anatase). The formation of amorphous
precipitates, most likely composed of TipOs-clusters, is demonstrated with low laser
fluence while higher laser fluence presents the polycrystalline TiO, in the range of 5-10
nm in size. The formation of crystals further decreases the optical band gap, resulting in
high absorption in the laser-affected zone.

* Finally, the observable laser damage threshold on the surface and in the volume is
slightly lower than fused silica, possibly resulting from TiO, content. In addition,
nanogratings and photo-induced darkening have been observed on the surface, similar
to the volume.

In summary, understanding the relationship between the optical properties and physical
modifications upon ultrafast laser exposure is crucial for successful photonic devices by
femtosecond laser direct writing. From the application point of view, these results enable the
direct-write of functional 2.5-dimensional or 3D structures with physical properties tailored
to the laser inscription parameters.
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In the previous chapter, we discussed the femtosecond laser interaction with a SiO,-based
glass system. Specifically, we showed how the response of fused silica to femtosecond laser
exposure is perturbed by the presence of TiO,. In this chapter, we focus on a non-silicate oxide
glass system, namely tellurium dioxide (TeO;)-based glass. First, we cover why these glass
systems are unique, the current status of their research, and their use. Then, we present the
femtosecond laser interaction with the tellurite glass family as currently known in the literature.
Finally, morphological and structural photo-induced modifications both on the surface and
in the glass volume are introduced by altering laser parameters in common tellurite glass
compositions under various ambient conditions.

3.1 Glass structure and properties

Glass systems are divided into oxide and non-oxide glasses, which oxide glasses also can be
divided further into silicate and non-silicate glasses. In non-silicate oxide glass systems, the
intermediate oxides, such as TeO,, Al,O3, Pb,0Os, Bi, O3, Sb,0s3, require a sufficient amount
of modifier oxides and/or special quenching techniques to be stable against devitrification.
TeO; has been considered as a conditional glass former, and the observation of the glass
formation with other oxides is as early as 1834 [145]. The systematic investigation on various
compositions of TeO,-based or tellurite glass started after the 1950s [146]. It can form a glass
under a traditional glass melting-quenching process, with glass formers (such as SiO,, etc.),
or with glass modifier oxides of alkali metal, alkaline-earth metal or transition metals (like
K20, BaO, etc.) [147]. Later, with a tremendous effort of scientists, pure TeO, glass has been
reported in the 1960s, and since then, various quenching techniques have been developed
[148-150].

The unique glass structure of TeO; has been under a long debate. Having several crystalline
polymorphs (@, 8, v, and 0), the structures are characterized by the active lone pair electrons
(5s?) of tellurium atoms, causing a strong asymmetry around oxygen atoms [151]. It was
initially considered that the glass structure resembles a-TeO-, known as paratellurite [152]. a-
TeO, constitutes corner-shared TeO4 bipyramids with the lone-pair electrons on Te occupying
one of the corners of the bipyramid and four neighboring oxygen atoms, located at two short
equatorial and two long axial positions. Each Te in the 3D crystalline network is connected
via single Te-O-Te bridges, i.e., through the Te-¢qOax-Te bridges. After several observations
conducted by X-ray diffraction, nuclear magnetic resonance (NMR), Raman and infrared
spectroscopy, y-TeO, consisting of two different kinds of Te-O-Te bridges, namely nearly
symmetric and highly asymmetric, is proposed as the closest to TeO»-glass [153-155]. Recent
investigations with high-resolution X-ray pair distribution function, ab-initio molecular dy-
namics simulations, and Raman spectroscopy show the close relationship between metastable
0-TeO, and TeO;-glass due to the presence of positional disorder in the short-range [151,
156-158], shown in Figure 3.1.1. Because as a lone-pair oxide glass, highly asymmetric Te-O-Te
bridges do not indicate well-defined Te-O distance distribution and coordination number (n,
3.6<n=<4.0, from the glass to the melt) [156]. The long and weak Te-O bonds become more
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asymmetric with temperature by the contraction of the short bonds in the asymmetric bridges,
strengthening the short-range disorder. Subsequently, the coordination number in the glass,
~4, decreases in molten pure TeO,. This increase in the asymmetry corroborates the transfor-
mation of the TeO,4 units into highly asymmetric TeO3 units by temperature in pure TeO, [151].
Additionally, an increase in the asymmetry comes from the nonequivalent electron charge
distribution on the oxygen atom, i.e., the short bond exhibits a higher charge localization
than the long bond in the Te-O connection [151]. Another debate ongoing currently on the
glass structure is the absence of double bonds [151, 156, 159] since they might have been
confused with highly asymmetrical Te-O-Te bridges, or their presence due to unequal charge
localization in short and long bonds of Te-O in pure TeO,-glass.

Let us look at the atomic-scale structure of glassy TeO,. The complex structure of pure TeOs-
based glass consists of TeOy, structural units with bridging oxygens (BOs) and non-bridging
oxygens (NBOs) atoms [151]. Either by temperature or by the addition of glass modifier oxides
(such as Na, K, etc.), the rise in the number of NBOs with a decline in the coordination
number of Te leads to the transformation of continuous glass network from corner-shared
TeO, trigonal bipyramid (tbp) to TeOs,; polyhedra (distorted tbp, or d-tbp) and TeOs trigonal
pyramids (tp) having non-bridging oxygen [160], as shown in Figure 3.1.II. In addition,
depending on the cation valence of the modifier oxide, Te-O-M (M=W, Nb, etc.) bridges can
form, substituting Te-O-Te. This is contrary to classical glass formers, such as SiO,, P,O5 and
B,03, in which the modifiers usually break the glass network. Although pure TeO, glass
exhibits a higher optical nonlinearity over tellurite glass with modifier oxides [161], it
remains difficult to obtain bulk pieces at room temperature and ambient pressure, limiting
the further usage in practice as well as study in this thesis.
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Figure 3.1: a) A schematic representation of TeO, phases (taken from [156]). b) A schematic
representation of the TeO,-based glass structural units: TeO4 trigonal bipyramid (tbp), TeO3.;
polyhedra (distorted tbp, d-tbp) and TeOs trigonal pyramid (tp). Dots near the Te atom
represent the lone pair (LP) electrons (taken from [162]).

Among all the compositions, we focus on various ternary to quinary tellurite glass systems,
namely T602 -W03 -KgO (TWK), TeOz -W03 -AgZO (TWA), T602 -Nbg O5-G602 -PbO-Zl’ng (TNGPZ)
and TeO,-Zn0-Nay0-BaO (TZNB). Most of the study in this chapter is conducted on the fol-
lowing composition: 80TeO,-10W03-10K>0 (mol%) (TWK). TWK has a wide glass-forming
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region, and its properties have been studied well [147, 163-165]. The glass network of TWK
is composed of TeO, tbp, TeOs tp (ratio of tp to tbp is 0.3 [160]) and WO, tetrahedra, WOgq
octahedra units, and the reduction in the number of Te-O-Te bonds occurs due to the addition
of K 0. Also, the presence of W-O-W and Te-O-W bonds come from the substitution of wo+
for Te'*. The addition of WO3 contributes significantly to the thermal stability against devitri-
fication [163]. Therefore, it can be stated that WOj3 acts as a network former, while K,O acts as
a network modifier since an increase in KO decreases the network connectivity due to the
formation of NBOs. In addition, the TWK glass system has an extremely wide glass-forming
region thanks to weak Te-O-Te bonds [160].

TeO;-based glass systems have drawn significant interest due to their unusual properties
compared to other oxide glass systems. Their high refractive index, low phonon energy,
high third-order nonlinear susceptibility, large transmission window (up to 5 ym), high di-
electric constant, low glass transition temperatures, the high solubility of rare-earth ions,
and thermochromism are attractive for numerous applications in optics, photonics, and
optoelectronics [150, 163, 166, 167]. Several examples for practical applications have been
demonstrated as optical switching devices by second- and third-harmonic generations [168,
169], laser hosts [170], supercontinuum source [171], low-loss waveguide [172], integrated
optics [173], optical recording media [174], optical fibers and amplifiers [175], fiber Raman
amplifiers [176], and anodes for lithium-ion batteries (LiBs) [177].

3.2 Femtosecond laser and tellurite glass interaction

TeO,-based glass systems are well-known from the literature to be particularly suitable for
photonic applications. The available studies regarding their interaction with fs-laser pulses
include measurements of nonlinear properties, refractive index modulation, ion migration,
ablation, and patterning. Here, we present some selected studies in Figure 3.2.

To the best of our knowledge, the first study on the fs-laser irradiation of tellurite glass has been
reported on the positive refractive index change [178], as shown in Figure 3.2.1. The change
of refractive index can be tunable with the number of laser pulses and the peak power. Later,
various studies reported positive refractive index change in both non-cumulative and thermal
cumulative regimes [179-189], demonstrating a waveguide at 1310 nm in Figure 3.2.I1. Besides,
negative refractive index change has been observed under a few conditions [185, 188, 190, 191].
For instance, in Figure 3.2.1II, while waveguide A, written with a lower writing speed (2 mm/s),
exhibit two different refractive index depending on the location of the laser-modified zone,
the positive index change region in waveguide B is sandwiched between two negative index
contrast zones, written with 4 mm/s of scanning speed [188]. There are a few reasons behind
the change in refractive index. The first one is attributed to densification by the transformation
of TeO4 tbp to TeOs tp units, resulting in a highly packed glass network. In addition, the local
ion migration of Te is accompanied by the migration of glass modifier ions to the opposite
location. In this example, the ionic radius of Na (227 pm) or K (280 pm) is greater than the
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ionic radius of Te (210 pm), generating a space for the migration of Te ions.

In terms of morphological changes, micro-explosion near the surface of the tellurite glass was
reported [192]. Ablation threshold and the subsequent crater morphology [193] have been also
addressed elsewhere. Furthermore, Shimotsuma et al. has demonstrated the formation of a
periodic structure of voids with ~30 nm width in Figure 3.2.1V. Unlike alternating nanoplanes in
terms of oxygen content in fused silica, periodic voids perpendicular to the laser polarization in
a TeO, single crystal are generated in the material without removing any material by chemical
etching [194]. Compared to TeO; single crystal, the dissimilar thermal dependency of the
laser-affected zone in zinc tellurite glass comes from the difference in thermal diffusivity
and viscosity in Figure 3.2.V [195]. Furthermore, the elemental redistribution [196] and ion
migration of Te accompanied by a crack in the center of a focal spot [195] have been reported,
as shown in Figure 3.2.VI.

As the characteristic timescale of fs-laser irradiation shown in Figure 1.1, the process involves
the generation of high pressure and, depending on the repetition rate, heat accumulation in
the lattice. Upon annealing and/or phase decomposition under pressure, some tellurite glass
compositions or telluride compounds show crystallization [197, 198]. Likewise, upon fs-laser
irradiation in the thermal cumulative regime, the glass decomposition and the formation of
Te nanocrystals have been presented in the oxyfluoro-tellurite glass volume [199]. Later on,
the same group also studied the effect of the non-cumulative and cumulative regime inside
the phospho-tellurite glass [200]. After our observation of Te nanocrystals near the surface of
TWK, TWA, TNGPZ, and TZNB glass systems [143, 144], another study has also demonstrated
Te nanocrystals formation on tellurite glass doped with PbS, PbO, and PbO/ZnS upon pouring
molten glass into a pre-heated mold and upon fs-laser irradiation in cumulative regime [201].
The details are discussed further in the chapter.

In this chapter, we first report morphological and structural modifications on the surface of the
carefully selected tellurite glass compositions to ultrafast laser pulses in non-cumulative and
thermal-cumulative regimes. Our methodology is exposing the glass to ultrafast laser pulses
of varying intensity to highlight the photo-induced modifications and formation mechanisms
of self-organized nanostructures. Further, the effect of an open-air atmosphere (nitrogen,
oxygen, and humidity) is investigated 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. In addition, the influence of glass modifiers on photo-induced modifications
is considered with an effort to draw a general modification map for the tellurite glass family.
Finally, systematic research on morphological and structural photo-induced modifications in
the tellurite glass volume is summarized.
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Figure 3.2: Top: I) The change of refractive index with the number of ps- and fs-laser pulses
(taken from [178]). II) fs-laser-written waveguides and the mode-profile image of channel-
transmitted 1310 nm laser light (taken from [182]). IIT) DIC microscope images of waveguides
and propagation modes at 980 nm. EDS line scans along waveguides with SE images. The
laser parameters are 400 fs-laser pulses emitting 1040 nm at 1 MHz with pulse fluence is 2.9
J/cm?. The waveguide A and B were written with 2 and 4 mm/s, respectively (taken from
[188]). Bottom: IV) OM images of the modification in a,b) zinc-tellurite glass and c,d) TeO»
single crystal. The laser parameters in a,c) are 1000 pulses at 1 kHz; 1600 pulses at 200 kHz
in b,d) (taken from [194]). V) SE images of the modification in fused silica and TeO, single
crystal (taken from [194]). VI) BSE and EDS mapping images of the volume modifications in
zinc-tellurite glass ( taken from [195]).

3.3 Experimental procedure

3.3.1 Glass specimen preparation

Four different compositions of tellurite glass were investigated, each chosen for their 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 hrs within a
muffle furnace to produce TNGPZ and TZNBa. The melts were cast into a preheated cylindrical
brass mold, annealed at a temperature around the glass transition temperature for 5 hrs to
relieve the residual internal stresses, and cooled down slowly to room temperature. TWA and
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TWK 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 hr. The specimen was cut and polished
prior to fs-laser exposure.

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 [202, 203]. For this work, all the glasses are stress relief treatments at a temperature
chosen carefully according to the composition, thus, the thermomechanical effects on the
crystallization due to cooling are minimized. In addition, after stress relief treatment, all glass
rods were cut and optically polished into 1 to 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 fs-laser exposure.
Table 3.1 and Table 3.2 show the physical properties of tellurite glass specimens used in this
work.

Table 3.1: Sample, density (p), refractive index (n) at 1061 nm, band-gap energy (Eg), laser
modification threshold (E), and laser ablation threshold (Epation) in terms of pulse energy
and fluence of tellurite glass systems studied in this work at 1 MHz.

Sample p(g/cm®)  n  Eg(eV) En®)) EaplationM))  Eablation J/mm?)

TWA 6.3 - - 15 75 98
TZNBa 5.33 1.997 3.01 10 150 197
TNGPZ 5.44 2.097 2.86 5 150 197
TWK 5.31 2.025 3.04 10 250 328

Table 3.2: Sample, transmission window, dielectric constant, polarizability, the glass transition
temperature, the crystallization temperature, the melting temperature, and Young’s modulus
of 80TeO,-10W03-10K>0 (mol%) (TWK) glass [163, 165]

Sample T (um) ¢ Polarizability Tg(K) Tx(K) Ty (K) E(GPa)
TWK 0.4-5 30 6.18x107%* 584 729 892 41.95

3.3.2 Femtosecond laser irradiation

An Yb fiber-amplifier femtosecond laser (Yuzu from Amplitude Laser) emitting 270 fs pulses at
1030 nm was used in this experiment. Laser patterns were inscribed on the surface and in the
volume (with a depth of 100 um) of the different tellurite glasses as parallel lines with varying
lengths of 1-10 mm. To observe morphological evolution over the depth, a tilted inscription
with a small angle of 15° was performed (see Appendix C). 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 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?)
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of 1.94 um (see Appendix A for the laser spot size measurement). The transition from a non-
cumulative to a cumulative thermal regime exposure regime was determined by observing
the evolution of the width of the laser-affected zone with the pulse repetition frequencies for
the same net fluence at static exposure conditions. A wide range of pulse repetition rates (1
kHz-1 MHz) was employed. The transition from a non-cumulative to a thermal-cumulative
regime was found at around 200-400 kHz. The repetition rate of 1 MHz lies well within the
cumulative regime for the glass. The evolution of the width of the laser-affected zone upon
static exposure conditions was demonstrated in Appendix C. For comparative experiments
between the two exposure regimes, 1, 10, and 100 kHz-pulse repetition rates were used for
representing the non-cumulative thermal exposure regime. Pulse energy and translation
velocity were selected as variables to obtain different deposited energies. Here, pulse-to-pulse
overlapping ratios were varying from 0 to 99.9%, and the pulse energy was ranging from 1
nJ to 500 nJ, as measured after focusing with the objective lens (see Appendix A for details
of the calculation of net fluence). Furthermore, the patterns 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 electrical field E) defined as parallel,
at 45 °, and perpendicular to the writing direction, respectively.

Furthermore, the importance of the non-linear ionization process is highlighted by exposing
the same glass with the fs-laser emitting UV wavelength (343 nm; 450 fs-laser Tangor from
Amplitude Laser), compared with the fs-laser emitting near-IR with similar pulse duration
(500 fs-laser Yuja from Amplitude Laser), and pulsed CO; laser irradiation (10.6 um; 1 us - 1
ms Synrad Firestar ti60).

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 3.14 for constant dry air flow [O2(g)+N2(g], relative humidity level < 2%
(industrial grade, to eliminate the condensation)] and dry nitrogen flow [N2(g), purity > 99.9%],
whereas, only inlet was kept under a vacuum (<103 Pa) in the dry chamber connected to
pump. The results are compared with the open-air atmosphere [O2(g)+N>(g), relative humidity
level is 40% - measured constantly]. To eliminate the possible moisture on the surface of the
chamber (refer to crystal water), the chamber was heated to 400 K for 2 hours in a furnace. In
addition, desiccant salts were added to the chamber. Then, the dry chamber was flushed with
constant dry nitrogen flow for 24 hours before the experiment. The same laser parameters
were employed as mentioned above.

3.3.3 Specimen characterization

After laser exposure, specimens were observed using an optical microscope (BX51 from Olym-
pus) and a digital optical microscope (KH-8700 from Hirox). 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
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attenuated down to 4 mW was used to record Raman spectra of TWK, TZN, and TGNP. 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 100x-732 nm from
Thorlabs). A series of line scans were performed from 10 ym 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 wave-
lengths 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 2x2 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. Photolumines-
cence (PL) imaging was performed by an in-house built setup [204]. The samples were excited
using a laser (from Ostech) with a wavelength of 808 nm, operated with a power of 1.2 suns,
and the images were recorded with a camera (Si-based from PIXIS Princeton instrument). In
addition, 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.

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). Transmission electron microscope (TEM, Talos
F200S from ThermoFisher) images were obtained operating at 200 kV. TEM lamellae (thickness
of about 100 nm) were prepared by a focus ion beam (FIB, NVision 40 dual-beam from Zeiss)
at 5kV and 30 kV. FFT and SAED patterns were fitted with electron diffraction simulation of
GenOVa [130]. Finally, cross-sectional milling was performed in another scanning electron
microscope combined with a focused ion beam (SEM-FIB from FEI Nova 600 NanoLab). The
milling was performed using a Ga-ion source operated at 30 kV acceleration voltage and 7 nA
emission current.

3.4 Results and discussion

3.4.1 Self-organized nanostructures in non-cumulative regime

Self-organized surface structures have generated enormous interest since it has been shown
an enhancement in various properties and/or the addition of new functionalities to the surface
of many materials. In this section, we investigate self-organized surface structures on the
tellurite glass surface exposed to ultrafast laser under certain conditions in terms of laser
parameters.

Let us first examine the morphological modifications on the surface in the case of single to a
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few pulses exposure, i.e., from no to gradual accumulation of pulses. A lower repetition rate is
beneficial not only for an observation in a non-cumulative regime but also for a high level of
control pulse overlapping in dynamic writing conditions. At 1 kHz, the effective number of
pulses at the focal volume rises from a single pulse to ten pulses forming continuous tracks.
Figure 3.3.a-j displays SE images of the pulse-to-pulse laser-affected zone on the TWK surface
at 1 kHz and pulse energy ranging from 50-500 nJ. The formation of the cavity and hole
in a single shot continues further with the number of pulses. Interestingly, up to 10 pulses,
instead of self-organization nanostructures, irregular patterns continuously along the track are
present. With the 10" pulse, nanostructures, oriented perpendicular to the laser polarization,
become distinguishable in all pulse energies. The periodicity is proportional to pulse energy,
increasing from 161 nm to 273 nm between 50 nJ to 500 nJ, presented in Figure 3.3.k. The
minimum required laser fluence to obtain nanostructures is 3.3 J/mm?, although the first
observable modification requires only 0.0033 J/mm? at 1 kHz.
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Figure 3.3: SE images of self-organized nanostructures on TWK glass at 1 kHz. a-d) Laser-
written tracks at 500 nJ; e) 400 nJ, f) 300 nJ, g-h) 200 nJ, i) 100 n]J, j) 50 nJ. k) The average
periodicity of the nanostructures after 10 pulses.

Here, we examine the structural evolution in the case of a single to a few pulses exposure. The
rationale of these investigations is to unravel step-wise mechanisms leading to the photo-
induced modifications on tellurite glass. Figure 3.4.a-b presents a schematic illustration of
the typical laser processing and the structural evolution of the tellurite glass surface after the
inscription. Figure 3.4.c-e demonstrates characteristic features and spectroscopy results after
single to few laser pulse exposure. Figure 3.4.c shows the OM images and the Raman spectra
of the laser-modified zones on the surface of tellurite glass.

The glass network of TWK is composed of TeO,4 tbp, TeOs,; distorted trigonal bipyramids
(d-tbp), and TeOs tp units. It results in the presence of Raman peaks located at around 490,
610, 670, 720, and 790 cm™!, and assigned to a symmetrical stretching of Te-O-Te linkages,
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continuous network of TeO,4, antisymmetric stretching of Te-O-Te linkages consisting two
unequivalent Te-O bonds, Te and NBO of TeOs,; and TeOs, stretching of Te-O™ in TeOs,; and
TeOs, respectively [163]. Depending on the glass composition, additional peaks can originate
from glass modifier oxides. For instance, in TWK, Raman peaks at around 355, 860, and 920
cm’! are related to tungsten-oxygen vibration, i.e., the stretching vibrations of W-O-W in
the WOg units, the stretching of W-O, W-O™ and W=0 bonds associated with WO, and WOg
polyhedra [163, 164]. All these units are considered the backbone of the glass structure, whose
intensity reduces by the presence of the peaks at lower wavenumber after fs-laser irradiation.

The tabulated assignment of Raman bands are presented in Appendix C.

We note the presence of vibration peaks corresponding to trigonal tellurium (t-Te) after two
effective pulses per focal volume in Figure 3.4.c-d. The characteristic vibration peaks of
the laser-affected zone are located at 118, 139, and 260 cm™!, corresponding to A; and Ep
modes, and second-order spectra, respectively [205, 206]. 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 K [207] due to higher
stress around the interface, yet, it can be found up to 473 K [208] in some compounds of
Te. In a different set of experiments, Vasileiadis et al. [209] reported the short-live presence
of a-Te (similar peak ~170 cm™) during the first exposure of a tellurite glass to continuous
wave lasers (at visible wavelengths) at low power density. In addition, a peak at ~238 cm™
that may originate from ionized Te dimers (Te, color center) or Te, or Te, clusters [210-
212]. Another possible identification of this peak is TeO3%" (specifically the -OH units in the
hydrogen bonding of (TeO3)?" units [213] in the glass network) at the expense of those with
higher wavenumbers, may indicate that the glass network is progressively cleaved. A few other
studies state that this peak may also be related to the formation of WO3 crystals [214, 215],
rhombohedral-TeOs [216], or §-TeO; crystals [217]. Interestingly, this peak appears at every
even pulse up to ten pulses and eventually disappears from Raman spectra when the fs-laser
process is performed in an open-air atmosphere. Figure 3.4.d shows the changes in relative
peak intensities extracted from Raman spectra in Figure 3.4.c. 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 2x2 mm? on the TeO,-based glass
surface in Figure 3.4.e indicate that the UV cut-off wavelength was approximately 460 nm
(corresponding to 2.7 eV). The transmission spectra are progressively decreasing due to the
formation of t-Te after each pulse. Compared to Raman spectra results, UV-VIS spectra results
represent the gradual change in the glass structure upon single-pulse to two-pulse irradiation.

The time-dependent temperature distribution of focal volume calculated by thermal diffusion
[136] of multi-pulse irradiation at 1 kHz is shown in Figure 3.4.f. The temperature rises quickly
in the focal volume, and the lattice cools down with a typical quenching rate of ~10'* K-s’!
eventually leads to supercooling of new dense phases and/or metastable phases recovered
under extreme conditions [137]. As the pulse interval (1 us) is longer than the lattice cooling
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time, the temperature rise is not affected by the second pulse. We note that the modification
created upon the first pulse changes the overall material properties within the focal volume,
resulting in different thresholds, ionization rates, etc., for upcoming pulses.
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Figure 3.4: Schematic illustration of elemental Te production by fs-laser inscription on TeO;-
based glass and its characterization at 1 kHz. a) fs-laser direct-writing process. b) The crystal
structure of t-Te and the formation process of t-Te. c) Optical microscope image and Raman
spectra on the surface of TeO,-WO3-K,O glass upon fs-laser inscription at 1 kHz with 200 n],
and from no overlap to 10 pulses (incoming pulse fluence: 0.03-0.66 J/mm?). d) The relative
intensity change of the main glass network peaks of the center of the laser-affected zone
for each inscription indicated in a. Inset image shows the change in relative peak intensity
upon single laser exposure. e) The transmission spectra of the scanned area of 2x2 mm?
with a different number of pulses per focal volume, f) simulated temporal evolution of the
temperature at 1 kHz.

A similar laser exposure at 1 kHz was performed on the glass with a temperature ranging
from 77 to 293 K. The sample is cooled with liquid nitrogen in a designated chamber to avoid
possible thermal effects. The Raman spectra of pristine glass and three-pulse exposure are
presented in Appendix C. 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
elemental crystallization or “phase separation” process.

Figure 3.5.a-c shows the TEM images (including HR-TEM) after a single fs-laser pulse. The
overall SAED pattern in Figure 3.5.a presents a bright amorphous ring with several polycrys-
talline diffraction spots. The crystallized width is ~1 ym, and the overall depth is ~350 nm. The
laser-affected zone shows three different crystallization morphology over its depth, namely,
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ejected and subsequently resolidified nanoparticles, densely packed nanocrystals, and scat-
tered spherical nanocrystals, respectively. The different morphology of nanocrystals along the
depth is related to the laser processing itself, similar to a recent study of Cu ablation by fs-laser
irradiation [218]. The temperature decreases exponentially along 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 overlapping each other.

Figure 3.5.b shows an ejected particle, whose appearance is rare in single laser pulse irradiation.
The FFT of the image indicates the presence of a nanocrystalline phase of t-Te along [100]
direction, even though most of the particle remains in a glassy state, possibly due to the
presence of glass structures. Figure 3.5.c shows an HR-TEM image of the center of the laser-
affected zone with densely packed nanocrystals of polycrystalline t-Te along [100] direction,
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 [142]. The high lattice mismatch is related
to laser-induced stress. A prominent example is twisted bi-layer graphene, which forms Moiré
fringes at a particular angle and exhibits superconductivity and other electronic properties
[219].

Figure 3.5.d-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+2.78 nm. Several crystal orientations coexist in the FFT image of
Figure 3.5.f. The interplanar 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 pulses exposure are covered in Appendix
C. 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. In addition, the three-pulse exposure displayed in Figure 3.5.g-i highlights the growth
of the laser-affected zone proportional to the number of pulses. Similar to the two-pulse
exposure case, the irregular surface accompanied by the cavitation is still present along with
t-Te nanocrystals near the surface.

3.4.2 Glass decomposition and the formation of Te nanocrystals

Glass compositions are generally designed to stay in a glassy state for their particular applica-
tions. It is more common for complex glass systems to crystallize than to decompose under
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Figure 3.5: a-c) Single pulse exposure case at 1 kHz with 200 nJ (incoming pulse fluence: 0.065
J/mm?): a) TEM images of the overall laser-affected zone within the focal volume with an inset
image of SAED pattern. b) HR-TEM image of a nanoparticle in a) with inset images of Fast
Fourier transformation (FFT) patterns oriented along the crystallographic [010] axis and c) HR-
TEM image of the subsurface. Inset images show FFT patterns along the [010] crystallographic
axis. d-e) Two-pulse exposure case at 1 kHz with 200 nJ (incoming pulse fluence: 0.13 J/mm?):
d) TEM images of the overall focal volume and e) details of the laser-affected zone. f) HR-TEM
image of the subsurface zone with inset images of FFT patterns. g-i) Three-pulse exposure: g)
TEM images of the overall focal volume and h) details of the laser-affected zone upon three
laser pulses. i) HR-TEM image of the subsurface zone with inset images of FFT patterns.

traditional heat-treatment processes. For instance, the formation of a-TeO,, y-TeO,, and 6-
TeO, crystals, glass modifier crystals of WO3, or complex oxide crystals of Ko Te;Og (potassium
tetratellurite) were observed upon heat treatments [197, 202, 220, 221]. Depending on the type
and the amount of glass modifier oxides, however, Te?* ions in TeO,-based glass units can
reduce partially to Te® by the presence of reducing glass modifiers, such as Sb,O3 upon glass
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melting and annealing [222, 223]. In this specific case, the reduction of Te and oxidation of Sb
occur homogeneously in the glass volume without any control over their precise locations.

So far, the formation of Te from tellurite glass has been observed in a handful of studies where
researchers employed the addition of reducing oxides [222, 223], electro-chemical charging-
discharging [177, 224] and ultrafast laser processing, the approach discussed in this thesis. In
this section, we first revise what tellurium is, its properties, and common fabrication routes
for micro/nano-scale devices. Further in the section, we unravel the in-depth tellurite glass
decomposition and the formation mechanism of laser-induced elemental t-Te by pulse-to-
pulse evolution in a non-cumulative regime.

Tellurium (Te) is a naturally occurring elemental van der Waals material that has a p-type
narrow band gap semiconductor behavior, featuring a chiral atomic structure [225]. It has
a trigonal crystal structure with three atoms in the unit cells, which are covalently bonded.
Te atoms form 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, as shown in Figure 3.4.a. Depending on the helicity
of the chains, either left- or right-handed (i.e., space groups P3,21 and P3;21, respectively),
the material exhibits a chirality-dependent behavior [226-229]. Te has gained considerable
interest because of its unique structure originating mainly from its electronic structure with
four 5p-orbital valence electrons in the outer shell, with two 5s-lone-pair electrons [230]
that lead to particularly attractive piezoelectric [231], thermoelectric [232], photoconductive
[233], strain-sensitive [229], and nonlinear optical responses[10]. Promising devices have
been reported recently, such as low-dimensional field-effect transistors [234-236], energy
harvesters, and photothermal converters [237, 238].

To unleash the technological potential of Te, one has to master the production at the nanoscale.
However, producing thin films, nanosheets, nanorods, nanowires, and nanoparticles remains
challenging [239]. Numerous processes have been proposed, including chemical vapor depo-
sition (CVD) [240], hydrothermal method [234], molecular beam epitaxy [241, 242], solution-
based growth [243], vapor phase synthesis, growth vapor trapping [236], with many recent
efforts on pulsed laser deposition [244], magnetron sputtering [245], and liquid exfoliation
[246]. Here, we discuss the fabrication of t-Te nanoparticles and nanocrystals, starting from
their glass oxide counterparts (TeO,-based glass). Specifically, here, we are concerned with
tellurite glass compositions that do not display any crystallization upon cooling and do not
contain any dopants as a reducing agent.

With ultrafast laser processing of tellurite glass, one of the first requirements to obtain t-
Te locally from TeO;-based glass from the laser parameters are fs-laser pulse (270-1015 g),
high peak intensity with near-IR wavelength to satisfy the non-linear absorption, which
subsequently leads to ionization and breakage of the bonds. The importance of the non-linear
ionization process is highlighted by exposing the same glass with the fs-laser emitting UV
wavelength (343 nm; 450 fs), compared with the fs-laser emitting near-IR with similar pulse
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duration, and pulsed CO; laser irradiation (10.6 yum; 1 us - 1 ms). The Raman spectra in
Figure 3.6 show the signature peaks of TeO; crystals, similar to the results obtained from the
annealing process [202]. The results highlight the importance of the interaction time and the
non-linear absorption mechanism.
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Figure 3.6: Raman spectra of the laser-affected zone in various exposure with OM images. a)
After exposure with fs-laser emitting 500 fs pulse at 1030 nm, b) After exposure with fs-laser
emitting 450 fs at 343 nm, and c) CO; pulsed laser emitting at 10.6 um. CO; pulsed laser
combines a relatively short pulse duration and high laser peak power at small average laser
power (a few Watts).

The proposed formation mechanism of t-Te from TeO»-based glass under a few pulses is as
follows:

1. During fs-laser irradiation, the plasma is seeded by the multiphoton absorption process
(~three photons) and fed through avalanche ionization of the electrons excited to the con-
duction 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 cooperative group of molecules (Tey
clusters) consisting of two or more Te atoms together, it leads to the formation of crystalline
structures 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 [247, 248]. 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. The unlocalized electrons in
Te rises chain-to-chain bonding strength so that the interchain contributions increase as the
glass contains more Te content [249]. According to the configurational entropy model, Te-O-Te
network bonds are weak in TeO»-based glass and bond breaking can occur upon annealing
around T [163]. While Te makes Te-Te bonds, oxygen ions can form molecular oxygen (O2g)
as observed in other glass systems [33], 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 WO5; or WOg 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 WO3 formation
more favorable and promoting the reduction of TeO, into Te [250, 251].
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2. As the material is modified gradually in the focal volume, the subsequent laser pulse
encounters with transformed material each time. The following pulse will be less efficiently
captured by the material due to scattering by the surface roughness introduced previously
[252]. 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 of the ~238 cm! in Raman spectra in Figure 3.4 can be due to Te; or/and Te, clusters
or interaction between species of Te-O with relative humidity, resulting in -OH groups in
(TeO3)? unit. As mentioned in the first step, the self-reduction reaction of Te accompanied
by the formation of Tey, 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 cavity 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 TeO,-based glass units. The following chemical reactions can occur in the

plasma:
Te** +4e =Te' (3.1)
20% +4e = Oy (3.2)

The other potential assignment of the peak at ~238 cm'! is -OH groups in (TeO3)?" unit, which
can be formed during the bond cleaving of the glass network such as TeOy4, TeOs,1, and TeOs.
The origin of -OH groups can be from the inherent dangling bonds on the surface 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 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 surface.
Later, the substrates were kept in a dry-air atmosphere until the fs-laser exposure. In addition,
it has previously been shown that tellurite glass exhibits strong resistance against relative
humidity [253]. However, the interaction with the species in an open-air atmosphere in the
plasma cannot be excluded completely. Therefore, the following reactions may be occurred in
the plasma and facilitate Te formation in the open-air atmosphere [254]:

TeOs = TeO3% +2¢° (3.3)

57



Chapter 3 Non-silicate oxide glass systems: Tellurite glass

TeO3> +4e +6H" =Te’ g +3H,0 (3.4)

3. In theory, this reaction can go as long as there is a source for Te in the focal volume,
such as TeOy, TeOs,;, and TeOs units. Let us now examine the stopping mechanism of the
t-Te formation. Figure 3.7.a 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, and the concentration of Te in the glass network decays,
which, in turn, affects the formation of t-Te nanocrystals and the degree of supersaturation.
After the tenth pulse, the saturation indicates the completion 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 nucleation kinetics of t-Te nanocrystals. Another
reason is the formation of an anisotropic surface nanostructure, which makes electric field
distribution non-uniform. The proposed scenarios of tellurite glass decomposition and the
formation of t-Te under a few pulses are schematically illustrated in Figure 3.7.b.
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Figure 3.7: a) The percentage of t-Te Raman peaks (I113, 139, 260) at the laser-affected zone and
the maximum depth of t-Te to the number of effective pulses (measured from TEM images).
b) The schematic representation of the possible scenarios of polyatomic-ions migration
processes and the formation of t-Te an under few pulses.

3.4.3 Self-organized nanostructures in thermal cumulative regime

We now consider the case where the time between pulses is shorter than the lattice cooling
time constant, which typically occurs in a few us [7]. In this section, we investigate the
formation of self-organized nanostructures on the surface of the tellurite glass resulting from
multi-pulse irradiation coming from a scanning fs-laser beam in a thermal-cumulative regime.
In particular, we report on new observations that challenge our current understanding of laser-
induced nanostructure formations, highlighting the complexity and diversity of phenomena
underlying this self-organization process. In addition, we observe the effect of temperature on
the formation of t-Te nanocrystals and their growth.

Figure 3.8.a-i shows the laser-affected zones after irradiation with a pulse energy of 200 nJ
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and a pulse overlapping ratio of 99.5% at a pulse repetition rate of 1 MHz. At 1 MHz, in
the thermal-cumulative regime, self-organized nanostructures, consisting of parallel planes,
oriented perpendicular to the laser electric field orientation, significantly wider than the focal
area of the laser beam formed at the tellurite glass surface are observed. This fact raises
interesting questions concerning the underlying mechanism driving self-organization in this
particular case. To date, the formation of nanogratings has been interpreted as a subtle
interplay between the incoming intense laser field and the material under direct exposure.
While such a mechanism may also be present here, it is not sufficient in itself to explain the full
extent of the modification. In addition, laser inscription was performed along an artificially
tilted sample to observe the change of the modifications with respect to depth, as illustrated
in Appendix C.

The modification exhibits two distinctive periodic arrangements: one, in the center, character-
ized by 800 nm-spaced nanoplanes, and a second one, near the edges of the laser-modified
zone, consisting of periodic structures with a periodicity of 250 nm with a much smaller span
than the one found in the center. It is worth noticing that the secondary nanostructures found
at the edges of laser-affected zones are best visible for a polarization perpendicular to the
writing direction and absent for a polarization aligned with the writing axis.

The electric field strength appears to be an essential parameter for triggering or suppressing
self-organized nanostructures at the focal area as evidenced by varying the pulse energies
in Figure 3.8.h-i. When multiple pulses accumulate at a fast enough rate, the temperature
rise causes the material under exposure to melt locally (Figure 3.8.h). The nanoplanes and
the secondary nanostructures are generated at higher pulse energies, consequently, at higher
temperatures. They are not present at lower pulse energies (Figure 3.8.i). This sharp transition
suggests the existence of a field-intensity threshold for triggering the self-organization process.
In another research field exploring ‘electro-crystallization’, Luedtke et al. showed field-induced
shape deformations in dielectric liquid nano-droplets [255]. Similar to Figure 3.8.j, at a low
electric field, field-induced shape change was observed. Further increase in the electric field
resulted in a gradual enhancement of the molecular dipole reorientation. Although in Luedtke
et al, the electrical field is not produced by a laser, we note intriguing similarities.

In practice, the observable surface modification threshold is found for pulse energies of 10
nJ, while the nanostructure formation starts at around 20 nJ and extends beyond 200 nJ up to
the point where ablation occurs. As a characteristic signature of a temperature-cumulative
process, decreasing the translation velocity (i.e., increasing the pulse-to-pulse overlapping
ratio) at fixed pulse energy enlarges the modified width. Likewise, at fixed translation velocity,
increasing pulse energy causes a widening of the modified area up to 10 um. The span of
self-organized nanostructures changes accordingly with an exposure time and space, and
remarkably, beyond the region under direct laser exposure.

FIB milling was performed to observe the profile of these nanostructures and their extent
within the material itself (Figure 3.9.a-b). Unlike surface structures reported before that are
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Figure 3.8: SE and BSE images of TWK surface after fs-laser irradiation at 1 MHz with different
linear polarization orientations to writing direction (as indicated with the electric field ori-
entation): a) SE and b) BSE images with longitudinal, c) 45 °, and d) transverse polarization.
e-g) Magnified BSE images of a boundary between the modified region and the pristine glass.
The incoming pulse energy and writing speed were 200 nJ and 10 mm/s (incoming pulse
fluence: 13 J/mm?), respectively. h) BSE images of 10 nJ, 0.5 mm/s (13 J/mm?); i) 200 nJ, 0.5
mm/s (262 J/mm?). j) Plot of the width of the microstructures versus pulse energy at con-
stant writing speed (0.5 mm/s). The red and blue curves represent the width of the modified
microstructures at 100 kHz and 1 MHz, respectively. In the non-thermal process, the width
remains within the range defined by the beam waist at the surface. The red circle indicates the
diameter of the laser spot.

in the scale of a few tens of nanometers, the depth of the nanostructures is around 1 ym
in our case and increases with the pulse energy [256]. These observations show that higher
fluence increase both lateral and depth extensions of modified volumes. Similarly, a fluence-
dependent growth of the melt depth has been observed in photo-excited tellurium films [207,
257].

EDS observations of laser-modified zones in TWK glass are shown in Figure 3.9. Overall,
little variations in the chemical composition have been observed as a consequence of laser
irradiation. The first nanostructures observed for laser-pulse energy around 20 n]J is shown
in Figure 3.9.c. Nanoplanes show alternating Te and O contents, whereas the overall W
content remains slightly higher. Figure 3.9.d shows the elemental distribution across a laser-
modified zone obtained with a pulse energy of 100 nJ. Alternating Te and O contents along
nanoplanes are observed. Compared to the pristine material (dashed lines in Figure 3.9),
both modifications show approximately 3 wt% higher Te, 4 wt% lower O, and 1 wt% higher W
contents. Changes in the chemical composition of tungsten, tellurium, and oxygen elements
are also found beyond the nanoplanes. On the other hand, the content of K atoms remains
constant since it is the key modifier of the backbone tellurite glass structure. Experiments
have shown that potassium is not sensitive to variations in the local structure of the glass,
and the structure of potassium-tellurite (K,O-TeO-) glass has been preserved without any
decomposition during heating and cooling cycles [197].

60



Non-silicate oxide glass systems: Tellurite glass Chapter 3

[}

,
€ —Wwt%——Kwt%— O wt%—— Te wi% — Wt
80

K wt%

O wt%:

Te wt%

~
o

= i T W St

S

< 60 Kool

s £

g % Z 50 S

= 40 S

D 2 40

o] k7]

| £ %0 Q3f

| & £

O 20f G 20t

O A
10 10 F 12.8 wi%|
ol e v Y P AR i
o 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12 14 16 18 20
Distance (um) Distance (um)

Figure 3.9: SE images of FIB-cut in TWK glass: a) 30 nJ, 100 mm/s (0.2 J/mm?) and b) 100 n],
0.5 mm/s (131 J/mm? at 1 MHz), respectively. Inset images show the modified zone before FIB
milling. The scale bars in both inset images are 1 um. Elemental distribution across a modified
zone accompanied with SE images at 1 MHz: c) 20 nJ, 0.5 mm/s (26 J/mm?); c) 100 nJ, 0.5
mm/s (131 J/mm?). Colored values indicate the average composition along the scanned line.
Dashed lines indicate the composition of pristine glass. All images correspond to a transverse
polarization (to the writing direction) and a 1 MHz pulse repetition rate.

To investigate further the laser-induced modifications, we performed Raman spectroscopy
measurements on various specimens. Figure 3.10 shows the optical microscopy images of
TWK surfaces after fs-laser irradiation and the corresponding Raman spectra collected at
points distributed across the laser-modified zone with a spatial sampling period of 1 um.
The morphology of the line in Figure 3.10.a is similar to the one in Figure 3.8.h. Gradual
modifications of the glass network are observed along the scanned line as shown in Figure
3.10.b. The spectrum at the beginning of the Raman scan (at x=-10 um) is similar to the one
of the pristine glass. The peak assignment, presented in Table Appendix C, was performed
based on the work from Kosuge et al. [163, 164]. The main peaks are found around 355, 490,
610, 670, 720, 790, 860, and 920 cm™!.

Along the scanned line in Figure 3.10.b, a few peaks with lower wavenumbers start to appear
three micrometers away from the center (x= 0 um). As their intensity gradually increases
towards the center, the main peaks assigned to structures in the glass vanish in Figure 3.10.c.
Raman spectra are deconvoluted into Gaussian bands, and accordingly, the peaks at 119, 139,
170, 220, and 260 cm™ are observed at the center of the modified region. Peaks at 119, 139, 220,
and 260 cm! belong to a crystallized t-Te phase. 170 cm! is attributed to Te-Te homopolar
bonds in a-Te. This result indicates the existence of a chain-like structure within the glassy
matrix after fs-laser irradiation. Detailed information on the deconvolution of Raman spectra
is presented in Appendix C.

Figure 3.10.g-i shows the relative intensities of the main peaks at various fluences. From
outside of the modification to its boundary, the concentration of Te-O bonds decays in quantity.
At the boundary of nanostructures, there is a sharp increase in t-Te/glassy-TeO> ratio, followed
by a decrease towards the center. There, the t-Te content decreases with laser fluence and
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transforms to glassy-TeO,, the intensity of peaks related to TeO3+TeO3,; increases, and finally,
TeO4 tbp decreases as reported for the tellurite glass with higher glass-modifier content.

Furthermore, the crystallization event expands beyond the focal volume and nanostructures,
as in Figure 3.10.d-f. At a fixed number of pulses, an increase in pulse energy significantly
affects the crystallization width. Above the non-linear absorption threshold, the crystallized
width increases approximately by 2 um for every 10 nJ when the translation velocity is fixed to
0.5 mm/s. Likewise, at a fixed pulse energy, the translation velocity has a dominant effect on
the crystallized region. In Figure 3.10.f, self-organization is localized within 10 ym, whereas
the crystallized zone is found in a wider region (up to 40 um). These observations are similar
to a heat-driven process.

Both, Raman spectroscopy and EDS results of the self-organized nanostructures are consistent
with one another. In brief, after the fs-laser irradiation, a cohort of tungsten atoms migrate to
the vicinity of the nanostructures, whereas oxygen is removed along modified zones. TeOs tp
and TeOs,; d-tbp proportions are greatly reduced and change appreciably in the spatially con-
fined medium, as Te becomes depleted by deoxygenation. In the meantime, the coordination
number of tungsten atoms might be altered, inducing a change in the Raman peak-intensity
ratio I355/Ig20. At lower pulse energy, the modified zone consists of a-Te and t-Te. At higher
pulse energy, the final microstructure depends on the exposure dose (i.e., the number of
cumulative pulses). For low-pulse overlapping ratios, only t-Te and a-Te are found via Raman
spectroscopy analysis after a few pulses of exposure. As pulses accumulate, the temperature
becomes high enough over a longer time to promote further glass decomposition. However,
during this process, defects and dangling bonds of Te may react with neighboring oxygen
molecules. This oxidation process in the nanostructured zone supports the following transfor-
mation sequence: t — Te+a— Te — glassy — TeO; [209]. Localized ionization of the ambient
air due to the high irradiance (~10-30 TW/ cm?) [258] in the vicinity of the material surface is
likely to further enhance this effect by feeding ionized oxygen atoms to the oxidation process.
In parallel, the migration of tungsten elements contributes to preserving the glassy-TeO, along
the nanoplanes.

Self-organized nanoplanes in the center of laser-affected zones and secondary nanogratings
at the boundaries have notable differences in terms of structures highlighted in Figure 3.10.
Similar to Raman results, EDS shows slight differences in elemental content (Figure 3.9). We
attribute the formation of these secondary gratings to mechanical rupture and cracks for-
mation during solidification caused by a difference in thermal expansion coefficient at the
boundary between modified and unmodified materials. To support this observation, we note
that since W®* is a heavy metal ion, the depletion of W from the matrix in the nanogratings
distorts the glass network and contributes to high-stress levels at the phase boundaries, even-
tually leading to cracks formation. The periodicity of these boundary nanocracks originates
from the periodicity of the nanogratings phase itself. The fact that the periodicity of the
secondary nanogratings does not change with laser fluence, further supports that this process
is of thermo-mechanical origin, and not an immediate outcome of laser exposure. Note that

62



Non-silicate oxide glass systems: Tellurite glass Chapter 3

a b e c
s %y
6
9 g ?
R &
& ?
— > ]
. E = center, x=0pm
3 Z 5t
g £ el
= 2 = -
5 a % i pristine,
= E[ x=10um
w [}
c |~ o
S — / [
c . | | T 0@ L
200 400 800 800 1000 200 400 600 800 1000
~ -1
Wavenumber (cm™) f Wavenumber (cm™)
hmc Lico
— —_
80 8o
£ 2z
2 60 2 50
[] j7]
8 2
E <
40 Q%
= =
@ @
& 20 &£ 20
0
8-76-5-4-3-21012345¢677E8 8-76-5-4-3-2-1012345678 8-76-5-4-3-2-1012 345678
Location at x-direction (um) Location at x-direction (um) Location at x-direction (um)

I I 2o 77 B 219 I 263 I 355 I 490 6101670 ] 720 ]790[_ ]860[ _]920]

Figure 3.10: a) OM images of potassium-tungsten tellurite surface after fs-laser irradiation
with laser parameters of 10 nJ, 0.5 mm/s (13 J/mm?) at 1 MHz. b) Raman spectra collected by
scanning the laser across the modified zone and spectra collected at each 1 um. The yellow
dash line indicates the scanned line with the Raman laser. c) Raman spectra were taken at the
center of modification at x= 0 um and in an unmodified region at a position of x= 10 um away
from the center. OM images of TWK surface after fs-laser irradiation at 1 MHz: d) 20 nJ, 0.5
mm/s (26 J/mm?); ) 200 nJ, 10 mm/s (13 J/mm?) and ) 200 nJ, 0.5 mm/s (262 J/mm?). g-i)
Relative intensities of the main Raman spectra peaks found in modified zones (by scanning
across the modified zone with 1 ym of step size). White dash lines indicate the Raman scanned
lines and directions. The color-coded legend shows the main peaks and their assigned colors.
The black scale bar is 20 ym.

some of these nanocracks are also seldom present in the middle of the laser-affected zones, in
between nanoplanes (see Figure 3.8 for a few examples), which is consequent with a fracture
during the solidification model, as proposed above. It also explains why fewer to none is found
in the case of a polarization perpendicular to the writing direction, as the vertical morphology
of nanoplanes leads to fewer stress-concentration points, prone to crack-nucleation.

The fabrication of localized crystalline t-Te provides also a means for exploring how laser-
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induced geometric confinement around the focal volume. Thus far, we described how the
TeO,-based glass network undergoes a dramatic modification. For further analysis with
advanced techniques, we select a representative laser parameter, the same as in Figure 3.10.i.
The extended self-organized nanostructures, perpendicular to the laser polarization, and
ejected nanoparticles, which are byproducts of laser exposure, are shown in Figure 3.11.a.
The transmission spectra of the pristine glass and the laser-affected zone are presented in
Figure 3.11.b. 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 nanostructures and nanoparticles. As for the Te nanoparticles
[238], the absorption spectrum of the laser-affected zone shows broadband absorption with
two distinct peaks around 400 nm and 1000 nm. Figure 3.11. displays the time-dependent
temperature distribution of the focal volume calculated using the thermal diffusion model for
the case of multi-pulse irradiation at 1 MHz. TeO,-based glass under the three-dimensional
(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, subsequently leading to a melting
of the glass surface.
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Figure 3.11: a) AFM image of surface nanostructures at 40.6x40.6 um area with z-direction
intensity of 1.99 yum. b) UV-VIS transmission spectra of TWK glass surface (thickness of
2 mm) and after fs-laser exposure of 200 nJ with ~4000 pulses (incoming pulse fluence:
262 J/mm?). Inset: The schematic of laser-modified area (2x2 mm?) on TWK glass for UV-
VIS spectroscopy. c)Temporal temperature evolution during the first ten pulses within the
focal volume. The dashed lines indicate the glass transition (Tg), crystallization (Ty), and
melting (Ty,) temperature of the TWK glass after fs-laser exposure of 200 nJ with ~4000 pulses
(incoming pulse fluence: 262 J/mm?).

Figure 3.12 shows BSE and TEM images of the laser-affected zone on the tellurite glass surface
upon multi-pulse fs-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 3.12.a. Figure 3.12.b presents the TEM image of the cross-section of the laser-affected
zone with the schematic of the laser focal point. Figure 3.12.c 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 exhibits the polycrystalline nature of the area, which contains ejected

64



Non-silicate oxide glass systems: Tellurite glass Chapter 3

nanoparticles with subsurface nanocrystals. The relatively large grains result in bright single
diffraction spots, whereas the ring pattern originates from several nanocrystals with different
crystallographic orientations. The details of the SAED pattern can be found in Appendix C.
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 [259]. Undefined weak diffractions show a possible
match with the Te-II phase [260], 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 with
an energy density of 40 J/cm? [261]. The generated pressure results in high-density silica
[262] and a new crystalline phase [263] in fused silica or elemental aluminum formation in
the sapphire (single crystal of a-Al,O3) [264]. Additionally, the surface cracks along the laser
writing direction upon fs-laser irradiation in Appendix C indicate the stress level exceeds
Young’s modulus of TeO,-based glass (~42 GPa) [160].

From surface to subsurface, there are three different characteristics along its depth similar
to the one at 1 kHz, i.e., nanoparticles, densely packed irregularly shaped nanocrystals, and
spherical nanocrystals. Figure 3.12.d displays 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 surface. The HRTEM
and SAED confirm that nanoparticles are excellent crystallinity of [100] t-Te with an average
diameter of 54 nm. Figure 3.12.e-g shows TEM images of the center of the laser-affected zone
at focal volume with inset images of SAED patterns. The SAED pattern in Figure 3.12.e shows
polycrystalline t-Te, and unidentified diffractions with t-Te in Appendix C. Similarly, those
diffractions fit well with Te-I with a weak signal of Te-II rather than the oxide polymorphs of
Te and known compounds of each element present in the pristine [205, 260, 265-267]. The
results are not surprising since at least tens of GPa of pressure is generated on the surface
of dielectrics upon the fs-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 by
the laser is at least a few times the pressure value necessary to induce structural phase changes
near the point where the energy is deposited. The first subsurface layer in Figure 3.12.f displays
densely packed irregularly distributed 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 diffraction 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 presented in Figure 3.12.g. 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 shows diffraction of
t-Te.

Another characteristic of laser modification in dielectrics is the formation of self-organized
nanocracks, perpendicular to the laser polarization [62]. The cracks were enlarged during
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TEM lamella preparation by FIB, and hence, their dimensions after the milling appear larger
than they actually are. The nanocracks under the surface are surrounded by alternating glass
and polycrystalline t-Te layers. 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 shows densely packed irregularly distributed spherical
morphology similar to the ones observed in the first layer 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.

d
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10 " 10 nm’!

Figure 3.12: a) BSE image of self-organized nanostructures on the surface of TWK glass upon
fs-laser inscription at 1 MHz with 200 nJ and 4000 pulses (incoming pulse fluence: 262 J/mm?).
b) TEM image of the cross-section indicated by a dashed line in (a) with the schematic of the
laser focal point. ¢) 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 [0-31] and h) the TEM image of nanostructures
in the volume. The location of c-h images is marked in b.

The investigation in this section emphasizes the formation of nanocrystals in extreme con-
ditions, such as high temperature and pressure under irradiation with 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 nucle-
ation rate, grain growth, and connectivity of the nanocrystals can be highlighted, for example,
by nano-tomography, high-resolution X-ray diffraction techniques (synchrotron radiation),
photo-luminescence spectra, or electrical resistivity measurement. The image of the spatial
photoluminescence (PL) intensity distribution of the processed samples is illustrated in Figure
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3.13.a, obtained by illuminating with 808 nm [204]. The photoluminescence is enhanced
mainly due to elemental crystallization, the intensity rises with the laser repetition rate from
1 kHz to 1 MHz. High intensity in PL image taken after 10 seconds of exposure indicates
the long recombination lifetime of the laser-affected zone, potentially useful for solar cell
applications. In addition, early post-mortem by X-ray diffraction techniques (via synchrotron
radiation) on the same sample has been exploited. The results at 100 kHz and 1 MHz are
displayed in Appendix C. Besides, 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 3.3. The electrical resistivity of the laser-affected zone at the thermal-cumulative regime
shows the lowest value, similar to polycrystalline bulk Te [268, 269]. At last, we present the
laser-processing window (incoming pulse fluence vs. repetition rate) in Figure 3.12.a. Three
distinct regions, namely visible modifications by optical tools, self-organized nanostructures,
and ablation are revealed by various characterization techniques.
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Figure 3.13: a) The laser-processing window (incoming pulse fluence vs. repetition rate) on
the surface of TWK at 270 fs. b) PL image of sets of laser-written tracks at a rate from 1 kHz to 1
MHz on TWK glass. The color bar indicates the intensity of electron-hole recombination. The
measurement lasted 10 s under constant illumination at 808 nm at 1.2 suns equivalent.

Table 3.3: The electrical resistivity of the laser-irradiated tracks on the surface of TWK with
various laser-writing conditions. Note that the length of the laser tracks is 5 mm, and the
cross-sectional area is calculated from TEM analysis.

Laser processing parameters DC Resistivity ({2-m)
1 kHz; 200 nJ; 10 pulses (0.66 J/mm?) 188.143
1 kHz; 200 nJ; 4000 pulses (262 J/mm?) 0.53981
100 kHz; 200 nJ; 4000 pulses (262 J/mm?) 0.16028
1 MHz; 200 nJ; 4000 pulses (262 J/mm?) 0.00445
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3.4.4 Effect of ambient conditions on laser-induced modifications

So far, upon the fs-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 investigate the effect of environmental
conditions on the formation of t-Te, a crucial step for establishing a general understanding. In
this section, fs-laser writing is performed on a sample in a sealed chamber with a controlled
dry air atmosphere [O(g+N2(g], a dry pure nitrogen atmosphere [Ny, and a vacuum(<107
Pa). The results are compared with the open-air atmosphere (Ozg)+Na(g), relative humidity
level is 40%, constantly measured.).

Figure 3.14 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-ion migration
processes occurring at the TeO,-based glass surface upon fs-laser inscription under various
atmospheres. Figure 3.14.a 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 atmospheric conditions.

At 1 kHz with two-pulse irradiation, the sharp peak at 238 cm™! exists in the Raman spectra
for all atmospheric conditions. Figure 3.14.b 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
irradiation in open-air, the peak at ~238 cm'! is present in dry air, a vacuum, and dry nitrogen
conditions, whose intensity varies as follows: Initrogen>Ivacuum>ldry air- The surface of the glass
substrates was free from chemically bonded water and —OH groups before fs-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™! in Figure 3.14.c. This evidence indicates that the presence of an
open-air atmosphere (relative humidity and oxygen) plays a significant role in the formation
of Te and supports the reduction reactions of (3.3) and (3.4).

Let us examine the fs-laser irradiation under dry nitrogen flow, indicating the minimum level of
t-Te formation. Figure 3.14.d-e shows the Raman spectra of the laser-affected zone irradiated
under dry nitrogen and the intensity ratios of the Raman peaks (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 of 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 glass units to t-Te
in the laser-affected zone is not completed effectively. The polarizability of the molecules can
decrease under different atmospheres, resulting in lower peak intensity in Raman spectra.
Similarly, Figure 3.14.f-g highlights the spatial peak distribution along the laser-affected zone
under open-air and under nitrogen atmospheres. Validating the suppression of t-Te formation
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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 conditions as
in Table 1 (200 nJ with 4000 pulses at 1 MHz; incoming pulse fluence of 262 J/mm?), the DC
resistivity of the laser-written track is 115.9 {2-m.
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Figure 3.14: a) Schematic representation of experimental setup with a sealed chamber. b) Nor-
malized 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 nJ; incoming pulse fluence from 33 to 262 J/mm?) at a rate of 1 MHz
on the surface of TeO,-WO3-K, 0. e) The intensity ratio of the peaks. A to 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. Spatial distribution of the ratio of peaks along the laser-affected zone, prepared
under f) open-air atmosphere and g)a constant dry nitrogen flow at 25 nJ with 4000 pulses
(incoming pulse fluence: 33 J/ mm?). h) Schematic representation of the t-Te formation under
different atmospheres.

Interestingly, the effect of the atmosphere has been investigated for conventional TeO,-based
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glass melting [270]. There, among 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 atmosphere. From our experiments, we show the fs-laser
exposure similar situation to 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 [212]. 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 fs-laser irradiation.

A possible explanation can be that as in an open-air atmosphere, the formation of Te” dimers
and Te, clusters is an essential 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 atmosphere, 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 reduction reaction, whose absence eventually hinders the formation of the
t-Te. Note that Raman analysis did not reveal the formation of any compound containing
nitrogen. The schematic illustration displaying the effect of atmosphere is presented in Figure
3.14.h. 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.

3.4.5 Effect of glass composition on laser-induced modifications

We interpret the formation t-Te nanocrystals and self-organized nanoplanes are accompanied
by elemental redistribution and deoxygenation, and their growth outside the focal volume.
While the glass decomposition and nanostructures surprisingly extending outside the optical
exposure zone are unusual, the question remains whether these phenomena are universal
in the field of fs-laser machining [62, 64]. Here, our goal is two-fold. One is to evaluate the
validity of t-Te formation for all TeO,-based glass systems. The second one is to investigate how
self-organization processes are influenced by variations in glass structure and compositions
for glass systems sharing a same TeO, back-bone network.

Various compositions of multi-component tellurite glasses, TWA, TZNB and TNGPZ [271-
274] have been selected due to technical importance and compared with the previous test
sample (TWK). For instance, the presence of heavy-metal ions further increases the nonlinear
refractive index in femtosecond regime [167]. Another example is that the addition of Ag
or Li ions may confer TeO, glasses into high ionic conductive glasses that are interesting
for solid-state energy conversion applications and immobilization of radioactive wastes in
nuclear applications [271]. The details on the physical properties of the substrates and fs-laser
modification thresholds are presented in Table 3.1.
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First, we investigate the formation mechanism in a non-cumulative regime for another glass
system other than TWK. OM image and Raman spectra of TZNB glass with few pulse exposure
at 1 kHz are presented in Figure 3.15. 3.15.b presents Raman spectra of the center of the laser-
affected zone demonstrated in 3.15.a. Unlike TWK, the signature of t-Te at 119 and 139 cm’!
a-Te at 180 cm™! and Te; dimers at 238 cm™! are present after a single shot in the laser-affected
zone of TZNB. In addition, their intensity increases with upcoming pulse and pulse energy
as in Figure 3.15.c. This initial observation confirms the formation of t-Te nanocrystals upon
a single laser pulse irradiation without further characterization by advanced techniques. In
addition, we observe all the selected tellurite glass systems in a thermal-cumulative regime.
i i
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Figure 3.15: a) OM images of the laser-affected zone of TZNB at 1 kHz. Raman spectra of the
center of laser-affected zone incribed with b) 100 nJ with few pulses and c) 200 nJ with few
pulses (ablation) at 1 kHz.

The Raman spectra of the laser-affected zone, the spatial distribution of relative peak intensity
of t-Te, SE images of the laser-affected zone, and the DC resistivity of the laser-inscribed lines at
thermal-cumulative regime in the open-air atmosphere are shown in Figure 3.16. The Raman
bands and nomenclatures are summarized in Appendix C. Figure 3.16.a 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
MRO in a glass [275-277]. Its position depends on the thermal or pressure history of the glass
[278]. 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
peak gets narrower. Combined with the result of SEM-EDS in Appendix C, the oxidation of the
laser-affected zone of TWA is observed.

Figure 3.16.b-c shows the Raman spectra of the laser-affected zone in the TZNB and TNGPZ,
respectively. The increase of the 238 cm'! is observed with pulse energy, accompanying the
reduction of the intensity ratio of t-Te/glass. The formation of t-Te accompanied by the peak
at 238 cm™! is a common feature in three different compositions regardless of the processing
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parameters in the open-air atmosphere; however, the crystal-to-glass ratio in focal volume
differs.

Figure 3.16.d 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. Note that the peak at
238 cm! overlaps with the peak at 230 cm™ which corresponds to Nb-O-Nb bridge in NbOg.
Therefore, the intensity may not be representing a single peak. 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. 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 composition 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 or Te-cluster, the Te content should be above 40 wt% for amorphous telluride
alloys [249]. 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,
thermodynamically, in the presence of Te, Ag,O can be reduced to Ag by Te, and lead to
the TeO, formation. These results highlight other requirements to obtain t-Te locally from
TeO,-based glass upon fs-laser irradiation: the rich glass composition in terms of Te, and the
quantity of glass modifier oxides, which can reduce TeOs.

Figure 3.16.e shows the SEM images of the laser-affected zone of TWA, TZNB, and TNGPZ
at 1 MHz. The typical self-organized nanostructures on tellurite glass are perpendicular to
the electric field of the laser extending beyond the focal volume, common for all selected
tellurite glass systems. In addition, all selected glass systems preserves peak at around 238
cm! upon laser exposure in thermal-cumulative regime under nitrogen atmosphere. Detailed
figures of self-organized nanostructures and Raman spectra with respect to laser parameters
in thermal-cumulative regime are presented in Appendix C.

At last, Figure 3.16.f 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. 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 (2-m as indicated in Table 3.3). 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 2.5 dimensional
(2.5D) nanocomposites with physical properties easily tailored by the laser parameters.
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Figure 3.16: Raman spectra of the pristine glass and the laser-affected zone of a) TWA, b)
TZN, and c) TNGP at 4000 pulses with various pulse energies of 25 and 50 nJ (incoming pulse
fluence of 33 and 66 J/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 nJ. e) SE images of laser-affected zone written with 50 nJ and 4000
pulses at 1 MHz. f) The DC resistivity of the laser-written tracks of all compositions used in
this study.

3.4.6 Phenomenological interpretation of self-organization in cumulative regime

In this section, we propose the following interpretation explaining self-organization beyond
the focal volume in thermal-cumulative regime, as described in section 3.4.3

Let us first examine the steps leading towards self-organized structures that span beyond the
focal volume in cumulative regime (at 1 MHz) and examine the key events occurring during
laser exposure according to our phenomenological model in Figure 3.17.a-b. In the light of
our recent observation [144], the Figure 3.17.a presented in [143] has been slightly modified to
indicate the new findings.

Step 1: During fs-laser inscription, multi-photon ionization seeds the first electrons that
further lead, through avalanche ionization, to the build-up of an under-dense plasma. As
bonds are broken within the main structural units of the glass, weakly bonded ions, such as
02" and Te** form.

Step 2: With the single pulse exposure, nanocrystals of t-Te is generated from the glass matrix
within the focal volume. Besides, in terms of morphological modifications, the first few pulses

73



Chapter 3 Non-silicate oxide glass systems: Tellurite glass

create an electric-field enhancement through the formation of surface plasmon-polariton
(SPPs) pairs that initiate the formation of seeds for self-organized nanostructures within the fo-
cal volume [279, 280]. For specific conditions, surface electromagnetic waves (SEWs) through
SPP coupling can be excited. SPPs may originate from delocalized coherent electron density
oscillations and propagate along the interfaces between the two different materials (such as
t-Te/TeO,) emerging locally during the self-organization process. Driven by the laser electro-
magnetic field, SPPs propagate and dissipate away from both sides of the laser-affected zone
with a preferential direction defined by the self-organized nanoplanes orientation. For the
excitation of SPPs, specific conditions for the dielectric permittivity of the involved media have
to be fulfilled. Particularly, for an irradiation with ultra-short laser pulses, this excitation chan-
nel can be enabled even for semiconductors and dielectrics, as the initially non-plasmonic
material can transiently be turned into a metallic state, enabling SPPs once a critical density of
electrons in the conduction band is exceeded. The merge of SPPs leads to a spatial modulation
of the local energy field distribution, which, through absorption mechanism, is imprinted in
the specimen. Note that SPPs formation has been showed theoretically and experimentally on
silicon upon fs-laser irradiation [281].

Step 3: As laser pulses accumulate, seeds anticipate the formation of self-organized nanos-
tructures at about 10 pulses. Likewise, the transformation of the focal volume into t-Te
nanocrystals is completed in about a 10 pulses. In thermal cumulative regime, thermal melt-
ing and elemental decomposition with deoxygenation events stimulate further crystallization
of t-Te in and beyond the focal volume. As the molten state of modified tellurite glass includes
charged entities, intra-/inter-molecular charges exchanges further promotes crystallization
[205]. Under strong electrical field, the molten material becomes polarized and forms elon-
gated clusters as a result of the balance between electrical forces on induced surface charges
and interfacial tension forces. The retention of local electrical neutrality has structurally an
effect on the connection and coordination of the polyhedra. As observed with the Raman
spectra, migration of W results in decrease of Te-O-Te linkages and W=0 bonds and facili-
tates the formation of W-O-Te linkages, similar to WO3-rich tellurite glass due to elemental
redistribution.

Step 4: As heat builds up locally, illustrated in Figure 3.17.b, an area of nanocrystalline t-Te
extends spatially. Thermal accumulation is important also because Te becomes metallized
near melting temperature. Here, we make the hypothesis that a SPP field propagates at the
interface between crystalline t-Te and tellurite glass. As a dipole moment is created, forces
between polarized particles arise and keep them apart. This mechanism would explain the
periodicity of the nanostructures observed outside the zone under direct-laser exposure. Note
that a plasmonic effect on interfacial energy transfer across the silicon-silicon oxide interface
was showed by Derrien et al. [282]. In addition, the TEM results indicate possible grain growth
of nanocrystals with an increase in the number of pulses, which explains the crystallization
outside the zone under direct-laser exposure.

Step 5: Depending on the pulse overlapping ratio, the temperature in the focal volume may
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stay high, long enough, to allow for crystalline layer to grow. During cooling, due to the
thermal expansion coefficients mismatch between modified and parent material phases, high
stress concentration builds up at the interface and causes the formation of interstitial micro-
cracks localized in between nanoplanes, and notably, where stress-concentration occurs at
the boundary between pristine and modified materials.
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Figure 3.17: a) Phenomenological interpretation for the sequential formation of self-organized
nanostructures beyond the focal volume and its related metallization on ternary-tellurite
glass surface: Step 1. Nonlinear absorption, multi-photon and avalanche ionizations, Step
2. The formation of seeds for nanogratings by local field enhancement and the formation
of t-Te upon single fs-laser pulse, Step 3. Completion of self-organized nanostructures and
metallization by elemental decomposition and deoxygenation followed by thermal melting,
Step 4. SPP propagation at the metal/dielectric interface with the grain growth of nanocrystals
and finally, Step 5. Ultrafast cooling accompanied by the formation of the cracks due to thermal
expansion mismatch between modified and parent glass. b) The characteristic time scale of
fs-laser-induced events in thermal-cumulative regime. c-d) Phenomenological interpretation
of the wider nanostructures formation on TWK glass. When multiple pulses accumulate, the
temperature rise causes the material under exposure to melt. Despite the thermal-cumulative
regime leading to the bulk heating of the material, nanostructures form at higher pulse energy,
but are not found for lower pulse energy. Temperature gradient indicated as blue and field
strength illustrated as red line on modified zone c) 10 nJ, 0.5 mm/s (13 J/mm?); d) 200 nJ, 0.5
mm/s (262 J/mm?) (both at 1 MHz).

Let us now discuss the effect of field strength as observed in Figure 3.17.c-d. Our interpretation
is as follows. The laser intense electrical field determines the field-strength atoms are exposed.
It will affect the condition for SPPs to exist [283] as it will impact the plasma electron density.
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In such model, below a given threshold (here found around 20 nJ), the field-intensity is not
high enough to sustain the self-organization mechanism described before. Note that a similar
mechanism was proposed by Liao et al. [48].

In summary, the formation dynamics of these structures is complex. The structure under
exposure is not static and evolve dynamically as the materials heat up and as nanostruc-
tures gradually form. Our interpretation is based on final state of matter, out of which we
reconstruct a possible scenario. As ‘metallic seeds’ form through elemental decomposition
and deoxygeneation, the main hypothesis is that they start promoting SPPs due at their in-
terface when subsequent fs-laser pulse arrives. In this quasi-static evolution scenario, we
assume that after each pulse, the system can be considered as a ‘metastable’ configuration
for the next incoming pulse, which supposes that viscosity remains sufficiently high, so that
this approximation is valid, otherwise, the inhomogeneity (and phase separation) could not
be maintained from pulse-to-pulse. From the material phase evidences collected, we ob-
serve the formation of crystalline Te surrounding the glassy phase itself localized within the
nanoplanes. The growth of these nanoplanes outside the laser focus is explained by localized
field-enhancement. Here, we have considered the hypothetical presence of SPPs to explain
the field-enhancement that certainly also involves quasi-cylindrical waves that may play
a constructive role in this field-enhancement mechanism, adding to the effect of the SPPs
through cross-conversion mechanism [284]. To confirm this scenario, pump-probe experi-
ments or alike could be considered for identifying the onset and sequence of intermediate
events proposed here.

3.4.7 Morphological and structural changes in the volume

Up to now, we focused on modifications on a tellurite glass surface. In this final section, we
cover the femtosecond laser-induced modifications in tellurite glass volume.

Previously, only two studies have shown tellurite-based glass decomposition by fs-laser ir-
radiation. 370 fs-laser pulses emitted at 500 kHz and 1050 mW with 100,000 pulses have
generated a cavity filled with air-bubble and t-Te nanocrystals in the oxyfluoride tellurite
glass volume [199]. In addition, by the same group of researchers, the study on the effect of
repetition rate at 1 and 250 kHz suggests the glass decomposition as a thermal process since
no t-Te nanocrystals except Te clusters have been observed at 1 kHz even with longer exposure
durations in phospho-tellurite glass [200].

Here, we aim to elaborate on our understanding of morphological and structural volume
modifications in tellurite glass. Figure 3.18.a shows OM images of the cross-section of laser-
affected zone 100 um below the glass surface. The first modifications are visible optically at 50
nJ with a few pulses (for 20 pulses; incoming pulse fluence of 0.36 ]/mm?). The dimensions
of the modifications increase with pulse energy further, and at around 200 nJ, self-focusing
is observed. The chemically etched (with NaOH 2.5% for 30 seconds at room temperature)
reveals the structures for further characterization. Figure 3.18.b-c demonstrates OM and SE
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images of the cross-section of the laser-affected zone after the etching. Note that further
etching with NaOH solution more than 300 seconds results degradation of the optical quality
of the glass. Limited or no particular preferential etching of laser-affected zone is observed. In
contrast, the surface structures can be smoothened by this method, illustrated in Appendix C.
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Figure 3.18: a) OM images of laser-affected zones in TWK glass at 1 MHz for various pulse
fluences ranging from 0.36 to 262 J/mm?. b) OM images after etching with NaOH 2.5% for 30
seconds at room temperature and c) the corresponding SE images of the laser-affected zone at
1 MHz in TWK.

In Figure 3.19.a-c, magnified SE images with their elemental maps present a dual-ion migration
similar to various tellurite glass compositions reported earlier. At low pulse energy, while W
is present in the top part of the modifications, Te migrates from the center to the bottom of
the modified zone. Likewise, a similar trend is observed with higher pulse energy, even in a
modification generated from self-focusing. The magnified images highlight the formation of
black spots at the center of the modifications.

SE images illustrate that the laser-affected zone consists of circular regions associated with
melting and resolidification upon multi-pulse exposure in a thermal cumulative regime. At low
energy, the laser-affected area contains homogeneous modifications with black precipitates
at the center. With the pulse energy, the laser-affected zone enlarges and transforms into
an oval-shaped discontinuous region due to self-focusing. The center of the modification
again contains darker-contrast precipitates. Unlike the surface of the glass, there are no self-
organized nanogratings observed within the processing window. This might be either because
the porous phase cannot be obtained due to the low viscosity of the glass, fast molecular
oxygen is recombining with the glass upon irradiation, or the porous phase is too small to
resolve with current characterization methods. Note that the high refractive index of the
tellurite glass resulting in the heterogeneous distribution of the absorbed energy and self-
focusing might alter the types of modifications. Let us investigate their nature by Raman
spectroscopy.

At last, Figure 3.20 presents the OM images and Raman spectra across the laser-affected zone
at 50 nJ, with its corresponding relative intensities. Nevertheless, Raman spectra highlight
the signature of t-Te, whose peaks are located at 120 and 140 cm™'. These peaks indicate
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Figure 3.19: a) SE images and elemental map of laser-affected zones in TWK glass at 1 MHz for
50 nJ (incoming pulse fluence of 66 J/mm?). b) SE images and elemental map of laser-affected
zones in TWK glass at 1 MHz for 200 nJ (262 J/mm?). c) Magnified images of SE images
indicated in a-b).

that the oxygen disintegration from the glass and forming t-Te are possible with the current
parameters, however, no molecular oxygen is detected by Raman spectroscopy. High oxygen
diffusivity might indeed lead to the dissolution of molecular oxygen if it has ever generated
during the process [285].
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Figure 3.20: a) An OM image and b) Raman spectra of laser-affected zone in TWK at 1 MHz
with 50 nJ and 4000 pulses (incoming pulse fluence of 66 J/mm?). c¢) The magnified Raman
spectra indicated in b). d) The relative change in main glass bands compared to pristine
material at 1 MHz with 50 nJ and 4000 pulses (incoming pulse fluence of 66 J/mm?)

3.5 Summary

In this chapter, we showed various photo-induced modifications on the surface and in the
volume for both thermally cumulative and non-cumulative regimes of the tellurite glass family.
Our findings triggered the following observations:
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* The formation of self-organized nanostructures, perpendicular to the laser polarization
on the glass surface is unraveled by pulse-to-pulse exposure. The structural charac-
terization revealed a photo-decomposition of fs-laser-modified tellurite glass into an
elemental t-Te, accompanied by elemental redistribution and deoxygenation. Under
near-IR fs-laser irradiation, a single pulse is sufficient to form elemental t-Te, as revealed
by high-resolution imaging and analysis. An intriguing fact is that self-organized nanos-
tructures are first observed when the transformation of the laser-affected zone to t-Te
is mostly completed. The formation of nanostructures and t-Te nanocrystals causes
photo-darkening resulting in a decrease in total transmission of the inscribed area.

* The underlying elemental crystallization phenomenon is investigated by altering laser
parameters in tellurite glass systems under various ambient conditions. Interestingly,
the formation of t-Te is greatly suppressed under a dry nitrogen atmosphere as there
is limited interaction of glass network units, and Te, or Te,, clusters with an open-air
atmosphere have a detrimental effect on the formation process.

* The formation of elemental t-Te and elemental redistribution is a common feature in all
compositions; the composition should be rich in Te to obtain a large laser-processing
window. In addition, surface oxidation is observed in which there is an oxidizing modifier
oxide, such as Ag.

* Polarization-dependent self-organized nanostructures in thermal-cumulative regimes
extend beyond the zone under direct laser exposure. Under the thermal-cumulative
exposure regime, increasing the temperature at the focal spot leads to further elemental
crystallization or “glass decomposition” and promotes connectivity and grain growth
in the focal volume. The typical cross-section of the laser-affected zone displays three
different characteristics over its depth regardless of laser parameters.

* The femtosecond laser-induced modifications in the volume resulted in the dual-ion
migration process and crystallization of t-Te nanocrystals. The threshold of nanocrystal
formation in the volume is five times higher than the one on the surface.

In conclusion, the fs-laser direct writing offers an opportunity for producing integrated t-
Te/TeO,-glass nanocomposite, particularly attractive as future functional devices fabricated
without adding or subtracting any other materials, and through a single-step process. The
fs-laser direct-write technology is simple and scalable. Here, it led to millimeter-sized bilayer
nanosheets with controllable nanostructures, physical properties, and multiple functionalities.
As we will see in Chapter 5, our findings open up interesting applications, such as photocon-
ductive devices. In the volume, waveguiding through densification and glass decomposition
opens up even more possibilities for optoelectronic devices.
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In this chapter, let us consider the case of non-oxide glass systems under femtosecond laser
exposure. Similar to Te, other chalcogens, such as S and Se, can form an amorphous solid
and/or glass without its oxide. Here, we introduce chalcogenide glass systems, the current
status of their research, use, and interaction with femtosecond lasers. Then, morphological
and structural modifications on the surface and in their volume are performed by altering
exposure parameters in well-studied ternary chalcogenide glass. Further, we discuss the
stability and the reversibility of the modifications. Finally, by changing glass formers, we focus
on the influence of basic structural units on key mechanisms sustaining self-organization and
photo-induced modifications.

4.1 Glass structure and properties

Chalcogenide glass (ChG) systems have been considered as relatively new type of non-crystalline
solids since their typical nature differs from those of oxide glass systems. Compared with the
long history of oxide glass, the first report on ChGs has been available since 1870 [287]. Later,
the interest for this particular glass started to expand with the study on As,S3 in the 1950s
[288].

ChG systems consist of chalcogens from group 6A of the periodic table, such as S, Se, and
Te, which are covalently-bonded to their nearest neighbor atoms by p electrons in the s*p*
configuration. Similar to TeO,, unbounded or lone-pair (LP) electrons do not participate
in bonding but they can stimulate weak Van der Waals interaction between chains and ring
molecules [289]. The glass network made of a single element, such as Se, refers to molecular
glass systems. They also form a glass network by covalently bonding to other network formers,
such as As, Ge, Sb, Ga, Si, and B etc. [290]

With the combination of both types of interaction, ChG may form both homopolar and
heteropolar bonds in multi-element systems [291]. The homopolar bonds may be found in a
particular situation where non-chalcogen metal cations (e.g., Ge) are fully coordinated with
chalcogens. The residual chalcogens can only bond to themselves, resulting in chalcogen-
chalcogen homopolar bonds. In the case of insufficient chalcogen species available to fully
meet the cation’s coordination requirement, one observes metal-metal homopolar bonds
[292]. 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 bonding configuration of the elements
in the glass.

Among all the compositions in chalcogenide systems, Ge-rich systems have one of the highest
stability since GeS, tetrahedra is a rigid structural unit, and the germanium disulfide (GeS,)
exhibits the highest glass transition temperature [293]. Since GeS, tetrahedra has higher
effective sulfur content so that highly reactive excess sulfur stabilized, Ge leads to a rise
in the glass forming tendency with the melting temperature. In contrast, the rigidity and
compactness of the Ge-S network are reduced by the addition of ternary inclusion (Ga, Sb,
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etc.), causing rearrangement of the bonds and allowing structural changes with external
stimuli [294]. Some Ge-based chalcogenide glass systems are already commercially available
[295].

In this chapter, we focus on the ternary chalcogenide glass system, namely, Gey3Sb7S7.
Further, we explore variations in the structural evolution and photo-induced modifications
when the identity of the iso-structural anion (S and Se) or cation (Sb and As) is changed. We
investigate Ge,3Sb7S7¢ glass system more than the other compositions due to its low toxicity
and high transparency in the visible part of the electromagnetic spectrum.

The structure of the Ge-Sb-S system was under investigation by Raman spectroscopy, X-ray
diffraction (XRD), extended X-ray absorption fine structure (EXAFS), and neutron diffraction
(ND) [294, 296-298]. Their results agree on the glass structure: The main structural units are
GeSy/» tetrahedra and SbSs;, pyramids. In addition, S-S bonds are found in S-rich systems,
whereas homopolar metal bonds of Ge and Sb and Ge-Sb bonds can be present in S-deficient
glass systems, as shown in Figure 4.1.a. These structural units form short- to medium-range
order (MRO) glass networks. Recent results obtained by Monte-Carlo simulation display
similar bonding preferences, bond distances, and coordination numbers to previous reports
except for longer Sb-S bonds [298].

They possess several rather unusual properties compared to oxide glass systems. Their in-
teratomic bonds are weaker between covalently-bonded heavy elements compared to ionic
bonding. Similar to some of the tellurite glass [166], they display semiconducting properties.
However, unlike tellurite glass, chalcogenide glass is network formers having relatively well-
defined intermediate range order and can form a glass upon quenching. Unlike tellurite glass,
doping can be challenging since all atoms satisfy the valence requirements, and thus, donors
or acceptors are not formed [299]. In some cases, chalcogenide glass with Ga can be doped
thanks to a lower charge of Ga where dopants act as charge-balancing cations [300].

The most salient features of chalcogenide glass systems are wide transmission windows
spanning the mid-and long-wave infrared (MIR and LWIR), high refractive index, and higher
nonlinear optical properties owing to their heavy atoms and low vibrational energies. Figure
4.1.b shows the transmission window of a few chalcogenide glass systems, such as sulfides,
selenides, and tellurides, and compares them with silicates. Furthermore, thanks to their
photosensitivity due to their coordination defects, various temporary and permanent mod-
ifications have been reported, including photo-darkening, photo-expansion/contraction,
and photo-crystallization [301]. In addition, they exhibit moderate environmental stability
while having low strength, hardness, and low glass transition temperature due to their highly
covalent nature [302]. Their aging due to light irradiation or environmental interaction has
been discussed before [303] and shown that well-selected annealing is required to have a
stable optical response over a long period. In addition, as a glass former, an increase in the
relative atomic mass of chalcogens, i.e., from S to Te, leads to a reduction in the bond strength,
softening temperature, the hardness, and increases the thermal expansion coefficient in the
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glass. In the chalcogen group, the metallic character increases with an atomic number. That is
why making Ge-Sb-Te glass under normal quenching conditions is difficult [304].
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Figure 4.1: a) Structural units in S-rich Ge-Sb-S chalcogenide glass (adapted from [305]). b)
The transmission window of S-, Se-, and Te-based chalcogenide glass systems. The insets are
representative examples are sulfide As,Ss, selenide As,Ses, and telluride TeygAs3oSeso glass
systems (taken from [306]).

From an application point of view, chalcogenide glass has prompted diverse glass composi-
tions to expand the number of available technologies. Their use span from infrared optical
imaging and sensing [307, 308], optical communication systems and photonic devices [309—
312], laser power delivery [313], super-continuum generation [314] as well as non-volatile
memory and switching devices [315]. Over the past decade, various geometries have been
explored to expand chalcogenide glass usage, including bulk materials, fibers, thin films, and
nanoscale waveguides [292, 309, 311].

4.2 Femtosecond laser and chalcogenide glass interaction

Photo-induced transformations with illumination around the band gap of chalcogenide glass
have been reported as early as the 1970s to develop data storage [316, 317]. Such modifications
are due to photo-darkening, found as reversible with thermal treatment below the glass
transition. Some of the other modifications are photo-anisotropy [318], phase change [319],
photo-expansion [320], photo-contraction [321], etc. Both reversible and irreversible photo-
modifications were outlined previously [301]. The reversibility of femtosecond laser-induced
modifications is covered for the Ge-Sb-S system further in this chapter.

Focusing ultrafast laser pulses on the surface or in the volume of materials induces diverse and
localized permanent structural, morphological, and chemical modifications. For chalcogenide
glass, our knowledge about ultrashort pulses interaction with these substrates is widened in
the last decade with avalanches of studies [286, 302, 322-353]. Some selected examples of
femtosecond laser-induced modifications are illustrated in Figure 4.2. Here, we classify all
the modifications reported in the literature. In these studies, the commonly reported facts of
femtosecond laser interaction with binary to quaternary chalcogenide glass compositions are
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divided into four different categories as below:

* the laser damage threshold [322-326, 328-330, 333-335, 340, 342] primarily using for
fiber-based applications,

* photo-induced morphological modifications, e.g., self-organized nanostructures on the
surface [286, 322-324, 339, 349-353], voids [347], and micro-explosion [354],

* laser fluence-dependent photo-induced structural modifications, e.g., photo-expansion
and photo-contraction [302, 326, 329, 331, 332, 343-345], photo-darkening [337, 338,
346], photo-oxidation [325, 328], photo-anisotropy [327], photo-crystallization [336],
ion migration [341] and subsequently,

* the performance of the laser-induced modifications as future photonic devices, such as
waveguides [76, 355-359], gratings [360], relief diffraction gratings [361], micro-lenses
[362], embedded spectrometers and interferometers [363], optical directional couplers
[364], and so on.

without polarizers crossed polarizers

GeasSry
Cog 121-22% 107 Pat
0.6 p/pulse; 200 pm/s

Figure 4.2: I) SE images of the characteristic stages of the morphological evolution of As,S3
after different irradiation pulse shots: a) 2, b) 5, ) 10, d) 20, ) 50 under fluence of 6.20 mJ/cm?
(taken from [350]). II) Raman intensity maps of different bands in a waveguide at a) 325
cm™ and b) 215 cm™ in Ga-La-S. c-d) BSE image and the compositional map (La red, Ga
blue) (taken from [347]). III) microscope images of the femtosecond laser written tracks in
chalcogenide with/without polarizers (taken from [327]). IV) Surface profile of a square on
Ge.23Sbg.07S0.60S€0.10 using white light interferometer (taken from [326]). V) OM image of
the waveguide (taken from [76]). VI) OM image of As,S; fiber gratings with the 7.8 ym period
(taken from [360]).
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In this chapter, we first report morphological and structural modifications in the volume of the
ternary chalcogenide glass to ultrafast laser pulses in non-cumulative and thermal-cumulative
regimes. This work sets the baseline for our understanding of laser-induced structural changes
and self-organization processes mainly in the Ge,3Sb7S7¢. The laser intensity and the peak
power are varied by changing the pulse duration, the pulse energy (or field strength), and the
pulse overlapping ratio. In addition, systematic research on morphological and structural
photo-induced modifications on the surface of chalcogenide glass is reported. Further, the
stability of the modifications is investigated by annealing at various temperatures since aging
is a pronounced question in chalcogenide glass systems. This investigation also points out the
type of reversibility of the femtosecond laser modifications. Finally, we exposed Ge,3Sb7S7o,
Gey3As7S79, and Gey3Sb;Serq glass substrates to femtosecond laser pulses, for which we ob-
serve the pulse-to-pulse nanostructure formation that we correlate to the structural evolution
of the material using elemental and systematic micro-Raman and UV-VIS observations.

4.3 Experimental procedure

4.3.1 Glass specimens preparation and characterization

The nominal composition of the glass used in this study is Gey3Sb7S7. 100 g of elemental
materials were weighed and batched in a nitrogen-purged glove box with a controlled atmo-
sphere. 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 1123 K. After overnight rocking at an elevated temperature,
the molten glass was quenched at 1023 K by natural convection. Bulk glass specimens were
subsequently annealed at 543 K for 2 hours to relax quench-related stress. The annealing is a
key aspect while studying the photo-modifications since the response of rapidly quenched
glass may differ from the glass structure close to equilibrium. 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 K. Transmission data was
obtained using Fourier transform infrared spectroscopy (FT-IR from ThermoFisher Scientific
Nicolet iS5). Measurements were operated over a range of wavelengths from 1.4 to 25 yum
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 per-
formed to confirm the amorphous nature of the glass. The specimens were cut and polished
to optical quality for fs-laser machining. Table 4.1 summarizes various physical properties of
glass compositions investigated in this study.
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Table 4.1: Physical properties of chalcogenide glass investigated in this study.

Sample p(g/cm®) n@1.064 um Eg (eV) T% Tg(K) a(m?/s)
Gey3Sb7S7g 2.95+£0.0015 2.25 2.3 0.593-8.3 584+2 0.2x10°
Gey3As7Syg 2.8+0.02 - 2.71 - 590+5 -
Gey3Sb7Se7q 4.55+0.02 2.62 1.7 0.745-15 51945 -

4.3.2 Femtosecond laser irradiation

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 1030 nm (Regen amplifier, S-pulse from Amplitude), and finally, 270 fs pulses
also at 1030 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 1030 nm like for the other pulse durations, we assume that it remains close enough to 1030
nm [365, 366], 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 that eventually lead to a plasma formation, mainly sustained by
carrier-carrier excitations and avalanche ionization processes. 100 fs pulses were obtained by
negatively chirping 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 pm for
1030 nm, 1.6 pym for 850 nm.

First, static laser exposure was performed to determine the repetition rate to observe thermal
accumulation outside the exposed volume. Specifically (and following a method proposed
in [367]), 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 1 kHz to 1 MHz, for the various
laser fluence values. The transition was found around 500 kHz. It was confirmed with a
time-dependent temperature distribution model. 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.
Translation velocity was selected as one of the main variables to vary laser net fluence (or
deposited energy, see Appendix A for details). Here, pulse-to-pulse overlapping ratios were
varied from 0 to 99.9 %, and the pulse energy was ranging from 1 nJ to 1 yJ.

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). Furthermore, the patterns were
inscribed using opposite directions of laser beam movement along with a single writing
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axis and under three different linear-polarization states (and therefore, the orientation of
the electrical field E) defined as parallel, at 45 °, and perpendicular to the writing direction,
respectively. For refractive index measurement, a pattern consisting of a single layer of parallel

2 was written in the volume. For

lines, spaced 2 um apart and covering a surface of 1x1 mm
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 the written layer in the volume was

defined by the length of the laser-affected zone along the propagation axis.

Finally, the glass specimens were subjected to accelerated aging by classical heat treatment
after the laser irradiation to discuss the nature and erasure mechanism of the modifications.
The samples were annealed at 513, 553, and 593 K for 15 hrs with a 1 K/min heating and
cooling rate. Then, samples were subjected to further characterization.

4.3.3 Specimen characterization

After fs-laser exposure, specimens were first observed using a digital OM 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 (OPD) and subsequently to estimate the refractive
index changes at 633 nm. The surface profile was obtained by laser confocal microscopy (VK-X
from Keyence).

Specimens having volume modifications were polished to reveal the structures and etched
with NaOH (2.5 %) for less than 5 seconds. NaOH has proven itself as an effective etchant
for the laser-affected zone for chalcogenide [368-370]. Specimens coated with a carbon 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 5 kV for high-
resolution imaging and 20 kV for elemental analysis. A Raman spectrometer (LabRam HR
from Horiba), equipped with a 633 nm-laser excitation source attenuated down to 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.

Finally, the transmission and reflection spectra were measured at room temperature for
wavelengths ranging from 250 to 2000 nm using a UV-VIS-NIR spectrometer (Lambda 950
from Perkin Elmer). A mask with a hole of around 1x1 mm? is prepared from 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.
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4.4 Results and discussion

4.4.1 Self-organization and photo-modifications in the volume

Figure 4.3.a summarizes various modifications obtained by dynamic laser exposure in the
volume as a function of a pulse duration ranging from 50 to 270 fs at 100 kHz. Let us explain
each modification step-by-step at 270 fs. At the lowest pulse energy, a homogeneous modi-
fication has been observed, leading to a change in the density and a concurrent rise in the
refractive index. In fused silica, this regime (observed typically at low pulse energy with a
pulse duration shorter than 200 fs) has been linked to localized densification, which results in
positive refractive index change [17, 131, 371]. Here, densification was observed at the lowest
pulse energy for all the selected pulse durations.

Athigher pulse energies, another regime, namely porosification, is observed. This modification
may be related to the formation of void-like structures at a molecular level, triggered by photo-
dissociation processes at high field densities (Figure 4.3.a). Two types of contrast in refractive
index as a function of laser fluence have been demonstrated in Ge»3Sb7S7o, which are similar
in terms of the sign and magnitude for its thin-film counterparts as well as for Ge;5As;5S70
[302, 332]. Similarly, the change in amplitude of the refractive index increases with the pulse
energy, showing that the glass connectivity progressively cleaved with laser fluence. This
regime was explained by hydrodynamic expansion followed by thermomechanical relaxation,
although they are annihilated by annealing above glass transition temperature for Ge;5As;5S7¢
[332]. We discuss the effect of heat treatment later in this chapter.

Once the critical threshold is exceeded, anisotropic birefringent modifications are observed.
We specifically investigate 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
presence of nanogratings was first reported in fused silica [1]. In this class system, this type of
modification exhibited form-birefringence [372], an increase in etch rate selectivity [36], and
stress-induced birefringence [373] resulting from a noticeable localized volume expansion
[40]. The nanogratings in fused silica exhibit high thermal stability due to the formation of
nanoporous structures as a by-product of the laser-induced decomposition of the glass matrix
[33, 374]. Like in silica, self-organized nanogratings in this chalcogenide glass studied here are
observed inside the glass volume as well as on the glass surface interface, as will be discussed
in the next section.

Figure 4.3.b displays the effect of photo modifications at various pulse energy on the change
in refractive index. While photo-contraction is associated with the densification regime,
porosification leads to photo expansion, similar to other studies [320, 321]. Densification or
porosification alters the refractive index, which was characterized by measuring the optical
path difference (OPD) changes (see detailed results in Appendix D). The densification regime
is mostly used to fabricate optical components, such as waveguides and diffractive elements;
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the latter has been used to fabricate micro-lenses [375]. Further increase in the net fluence
promotes photo expansion in a regime where we observed anisotropic birefringent structures.
From a practical point of view, such modifications have been utilized to produce birefringent
and monolithic multifunctional devices for 5D optical data storage, micro-optics, photonics,
telecommunications, imaging, and so on [80, 373, 376].

Figure 4.3.c shows the effect of laser processing parameters on the induced morphological
changes at 10, 100, and 1000 kHz. A clear evolution of the modification from a low repetition
rate to a higher one is visible in OM images, highlighting the feedback mechanism in the fem-
tosecond laser interaction with chalcogenide glass. Above 500 kHz, in a thermally cumulative
regime in which pulses are accumulating faster than the lattice cooling time, melting and
resolidification lead to the generation of self-organized periodic patterns consisting of single
or multiple spherical morphologies. In this condition, the repetition rate is at 1 MHz, which
lies well within the cumulative regime for chalcogenide glass.

The formation of periodic spherical patterns starts at a pulse energy of 25 nJ, corresponding
to an exposure fluence threshold of ~13 ]/ cm?. As the laser net fluence increases, the outer
shell of the patterns gets wider, associated with a temperature-driven process. Above 50 nJ (>
~165 J/cm?), a formation of catastrophic fracture, removal of a top surface, and the creation
of a crater were observed as shown in Appendix D, similar to a previous study [354]. Patterns
consisting of bubbles with spherical cavities have been demonstrated in fused silica as a
consequence of cumulative energy deposition [22], yet, 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 numerous applications,
such as 3D data storage, photonic crystals, optical memories, waveguides, gratings, couplers,
chemical and biological membranes, and other devices [377, 378].

Figure 4.4.a-b presents cross-polarizer images of laser-induced modifications in the volume.
The polarization anisotropy observed here is attributed to a form-birefringence effect caused
by the periodic structures with alternating refractive index [372]. Figure 4.4.c-g shows SE
images of volume modifications with varying laser polarizations. SE images were obtained
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 affect
the softer material preferentially and thus distort or possibly erase any small features. In
Ge,3Sb7S70, this subwavelength periodicity reduces with the pulse energy, from 270 nm at 100
nJ (13 J/mm?2) 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 Appendix D. To investigate the elemental distribution in the laser-affected zone,
SEM-EDS was performed. The measured composition of nanogratings was Ges3 2Sb7.1Sg9.7.
While near the resolution capability of EDS, the laser-affected zone consists of alternating S-
deficient and S-depleted structures. The formation mechanism of these nanogratings remains
unclear.
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Figure 4.3: a)Laser-induced volume modifications of Ge,3Sb;S7¢ as a function of pulse energy
and duration in dynamic laser exposure. The number of effective pulses is fixed at 400, and the
repetition rate is 100 kHz. b) OM images of 100x100 um? laser-modified single plane inscribed
with various pulse energies at 100 kHz with a pulse duration of 270 fs. The square planes are
20 pum below the surface. The refractive index changes are estimated based on the optical
path difference (OPD) measured by a digital holographic microscope (DHM). The standard
deviation of the method is estimated to be 2 x 10%. ¢) OM images of laser inscribed lines with
270 fs-pulses emitted at different repetition rates (lines are located at 20 um below the surface):
10 kHz, 100 kHz, and 1 MHz.

Figure 4.4: OM and cross-polarizer images of laser-inscribed lines with a) parallel and b) 45 °
polarization orientation to the laser-writing direction. The pulse energy is fixed at 100 n]J. c-e)
SE images of laser-induced modifications (270 fs pulse length with 100 kHz repetition rate)
for three polarization orientations: c) parallel, d) 45 °, and e) perpendicular polarization. The
pulse energy is 100 nJ 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 4.5.a shows the transmission spectra of the laser-affected zone in the glass volume.
Light-induced defects and the formation of anisotropic self-organized nanostructures cause a
notable decrease in the transmission spectra. The decrease in transmission is proportional to
an increase in reflection (see Appendix D). In addition, structural changes near these modified
regions are investigated using Raman spectroscopy. Since the Raman laser spot size is around
1 pym 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 4.5.b compares Raman spectra of pristine and laser-modified glass. Let us first explain
the Gea3As;S7 glass network. The glass network consists of GeSy/» tetrahedra and SbSs/»
pyramid, which are randomly connected [379]. In addition, S-S bonds are found in S-rich
systems, whereas homopolar metal bonds are observed in S-deficient glass systems [380].

The spectrum of the pristine glass in Figure 4.5.b consists of peaks between 275 to 485 cm™!.

The band at 302 cm™! belongs to SbS3 pyramids, while 340 cm™! is assigned to GeS, tetrahedra
[302, 332]. 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 S3Ge-S-Ges$, resulting in a band at 427 cm™!. In addition, excess
sulfur causes bands at 475 cm™! as a Sg ring and 485 cm™ asa S, chain [302]. A slight redshift
- associated with a decrease in a backbone structure - is observed in the main band of the
laser-affected zone. Moreover, a noticeable increase in the band intensity of the Sg ring, S,
chain, and corner-sharing GeSy,» tetrahedra is observed in the laser-affected zone. There is a
slight decrease in the bands at around 340 cm™!. These results indicate the presence of fewer
isolated GeS4/» 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 fluence. As consistent with
elemental analysis, we observe a minor decrease in GeS, content, whereas Sb,S3 content is
unaltered. The laser-affected zone shows a random glass network due to local photo-induced

decomposition.

4.4.2 Self-organization and photo-modifications on the surface

Let us now consider the surface modification on chalcogenide glass. Figure 4.6.a outlines the
various surface modifications of Ge,3Sb7S7¢ in a pulse-duration and fluence space, qualita-
tively. A first regime, observed at the surface and for low pulse energies, consists of homo-
geneous and continuous structural changes (i.e., zones without a visible heterogeneity with
the instruments considered in this study). At higher pulse energies, above this homogeneous
regime, a second regime consisting of self-organized nanostructures is found for all pulse
durations considered here (i.e., 50 to 270 fs). Although self-organized nanostructures are
detected in a narrower region for the shortest pulse duration (50 fs), it is comparable between
150 fs to 270 fs. 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 [68], due
to lower bond energy, smaller band gaps, photosensitivity, and higher absorptivity at 1 yum
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Figure 4.5: a) Transmission spectra of the laser-affected zone. The inset shows a reflective OM
of a single plane (1x1 mm?) formed with parallel lines generated from overlapping pulses at
100 nJ. 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 Gey3As;S7 versus laser-induced volume modifications (red curve). Note that the
production parameters are similar to the ones reported in Figure 4.4.c. The inset image shows
the cross-section of the measured laser-affected zone. The scale bar is 4 ym.

(i.e., the laser wavelength), which is around 25%.

The time-dependent temperature distribution of focal volume calculated by thermal diffusion
[136] of multi-pulse irradiation for 10 kHz is shown in Figure 4.6.b. The temperature rises
quickly in the focal volume, and thermal quenching with a typical cooling rate of approximately
10 K-s'! eventually leads to supercooling of new dense phases, and/or metastable phases
recovered under extreme conditions [137]. As the pulse interval (approximately a few us)
is longer than the lattice cooling time, the temperature rise is not affected by the second
pulse around 250 kHz. Above this rate, thermal effects can lead to softening, melting, and
resolidification of the laser-affected zone. Figure 4.6.c shows the OM images of inscribed laser
tracks on the surface of Ge;3Sb7S7g. The transition from a non-cumulative to a cumulative
regime is highlighted from 100 kHz to 1 MHz. In addition, ablation in the cumulative regime is
accompanied by catastrophic fracture and ejection of material.

Figure 4.7 displays the surface profile and the temporal evolution of the temperature upon
multi-pulse irradiation with various pulse energies. Surface characterization is performed at
100 kHz, as presented in Figure 4.7.a. The homogeneous modification refers to non-visible
modifications, yet, photo-expansion is revealed by surface profile measurement. The local
temperature gradient remains below the glass transition (Tg = 584 K) temperature in this type
of modification, as emphasized in Figure 4.7.b. Higher laser fluence, or field strength, in this
case, results collapse of the homogeneous modifications into cavitation with self-organized
nanostructures. Although the temperature remains lower than Tg with few pulses around
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Figure 4.6: a) Laser-induced surface modifications of Gey3As;S7g as a function of pulse energy
and duration by dynamic laser exposure at 100 kHz. b) The time-dependent temperature
distribution of focal volume (2x2x10 pm3) during multi-pulse irradiation of Gey3As7S7g surface
at various repetition rates. ¢) OM images of surface tracks inscribed at 100 kHz, 750 kHz, and 1
MHz.

10-20 nJ, the temperature exceeds the Tg upon multiple pulses with a pulse energy of 50 nJ.
Further rise in the pulse energy leads to melting and ablation of the laser-affected zone.

Figure 4.8 shows SE images of self-organized nanostructures visible on the glass surface as a
function of pulse energy and the number of effective pulses per spot. The structures observed
have an average 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 leads to randomly distributed spherical nanoparticles, with
average sizes of 150 nm and compositions similar to the bulk material. Traces of self-organized

94



Non-oxide glass systems: Chalcogenide glass Chapter 4

a 0100 100 kHz; 400 pulses 100 kHz; 400 pulses 100 kHz; 400 pulses
' 5nJ| ’

=3
=3
N
o

50 nJ ’ 100 nJ

o o
= o
15 g
3 o
o o
a0~
o (5,
; "

Total profile (um)

Total profile (um
Total profile (um)

o
o
S

S
)
o

0.000

Distance (um) Distance (um) Distance (um)

b [ 2000 100n——50n—20nJ
1800 |
1600
1400
1200
1000
800 H
600
400
200

5nd|  270fs; 100 kHz

Temperature (K

Time (us)

Figure 4.7: a) Surface profile obtained for three different surface regimes, emitted at 270 fs
pulses at 100 kHz. The inset images show transmission OM images of the surface, correspond-
ing to homogeneous modifications at 10 nJ, self-organized surface structures at 50 nJ, and
ablation patterns at 100 nJ; achieved with 400 pulses overlapping. b) The time-dependent
temperature distribution of focal volume during multi-pulse irradiation with various pulse
energies at 100 kHz.

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 [349], unlike other substrates [68]. Table in
Appendix D summarizes the periodicity observed in chalcogenide glass. Interestingly, in some
cases, AsS3 shows low spatial periodicity (~800 nm) at low fluence and high spatial periodicity
around 200 nm at higher fluence [349-351]. The possible mechanism has been interpreted
with the pump-probe experiment previously [350]. The other two systems observed are Ge-S
and As-Se, having low spatial periodicity around ~750 nm [352, 353]. It suggests that the first
step of the self-organization process is driven by the plasma-pulse interaction rather than by
pulse-to-pulse accumulation effects. The formation of surface self-organized structures in
materials has been summarized with a great effort elsewhere [62]. 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.

Gey3Sb;S7o glass is known as resistant to oxidation, which might occur during the laser-
inscription process in an open-air atmosphere [319]. The elemental composition as measured
in the self-organized nanostructures reveals the composition of nanoplanes in Figure 4.8.f
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as Ge22.5Sb7.7S64.904.9. SEM-EDS results indicate that the Ge/Sb ratio seems to be slightly
affected, that mostly S is removed, and photo-oxidation is taking place. During fs-laser
irradiation, chemical bonds are broken upon the ionization 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.

Stationary

A single pulse
5 pulses

400 pulses
400 pulses

Figure 4.8: a-b) SE images of surface self-organized nanostructures on Ge,3Sb7S7¢ under non-
scanning conditions: a) A single pulse and b) 400 pulses. c-h) Self-organized nanostructures
while scanning along a line at 50 nJ 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.

Figure 4.9 shows the transmission and Raman spectra of the pristine glass and the laser-
affected zone. While we discuss the effect of laser parameters in the following sections in
detail, let us cover the transmission spectra briefly as a comparison to volume modifications.
The decay in the transmission is correlated with an increase in reflection (shown in Appendix
D) and scattering due to surface structures and roughness as presented in Figure 4.8.c. The
transmission decreases with the pulse energy, accompanied by photo-darkening. In addition
to morphological changes and defects, decay in transmission by photo-darkening is a common
phenomenon, observed in multiple chalcogenide glass systems [380]. The photo-darkening is
arather complex phenomenon, the structural evolution might be helpful for understanding.
It can be reversed via heat treatment close to the glass-transition temperature [301].

Figure 4.9.b exhibits the Raman spectra of the pristine glass and the laser-affected zone. Upon
ultrafast laser irradiation, both the left and right shoulder of the main band, related to SbS;
pyramids at 302 cm™! and corner-sharing GeS,/» tetrahedra at 402 cm’!, respectively, are
altered. On one hand, the intensity of bands at 302, 330, and 375 cm™! grow with pulse energy,
whereas the intensity of the band at 340 cm™ decay with the pulse energy. These modifications,
along with the rise of 475 cm™!, indicate the reconfiguration of GeS, tetrahedra to corner-
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sharing GeS, tetrahedra due to a decaying concentration of sulfur in the glass backbone.
Overall, the Ge/Sb ratio seems slightly affected by 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 is broadened due to a
disorder in the glass network [319]. The effect of the laser parameters and the comparison
with various different compositions are demonstrated further in this chapter.
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Figure 4.9: a) Transmission spectra of pristine and the laser-affected zone of Ge3Sb7S7¢. The
inset shows a reflective OM of a single plane (1x1 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»3Sb;S7¢. 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.

4.4.3 Stability of morphological and structural modifications

Up to now, we explained numerous photo-induced modifications on the glass surface and
in the volume upon femtosecond laser irradiation. Photosensitivity of chalcogenides can
lead to diverse modifications depending on the irradiation conditions. The classification of
these modifications is based on reversibility/irreversibility [301]. For instance, metastable
states are present as high as glass transition temperature, while transient ones are present only
during illumination. Here, we only consider stable and metastable modifications since our
investigation starts only after the illumination. In addition, physical aging is the dominant
effect in chalcogenide glass systems at room temperature due to their relatively low glass
transition temperature. In general, the time-dependent modification in the physical properties
and chemical degradation have been reported [303, 381]. Similar to photo-induced changes,
photo-induced aging has been reported in chalcogenide glass [382].

The purpose of this section is to shed light on a few points about the femtosecond laser-
induced modifications of Gey3Sb7S7q glass. One is to understand the type of the modifications,
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such as temporary or permanent modifications, along with their thermal stabilities. Another
one is to investigate the erasure mechanism of photo modifications. We report the nature and
the stability of femtosecond laser-induced modifications of Ge,3Sb;S7¢ glass by annealing.
Several temperatures are selected following previous studies, where the erasure of certain
defects leads to the disappearance of such modifications [343].

Let us explain the aging by the typical enthalpy (or volume) vs. temperature graph of glass
in Figure 4.10.a. A rapid cooling above melting temperature leads to supercooled and glass
regimes. The enthalpy curve deviates from the liquid curve depending on the cooling rate.
This deviation results in different glass transition temperatures while heating the glass. For
example, while Tg) represents a glass transition for slowly cooled glass, Tg> indicates the
glass transition of fast cooled glass. Even though the glassy state is obtained, the material
continues to relax towards a lower energy state (or thermodynamic equilibrium, where there
is a lower enthalpy or volume). The relaxation time can be enhanced by keeping the glass at a
certain temperature and time, known as physical aging. The blue points indicate the selected
temperatures for further investigation of thermal stability.

Figure 4.10.b displays the stability of various modifications over temperature based on opti-
cal and spectroscopy observations after annealing. After keeping the irradiated glass at 513
K for 15 hours, homogeneous modifications on the surface and the densified zone in the
volume are not optically visible. In contrast, a short annealing time has resulted in a more
efficient waveguide response in densification regime [332]. Above 553 K, modifications so-
called porosification, anisotropic nanostructures (in Figure 4.10.c), and bubbles in the volume
survive (see Appendix D). Reversing such modifications is possible above the glass transition
temperature. However, exceeding the glass transition temperature results in randomly dis-
tributed crystalline precipitates in the glass, causing the decomposition of the glass network
and degradation of the optical properties. Similarly, surface self-organized nanostructures
start to be erased around glass transition temperature, shown in Figure 4.10.d. The periodic
nanoplanes leave their places in a few pores, making the nanostructure indistinguishable after
five pulse exposure. The precipitate nucleated at the border of nanostructures accelerates the
deformation of the laser-affected zone. Finally, the erasure of surface modifications such as
self-organization, cavitation, and ablation requires remelting of the glass.

Figure 4.11 presents the Raman spectra of the bulk modifications before and after the heat
treatment at 553 K for 15 hrs. The characteristic changes in the laser-affected zone are redshift
of the main peak, intensity increase in both shoulders, i.e., SbS3 pyramids and S3Ge-S-GesS
units, reconfiguration of main units and incorporation of sulfur from the glass backbone, in
Figure 4.11.a. The changes in the glass spectra are proportional to the laser fluence (specifically
to the optical field strength). With annealing in Figure 4.11.b, although the structures are
visible optically, the shift in the main peak is resolved. In addition, there is a decrease in the
intensity of the shoulders of the main band. It highlights the recovery of the defects in the
form of corner-sharing GeSy/» tetrahedra being rearranged to edge-sharing. However, slightly
excess sulphur still present as Sg ring and Sy, chains.
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Figure 4.10: a) Typical enthalpy graph of glass over a temperature, presenting the transition
from glassy state to supercooled liquid and molten state. Blue circles represent annealing
temperatures. b) The graph representing the stability of each modification over a temperature
on the surface and in the volume. The dashed lines denote the selected heat-treatment
temperatures. c¢) OM images of bulk modifications (at 100 kHz) before and after the heat
treatment at 553 K for 15 hrs. d) SE images of self-organized nanostructures (at 100 kHz) before
and after the heat treatment at 593 K for 15 hrs.

Figure 4.12.a-d displays surface modifications and Raman spectra after annealing at 593 K
for 15 hrs. Figure 4.12.e shows Raman spectra of the morphologies after annealing, along
with their peak assignments [383-385]. Crystalline precipitates exhibit similar Raman spectra
as monoclinic a-GeS;, with high-intensity peaks at ~361 and 432 cm™!. Still, the peak at
340 cm™! at laser-affected zones is defined less clearly in the literature. It can be generated
from both the A; mode of the Ge(S;/2)4 tetrahedra and the A;g mode of Ge(S1/2)4x with a
companion A¢; mode at ~370 cm™!. Peaks located at 340 and 370 are related to B-GeS; [336].
Orthorhombic sulfur peaks are located at ~151, 232, 472 cm™!. Above the glass transition, all
the structural changes, such as photo-expansion, and photo-darkening are reversed. However,
the crystallization takes place in the entire volume. Overall, we validate the temperature
window of all the modifications observed in Gey3Sb;S7 glass.
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Figure 4.11: Raman spectra at the surface of both pristine and laser-affected zones in
Gey3Sb7S7g glass volume a) before the heat-treatment and b) after the heat-treatment at
553 K for 15 hrs. In these experiments, the pulse repetition is set to 100 kHz. The inset image
shows the measurement point of the laser-affected zone.
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Figure 4.12: OM images of surface modifications (at 100 kHz) before and after the annealing
above the glass-transition temperature at 593 K for 15 hrs with laser parameters of a) 100 nJ; b)
50 nJ; ¢) 25 nJ and d) pristine glass with the precipitate at the center. e) Raman observations
of the surface of the pristine and the laser-affected zone on Ge,3Sb;S7y surface after the
annealing at 593 K for 15 hrs. The dashed circle in a) represents the precipitate nucleated at
the border of the laser-affected zone, corresponding to the 100 nJ* in e). In these experiments,
the pulse repetition is set to 100 kHz with 400 pulses per spot.

4.4.4 Effect of the glass network on laser-induced modifications

So far, we investigated various photo-modifications and self-organization of Ge,3Sb7S7g and
their thermal stability. In this final section, we unravel how photo-induced modifications (in-
cluding the self-organization process) are influenced by variations in glass-forming elements,
i.e., bond energy, atomic weight, short-range order, etc., for glass systems sharing similar
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iso-structural units. For that purpose, we compare the findings of our systematic investigation
by replacing Sb with As and S with Se, keeping the same proportion in the bulk glass. In this
case, the heavier nature of Se enhances refractive index and nonlinearity compared to S, while
As leads to higher photo-darkening and ablation threshold compared to Sb [337, 386].

Table 4.2 presents various thresholds leading to the surface modifications for single pulse irra-
diation. While the modification threshold indicates the first observable modification optically,
the ablation threshold is rather determined by the collapse of self-organized nanogratings, ejec-
tion of matter, and melting. It has been shown that bond energies Ge,3As7S7¢ and Gez3Sb7Sezg
differ, and consequently some physical properties, although the number of lone electron
pairs is quite similar [387]. During the nonlinear absorption process, the critical free electron
density plays an important role in the formation of the final microstructure.

Table 4.2: Thresholds for modifications and ablation of Ge3Sb;S79, GezzAs;S7o and
Gey3Sb7Se7q per pulse.

Sample Modification threshold Onset of ablation
Gey3Sb7S7g 10 nJ 125 n]
Gey3As7Syg 15n] 150 nJ
GeZ?, Sb7S€70 50 Il] 100 Il]

Figure 4.13.a-b shows SE images of the surface self-organized structures of Ge,3As7S;¢ and
Gey3Sb7Se7g. Likewise, the orientation of self-organized nanostructures is perpendicular
to the laser electric field. The periodicity and continuity differ greatly from one another.
Smaller periodicity and threshold are obtained in Ge»3As;S;¢g compared to Gey3Sb;S7¢. Since
the wavelength is close to the band gap energy of Ge,3Sb;Se7, continuous self-organized
nanostructures are not observed. Alternately, discontinuous irregular nanostructure in a small
processing window.

Figure 4.13: SE images of self-organized structures on the surface of Gey3As;S79 and
Gez3Sb;Se7 at 100 kHz with 50 nJ and 400 pulses.

The relative compositions of the nanoplanes are Ge, 5As6.4S67.903.2 and Gez3 3Sb7.0Segg.500.2
for nominal compositions of Gez3As7S79 and Ge,3Sb;Se7, respectively. The ratio of existing
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structural units is altered by the ultrafast laser. In the case of Gey3As;S79, Ge/As ratio de-
creases dramatically as Ge/Sb in Gep3Sb7S7o. However, instead of SbSes;2, GeSey/» units are
modified in selenide glass. In addition, photo-induced oxidation takes place for both of the
compositions. The main chalcogen, Se, can be reduced easier than S, resulting in less oxygen
incorporation into the laser-affected zone upon multi-pulse exposure.

Let us examine the influence of laser parameters on structural modifications in detail. Figure
4.14 presents Raman spectra and the relative peak intensities changing with pulse energy and
the number of pulses per focal area for Ge,3Sb;S7p. The peak assignments are reported in
section 4.4.2 and Appendix D in detail. Figure 4.14.c highlight the effect of pulses as such that
a shoulder related to SbSs/» peak after around 10 pulse changes dramatically and preserves
its position up to 400 pulses. On the contrary, the shoulder related to S3Ge-S-Ge3S bridge
continuously modified with each subsequent pulse. Similarly, the intensity of S rings and
chains increases with each pulse. In Figure 4.14.d, dramatic increases in individual SbSz/,
units, S rings, and chains generate glass decomposition.

Figure 4.15.a,d shows transmission spectra with respect to pristine glass of Gey3As7S7¢ and
Gey3Sb7Se;. The absorption increases with laser pulse energy for both glass compositions
due to photodarkening, similar to Ge»3Sb;S7g. As inset OM images indicate, at the onset of
ablation, both glass compositions reach to their the highest absorption values. Band gap of a
glass depends on the average electron affinity of anions, the average bonding energy of ions
and the average polarization energy of ions. Chalcogenide glass with smaller band gap energy
likely to show higher refractive index. When refractive index increases, chalcogenide glass
subjected to photodarkening [322]. To explain the evolution of glass structure and to correlate
properties with photodarkening, Raman spectra collected from the center of the laser-affected
zone are investigated in detail.

Resembling similar glass network as in Gey3Sb7S70, Gez3Sb;Se7o the main structural units are
GeSey /2 and SbSes,» with excessive Se. Likewise, GeSy/2 and AsSs,» with excessive S are present
in Gep3As7S79. The peak assignments are described in Appendix D. Figure 4.15.b,c,e,f presents
Raman spectra and changes in the main peak intensity of laser-affected zones. Gey3As7S7
shows strong effect in main band of 340 cm!, resulting in sulphur diminution in GeS, tetrahe-
dra, as previously reported [360]. The bandwidth of the main band widened due to an increase
in disorder in the glass network. The content of edge and corner-sharing GeSy,2 and AsSs3/2
structural units increases, whereas there is a slight decrease in the free S-rings and S-chains.
We can conclude that the ultrafast laser irradiation primarily disturbs the network connectivity
and subsequently causes the removal of excess S. Alteration of Ge/As ratio prompts the rise
of the amplitude of the band around 475 and 489 cm™!, the amplitude of the shoulder at 309
cm’!, and broader the main band, indicating less GeS, units in the glass network and more
AsS3 units.

Raman spectra of Gey3Sb7Se;y shows that the main structural units are GeSe, tetrahedra
and Sb,Se; pyramids. Figure 4.14.d-f shows almost no change in Se chains and rings at 250,
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Figure 4.14: a) Effect of pulse energy and c) effect of the number of pulses on Raman spectra of
the center of laser affected area of Gep3Sb7S7¢ glass surface at 100 kHz. b,d) The ratio of main
peaks for the pulse energy.

266, and 300 cm’!, up to the onset of ablation. At the onset of ablation, however, Se content
decreases below the value of pristine glass, consistent with elemental analysis. The GeSey/»
tetrahedra peak at 200 cm™!, exhibiting the highest peak intensity, seems not affected by the
laser-irradiation. In contrast, the peak at 215 cm, the edge-sharing Ge,Seg,» bi-tetrahedra,
exhibits large variation with pulse energy. The same trend is observed in 190 cm?, correlated
with SbSes,;» pyramids. The ratio of Ge/Sb is slightly varied with pulse energy and eventually
increases at the onset of ablation. Finally, as opposed to Ge,3Sb7S7¢, the accumulation of
pulses from a few to a few hundred does not play a significant role to control the structural
modifications in Gey3As;S;o and Ge3Sb7Serg.

Ge-based ternary chalcogenide glass systems display a few similar photo-modifications, such
as photo-oxidation, elemental redistribution, and photo-darkening whereas, their modifica-
tion threshold, conditions to obtain and sustain self-organized nanostructures, and the final
chemical structure differ tremendously. These findings pinpoint the importance of the bond
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Figure 4.15: Transmission spectra of laser-affected area in a) Gey3As7S7¢ and b) Ge,3Sb7Se7p.
Inset images show the reflected optical micrographs of 1x1 mm? squares inscribed at 100 kHz
with 100 nJ and 400 pulses. Raman spectra of the center of laser affected area and effect of
pulse energy on c) Gez3As;S7¢ and d) Gea3Sb7Serq glass surface. e-f) The relative intensities of
main peaks to the pulse energy.

strength, glass-forming abilities, etc., to obtain desired photo-modifications, while explaining
the fundamentals of the formation mechanism of each modification based on experimental
observations.

4.5 Summary

In this chapter, we investigated various photo-induced modifications on the surface and in
the volume and both thermally cumulative and non-cumulative regimes of the chalcogenide
glass family. Our findings triggered the following observations:

¢ In Gey3Sb;S7, various photo-structural modifications in the volume, ranging from
refractive index changes 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 nano-planes perpendicular to the laser polarization
resembling similar structures found in other glass systems, is observed experimentally,
both at and under the surface.

* 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
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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.

* While self-organized surface nanostructures start to erase above the glass transition
temperature, the removal of cavitation and the surface roughness requires melting of
the glass. In bulk, bubbles and nanogratings dissolve before the glass transition, while
the densification regime disappears at lower temperatures.

* Substituting Sb with As and S with Se, while keeping the concentration the same, results
in fluctuations in modification thresholds and degradation in self-organized nanostruc-
tures.

* Gey3Sb7S7¢ shows photo-contraction, photo-expansion in the glass volume. In addition,
all compositions display photo-darkening, photo-decomposition and photo-oxidation
phenomena on the glass surface.

In summary, the self-organization process occurring during ultrafast laser exposure of continu-
ous patterns is one efficient method for nanostructuring of mid-IR material for the fabrication
of photonic devices micro- to nanometer scale. Understanding the relationship between
the optical properties and physical modifications upon ultrafast laser exposure is crucial for
successful photonic devices by femtosecond laser direct writing. From the application point
of view, these results may enable the direct write of functional 2.5D or 3D structures with
physical properties tailored to the laser inscription parameters.
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IThis work has been partially submitted to peer-reviewed journals as
G. Torun, A. Romashkina, T. Kishi, and Y. Bellouard, Femtosecond laser direct-write photoconductive patterns on
tellurite glass, (2023), which are cited in the text as [388].

External contributions: The femtosecond laser machining of wall roughness was machined by Dr. Pieter
Vlugter. The tellurite glass was produced by Prof. Dr. Tetsuo Kishi at the Tokyo Institute of Technology. The effect
of temperature on resistivity was performed by Ms. Anastasia Romashkina. The PCB was designed with Samuel
Benketaf. The chalcogenide glass rods were produced and characterized initially by Dr. Anupama Yadav and
Prof. Dr. Kathleen A. Richardson at the University of Central Florida. Finally, the coating of chalcogenide glass
substrates with amorphous-SiO, was done by Ruben Ricca.
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In previous chapters, we cover the laser-induced modifications and self-organization by
femtosecond laser exposure in complex glass systems in great detail. Let us here explore the
application point of view of our findings.

5.1 ULE®Glass

In Chapter 2, numerous laser-induced modifications in ULE glass, driven by rearrangement
of network and localized defects. In this section, we report the microstructuring of ULE
glass by femtosecond laser micromachining combined with chemical etching as a fabrication
technique for future optical elements and devices.

5.1.1 3D microstructures of ULE®Glass

Ultra-low expansion (ULE) glass offers broad transparency, lightweight, high mechanical, and
dimensional stability against environmental fluctuations. The knowledge of femtosecond
laser interaction with ULE glass has started to build up along with several different glass
systems other than fused silica. Still, the preferential etching of the laser-affected zone remains
elusive. Here, we report 3D glass microstructuring of ULE glass by femtosecond laser exposure
combined with chemical etching. Specifically, we explore the effect of the laser processing
parameters on the etching rate of laser-modified ULE glass. The selectivity highly depends
on the glass structure in the laser-affected zone, which we correlate to the etching rate by
systematic Raman analysis presented in Chapter 2. In addition, we investigate the role of
etchants on laser-modified areas, namely HF and NaOH solutions. A strong preferential
etching with a high aspect ratio is accomplished in ULE glass, attractive particularly for
precision manufacturing and space applications.

Introduction

One of the transparent materials attractive for devices and applications requiring lightweight,
high accuracy, mechanical and dimensional stability against environmental fluctuations is
ultra-low expansion glass (so-called ULE®Glass). ULE glass, consisting of SiO, with 7.4 wt%
TiO,, exhibits near zero thermal expansion coefficient (0+30 ppb/K from 278 to 308 K) at
room temperature [106]. Thanks to its impressive thermomechanical properties, this glass has
been practiced as mirrors and optics in large astronomical telescopes, space satellites, and
interferometers in metrology.

Femtosecond laser exposure has become a critical tool in recent decades not only for produc-
ing optical and photonic devices but also for implementing three-dimensional (3D) multi-
functional micro-components in bulk transparent materials when combined with wet chem-
ical etching. Based on non-linear absorption within the focal volume, this process tailors
the material structure locally and eventually leads to enhanced chemical selectivity. When it
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comes to femtosecond laser interaction with ULE glass, one might expect similar behavior as
fused silica since both share a comparable glass network. However, numerous unusual modifi-
cations, more than the ones in fused silica, have been reported. To date, the reported facts on
femtosecond laser-ULE glass interaction are the formation of self-organized nanogratings [52]
and their erasure mechanism [128], a photo-darkening [126], local structural transformations
[127] and crystallization of TiO,, which are discussed in Chapter 2 extensively. Although these
early studies form the fundamental basis of such interaction, to the best of our knowledge, no
report on an etching study of fs-laser irradiated ULE glass has been shown.

In this complementary study, we introduce a step-by-step approach to test relevant laser
parameters toward the 3D structuring of ULE glass at micro-/nanoscales. Specifically, the
pulse duration, laser polarization, and repetition rate as a function of pulse energy and the
number of pulses per spot are investigated to a larger extent. In addition, two different
etchant solutions, i.e., HF 2.5% and NaOH 5% are selected as they are practiced for fused silica
extensively [43]. The selectivity highly depends on the glass structure in the laser-affected zone,
which we correlate to the etching rate by systematic Raman analysis, presented in Chapter 2.
Finally, the parametric window revealing a minimal surface roughness with a high aspect ratio
after etching has been presented to fabricate practical parts on demand.

Experimental procedure

Commercial Corning ULE®Glass (7972), consisting of SiO, with 7.4 wt% TiO, was used to
study in this chapter. Several different patterns were inscribed in ULE glass. First, parallel line
patterns were inscribed in the volume (with a depth of 100 um) of the ULE glass with a length
of 10 mm to measure the etching rate. Further, numerous plane patterns consist of parallel
lines along the x-y and y-z planes to observe the final surface profile.

For those, three different femtosecond laser systems were used, emitting pulses of different
durations: 150 fs pulses at 1030 nm (Regen amplifier, S-pulse from Amplitude), 270 fs pulses
also at 1030 nm (Yb-doped femtosecond fiber laser, Yuzu from Amplitude), and finally, 500 fs
pulses at 1030 nm (Yuja from Amplitude). Note that the beam quality (M?) is slightly different
for different laser systems. 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
on the surface of the specimen with a 0.4 numerical aperture (NA) objective (OFR-20x-1064
nm from Thorlabs). In Chapter 2, the femtosecond laser processing map has been reported
for this glass system. In addition to several pulse durations, a wide range of pulse repetition
rates (1 kHz-1 MHz) was employed at 270 fs. Here, pulse-to-pulse overlapping ratios were
varying from 0 to 99.9%, and the pulse energy was ranging from 100 nJ to 1600 nJ, as measured
after focusing with the objective lens. 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 electrical field E) defined as parallel,
at 45°, and perpendicular to the writing direction, respectively. All irradiated specimens were
cut into a few pieces to reveal the structures. Later, specimens were etched using HF (2.5%)
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at room temperature and NaOH (5 %) at 363 K for three hours to estimate the etching rate
quantitatively and for several hours to observe surface profiles. The weight loss of pristine
ULE in 5% NaOH is 0.9 mg/cm? at 368 K [107] and measured etching rate of 0.5 um/hr at 363
K. The etching rate of ULE in 2.5% HF at room temperature is 3 pm/hr.

After laser exposure, specimens were observed using an optical microscope (BX51 from Olym-
pus) and a digital optical microscope (KH-8700 from Hirox). The etching rate was calculated
based on the length observed in the OM over three hours of etching time. For statistical
purposes, the measurement was performed for two different specimens. The surface pro-
file and the roughness were obtained using laser confocal microscopy (VK-X from Keyence)
and confirmed with 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 with acquisition times of 30 s for an individual
spot. 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 EDS (FE-SEM, Gemini 2 from Zeiss, operated at 5 kV for imaging and 20 kV for elemental
analysis).

Let us first explore the effect of pulse duration, polarization, and repetition rate on the etching
selectivity in fused silica. First, the etching of fused silica has been reported using HF solution
[38]. The reported facts are polarization sensitivity [36], the surface roughness of ~100 nm [43],
selectivity of 1:100 [83], high aspect ratio, and so on. Later, several less dangerous solutions
compared to HE such as KOH and NaOH, have demonstrated an immense etching selectivity
[43, 389]. Another reason to utilize NaOH, for example, is that little or no etching of pristine
material is observed. First, the etching selectivity is explained by the localized fluctuations and
densification in the laser-affected zone due to the change in bond angle of SiO, tetrahedra.
This event leads to the chemical reactivity of oxygen atoms, leading to dissolution with a few
solutions. Since higher localized defect formation, fluctuations, and densification has been
observed in the nanograting regime, researchers initially focused on this particular regime.
Later, it has been shown that before the nanograting regime, a few pulse regime results in a
better etching rate (~300 pm/hr) with a higher aspect ratio (~500) thanks to defect selective
solution of NaOH [43]. The anisotropy of these defects guides to polarization-sensitive few
pulse regimes.

The effect of laser parameters on the etching rate

The etching rate of the laser-affected zone for different pulse durations (150-500 fs) at 100 kHz
is presented in Figure 5.1. For 150 fs, the maximum pulse energy that can be obtained with the
laser system is 783 nJ, leading to a fluence range of 0.05-2540 J/mm?. While much higher can
be achieved in the laser system emitting 270 fs pulses (0.22-3580 J/ mm?) and 500 fs pulses
(0.071-635 J/mm?) at 100 kHz. The polarization is perpendicular to the writing directions,
providing the highest etching rate for fused silica [36].
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The threshold of HF etching in Figure 5.1.a-c starts below 200 n] for all pulse durations. Above
the threshold, the maps exhibit a common trend over a number of pulses. Here, we divide
the maps into three regimes namely, a few pulses (<10 pulses), transition (10-100 pulses),
and multi-pulse (>100 pulses) regimes. The first regime is associated with a low etching rate
located between a few pulses and tens of pulses. Once pulse duration gets longer, etching with
few pulses is enhanced. Further, a rise in the number of pulses up to ~100 leads to an almost
complete diminish in the etching selectivity. Yet, in the multi-pulse regime associated with
reestablished and enhanced etching rate, the highest etching rate for all pulse durations is
found (>100 pulses). While the maximum etching rate in the investigated range is 130, 134, and
124 um/hr for 150, 270, and 500 fs, respectively, the rate is enhanced twice by NaOH solution as
in Figure 5.1.d-f. The same trend from lower etching rate in a few pulse regime and enhanced
etching rate in multi-pulse regime persists, albeit the etching rate is also strengthened twice
in a few pulse regime. While the minimum pulse energy requirement for NaOH solution to
etch is higher for inscription parameters at 150 fs, a lower threshold signifies the rise in the
sensitivity at 270 fs. The maximum etching rate for each pulse duration is 220, 260, and 257
pm/hr for 150, 270, and 500 fs, respectively. Note that no etching selectivity is obtained in a
specimen irradiated with 50 fs laser pulses.
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Figure 5.1: Comparison of etching rate versus pulse duration at 100 kHz. 3D map of etching
rate for a-c) 2.5% HF and d-f) 5% NaOH solutions as a function of pulse energy and number of
pulses for 150, 270, and 500 fs-laser pulses.

In Chapter 2, we unveil the microstructure after laser irradiation for all the pulse durations.
While a few pulse regime exhibits rather disorganized morphology with the presence of
localized defects, which are slowly transforming to self-organized nanogratings with many
pulses. In Figure 5.1, the threshold of etching in a few pulse regimes is higher than the

111



Chapter 5 Device fabrications and applications

nanograting regime. Above certain pulse energy for each pulse duration, localized defects,
such as defects related to the silica network leads to a little enhancement in the etching rate in
a few pulse regime. Above 100 pulses per spot, the nanograting regime enhances the etching
rate to even higher values thanks to defects mediated not only by Si-O-based network defects
and nanopore formation but also by the transformation of Ti** to Ti3*. It highlights that the
number of pulses greatly affects the etching rate due to the structural rearrangement and
possibly transformation of defects into pores [43]. Above ~1000 nJ with more than 100 pulses,
we determined the glass dissociation and subsequent crystallization of §-TiO,. The highest
etching rate persists at high pulse energies since the crystalline form can be dissolved in both
NaOH and HF solution dissolves TiO, [135, 390].

Defect-mediated random morphologies in a few pulse regimes perform twice less etching than
the nanograting regime both for HF and NaOH solutions. We strengthen this statement by
SEM observation. SE images of cross-sections after 3 hours of etching with HF and NaOH are
reported in Appendix E for 500 fs-laser pulses as a representative case. While HF solution leads
to etching in the entire investigated fluence range, NaOH solution results in more selective
etching. Extraordinary selectivity of NaOH (approximately 300 um/hr) was experimentally
demonstrated for fused silica previously, relying on the reorientation of defects in a few pulses
[43].

In Chapter 2, we examined that at a certain threshold, nanogratings perpendicular to the laser
polarization form. They are associated with chemical etching selectivity due to the formation
of localized defects. In this direction, we investigate the effect of polarization on the etching
rate at various pulse durations. Figure 5.2 displays the etching rate with three orthogonal
linear polarizations for the writing direction for the pulse duration of 500 fs.

Starting with HF etching at a few pulse regime, no significant difference in both threshold
and etching rate is observed in Figure 5.2.a-c. However, followed by the transition regime, a
sensitivity of HF etching is visible in the multi-pulse regime. While the highest etching rate
of almost 130 um/hr is obtained thanks to nanogratings, which are parallel to the writing
direction in Figure 5.2.a, the etching rate is halved by other polarizations Figure 5.2.b-c.
Although the NaOH solution reinforces the etching rate up to 260 ym/hr in Figure 5.2.d-f, a
similar behavior to the laser polarization is observed, i.e., three different regimes and the decay
of the etching rate in the multi-pulse regime by turning the polarization. Unlike fused silica at
333 kHz [43], both HF and NaOH solutions are less sensitive to the anisotropy occurring with a
few pulses. The polarization-independent behavior has been reported for fused silica recently
at 100 kHz [391]. The difference might originate from the variation in the type of defects
generated in fused silica versus ULE glass as well as due to the difference in laser parameters.
Similar to fused silica and many other materials, the etching rate is higher in the case of a
linear polarization state perpendicular to the writing direction in the nanograting regime.
Moreover, SE images of cross-sections after three hours of etching are presented in Appendix E.
While HF etching is relatively less sensitive to the anisotropy of defects and nanogratings at a
sufficiently long time, the cross-section etched with NaOH solution results in higher selectivity

112



Device fabrications and applications Chapter 5

and sensitivity to the type of defects in the investigated parametric window.
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Figure 5.2: Comparison of etching rate versus laser polarization for 500 fs laser pulses at 240
kHz. 3D map of etching rate for a-c) 2.5% HF and d-f) 5% NaOH solutions as a function of
pulse energy and number of pulses.

Together with the discussion in Chapter 2, the transition from non-cumulative to the thermal-
cumulative regime is observed around 500 kHz for ULE glass, which is relatively lower than
fused silica (~1 MHz). Yet, a high repetition rate with faster writing is desired for industrial
implementations. In addition, as displayed in this section, multi-pulse irradiation is desired to
achieve a higher etching rate in ULE glass. Here, we present the effect of repetition rate from
100 kHz to 1 MHz not only for an understanding of the case of accelerated etching but also for
practical purposes.

Figure 5.3 illustrates the etching rate varying with several repetition rates. In general, various
studies consider a 100-333 kHz regime for micromachining of fused silica [43, 83]. Starting
with a few pulse regimes at 100 kHz, polarization-insensitive defects form immediately. These
defects were observed for all repetition rates, although the etching rate with HF solution
decreases with repetition rate, i.e., 106 um/hr for 100 kHz versus 93 ym/hr for 1 MHz. Af-
ter the transition regime between ~10-100 pulses, the multi-pulse regime, associated with
nanogratings enhances the etching rate at 100 kHz. However, this window shrinks with the
repetition rate, and the threshold falls below 200 n]J. Further rise leads to zero etching rate,
since this region is related to bubble formation, i.e., densified zone with trapped molecular
oxygen at the center [22].

The final microstructures after etching with HF solutions are demonstrated in Appendix E. In
the investigated parameter window, higher laser fluence results in distortion of the beam and
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Figure 5.3: Comparison of etching rate versus repetition rate for 270 fs. 3D map of etching
rate for a-e) 2.5% HF and f-j) 5% NaOH solutions as a function of pulse energy and number of
pulses.

self-focusing. Since HF solution can dissolve the pristine glass network, all modifications are
left in their place into a hollow channel after etching. At a repetition rate equal to and higher
than 500 kHz, the previous statement becomes invalid since the modification is associated
with a densified glass network accompanied by pores in nano- to micrometer scales.

Extended parametric window at 270 fs

So far, we observe a large parametric window, demonstrating the possibility to apply various
laser systems. Now, we systematically investigate fine parametric windows with 270 fs laser
pulses rather below self-focusing phenomena.

Figure 5.4.a-f presents the 2D map of the etching rate as a function of deposited energy (or net
laser fluence). Above the threshold of ~143 nJ at 100 kHz with 270 fs laser pulses, logarithmic
increment in the both etching rates of HF and NaOH is visible with 160 nJ in Figure 5.4.a.
Here, zero etching rate by HF and especially NaOH shows that there is little or no defect
generation with a few pulses. A steep increase results in nanograting formation, as presented
in Chapter 2. By increasing the field strength, or pulse energy, a few pulse regimes is exceeding
the etching rate of nanogratings for a pulse energy of 190 and 210 nJ. Since the generation
of localized defects rises proportionally to the laser fluence, etching without a significant
pulse overlapping becomes visible. From 210 nJ and onwards, the transition region almost
disappears, making the map consisting of two distinct regimes, i.e., localized defect-mediated
and nanograting-driven etching.

Preferential etching of ULE glass has been demonstrated for numerous laser parameters. We
find that two types of etching dominate the process over a very large laser fluence regardless
of pulse duration and repetition rate. The first one is localized defect-driven, and the second
one is based on nanograting formation, which leads to the highest etching rate. Unlike fused
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Figure 5.4: The average etching rate in a fine parametric window for HF and NaOH at 270
fs with 100 kHz and a) 160 nJ, b) 190 nJ, c) 210 nJ, d) 230 nJ, e) 255 nJ, and f) 286 nJ. The
polarization is perpendicular to the laser writing direction.

silica, polarization has almost no impact on the few pulse regime due to different defects in
ULE glass. To fabricate complex micro-/nanocomponents of ULE glass, a few considerations,
such as the highest aspect ratio and the final roughness after etching, on the quality has to be
investigated. Then, we display simple 3D shapes made out of ULE glass.

The aspect ratio and the surface roughness after etching

The aspect ratio, i.e., the etched length of the single channel over its width, is presented in
Figure 5.5. The width was measured from the SEM images demonstrated in Appendix E. Figure
5.5.a-f shows the aspect ratio for various laser parameters after 3 hours of etching. The aspect
ratio obtained by HF etching is comparable with one another. In addition, at 250 kHz with 270
fs laser pulses (not shown here), the ratio stays almost identical. In addition, NaOH etching
exhibits a superior aspect ratio ~200 for 150 fs. Since NaOH does not attack to the pristine
material as much as HF solution, thus the aspect ratio is expected to be higher for higher
etching times. The longer the pulse duration, the worser the aspect ratio. Not only the pulse
duration, the rise in pulse energy also deteriorates the aspect ratio. Although the width of the
few pulse regime is thinner, slightly higher aspect ratio is obtained in nanograting regime due
to alonger etched channel length.

Figure 5.6.a-d displays average line roughness with SE images of the side wall after HF etch-
ing. The dominant laser parameters affecting the roughness of the etched structures are
polarization and writing speed. A slower speed resulting in a higher number of pulses leads
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Figure 5.5: Comparison of aspect ratio versus pulse duration at 100 kHz. 3D map of etching
rate with HF solution as a function of pulse energy and number of pulses for a) 150, b) 270,
and c) 500 fs, and etching rate with NaOH solution as a function of pulse energy and number
of pulses for d) 150, e) 270, and f) 500 fs.

to a smoother surface. The deterioration of the smoothness of the surface is intensified by
pulse energy at a low number of pulses. At 5000 pulses, with the help of crystallized volume,
dominating the laser-affected zone, leads to smoother structures. The more the crystalline
phases in the laser-affected zone, the better the etching rate and the smaller roughness for
both HF and NaOH solutions since §-TiO; is soluble in both of the solutions [135, 390].

Finally, Figure 5.7 displays the simple 3D squares carved out 60 um below the glass surface for
a demonstration of the capability of this process. The area roughness is around 700 nm at 250
nJ, while it rises above 1 um with a pulse energy of 1000 nJ.

In summary, we investigate the 3D microstructuring of ULE glass by femtosecond laser mi-
cromachining and chemical etching. We observe that a longer pulse duration gives twice
higher etching rate (~260 ym/hr at 500 fs) compared to shorter pulse durations at 150 fs as
it leads to more complex laser-induced modifications, such as localized defect formation
based on valence state change of Ti ions, phase dissociation and crystallization of §-TiO,
(anatase). Similarly, a higher number of pulses (>100, hence lower net fluences) is required
to reach a higher etching rate for every pulse duration above 100 fs. The highest etching rate
is obtained when a polarization state is perpendicular to the laser writing direction. The
thermal-cumulative regime starts at 500 kHz at 270 fs, deteriorating the etching rate due to
melting and re-solidification. In addition, we explore the role of etchants on laser-modified
volumes, namely HF and NaOH solutions. The etching behavior is somewhat comparable to
the one observed in fused silica, in terms of etching selectivity. Finally, the minimum final
roughness (between 90 to 400 nm), aspect ratio (~190), and examples of simple 3D geometries
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Figure 5.7: SE and magnified SE images of the 3D squares removed from the ULE glass by
femtosecond laser combined with HF etching. The laser parameters are a-b) 250 nJ and c-d)
1000 nJ at 500 fs, 250 kHz, and 12 mm/s.
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have been presented. A high etching rate and contrast are accomplished by the femtosecond
laser-assisted etching processing of ULE glass, attractive for many applications, particularly
for precision manufacturing and space applications.

5.2 Tellurite glass

In Chapter 3, our investigation of femtosecond laser interaction with tellurite glass led to
the observation of the formation of t-Te. In this section, we demonstrate femtosecond laser
direct-write UV photodetectors made from tellurite glass based on surface crystallization.

5.2.1 Direct-write UV photodetectors

We report the formation of arbitrary photoconductive patterns made of tellurium (Te) nanocrys-
tals by exposing a tellurite glass to femtosecond laser pulses. During this process, Te/TeO-

glass nanocomposite interfaces with photoconductive properties form on the tellurite glass

substrate. We show that these laser-inscribed patterns have a highly reproducible photo-

response, from the near ultraviolet (263 nm) to the visible spectrum, stable over a few months.

Specifically, high responsivity (~16.55 A/W) and detectivity (5.25+10'! Jones) of a single laser-
written line pattern are measured for an illumination dose of 0.07 mW/cm? at 400 nm. This

work illustrates a pathway for locally turning a tellurite glass into functional photoconductor

of arbitrary shape, without adding materials and using a single laser process step.

Introduction

We demonstrated that upon near-IR fs-laser exposure, the tellurite glass evolves into a semi-
conductor/glass composite [143], consisting of t-Te nanocrystals embedded in a TeO, glass
matrix. Extensive investigation revealed that the laser-modified areas show evidence of t-Te
nanoparticles and nanocrystals with a low amount of a-Te upon a single fs-laser pulse expo-
sure of TeO,-based glass [144]. In particular, it leads to the formation Te/TeO-glass interface
at the surface, at which the ratio of phases depends on the laser processing parameters. This
process is based on a scalable laser direct-write technology by focusing a femtosecond laser
on the surface of a glass substrate and scanning the laser spot as a pattern with an arbitrary
length and shape.

Previously, several authors reported that the TeO,/Te interface produced by surface oxidation
of Te (such as obtained by UV irradiation of Te thin films [392-395], or by continuous-wave
(CW) lasers operating at 440-520 nm[209]) have functional properties, such as photoconductiv-
ity [392, 393, 396, 397], ultrahigh chemical sensitivity [398, 399], and better optical properties
than Te and TeO, [400]. Here, in our case, the transparent substrate of TeO,, adding further
flexibility to use in optics and photonics, requires high peak irradiance and non-linear absorp-
tion to transform into t-Te locally. Surrounded by a stable amorphous matrix, Te nanocrystals
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are further protected against environmental modulations. Adding the possibility of controlling
the formation of nanocrystals in the dielectric matrix give a further degree of freedom in the
engineering of nanocomposite photonic structures, in particular, considering that tellurium
has plasmonic-like properties.

In the sequel, we further investigate the photoconductive properties of the Te/TeO,-glass
interface produced by direct-write femtosecond laser exposure. Specifically, we unravel a
highly reproducible and sensitive photo-response under different illumination conditions
in the near UV-VIS spectrum that we characterize for various laser exposure parameters
and illumination conditions. This process is particularly appealing for light-sensing devices
made by functionalizing a single piece of material and, hence, obtained without adding or
subtracting any other materials.

Experimental procedure

In this study, the test composition is selected as 10K, 0-10WO3-80TeO, (mol%). An Yb-doped
femtosecond fiber laser (Yuzu from Amplitude) emitting 270 fs pulses at 1030 nm was used
in this experiment. Arbitrary laser patterns were inscribed on the surface of the tellurite
glass as parallel lines with several lengths from 5 to 10 mm. The repetition rate was fixed at 1
MHz, corresponding to a thermal cumulative regime for the tellurite glass. Here, the number
of effective pulses per spot was varied from 20 to 4000, and the range of pulse energy was
spanned from 1 to 200 nJ, resulting in an incoming net fluence range of 0.0066 to 263 J/mm?.
Further details on the glass production and laser parameters can be found in Chapter 3.

After laser exposure, the tellurite glass samples were first observed using an optical microscope
(BX51 from Olympus). A Raman spectrometer (LabRam HR from Horiba), equipped with a 532
nm laser excitation source attenuated down to 4 mW, focused on 0.9 NA objective (100x-532
nm from Thorlabs) was then used to confirm the presence of elemental Te nanocrystals in
laser-modified areas. Further, another Raman spectrometer (MonoVista CRS+ from Spec-
troscopy and Imaging GmbH), equipped with a 442 nm laser (He-Cd laser from Kimmon Koha)
excitation source with an incident power of 115 mW was used to investigate the degradation
mechanism under UV-light irradiation. The linearly-polarized Raman laser beam was focused
at the surface of the glass sample using a 0.9 NA objective (50x-532 nm from Thorlabs). A
series of point scans were performed with acquisition times of 60 s per individual spot. Finally,
the absorption spectra were measured at room temperature for wavelengths ranging from 250
to 2500 nm using an ultraviolet-visible-near-infrared spectrometer ((UV-VIS-NIR, Lambda 950
from Perkin Elmer). For this purpose and to isolate the functionalized regions in the substrate,
amask with a hole of around 2x2 mm? is prepared from black paper for broadband absorbance.
For the measurement, the reference beam power is 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 and
reflection measurement was 2 mm.
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First, the DC resistivity of the laser-written tracks was measured by the 4-probe station
equipped with a microscope connected to the source measurement unit (SMU B2902A from
Keysight) applying a bias voltage of 40 V. A control software (Quick I/V Measurement Software
from Keysight) was used to obtain the data. The tungsten probes were placed on the sample
with the help of high-precision adjustments. Temperature dependence of the conductivity
was measured with slow heating of the sample from room temperature to 368 K.

To fabricate a device for probing the photoconductivity, electrodes in the form of thin Au (with
a thickness of ~20 nm) were sputtered (JFC-1200 Fine Coater from JEOL), covering the end of
the laser-inscribed patterns, identified as electrical contacts. For obtaining the desired shape
of electrodes, a mask made from fused silica glass by femtosecond laser machining-assisted
etching process was placed on the tellurite glass before sputtering, shown in Appendix E.
Later, wire bonding (HB10 wedge and ball bonder from TPT) with the Au and/or Al wires
was performed attached to the printed circuit board (PCB) designed in KiCAD software. To
ensure the wires were attached to the sample and the PCB over long measurement periods,
the end of electrodes were covered with Ag-based electrically conductive epoxy (H20E-FC
from epoxy technology; the resistivity is less than 0.04 {2-m at room temperature). The epoxy
was later cured at 393 K for 15 minutes. After the device fabrication, characteristic transient
current-voltage responses were collected with the source measurement unit (SMU B2902A
from Keysight). As a light source for the photoconductivity measurement, a LED of white
light (spectral range of 450 to 750 nm) and other LEDs of 460 nm, 400 nm, and 263 nm were
used with various optical intensities (0-2.1 mW/cm?). The spectral profiles of the LEDs are
presented in Appendix E. After obtaining a collimated beam with a positive lens, a cylindrical
lens was used to create a stretched elliptical profile illumination covering the laser-written
patterns with an area of approximately 200 mm?. The same measurement was performed
for at least ten different lines for statistical purposes. Figure 5.8 illustrates the schematic
representation of the device fabrication and characterization procedure.

a b c d Light source

222

Femtosecond laser
direct-write process

Figure 5.8: Schematic representation of the sample and device preparation and characteriza-
tion steps. a) The femtosecond laser direct-write process on tellurite glass. b) The fabrication
of Au electrodes at both ends of the sample by sputtering through a mask to protect the central
portion of the laser-written patterns. c) A wire bonding between PCB and electrodes once the
sample was fixed on a PCB. d) The device characterization by applying a bias voltage ranging
from -40 to 40 V and light focus into a thin elliptical line, while an elliptical illumination source
is focused, covering individual line-pattern separately.
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Electrical properties

The electrical conductivity of pure TeO, glass and binary glass systems are based on a small-
radius polaron hopping mechanism at and above room temperature [401]. Depending on the
glass modifier oxides, there is an additional contribution from ionic conductivity. The TWK
glass studied in this work has a reported electrical resistivity (DC) of at room temperature
1.4-10'® 2:m [402].

Figure 5.9 illustrates the effect of laser-inscription parameters and temperature on the DC
electrical resistivity, absorption spectra, and direct and indirect band gap plots of the pristine
and laser-inscribed patterns. The resistivity of the patterns is calculated by the resistance
measured with a 4-probe setup and the dimensions. The line length and cross-section of the
crystallized area were measured from images taken by OM and TEM [144], respectively. The
resistivity of the patterns varies from ~0.001 to ~50 {2-m with the laser-writing parameters in
Figure 5.9.a. Several parameters, such as the surface area of grain boundaries, preferred grain
orientation, presence of impurities, and structural defects, influence DC resistivity [269]. We
showed that the laser-inscribed zone consists of Te nanocrystals (with a grain size range of
~5-15 nm), growing proportionally with the number of laser pulses and the laser electric field
intensity. Low laser-inscription fluence results in thinner crystallized areas with disconnected
nanocrystals, which are more susceptible to charges and impurities at the interface, as well as
surface scattering. Through grain growth stimulated by higher laser-inscription fluence in the
thermal-cumulative regime, the value reaches the resistivity of polycrystalline bulk Te [268,
403, 404]. No correlation was detected between the orientation of the electric field and the
dark resistivity of line patterns. All patterns were written at a pulse energy of 200 nJ and 4000
pulses per focal spot (corresponding to an incoming pulse fluence of 262 J/mm?). Figure 5.9.b
shows the temperature-dependent relative dark resistivity of the laser-inscribed line patterns,
reflecting a typical semiconductor behavior due to the thermally-active charge transportation.
The inset shows the activation energy, estimated to be ~0.6 meV using an Arrhenius-law fitting
procedure (In RT vs. 103/T) [269, 405, 406]. Similarly, the resistivity of the pristine glass drops
with temperature (1.14-10'* 2-m at 373 K [402]).

Figure 5.9.c presents the absorption spectra of the pristine glass versus the laser-inscribed
area of 2x2 mm?. The laser-inscribed area shows broadband absorption in the solar spectral
emission range, decreasing continuously towards the band gap energy of t-Te (~3600 nm).
While it is above 80% in the visible spectrum, there is a sharp rise in absorption below 460 nm,
reaching the maximum value between 330-410 nm. Two broad peaks in the absorption curve
are also observed, at ~400 nm and ~1000 nm, respectively, similar to previously reported
results [205]. Theoretical and experimental studies related to the optical absorption of pure Te
indicate the presence of two peaks: one in the range of ~3-6 eV (~400-200 nm), associated
with the direct transition from the valence band (p-bonding triplet) to the conduction band
(p-antibonding triplet), and another one in the range of ~0-3 eV (~from mid-IR to 400 nm),
assigned to forbidden direct-transition from the valence band (p-lone pair) to the conduction
band (p-antibonding triplet). In addition, the absorption spectrum of Te-nanorods shows
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some differences when compared to that of pure bulk Te, presenting a broad absorption peak
due to the allowed direct transition located at approximately 300 nm [407]. For Te nanopar-
ticles, a broad absorption band at around 660 nm indicates a forbidden direction transition
[408]. In our case, the peak around 330-410 nm is corresponding to the direct band gap
transition, while the forbidden direct transition is reported in ~600-1000 nm. In another study,
Te nanoparticles between 10 nm and 120 nm show a plasmonic-like resonance-dominated
transition in the spectrum at ~300-400nm [238]. It is not completely a plasmonic resonance
due to the absence of ground-state free carriers as it is in metals or doped semiconductors.
Above 120 nm, Te nanoparticles exhibit all-dielectric (Mie-type) resonance. Similar to our
study in which the size of nanocrystals and nanoparticles are ~5-55 nm, the absorption spec-
tra of Te nanoparticles (their sizes from 10 nm to 300 nm) cover the entire solar emission
spectrum from 300 nm to 2000 nm. The presence of localized states is due to interfaces at the
surface, the grain boundary, and intra-grain regions. The impurities further absorb the photon
energy below the band gap through one of the gap states within defect density, contributing
to broadband absorption. The absorption spectra can be modulated by the laser-writing
parameters, as shown in Appendix E.

Figure 5.9.d shows Tauc plots [138], for both direct and indirect bandgap model behaviors.
While a linear region (and hence, a bandgap value) is clearly identifiable for the non-exposed
case, the laser-exposed regions exhibits less pronounced linear zones that may account for
their disorganized structures and interfacial effects. A shift towards lower energy, both in the
direct and indirect optical band gap models, is observed, as an expected consequence of the
presence of Te-nanocrystals after laser exposure.

Photoconductive properties and long-term stability

The p-type behavior of Te originates from the p-state lone-pair electrons that form the upper
level of the valence band [409]. The population of holes in p-type conduction comes from
the interaction of these lone-pair electrons with dangling bonds. A region enriched with
holes forms at interfaces such as the surface, the grain boundary, and intra-grain regions
due to impurities. The photoconductivity can occur at the interface due to the variation in
hole concentration [399]. In addition, there can be an adsorption process, i.e., gas atoms
adsorbed during the measurement [393, 394, 399], affecting the population of holes. In another
Te/TeO, system, photoconduction is explained by the presence of photo-excited carriers
in the Te-layer, which are trapped at the interface of the Te/TeO, layer [393, 396]. In our
case, the laser-inscribed zone consists of a mixture of polycrystalline Te (t-Te nanoparticles
and nanocrystals), amorphous Te (a-Te), and TeO,-glass [144] and as such as forms of a
heterogeneous assembly. The photoconductivity mechanism is hence likely more complicated
than in well-defined Te/TeO- interfaces [392, 393, 396]. We designed a specific device in
coplanar configuration, illustrated in Figure 5.8.d, to avoid manual manipulations while
testing the photoconductivity of the laser-inscribed patterns. The electrodes in the form of
a thin film of Au at both ends of the line patterns are connected to a printed circuit board
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Figure 5.9: a) Effect of the laser writing parameters on electrical (DC) resistivity of line patterns.
b) Effect of the temperature on the resistivity of laser-inscribed patterns with the inset image
of the Arrhenius-law fitting. c) Measured UV-VIS-NIR absorption spectra of the pristine and
laser-inscribed area (2x2 mm?), d) Corresponding Tauc plots of pristine and the laser-inscribed
area, considering both indirect and direct bandgap absorption models.

(PCB) by wire bonding. We conducted a current-voltage (I-V) characterization and calculated
their responsivity, detectivity, external quantum efficiency, and generated photocurrent by
varying optical power density. Additionally, we determined the spectral and temporal photo-
responses of the patterns. The results are gathered in Figure 5.10. The spectral response of the
Te/TeO,-glass nanocomposite is demonstrated in Figure 5.10.a. It exhibits a strong absorption
at ~400 nm, leading to the highest photocurrent output. The spectrum of the white light is
presented in Appendix E. Although the center peak is at ~600 nm, radiation below 460 nm
can contribute to the observed photo-response under white light illumination. I-V curves
obtained without and with illumination in both forward and reverse bias are displayed in
Figure 5.10.b. The typical I-V curve is deviating from ohmic contact in the range of -40 V
to +40 V. The absolute semi-log I-V curve is presented in Appendix E. In the dark current
for a zero bias voltage, we measure near-zero current (3.7-101°+1.1071% A). The electrical
conductivity in the device is controlled mainly by the conductive part of the laser-inscribed

123



Chapter 5 Device fabrications and applications

zones, interfaces, and structural impurities and defects [410]. For the current to flow, the
device in this scheme requires a bias voltage above zero. Once the bias voltage is exceeded
internal barrier voltage (around 1 V in this case) and the knee voltage (or breakdown voltage
for reverse bias) is surpassed, the external electric field supplies extra carriers. By illuminating
the active area of the device, the current rises as a function of optical power density. The
photocurrent at 400 nm versus optical power density follows a typical square root-like relation,
typically observed in the case of high resistances.

Figure 5.10.c shows the temporal response of laser-inscribed patterns under the illumination of
400 nm with different optical power densities. From this graph, we calculated the responsivity
(Rpn), detectivity (D), and external quantum efficiency (EQE), which are a figure of merit
(FOM) for the photo-detecting properties of our laser-inscribed patterns on tellurite glass. R
indicates the generated photocurrent per unit area, D" displays the ability to differentiate weak
signals from noise, and EQE the number of charge carriers (electron-hole pairs) collected per
photon incident on the photodetector [411]. They are expressed as:

Al
Rphz E whereAl = Iph: Ilight_ldark (5.1)
. RppVA
D= (5.2)
v2elgark
(hCRph) Rph
EQE(%) = ————x100= W-Alnm) x 100 5.3
QE(%) oh) 11240( ) (5.3)

where Ipp, liight, Idark, P A, €, h, ¢, A are the generated photocurrent, the current measured
under illumination, the dark current, optical power density, the effective covered area with
Te on the TeO,-based glass, the charge of an electron, the Planck constant, the speed of light
and the illumination source wavelength, respectively. At 400 nm and under an exposure dose
of 0.07 mW/cm?, the responsivity and detectivity of the device are calculated to be ~16.55
A/W and 5.25-10!! Jones, respectively. The responsivity is reduced with the optical power
density, a behavior similar to various Te photodetectors [246, 393, 396, 405, 407, 412, 413],
which is attributed to defect states in the laser-inscribed zones. Photo-generated holes under
low optical intensity are captured by the defect states near the valence band and reduce the
number of recombination of electron-hole pairs. However, under high optical intensity, a low
number of photo-generated holes will be captured due to the limited number of defect states.
Therefore, the laser-inscribed zone is more sensitive under lower light intensities. A similar
trend is observed in the EQE (%) plot, which is directly proportional to the responsivity and
inversely proportional to the light intensity. Note that the calculated responsivity, detectivity
and EQE indicate the peak values, which can alternate due to geometrical uncertainties, i.e.,
fluctuation in the active part of the laser-affected width, connectivity and homogeneity of
nanocrystals in the laser-affected zone, etc. The generated photocurrent follows an empiric
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power law in the form:
Ipn = pP* (5.4)

where « is the dimensionless exponent (<1), providing the information of traps (or defect
states) present, and f is a parameter related to the photodetector responsivity[414]. @ equals
1in an ideal trap-free photodetector but becomes less than 1 in the presence of trap states. In
our case, « is 0.46, implying that most traps are already filled at lower optical power densities,
and additional illumination power does not efficiently increase the photocurrent. The internal
quantum efficiency (IQE), the ratio of the number of charge carriers or electron-hole pairs
generated to the number of photons absorbed [415], is 5012% for the same illumination
conditions (with 97.73% absorption at 400 nm). There are a few possible reasons why an
apparent high responsivity and high EQE (i.e. >100%) are measured. First of all, the photogain
is not taken into account in EQE. Then, the higher external bias voltage above the barrier
voltage leads to the generation of additional ‘non-light driven’ electron-hole pairs. At the
illumination wavelength, which is much higher than the bandgap of Te, which is 0.34 eV [416]
in homogeneous bulk tellurium, but can be engineered up to ~1.42 eV [235] by modulating
its size at nanoscales [235], hence, more electron-hole pair can be stimulated by avalanche
multiplication per photon in the active region of the device. In addition, trapped minority
carriers, hence electrons in our case, in the device due to the various defective states in our
system, further enhance the apparent photoconductive gain. Although more than 100% EQE
is not common, it is possible by avalanche carrier multiplication [417].

The temporal evolution of the Te/TeO,-glass nanocomposite is displayed in Figure 5.10.e.
The rise time, the time required for current to increase from 10% to 90% of its peak value
under illumination, is one of the key parameters to evaluate a photodetector performance. We
measured an average rise time of about 20 s, which is rather low. The carrier mobility in Te
is temperature-dependent and typically ranges from 20 to 50 cm?/Vs at room temperature
[418]. The mobility is also affected by the contribution of carriers present near the Te/TeO-»
interface [407]. Therefore, the delay in the rise time of the Te/TeO,-glass interface is attributed
to several factors, such as the existence of charge impurities or defect states. A decrease in the
mobility of carriers is due to surface texture originating from the laser-induced self-organized
nanostructures [143]. Conversely, the decay time, which is the time required for the current to
decrease from 90% to 10% of its peak value, is rather slow. Likewise, slow photoconductive
decay response can be attributed to a large number of recombination centers, the presence of
trap levels and defect states within the band gap [419]. Relaxation curves are fitted best with a
sum of two exponential functions, expressed as:

(-t/Tl

Tph = Igark + A1 €TV + Apett/™) (5.5)

where A; and A, are weight coefficients, and 7, and 7, are the characteristic decay constants
(effective relaxation times)[420, 421]. While the average rise time is approximately 20 s, the
decay time is about an order of magnitude longer. This persistent photoconductivity is also
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observed in amorphous, metal-oxide semiconductors and wide-bandgap semiconductors
[422, 423]. Various reasons for the persistent photoconductivity are the presence of oxygen
vacancies located within the bandgap [422], large spatial fluctuations of the potential energy of
charge carriers [423], point defects, and metastable defects [424]. In some cases, the persistent
behavior can take a few hrs to days without illumination. This behavior can be eliminated by
designing a device with a three-gated terminal in a sandwich configuration, such as a field-
effect transistor device structure, and subsequently by applying a short pulse positive gate
voltage [422, 425]. The persistent photoconduction indicates that in Te/TeO,-glass interface,
there is a complex recombination process of free carriers by both radiative and non-radiative.
For different wavelengths, Appendiy shows the spectro-temporal evolution of the line patterns.
The rise time is 82 s for white light, 55 s for 463 nm, and 41 s for 263 nm. The decay times
for white light, 463 nm and 263 nm under the same illumination conditions are 411 s, 207 s,
and 286 s, respectively. Various Te-based photodetector (whether macro- or nano-scale, from
ultraviolet to near-infrared) shows the rise and decay times in the range of micros to a few hrs
[246, 393, 396, 405, 407, 412, 413].
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Figure 5.10: a) Spectral response of the device per unit of incident light power. b) I-V curve with
and without illumination with various biases (- 40 V to 40 V). c) Typical temporal evolution
with different optical power densities (0.07 to 2.1 mW/cm?). e) Responsivity, detectivity, EQE
(%), and generated photocurrent of Te/TeO,-glass nanocomposite structure. e) Temporal
evolution of the line patterns: the photocurrent rise and decay time. All measurements are
performed under an open-air atmosphere at room temperature.

Table 5.1 summarizes the performance of various Te nanostructures and other nanostructures
of photoconductive semiconductors such as CdS, CdSe, t-Se, and ZnO. While the size of the
other Te devices is in the order of nano-/micro-scale, the laser-inscribed patterns range from
a few millimeters to a centimeter in length and hundreds of nanometers to a few micrometers
in thickness. The responsivity and the detectivity vary with the optical power density. While
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this device exhibits comparable responsivity and detectivity to devices based on other manu-
facturing principles, there is still room to improve the time response. Let us investigate the
stability of the device over time, which is an essential aspect of practical applications.

Figure 5.11 presents the photoconduction characteristics of the same device (as in Figure 5.10)
from the day of fabrication to after a few months of utilization. Figure 5.11.a shows I-V curves
obtained without and with illumination at 400 nm after one month. We notice that the dark
current decreases from 0.24 pA to 0.09 pA with a bias of 40 V after a month, and the current
under illumination at 400 nm follows a similar trend. Figure 5.11.b-c displays the temporal
response upon various optical densities at 400 nm and corresponding responsivity, detectivity,
quantum efficiency, and generated photocurrent values. R, D", and EQE (%) values degrade
over a month under illumination at 400 nm, while the exponent of generated photocurrent, «,
stays the same. This behavior is because trap states are still present and do not change over
time. Finally, a repetitive measurement on the first day of the device fabrication is presented
in Figure 5.11.d, indicating the robustness and stability of the device. The amount of photo-
response and the dark resistivity after 10 hrs of a cyclic test has not changed. Figure 5.11.e-f
shows the multiple on-off cycles after a few months of usage. The rise and decay time does not
change after a month, except for the photocurrent value. However, after two months, there is
a noticeable baseline drift of the generated photocurrent and response times. There are a few
possibilities to explain this dramatic change in the photo-response of the device over a few
months. The first reason is the irreversible photo-induced oxidation upon UV illumination,
observed previously in Te [209, 393]. The oxidation of Te starts immediately after the first test
of the device and forms TeO,/Te/TeO,-glass interface. However, the interface TeO,/Te moves
over time, as suggested by the dark current value being less than the value on the first day.
Further illumination causes the oxidation of Te nanocrystals and nanoparticles, which results
in the dark current approaching zero. To understand the degradation mechanism under UV
irradiation, Raman spectra of pristine glass and the laser-inscribed line patterns were collected
over time with a Raman laser emitting at 445 nm.

Raman spectra of the structural evolution of the tellurite glass under a Raman laser emitting at
445 nm are shown in Figure 5.12.a. The glass network of the glass is composed of TeO, trigonal
bipyramids (tbp), TeOs,; distorted trigonal bipyramids (d-tbp), TeO3 trigonal pyramids (tp),
WOy, and WOg polyhedra. It results in the presence of Raman peaks located at around 355,
490, 610, 670, 720, 790, 860, and 920 cm!, and assigned to bending vibrations of W-O-W in
WOg octahedra, a symmetrical stretching of Te-O-Te linkages, continuous network of TeOy,
antisymmetric stretching of Te-O-Te linkages consisting two inequivalent Te-O bonds, Te and
NBO of TeO3,; and TeOs, stretching of Te-O in TeOs,; and TeOs, the stretching of W-O, W-O~
and W=0 bonds associated with WO, and WOg polyhedra, respectively [163, 164]. There is no
change in the peak intensity and ratio of the peaks in each spectrum collected at every 300 s.
Hence, the pristine material is not altered while characterizing the device.

Figure 5.12.b-c displays the Raman spectra of the center of the laser-inscribed pattern and the
ratio of the Te versus TeO,-glass. The characteristic vibration peaks of Te in the laser-inscribed
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Table 5.1: Comparison of spectral range, responsivity, detectivity, the rise and decay time, and
the stability of Te nanomaterials and common photoconductive materials.

Sample Spectral R (A/W) D’ (Jones) | Ty and Stability
range (nm) Tdecay
This work (10 | 263, 400, | 16.54 at 400 | 5.25-10'" | 20 and | cycling
mm tracks) 463 nm and | nm and 0.07 | at400nm | 2365 more
white light mW/cm? than 2
months
Te 633 nm - - 40 and 40 | cycling
nanowires[426] S for 100
times
Te 413-550 nm | 389.5 at 473 |- 4.4 and | bending
nanoplates[240] nm and 76.2 2.8s for 100
mW/cm? times
Te 1550 nm 51.85 at 1550 | 1.88x10'° | 19and 21 | -
nanoflakes[413] nm and 0.51 us
mW/mm?
Te 520, 1550 | 383 at 520 nm | - -
nanoflakes[427] | and 3390 | and 1.6 nW
nm
Te 1400-2400 16 at 1700 nm 2-10° few S |-
nanoflakes[425] | nm each
Te 350-400 nm | 13.4-10° at 350 | 3.1-107 54.5 and | cycle sta-
nanosheets[246] nm and 2.17 70.2 ms bility for
mW/cm? 10000s
Te nanopar- | 310-2200 7.5-10% at 400 |- - -
ticles in | nm nm and 4.2
PMMA[407] mW/cm?
Te nanosheets | 830, 1310, | 6650 at 1550 | 1.23-10!2 | 31.7 and | +3
and 1550, 2000 | nm and 0.01 25.5 us months
nanowires[428] | nm and | mW/mm?
blackbody
Te 300-785nm | 6.1 at 0.94 | 1.2-10%! tensof s | ~30 days
nanorods[408] mW/cm?
Cds 490 nm 7.3-10* at 3 |- ~20 us more
nanobelts[429] mW/cm? than 73
hrs
Cds 365, 420, | 1.23-10* at 450 | 2.8-10!! 0.82 and | -
nanorod[430] 450,500nm | nm and 0.5 0.84s
mW/cm?
CdSe nanocrys- | 500-532nm | 9.72 at 532 nm | 6.9x10'° | both be- |-
tals[431] and 0.9 W/cm? low 2 us
t-Se nanoparti- | 300-700 nm | 19-10° at 610 |- 0.32 and | -
cles[432] nm and 0.4 0.23 us
mW/cm?
7Zn0O 350-500nm | 1109 at356 nm | - both -
nanowires[433] ~tens of
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Figure 5.11: a) I-V curve without and with illumination at 400 nm for various biases. The
measurement was carried out 1 month after the fabrication of the device. b) Typical temporal
evolution of photocurrent with different optical power densities (0.07 to 2.1 mW/cm?) under
400 nm illumination 1 month after the fabrication of the device. c) Responsivity, detectivity,
EQE (%), and generated photocurrent of Te/TeO;-glass nanocomposite structure 1 month
after the fabrication of the device. d-f) Repetitive temporal response at 400 nm with a flux of
2.1 mW/cm? the day of the fabrication, after 1 month and 2 months, respectively.

zone are at 93, 118, 139, 170, and 260 cm™!, corresponding to E;, A;, and E; modes, Te-Te
homopolar bonds in amorphous Te (a-Te), and two second-order spectra, respectively [205,
207-209]. After irradiating for 300 s, the Raman spectra do not show any crystalline-TeO, peaks
but rather a decrease in the intensity ratio of Te/TeO--glass and an increase the intensity of in
main glass bands. The photo-oxidation process further explains the longer decay time of the
device after the fabrication. There can be a chemical reaction among existing structures and
defects or with ambient air during the measurement. Due to oxidation, the zones enriched
with holes at the surface, the grain boundary, and intragrain regions decrease. After two
months of device usage, both rise and decay times decrease proportionally. Yet, time constants
do not change, implying the presence of trap states as recombination centers. There are fewer
carriers, generating less photocurrent in each cycle resulting in shorter recombination times.
Transparent thin films of coating of SiO» or SizN4 can overcome the degradation of the patterns
[410]. Another reason is the degradation of the electrical contacts or the reaction between
Te and contacts (Au and Ag) [410]. Typical metal-contacted Te devices show a performance
degradation over time and temperature (failure above 473K) due to the diffusion of metal
atoms into the Te channels. A non-reactive interlayer, such as graphene [410], can be employed
to prevent metal diffusion. In summary, the preventative steps against the photo-oxidation of
Te and degradation of metallic contacts are necessary for the better stability of the device for
future applications.

In summary, we observed a photo-response of a tellurium/tellurite glass (Te/TeO;-glass)
nanocomposite interface produced by a femtosecond laser direct-write process on a tellurite
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Figure 5.12: a) The Raman spectra of the pristine glass after irradiated with 445 nm Raman
laser for 1500 s. b) The Raman spectra of laser-irradiated line pattern after irradiated for 300
s. The fs-laser processing parameters are 200 nJ with 0.5 mm/s at 1 MHz (corresponding
to an incoming pulse fluence of 262 J/mm?). Note that Raman investigation is performed
at the same day as the fabrication of the tested sample. c) The relative intensities of Te
(193+Il22+1141+Il70+1260» (%)) and pristine glass peaks (1356+I470+1610+1670+I720+I790+Ig60+1920,
(%)) at the laser-inscribed zone after irradiated with Raman laser for 300 s. The optical power
density of the Raman laser is 115 mW/um?

glass surface. After laser exposure, the measured resistivity is at least ten orders of magnitude
lower than the one of the unmodified material, and is comparable to the one value measured
for polycrystalline tellurium. By scanning a femtosecond laser beam over the tellurite glass
substrate, one can form write a conductive path between arbitrarily distant locations. Fur-
thermore, we show that line patterns produced in this manner can have a highly reproducible
and sensitive photo-response, from the near ultraviolet to the visible spectrum, stable over
a few months. This manufacturing process demonstrates that one can turn an otherwise
non-photo responsive substrate, in the present case tellurite glass, into a photoconductive one
by exposing it to femtosecond laser, and this, without adding any material to the substrate.

5.3 Chalcogenide glass

In Chapter 4, we presented that the photo-sensitivity of chalcogenide glass systems led to
extensive photo-induced modifications. In this section, we report how our findings can be
practiced to fabricate optical elements by femtosecond laser micromachining combined with
chemical etching.

5.3.1 3D microstructures of chalcogenide glass

Among mid-IR materials, chalcogenide glass has the broadest reported transparency in the
mid-IR, making it particularly attractive for spectroscopy and infrared imagery. Yet, it remains
a challenging material to shape in an arbitrary form. Here, we explore the combination of
femtosecond laser exposure and chemical etching steps to produce arbitrary 3D shapes. In
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this context, we discuss how laser-induced defects in the glass matrix play a critical role in
etching contrast and selectivity. Among variously known etchants of chalcogenides, high
optical quality is obtained by alkali hydroxide solutions, yet, not all of them are effective for
volume etching. The volume etching by NaOH solution results in a maximum etching rate of
190 pm/hr. Still, the laser-affected zone exhibits relatively low etching selectivity compared to
one in fused silica since similar defects are also present in the glass network. Nevertheless,
various 2.5D and 3D microstructures are presented for the first time as a proof-of-concept.
With further optimization, this simple and scalable laser direct writing method allows a new
route in developing optical functionalities and new platforms for future devices.

Introduction

Chalcogenide glass is an attractive glass system thanks to its broadband transparency spanning
from the visible to the mid-infrared range, from ~ 400 nm to up to 25 ym. It is widely used in
optics [307, 333], in particular for sensing [308], supercontinuum generation [314], integrated
THz photonics [387], as well as ultrahigh-bandwidth signal processing [309] applications.
Over the past decade, various geometries have been explored for expanding the usage of
chalcogenide glass, including bulk materials, fibers, thin films, or in the form of gratings
and rib waveguides [292, 309, 311]. However, controlling the geometry and dimensions of
sophisticated parts of chalcogenide glass components remains challenging at the micro-/nano-
meter scales. Surface structuring of these glass systems can be done using electron-beam
lithography [434], dry etching [435], solution-based process [436], surface plasticizing [437],
hot embossing [438], template fluid instabilities [439], thermal poling [440] or using laser
direct writing [441]. Simple 3D shapes and geometries have been produced by molding [442]
and thermal drawing [443] and recently, by additive manufacturing [444, 445]. In another
study, we have shown the combination of femtosecond laser-assisted etching of a fused silica
mold and pressure-assisted chalcogenide glass infiltration to obtain 3D microstructures in a
micrometer scale [446], in particular for the production of free-form optics embedded in a
silica matrix. Unfortunately, these processes are incapable of producing arbitrary 3D shapes
[434-441] and/or free-standing chalcogenide shapes [446]. This work investigates the potential
and limits of the femtosecond laser process combined with chemical etching in the context of
chalcogenide free-form manufacturing.

As wide bandgap semiconductors, amorphous chalcogenides can readily react with a broad
range of the electromagnetic spectrum. Due to excited electrons across the bandgap by
the absorption of visible light, photo-structuring is another common technique to produce
functional surfaces and devices. In addition, their significantly weaker and less rigid network
structure makes them be exploited as, for example, a photoresist, which results in local
structural and/or physicochemical changes upon light exposure [368]. Photosensitivity can
lead to various reversible and irreversible phenomena, as discussed in Chapter 4. The high
photo-sensitivity of chalcogenides makes them also favorable candidates for a process based
on ultrafast laser exposure, followed by an etching step, as thoroughly demonstrated for
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other glass systems, and, in particular, fused silica [43]. The process is based on in-volume
modifications induced through non-linear absorption mechanisms triggered by multiphoton
absorption that is subsequently dissolved using wet etching.

Previous attempts of preferential etching triggered by femtosecond laser modification on
chalcogenide glass have been reported for the fabrication of specific 2D and 2.5D compo-
nents, such as micro-lenses [447]- through single-pulse exposure, and gratings [448] done by
scanning the laser beam. Recently, another pathway, different than the one discussed here,
has been reported for the fabrication of photonic crystals [449] and infrared anti-reflective
coatings and meta-optics [450] made by two-photon polymerization to define the volume
to keep rather than subtracting it. Yet, systematic study and 3D geometries from the bulk
glass are not shown before, which motivates this work. Specifically, we investigate the role
of various etchants and laser-writing conditions in the context of process optimization. We
further discuss how laser-induced defects in the glass matrix can play a critical role in etching
contrast and selectivity. Finally, we conclude with an illustration of various 2.5D and 3D
microstructures produced with an optimized process.

Experimental procedure

The nominal composition of the glass used in this study is Ge»3Sb7S7¢. The femtosecond laser
system, emitting pulses of 270 fs pulses at 1030 nm (Yb-doped femtosecond fiber laser, Yuzu
from Amplitude) was used. 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 using a 0.4-NA objective (OFR-20x-1064 nm
from Thorlabs). Translation velocity and pulse energy were selected to vary laser fluence (or
deposited energy). Here, while pulse-to-pulse overlapping ratios were adjusted between 0 to
99.9%, the pulse energy was ranging from 1 nJ to 200 nJ. The repetition rate was alternating
between 1-100 kHz. Furthermore, two different linear polarization states, i.e., parallel and
perpendicular to the writing direction, were utilized to test the effect of polarization on the
etching rate.

In Chapter 4, the femtosecond laser processing map has been reported for this glass system.
For surface structures, the sample surface was irradiated with a net fluence ranging from
0.0016 to 26.25 J/mm?. A similar parameter window was utilized for in-volume irradiation
between 0.0032 and 52.5 J/mm?. Single tracks, consisting of 10 mm-long lines, were written
20 ym under the surface to estimate the etching rate contrast between exposed and non-
exposed regions, whereas microchannels, consisting of multiple adjacent lines, were written at
a depth of 100 um. A shallow depth was chosen to limit effects related to spherical aberrations
due to the high-index value of the chalcogenide glass (n = 2.25). Samples having volume
modifications were polished to reveal the structures. Later, all irradiated samples were etched
using four different chemicals at room temperature: NaOH (2.5 %), KOH (44%), HF (1%), and
propylamine (99% from Sigma Aldrich) at room temperature for a few seconds to several hours
(without stirring).
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The optimum process to obtain the highest etching selectivity was determined by performing
a systematic experiment with different concentrations of the etchants, time, and temperature
(not shown here). Specimens were observed using a digital optical microscope with standard
lighting conditions (KH-8700 from Hirox). The surface profile and the roughness were ob-
tained using laser confocal microscopy (VK-X from Keyence) and confirmed with atomic force
microscopy (AFM from Nanosurf). Finally, carbon thin film-coated samples were observed
using a field-emission scanning electron microscope (FE-SEM, Gemini 2 from Zeiss) operated
at 5 kV for high-resolution imaging.

Finally, to reduce the etching of pristine glass, both surfaces of the samples were coated
with amorphous-SiO» by plasma enhanced chemical vapor deposition (PECVD from Oxford
Plasmal.ab) with a thickness of 1.6 um at 373 K before femtosecond laser inscription. These
samples were used for calculating the volume etching rate and glass cutting along the z-
direction.

Wet chemical etching of surface structures

Wet chemical etchants already known for chalcogenide glass are summarized previously
[368-370, 451]. First, selected etchants such as the non-aqueous solvent of propylamine
(CH3(CHj2)2NH>) and the aqueous solutions of potassium and sodium hydroxide (KOH and
NaOH) are investigated for the pristine material. Even though chalcogenides are known to
have high chemical resistance to acids [368], such as hydrofluoric acid or hydrochloric acid
(HF and HCI, respectively), etc., etching with HF is performed for comparison. The etching
rate of the pristine glass for various known etchants, i.e., NaOH, KOH, HE and propylamine is
shown in Table 5.2.

Table 5.2: The etching rate of the Ge,3Sb7S7g glass with NaOH, KOH, HE and CH3(CH;),NH,.

Etchant solutions/solvents  gr/hour cm?/hour pm/hour (perlcmz)

NaOH (2.5%) 0.00852  0.00289 28.9
KOH (44%) 0.4272  0.14503 1450.3
CHj3(CH,),NH, (99%) 0.00456  0.00159 15.9
HF (2.5%) 0.000024  8*10°° 0.8

Those etchants have been used mainly for various lithographic processes. Their selectivity
to femtosecond laser-modified zones in Ge,3Sb7S7¢ glass remains elusive. First, the surface
structures in the form of a single spot to continuous tracks are inscribed to observe the etching
selectivity. Figure 5.13 shows SE images of 2D surface-structures and the surface profile of
Gey3Sb7S7p under various laser-writing conditions and etchants. Figure 5.13.a-c shows the
unetched sample surface, where the separation of laser spots is controlled by the laser-writing
speed. Figure 5.13.d-f shows the sample surface after 60 seconds of etching with KOH at
room temperature. Enlarged and smooth laser surface structures are obtained due to the
evenly etching of pristine material and laser-affected zone simultaneously. In the case of NaOH
etching in Figure 5.13.g-i, sharp features are obtained since the etching rate of pristine material
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is lower compared to KOH. Finally, propylamine makes surface scratches enlarged and visible,
giving a little etching contrast to the femtosecond laser-modified zone. Chalcogenide glasses
are etched relatively easily by alkaline solutions [368]. In our case, NaOH and KOH give the
best etching contrast on the surface structures. Then, the determining factor of etch rate of
the microstructure are the laser exposure conditions.
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Figure 5.13: Secondary electron (SE) images of 2D surface structures and surface profile of
Ge»3Sb7S7¢ under various laser writing conditions and etchants. a-b) Unetched glass surface,
and c) the surface profile. d-e) After 60 s of etching with KOH (44%), and f) the surface profile.
g-h) After 60 s of NaOH (2.5%), and i) the surface profile. j-k) After 60 s of Propylamine (99%),
and 1) the surface profile. The laser writing parameters are a-d-g-j) 10 nJ (0.0055-0.033 J/mm?)
and b-e-h-k) 100 nJ (0.055-0.33 J/mm?) at 10 kHz.

NaOH solution shows the highest etching contrast, defined as preferentially removed exposed
materials compared to the removal of unexposed material, among other etchants. From this
point on, only results obtained with NaOH etching are presented. Before moving to etching
selectivity in volume, let us explain the glass structure of Ge»3Sb7S7g. The glass network of
Gey3Sb7S7g consists of GeSy/» tetrahedra and SbS3/, pyramids, connected randomly [379],
and S-S homopolar bonds in Ge-S,-Ge bridges [379]. It is also known that the Ge-Sb-S
glass undergoes various structural changes under femtosecond laser exposure [286, 302].
At low fluence, Ge»3Sb7S7g exhibits a photo-contraction regime, resulting in densification.
However, at a higher fluence, a local photo-decomposition or porosification regime results
in an increase in the band intensity of the broken S in the form of Sg rings and S;, chains and
corner-sharing GeSy/, tetrahedra. The conversion of structural units leads to a reconfiguration
in the backbone glass structure. Let us now present possible chemical reactions that may
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occur between femtosecond laser-affected zones in Ge»3Sb7S79 and NaOH solution at room
temperature. There, the corner-sharing GeS4/» are chemically transformed according the
following reactions [452]:

OH +GeSy/p — OH ---GeSy(fast) (5.6)

OH'...G@SMZ<—>HO~--G€Sg/2(SlOW) 6.7)

The reaction with NaOH occurs by a two-step dissolution: first the interaction of glass struc-
ture with NaOH solution (5.6) and the second, the adsorption of the intermediate product
(5.7) [451]. Similar to a previous study [452], as OH reacts with the glass and produces the
intermediate product, a decrease in OH™ concentration in the solution leads to different disso-
lution rates. In addition, the excess sulphur, produced as Sg rings, and S,, chains upon the laser
irradiation, can react with Na* and OH" and dissolve in the solution. According to a previous
study, the GeSy, tetrahedra, Sg rings, and Sn chains can dissolve easier compared to SbSs,»
[451], hence resulting in selective etching of the laser-affected zone. Unfortunately, those units
are also present in the pristine glass, causing the dissolution of the pristine material simul-
taneously, and therefore yielding a much lower etching contrast compared to femtosecond
laser-assisted etching of fused silica [43].

Wet chemical etching of volume structures

Here, we investigate single laser tracks to determine the etching rate. Further, we demonstrate
how multiple lines interact with each other to form a microchannel. Figure 5.14 shows the
OM and SE images after etching, and the etching rate for a given set of pulse energies, writing
speed, and laser polarization, i.e., the orientation of the laser electric field. By inscribing tracks
in the glass volume, etching selectivity is obtained for bulk modifications. Figure 5.14.a shows
the SE image of the cross-section and OM images of the top view of laser-written tracks after
etching. Significant widening is observed resulting in a low aspect ratio (1:3), i.e., the ratio of
etched length and the width of the etched track at the enclosed point (marked with a white
arrow in Figure 5.14.a). As the pristine material continues to be etched (with an average speed
0f26.3 um/hr), the entrance point of the laser-written tracks keeps being removed at the speed
indicated Table 5.2.

Figure 5.14.b-c displays the etching rate for a given set of pulse energies, writing speed, and
polarization. Overall, the high field strength with relatively low net fluence (~0.33-6.56 J]/mm?)
gives the best etching rate (150-200 ym/hr). This behavior follows a sharp decay at high field
strength with high net fluence (~6.56 J/mm?). A few pulses (refer to high writing speed) are
effective enough to reach the highest etching rate, showing intriguing similarity with another
study conducted for the laser-modified fused silica with NaOH etching [43]. Note that the
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same experiment was performed for KOH (not shown here), however, no preferential etching
over time is observed.

Two different polarization states show significant differences in the etching rate. Perpendicular
polarization is shown as the highest etching rate for fused silica or other glass systems showing
anisotropic birefringent structures [43, 286]. The highest etching rate for laser-modified tracks
in Gey3Sb7S7 glass is also obtained by the tracks written with perpendicular polarization.
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Figure 5.14: a) SE image of the cross-section and OM images of top view of single laser-written
tracks 20 um in depth under the Ge,3Sb7S7¢ glass surface after 30 minutes of etching. Laser-
writing parameters are 30 nJ with a net fluence from 0.0098 to 3.94 J/ mm?. b) Volume etching
rate of single laser-written tracks from 0.0016 to 26.25 J/mm? at 100 kHz. The etching was
performed for 3 hrs at room temperature.

In addition, sets of lines are written alongside each other to create micro-channels in different
regimes. Figure 5.15 displays SE images of the cross-section and OM images of a top view
of a set of laser-written tracks under 100 um of the Ge»3Sb7S7g glass surface after etching.
Figure 5.15.a show the effect of the densification regime in-volume modifications, in there is
no etching contrast or selectivity. Furthermore, the micro-channel in Figure 5.15.b is written
in the porosification regime, demonstrating smooth structures with a high selective etching
rate and contrast. Finally, sets of channels next to each other are written in Figure 5.15.c at the
onset of the porosification regime. ~100 um depth is achieved after 1 hour of NaOH etching at
room temperature. This is an excellent example of why a higher field strength is required with
the same net fluence to obtain smoother microstructures with a higher aspect ratio.

Wet chemical etching of 2.5D and 3D structures

As a proof of concept, 2.5D near-surface structures such as pillars, prisms, and free-standing
over-hanged structures are investigated with NaOH etching. Figure 5.16.a-b shows square
prisms with different dimensions written at two different regimes and their surface profiles.
The writing conditions of Figure 5.16.a are in the densification regime. The cliff near the edge
of the structures is due to higher net fluence exposure (slower writing speed) related to the
acceleration of the stage. Towards the center of the microstructure, when the accurate speed
(so is the desired fluence) is achieved, the etching rate instantly drops. The process window
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Figure 5.15: SE images of 3D micro-channels written as a set of laser-written tracks under 100
um of the Ge,3Sb;S7 glass surface after 1 hr of etching. a) 10 nJ with 0.65 J/mm? and b) 50
nJ with 3.28 J/mm?. c) OM images of a top view and the SE image of the cross-section of sets
of channels under 100 ym in-depth of the Ge,3Sb7S7¢ glass surface. The set of channels are
written at 25 nJ with 3.28 J/mm? at 100 kHz.

in this regime is extremely narrow and requires extra care while selecting the parameters.
The microstructures in Figure 5.16.b are written in the porosification regime, where the glass-
backbone structure decomposed. Since this regime requires higher net fluence, there is no
step along the laser writing direction, and a uniform surface profile is achieved.

Figure 5.16.c shows SE image of the set of pillars with dimensions ranging from 2 to 100 ym
laterally and 100 ym in depth before and after etching. The lowest diameter obtained after
etchingis 13 ym with a depth of 100 um. Figure 5.16.d presents over-hanged structures written
with various step sizes and laser parameters. The over-hanged structures are achieved only
at the high net fluence in the porosification regime. The thickness difference of the top layer
comes from the variation in the step size in the z-direction.

In addition, removal of a glass window with various shapes are performed by femtosecond
laser-assisted wet chemical etching of the Ge»3Sb7S7¢ glass as industrial relevance. OM images
demonstrates that the glass is removed from top to bottom in Figure 5.17.a-b. Figure 5.17.a,c-e
displays glass windows with a final size of 560 ym in the lateral distance and 1 mm in depth
after 22 hours of etching. The starting glass thickness is 1.1 mm, and the size of the inner edge
of the square was 500 pm. Again, the fastest etching regime in processing window is somewhat
lies between porosification and anisotropic birefringent structures. Magnified SE images
highlight the smoothness of the inner walls in Figure 5.17.c-d, although further optimization
is needed to obtain the desired final design. The final roughness of the cross-section of the
cut is ~167 nm, fulfilling an optical quality requirement for various optics and photonics
applications in near-IR to mid-IR.
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Figure 5.16: SE images of 2.5D near-surface structures on Ge,3Sb7S7¢ before and after NaOH
etching. a-b) 2.5D near-surface structures in two different regimes with their surface profile
after etching with a depth of 20 um for 10 mins. c) After etching of pillars with a depth of 100
pm for 30 mins. d) After the etching of over-hanged microstructures for 1 hour. Samples were
observed every 5 mins to avoid over-etching. Laser writing parameters are 0.0016 to 26.25
J/mm? at 100 kHz.

Finally, glass-cutting is performed by scanning along the z-direction of a glass coated with
amorphous-SiO,, reported in Appendix E. The starting thickness of the pristine glass with
a coating on both surfaces is 650 pm. After the glass is cut into two pieces by etching with
NaOH for 14 hours, the glass is dipped into HF to remove the SiO, coating. The first few tens
of micrometers of the cross-section shows rather over-etched structures due to removal by
ablation or delamination of the coating during laser writing. The OM image is taken after 1
hour of etching to observe the progress of the etching.

A few limitations have to be overcome in this process, such as avoiding crack formation,
obtaining a low surface roughness, and a high aspect ratio with a high resolution. Cracks
can be present in the complex geometry samples of this work, depending on the density of
the laser-written tracks in a given volume. However, we avoid cracks by carefully selecting
the laser processing window and an overlapping distance between the adjacent tracks, kept
at ~1-2 um. The final surface texture (or the roughness) inherited from this process can be
eliminated by post-processing methods. A high-aspect ratio can be obtained by extensive
research on glass chemistry and its interaction with etchants. Regarding resolution, the
smallest structure produced in this study is about 13 pm in diameter after etching; however, it
is possible to push such limits further by tuning laser parameters such as the wavelength of the
laser, focusing conditions, or careful tuning of the glass composition. In this demonstration,
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Figure 5.17: OM and SE images of 3D glass windows with various designs along the z-direction
of the Ge,3Sb7S7¢ glass after etching for 12 hours with 2.5% NaOH at room temperature. a-c)
Glass windows after etching for 12 hr. The laser parameters are a) 10-50 nJ and b-g) 50 nJ with
6.56 J/mm? at 100 kHz.

although we employed Ge,3Sb7S7g glass, this technique can be applied to a wide range of
glass compositions both within and outside the chalcogenide glass systems and laser writing
conditions. As examples illustrated above, the process enables the fabrication of 2D to 3D
chalcogenide structures with micrometer precision. By the present process, complex shapes
from micrometer to centimeter scale such as 3D waveguides, lenses, etc. can be produced
without time-consuming procedures.

In summary, the utility of femtosecond laser-assisted selective wet etching as a fabrication
technique of chalcogenide glasses is presented. Various etchants to selectively attack the
laser-modified glass structure are discussed and among them, the NaOH solution is found as
having the highest selectivity. We further discuss how the laser-induced defects in the glass
matrix play a key role in etching contrast and selectivity. The fabrication of elements in various
dimensions is explored through direct laser writing combined with selective etching both on
the surface and in the glass volume. In particular, various 2.5D and 3D microstructures are
presented as proof-of-concept. This simple and scalable laser direct writing method develops
the new fundamental understanding into energy and matter interactions, which can be used
in future to guide, design and fabrication of chalcogenide glass based sensors and optical
devices.
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5.4 Summary

In this chapter, we showed various photo-induced modifications on the surface and in the
volume and both thermally cumulative and non-cumulative regimes of ULE glass, tellurite,
and chalcogenide glass families. Our findings triggered the following observations:

* The selective etching of femtosecond laser-modified ULE glass presents a high etching
rate with an excellent aspect ratio by NaOH solution. The highest etching rate is obtained
when a polarization state is perpendicular to the laser writing direction. A high etching
rate and contrast are accomplished by the femtosecond laser-assisted etching processing
of ULE glass, attractive for many applications, particularly for precision manufacturing
and space applications.

¢ In tellurite glass, we investigated the photo-response of the Te/TeO,-glass nanocompos-
ite interface produced by the femtosecond laser direct-write process on a tellurite glass
surface. Furthermore, we show that the line patterns can have a highly reproducible and
sensitive photo-response in the near ultraviolet to visible spectrum stable over a few
months. These results may enable the direct write of functional 2.5D nanocomposites
with physical properties easily tailored by the inscription parameters.

* In chalcogenide glass, the utility of femtosecond laser-assisted selective wet etching as a
fabrication technique of chalcogenide glasses is presented. Among various etchants,
the NaOH solution results in the highest selectivity. The fabrication of elements in
various dimensions is explored through direct laser writing combined with selective
etching both on the surface and in the glass volume. In particular, various 2.5D and 3D
microstructures are presented as a proof-of-concept.
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Conclusions

Femtosecond lasers have become an irreplaceable tool in the last few decades not only for
implementing three-dimensional (3D) multi-functional micro-devices in bulk transparent
materials but also for studying a light-matter interaction with a high peak irradiance at various
time scales. Based on the non-linear phenomena occurring within the focal volume where
the energy is confined, this process eventually leads to local structural modifications on the
surface or inside transparent materials.

In this context, this thesis aimed to explore a generalized framework for understanding ultra-
fast laser-matter interaction in complex glass systems. Specifically, we investigated the role of
the material’s properties on the formation of laser-induced modifications and, in particular,
self-organization. For this purpose, this thesis is based on a comparative study of complex
glass systems bringing answers to the following questions:

* How do chemical and physical properties influence each type of laser-induced modifica-
tion? What are the final properties of the laser-affected zones, in particular, similarities
and differences among complex glass systems?

* Does self-organization occur in any glass? How do glass structure and properties in-
fluence the formation of self-organization phenomena? What are the conditions to
sustain/hinder self-organized nanostructures in the volume and on the glass surface?

e Parallel to photo-induced modifications, how can we achieve superior properties, mono-
lithic substrates, and devices by tuning glass properties based on femtosecond laser
technology?

To investigate the questions listed above, in this study, ULE, chalcogenide, and tellurite glass
systems were selected as complex glass systems because of a few reasons. Altogether, they
form a representative group to cover the range of glassy materials. For example, almost all UV-
VIS-NIR-MIR range of the optical transmission windows can be enveloped by the combination
of ULE (~0.25-2.8 um), tellurite (0.4-5 pm), and chalcogenide (0.6-8.3 um) glass systems.
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Similarly, their electrical properties span from a range of wide-bandgap semiconductors to
insulative. Various bonding types and bond strengths set a wide range of views to multi-
component glass families. The physical properties of the selected complex glass systems
are reproduced in Table 6.1. Moreover, each has certain properties that are considerably in
common in their own systems. For example, titania-silicate glass (ULE) shares 93 wt% of the
composition of fused silica. Both glass systems are categorized under silicate glass, sharing
multiple common physical properties. While tellurite glass tolerably represents non-silicate
glass systems, chalcogenide glass portrays non-oxide glass systems. Although each glass
system has unique features determined by its chemical composition, in the big picture, one
can be represented by another only up to a certain extent. Therefore, we carefully chose
different compositions of each complex glass system while preserving the structural network.
Several different compositions of tellurite and chalcogenide glass systems were also studied
while keeping the TeO,- and Ge-based networks the same. For ULE glass, well-studied fused
silica was used as a benchmark to correlate the structural modifications.

Table 6.1: The physical properties of ULE®Glass, tellurite, and chalcogenide glass [106, 107,
163, 165]. The table displays the sample name, density, refractive index, softening temperature,
heat capacity, and Young’s modulus.

Sample pgem®) n  Tn® CpUJ/kgK E(GPa)
ULE 7972 2.21 1.48 1763 767 67.6
TWK 5.31 2.025 892 460 41.95
Gex3Sb7S7g 2.95 2.25 850 422 -

6.1 Main results

Before answering the questions above, let us summarize all of the findings in this thesis. We
investigated three different glass systems as follows:

Case study I: Silicate glass systems

* Laser-induced modifications in ULE glass

In Chapter 2, we covered modifications in ULE glass, specifically, the volume and surface
nanogratings, densification, photo-darkening, glass decomposition, crystallization, and
the formation of bubbles. Starting with homogeneous modifications associated with
densification at low pulse duration (~14J/ mm?), self-organized nanogratings are started
to occur around 150 fs and above (~30-40 J/mm?) in the glass volume. The modifications
above 150 fs are accompanied by photo-darkening due to the valence state change of
the glass modifier, TiO,, from Ti** to Ti3*, leading to the high absorption of the laser-
affected area. In addition, molecular oxygen is found at the laser-affected zone in the
nanograting regime above 150 fs. Additional pulse energy above 150 fs leads to glass
decomposition and subsequent crystallization of metastable TiO, (8-TiO,, anatase)
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phase. While amorphous precipitates, possibly composed of Ti» O3, are formed at low
laser fluence, higher laser fluence (90 J/mm?) presents the polycrystalline TiO, with
an average size of 5 nm. Finally, in the thermal cumulative regime above 500 kHz, the
bubbles filled with molecular oxygen, surrounded by densified matrix are obtained.

* The fabrication of monolithic substrates through selective etching

In Chapter 5, we reported femtosecond laser exposure combined with chemical etch-
ing of ULE glass not only to implement 3D glass micromachining but also to better
understand the nature of the photo-induced modifications. We found that a longer
pulse duration gives twice higher etching rate (~260 pm/hr at 500 fs) compared to
shorter pulse durations at 150 fs as it leads to more complex laser-induced modifica-
tions, such as localized defect formation based on valence state change of Ti ions, phase
dissociation, and crystallization of 3-TiO,. The highest etching rate is obtained when a
polarization state is perpendicular to the laser writing direction due to the anisotropy
of nanogratings. In addition, we investigated the role of etchants on laser-modified
volumes, namely HF and NaOH solutions. Twice higher etching rate by NaOH etching
(~260 um/hr with a high aspect ratio of ~200) was accomplished. Finally, the average
roughness range after etching is in the range of 90 to 400 nm.

Case study II: Non-silicate glass systems

* Laser-induced modifications in tellurite glass

In Chapter 3, we showed various photo-induced modifications on the surface and
in the volume, such as self-organization beyond the focal volume, photo-darkening,
glass decomposition, crystallization, and densification. The photo-decomposition of
laser-modified tellurite glass leads to an elemental t-Te, accompanied by elemental
redistribution and deoxygenation. A single pulse is sufficient to form elemental t-Te on
the tellurite glass surface. The formation of nanostructures and t-Te nanocrystals causes
photo-darkening resulting in a decrease in total transmission of the laser-affected area.
Polarization-dependent self-organized nanostructures in thermal-cumulative regimes
extend beyond the zone under direct laser exposure on the surface. At the same time,
elemental crystallization and growth are promoted in the thermal-cumulative regime.
The underlying elemental crystallization phenomenon was investigated by altering laser
parameters in tellurite glass systems under various ambient conditions. Interestingly,
the formation of t-Te is greatly suppressed under a dry nitrogen atmosphere as there
is limited interaction of glass network units, and Te, or Te,, clusters with an open-air
atmosphere have a detrimental effect on the formation process. The femtosecond
laser-induced modifications in the volume results in the dual-ion migration process
and crystallization of t-Te nanocrystals. The threshold of nanocrystal formation in the
volume was found to be five times higher than the one on the surface. No volume
nanogratings were observed in tellurite glass systems under the selected irradiation
conditions.
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* The fabrication of UV photodetector based on Te-TeO» nanocomposite interface

In Chapter 5, we demonstrated a pathway for locally turning a tellurite glass into func-
tional photoconductive Te/TeO,-glass tracks of arbitrary shapes without adding mate-
rials and through a high-precision single process thanks to glass decomposition and
surface crystallization phenomena. We showed that these laser-inscribed patterns have
a highly reproducible photo-response from the near ultraviolet (263 nm) to the visi-
ble spectrum and are stable over a few months. Furthermore, high responsivity and
detectivity of a single line pattern are achieved as ~16.55 A/W and 5.25F10'! Jones,
respectively, for an illumination dose of 0.07 mW/cm? at 400 nm.

Case study III: Non-oxide glass systems

* Laser-induced modifications in chalcogenide glass

In Chapter 4, we investigated various photo-induced modifications on the surface and
in the volume of chalcogenide glass. Refractive index change, the formation of self-
organization and highly periodic spherical patterns, photo-oxidation, photo-darkening,
and restructuring of the glass network were observed. At the lower fluence level (~0.1
J/mm?), the laser-affected zones display a change in positive and negative refractive
index, leading to photo-contraction and photo-expansion in the glass volume. At higher
levels (13 J/mm?), the formation of self-organized laser patterns, consisting of parallel
nano-planes perpendicular to the laser polarization, is observed both at and under the
surface. While self-organized surface nanostructures (generated at 1.3 J/cm?) start to
erase after annealing above the glass transition temperature, the removal of cavitation
and the surface roughness requires melting of the glass. In contrast, bubbles and
nanogratings in the volume dissolve before the glass transition, while the densification
regime disappears at lower temperatures (513 K). Furthermore, substituting Sb with
As and S with Se results in fluctuations in the modification threshold and degradation
in self-organized surface nanostructures. All compositions display photo-darkening,
elemental decomposition, and photo-oxidation phenomena on the glass surface. In our
parameter range with subsequent characterization techniques, crystallization was not
detected in chalcogenide glass.

* The fabrication of monolithic substrates through selective etching

In Chapter 5, we explored the combination of femtosecond laser exposure and chemical
etching steps to produce arbitrary 3D shapes in Chapter 5. The volume etching by NaOH
solution results in a maximum etching rate of 190 ym/hr. Still, the laser-affected zone
exhibits relatively low etching selectivity (and an aspect ratio of 1:3) since similar defects
are also present in the glass network. Nevertheless, various 2.5D and 3D microstructures
are presented for the first time as proof of concept.
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6.2 General discussion
Let us decode the questions above one by one based on this thesis work.

How do chemical and physical properties influence each type of laser-induced modification?
What are the final properties of the laser-affected zones, in particular, similarities and differences
among complex glass systems?

Relying on the non-linear absorption process, various properties, including electronic struc-
ture and optical properties (but not limited to), play a key role in the initial ionization process
and the generation of seed electrons. Once the energy is transferred to the lattice, the dynamics
of the lattice come into play. Some physical properties, such as density, Young’s modulus, heat
capacity, thermal conductivity, etc., determines the final laser-induced modification. However,
once the first pulse arrives, the subsequent pulse interacts with a modified material whose
properties can be deviating from the pristine material.

Starting with the damage threshold, the general determining factors are the bond strength,
the bandgap, and the absorption. In this study, the pulse energy thresholds on the surface of
selected glass systems are as follows: ULE (90 nJ) >TeO,-WO3-K,0 (10 nJ) = Gep3Sb7S7o (10
nJ) for a single 270 fs-laser pulse emitted at 1030 nm. Even though chalcogenide and tellurite
glass are categorized in separate families, they can be considered "soft glass" systems, which
display lower bond energy, low glass-transition, and melting temperature compared to silicate
glass systems. Thanks to chalcogen atoms (S, Se, and Te) in both systems, they exhibit similar
physical properties. Still, tellurite glass possesses a higher ablation threshold owing to the
stronger oxide bonds and the presence of heavy-metal oxides as glass modifiers (WOs in the
case of TWK). In contrast, the ablation threshold of ULE glass is five times higher than tellurite
glass, thanks to strong Si-O bonds and the well-connected glass network.

The final modifications are demonstrated and discussed in great detail. Let us have a look at
the similarities and differences among modifications. A few common chemical modifications,
such as photo-induced density change, glass decomposition, photo-darkening, ion migration,
and valence state change, were observed in entire selected systems. Even though the multi-
component chemistry of the complex glass system allows us to observe these modifications,
the underlying reason for each differs on a great scale. For example, while the densification
in ULE glass is because of the smaller ring formation and change of Si-O angle in addition to
the transformation of the valence state of Tj, it is due to the rearrangement of corner-sharing
and edge-sharing units in chalcogenide. In contrast, the densification is a result of the local
increase of Te content in the laser-affected zone of tellurite glass.

Ion migration is also a common modification. The generation of exceptionally dense plasma
with a highly localized and intense electromagnetic field can cause the movement of charged
species in the glass. This movement also can be supported by the local thermal and pressure
gradients. Once the laser pulse is gone, the material starts to relax, and the charge transfer
among species, generation of defects, and/or structural changes lead to various modifications.
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As a result, ion migration towards the laser-affected zone and valence state change of Ti were
determined in ULE glass. Similarly, ion migration and valence state change of Te with W in
tellurite were also observed. In addition, photo-darkening is a consequence of valence state
change, crystallization, and bond cleavage of S with an increase in interchain bonds in ULE,
tellurite, and chalcogenide glass, respectively.

Another common modification is glass decomposition, which led to crystallization in tellurite
and ULE glass. We obtained dramatic increases in individual SbS3/, units, S rings, and chains
upon glass composition process in Ge-Sb-S glass. However, no crystalline peaks were detected,
which was correlated with very large glass-forming range of Ge-Sb-S glass systems. Note that
some studies argue that the phase separation and crystallization of SbSs,, in chalcogenide
glass due to an increase in SbS3,» peak in Raman spectra [385].

Observed only in ULE and tellurite, crystallization is obtained in the non-cumulative regime
for both systems. Extremely high pulse energy (~1000 nJ) is required for the formation of
B-TiO, nanocrystals in ULE glass. In contrast, we obtained t-Te crystals at ~10 nJ on the
surface and 50 nJ in the tellurite glass volume. Thermodynamically speaking, tellurite glass is
known to be fragile upon thermal cycles, which can easily go under glass decomposition [163].
On the tellurite glass surface, the single pulse crystallization is also identified.

Another morphological modification is periodic bubble patterns in the volume. Upon ther-
mal cumulative effects, the periodic bubble patterns due to melting and resolidification are
observed with a slight difference in each glass system. For example, the gaseous cavity of
the resolidified shell is only detected in ULE glass although it has been reported for tellurite
glass[200] and chalcogenide glass [347] previously.

Does self-organization occur in any glass? How do glass structure and properties influence
the formation of self-organization phenomena? What are the conditions to sustain/hinder
self-organized nanostructures in the volume and on the glass surface?

We observed that self-organized nanostructures on the surface of each complex glass system
are achievable and highly dependent on the laser processing window. Specifically, a low
threshold of tellurite and chalcogenide glass results from weak bond strength, a smaller band
gap, relatively higher absorbance, and low thermomechanical stability. On one hand, surface
phenomena are known to be universal regardless of material systems. On the other hand, their
features, e.g., periodicity, threshold, and composition, are highly material-dependent. For
example, tellurite and chalcogenide glass systems require between 1 to 10 pulses to obtain
periodic self-organized nanostructures perpendicular to the laser polarization. On ULE glass,
above 10 pulses are required in a non-cumulative regime.

In addition, we observed the formation of self-organized nanostructures oriented perpendicu-
lar to the laser polarization that spans beyond the focal volume in the thermal-cumulative
regime of tellurite glass. Furthermore, our observations indicate a localized laser-induced met-
allization occurring under femtosecond laser irradiation combined with a self-organization
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process. We argue that the formation of these intriguing nanostructures on the surface is
through SPP propagation between the metal-dielectric interface thanks to crystallization and
the effect of grain growth at the thermal cumulative regime. Moreover, we observed four
different compositions of common tellurite glass systems, and we found that all compositions
display crystallization and self-organization beyond the focal volume. Still, complementary
work by numerical simulations is required to improve our phenomenological interpretation.
Nanogratings in the thermal cumulative regime are not present for chalcogenide glass systems,
while this remains an open question for ULE glass.

Furthermore, the self-organized nanostructures in the volume were only observed for ULE
glass for an extensive range of parameters (~30-120 J/mm?) and chalcogenide glass just below
the surface in a limited processing window. We did not observe volume nanogratings in
tellurite glass, yet, the high refractive index of tellurite glass, resulting in non-uniform energy
transfer due to spherical aberration limits further study in the volume. Therefore, nontrivial
formation self-organized nanogratings in the volume remain unanswered for tellurite glass.
However, one can argue that nanopores, inner structures of nanograting in silicate glass
systems, consist of molecular oxygen due to glass decomposition. Since tellurite glass has low
viscosity, cavitation in the nanoscale might be challenging. At the same time, high oxygen
diffusivity might indeed lead to the dissolution of molecular oxygen, if it has ever generated
during the process [285]

In general, self-organization requires glass decomposition, involving bond cleavage and
rearrangement of the glass network. Several interplays between the chemical structure and
thermodynamics of materials highlight the complexity of these modifications. Finally, we
summarized the observed laser-induced modifications, self-organization, and their possible
driving force in Table 6.2.

Parallel to photo-induced modifications, how can we achieve superior properties, monolithic
substrates, and devices by tuning glass properties based on femtosecond laser technology?

Etching selectivity of the laser-affected zone in ULE and chalcogenide glass is accomplished
by the femtosecond laser irradiation combined with chemical etching, attractive particularly
for devices in optics and photonics, spectroscopic instruments, precision manufacturing, and
space applications. For chalcogenide, the energy threshold for the highest etching rate is
around 0.32 J/mm?, which results in 190 um/h, twice higher fluence leads to an exceptional
etching rate of 260 yum/h in ULE glass (both irradiated with 270 fs-laser pulses emitted at
100 kHz and etched with NaOH). Additionally, with the help of crystallization, remarkable
nanocomposite structures can be accomplished locally. In the case of tellurite glass, we
achieved photoconductive tracks of arbitrary shapes by locally turning a tellurite glass into
a functional Te/TeO,-glass nanocomposite without adding materials and through a high-
precision single process thanks to semiconducting nature of tellurium. These laser-inscribed
patterns have a highly reproducible photo-response, from the near ultraviolet (263 nm) to the
visible spectrum, stable over a few months.
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6.3 Thesis outcome and insights for future works

Here, we review the ongoing effort and studies of femtosecond laser-induced modifications
and self-organization in complex glass systems.

Complex self-organization problem at multi-scale

Experimentally, we demonstrated the volume nanogratings in some systems, such as chalco-
genide and ULE glass. One can advance to a theoretical framework based on ultrafast laser
physics and the observations, yet, the difficulty lies in the system-wide modeling of multi-
component systems. Multiple unknown factors, multiple complex events occurring for a
certain period during the irradiation, and interaction among species, make our understanding
of the formation of nanogratings challenging. Still, the model covering the electromagnetic
part with the hydrodynamics aspect of the process will advance our understanding.

Moreover, self-organized nanostructures on the surface are observed for all the glass systems.
However, salient features are reported in tellurite glass, such as extending nanogratings beyond
the focal volume. The formation of these nanostructures with surface crystallization remains
an open question.

In-situ observations of the dynamics of the process

The time-resolved dynamics upon femtosecond laser irradiation remain unknown, such
as glass decomposition and crystallization in tellurite and ULE glass. One way to observe
dynamic events occurring during laser inscription is a time-resolved pump-probe experiment.
A pump-probe experiment can provide valuable insights into the mechanisms involved in
the interaction of ultrafast laser pulses with materials. By varying the time delay between
the pump and probe pulses, the dynamics of the material can be studied on a femtosecond
timescale.

Phase transformations, especially crystallization, can be resolved dynamically by high-energy
X-ray-based techniques, such as synchrotron X-ray radiation and X-ray free electron laser
(X-FEL). This technique enhances our understanding of the fundamental ionization process as
well as the lattice dynamics once laser pulses are gone, such as the effect of cooling rate on the
final structure. The post-mortem observation of femtosecond laser-induced crystallization of
tellurite glass has been investigated in Swiss Light Source (SLS at PSI), shown in Appendix C.

Towards applications In the case of ULE glass, the remarkable localized crystallization can be
used to engineer nanocomposites for future applications, including direct-write photocatalysts
or solar-blind nanocomposites. Anisotropic birefringent nanogratings increase fabrication
capabilities further to new devices, including Fresnel zone plates, birefringence quarter-wave
plates, and beam splitters polarizers. A strong preferential etching is accomplished by the
femtosecond laser irradiation combined with the etching, attractive particularly for precision
manufacturing and space applications. In alignment with that, further process optimization
can be realized to obtain higher aspect ratio structures as well as lower roughness upon
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etching.

Numerous photo-induced modifications can help us to achieve optical and photonic de-
vices in chalcogenide glass, such as waveguides, diffraction gratings, and micro-lenses based
on direct-write photo-expansion or photo-contraction processes. An etching selectivity by
the femtosecond laser-irradiated zone in chalcogenide glass further promotes the scale of
production of new micromechanical or optomechanical components. Likewise, a better
understanding of the chemistry of the chalcogenide systems is necessary for high-quality
optical parts. This may involve the preparation of modification-specific chemical solutions or
a multi-step approach to achieve high etching selectivity and optical quality.

At last, localized crystallization of tellurite glass can be used to engineer Te/TeO, nanocompos-
ites, which is attractive not only for UV-VIS photo-detection but also for various applications,
such as ultrahigh chemical sensitivity for gas detection or solar-blind nanocomposites. Fur-
ther optimization is required to increase the lifetime of the Te/TeO, nanocomposite for UV
photodetection. One can also realize various design configurations specific to desired applica-
tions. In addition, densification in the volume expands the possibilities further for fabricating
optical microcomponents made of tellurite glass.
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Table 6.2: The observed laser-induced modifications of the complex glass system: ULE, tel-
lurite, and chalcogenide glass families. Y refers to "yes" as it is an observed modification, N
refers to "no", and U is used for "unknown".

volume

Photo-induced modifica- | ULE | TeO, | ChG | The formation mechanism

tion

Photo-contraction and | Y Y Y Compact glass network formation

densification through a smaller bond angle or corner
sharing species

Photo-expansion and | U Y Y Defects in molecular level causing loosen-

porosification ing the glass network

Self-organized volume | Y 8] Y Possibly by local field enhancement and

nanogratings through self-organization

Self-organization on the | Y Y Y Possibly by local field enhancement and

surface through self-organization

Self-organization beyond | U Y N Possibly by local field enhancement and

the focal volume propagation of SPP through metal-glass
interface

Nanopores with tapped | Y U U Glass decomposition formation of

gas gaseous species

Periodic bubble patterns | Y Y Y Melting and resolidification in thermal cu-
mulative regime

Ablation of the surface Y Y Y melting, vaporization and material ejec-
tion

Valence state change Y Y U Charge transfer upon high intense electric
field

Photo-induced darken-| Y Y Y The formation of defects and/or struc-

ing tural changes

Photo-induced oxidation | U Y Y Reaction with environment

Ion migration Y Y Y Polarization under high electric field in-
tensity and charge balance of species

Glass decomposition Y Y Y Bond cleavage of the main network

Crystallization Y Y U Glass decomposition or reduction reac-
tion among species

Etching selectivity in the | Y N Y Solubility of certain structures and de-

fects
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A.1 Femtosecond laser parameters

In this thesis, the main variables are pulse duration, pulse energy, repetition rate, and writing
speed to obtain various deposited energies. The effective number of pulses is calculated as

M= w(]—c) (A.1)
v
Accordingly, the deposited energy per unit surface (or ‘net fluence’) on the specimen can be
approximated by
AE
Edeposited = _p(i) (A.2)

Tw v

where Ej, is the pulse energy, w is the optical beam waist (defined at 1/€), f is the laser
repetition rate and v is the writing speed as described in Ref. [453]. This deposited energy
is a dose of how much energy per unit surface is passing through the material but does not
indicate how much of this energy is effectively absorbed. However, it remains a convenient
and simple metric for comparing and reproducing experimental exposure conditions.

A.2 Laser spot diameter measurement

The focal spot size on the surface was first predicted based on the Zemax file provided by the
manufacturer, and then, the non-linear affected zone was measured directly using SEM. This
measurement is done in the non-cumulative regime, to make sure that only optical effects are
accounted for. Additionally, the focal spot was measured with a commercial beam profiler.

According to Thorlabs’s datasheet and Zemax file, the predicted optical spot-diameter at 1/e?
at a wavelength of 1030 nm is 1.79 ym (and 1.85 ym at 1064 nm). We carefully measured the
beam diameter with a beam profiler at the entrance pupil, so that it effectively fills up the
aperture (effective diameter at 1/e? is 7.92 mm). Even if would assume an improper aperture
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Figure A.1: Beam diameter at the entrance pupil. Results are obtained by beam profiler and
DataRay software. a-b) The displayed profiles of the beam and c-d) the line profiles along the
crosshairs at 13.5%. u and v notations are the orientation of the crosshairs. e) Beam waist vs.
z-axis from the experimental result. c)Beam waist at the entrance pupil of the objective, beam
waist, and diameter at focus at a given wavelength. Results were obtained in Zemax Optic
Studio with the objective (LMH-20X-1064 from Thorlabs) used in our experiments. M? value
is taken as 1.2.

Wavelength (nm) Entrance pupil beam diameter (mm) Beam diameter at focus (um)

1030 8 1.79
1030 7 2.05
1030 6 2.39

filling (like for instance 7 mm, which is not the case here), the beam diameter at the spot
would degrade to 2 um. In Table S1, we show various simulation results with Thorlabs Zemax
file for the specific objective we used, for various aperture filling and with a conservative laser
parameter (M? value of 1.2).

”

To do the additional measurement, we used a commercial beam profiler (WinCamD-LCM-1
CMOS Beam profiler from DataRay) that we translated at a fixed distance from the objective
with high-precision positioning stages (with a resolution of +0.25 pum, repeatability of +/- 0.5
pm, PI Micos, Ultra-HR). As the minimum spot size that can be detected by the beam profiler
is ~55 pm, and in order not to damage the sensor, we extracted a profile of the Gaussian
envelop while translating the sensor toward the focusing spot and after the focusing spot
(with 100 um-steps). We then used these points to match with the Gaussian envelop (taking
into account the M? value of the laser) that we compared to the Zemax simulation based on
the manufacturer parameters and the measured beam profile at the entrance pupil. Once
the Gaussian envelop along the beam path after the objective is known, we extrapolate the
exact value at the spot. This yields a value of about 1.94+0.2 um, which is, in fair agreement
(within experimental errors) with the Zemax simulation based on the data provided by the
manufacturer (1.79 pym).

We used third-harmonics to find the surface accurately that we are back with the expected
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spot location (based on the Gaussian envelop with the actual measured data) and that we
further confirmed with SEM measurements of the actual modified zones. The accuracy of
the z-positioning is confirmed in Appendix C. The pulse energy is gradually increased. At
low pulse energy, the affected is slightly smaller than the theoretical spot size (which is to
be expected due to the non-linear absorption effect) and shows that the beam is effectively
at the focal spot and the minimal waist along the z-axis. For the same z position, the laser-
affected zones become much wider than the optical waist, which demonstrates the points that
self-organization expands beyond the zone where the waist is minimum.

A.3 Time-dependent temperature distribution model

The time-dependent temperature distribution model is calculated in a commercial finite
element analysis software (COMSOL Multiphysics) based on thermal diffusion [136].
OT(t,x,y,z) 1 N (3Q(t, X, Y, %)

=V(DVT(t,x,,2) +(—)

A.
ot PCp ot ) (A-3)

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. The initial conditions are 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) is time-consuming, and complicated since most of the parameters are unknown for
our custom-made glass specimens. The energy losses come mainly from heat conduction,
convection, and thermal radiation, calculated by setting the boundary conditions in COMSOL
Multiphysics.

Table A.1: The physical properties of ULE®Glass, tellurite, and chalcogenide glass used in
thermal model [106, 107, 163, 165]. Material parameters used for time-dependent temperature
distribution of focal volume calculated by thermal diffusion in COMSOL Multiphysics. The
heat capacity values were from [163] between 455 K and 650 K for TWK glass. The properties
of ULE glass were taken from the materials library in COMSOL Multiphysics. Other properties
are assumed constant with the temperature due to a lack of information and in a first-order
approximation.

Sample e kW/m-K) CTE(@1/K) Cp(J/kg-K) Absorbance
ULE7972  2.21 1.31 0 767 0.05
TWK 5.31 0.8 18.5-10 460 0.3
Gex3Sb7S70 295  0.2509 11-10°6 422 0.35

153






ULE®GIlass

132n) 288n] 444n) 600n] 740n) 892n] 1068nJ 1224 n) 1368 n] 1528 n)

1 MHz

N
T
3
=1
o
wn

N
=
X
(]
]
o

N
I
=
o
wn
~

N
I
x
o
=]
—

Figure B.1: OM images of laser-written tracks in ULE glass for different repetition rates span-
ning from non-cumulative to the thermal cumulative regime at 270 fs.
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Figure B.2: Deconvoluted Raman spectra of the pristine ULE glass. Green bands are fitted
peaks, the red line is overall spectra and the black line is experimental data.
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Table B.1: Peak assignments of Raman spectra of the center of laser modified lines of ULE glass
[54, 108, 132-134]

Wavenumber (Cm'l) Assignment

153 Eg band of §-TiO>

203 Tip O3 clusters or crystals related band

198 Eg band of §-TiO>

398 B1g mode of §-TiO>

400 The symmetric stretching-bending vibration of Si-O-Si bridges
in five to eight-membered rings of SiO, tetrahedra

485 The symmetric oxygen ring breathing vibrations of four-
membered silicate rings (D; peak)

515 The doublet of Ajg and B;g modes of §-TiO>

600 The symmetric oxygen ring breathing vibrations of three-
membered silicate rings (D, peak)

640 E¢ band of §-TiO>

685 TiOg symmetric stretching

796 The overtone of B;g mode of §-TiO,

800 Si-0-Si bending modes

930 TiO4 asymmetric stretching

1060 Asymmetric stretching modes of Si-O-Si bridges

1107 The symmetric stretching of TiO4

1200 Asymmetric stretching modes of Si-O-Si bridges

1554 The stretching vibration of molecular oxygen

156



8] Tellurite glass

i
"]

ulse~ =
0 pulses.
0 pulse~ =

d

1 MHz; 200 nJ
4000 pulses

40
1

i

Figure C.1: a) Experimental setup in XRR mode (the sample was tilted 15 degrees) b) 1 MHz
500 nJ, c) 100 kHz vs d) 1 MHz. The experiment was performed in the MicroXAS beamline at
PSI. The beam size is 1 yum x 1 ym. The photon energy was 12 keV. Eiger 4M detector was used
with a collection time of 0.2 s.
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Figure C.2: OM image of the laser-affected zone after irradiating in the thermal accumulated
regime of TWK at 1 MHz in static exposure conditions.
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Table C.1: Peak assignments of Raman spectra of the center of laser modified lines of TAW
[454], TZNB [147], TNGPZ [147], TWK [163]

Assignments

TAW TZNB TNGPZ TWK

Symmetric stretching vibrations of crystalline Te
(A; mode)

Doubly degenerated vibration modes of crystalline
Te (Ero mode)

Te-Te homopolar bonds in amorphous Te

B-TeO, crystal

Doubly degenerated vibration modes of crystalline
Te (Ero mode)

B-TeO, crystal

Second-order E vibrational mode of crystalline Te
Bending vibrations of W—O-W in WOg octahedra
Symmetrical stretching vibration of Te-O-Te link-
ages

Vibration mode of continuous network composed
of TeOy4 trigonal bipyramid (tbp)

Antisymmetric vibration mode of Te-O-Te linkages
constructed by two inequivalent Te-O bonds
Stretching vibrations between Te and non-bridging
oxygen (NBO) of TeOs, (distorted tbp) polyhedra
and TeOj3 trigonal pyramid (tp)

Te-O- stretching vibrations of TeOs,; polyhedra
W-O stretching vibration of both WO, and WOg
Distorted NbOg octahedra

Stretching vibration of the W-O- and W=0 terminal
bonds associated with WO4 and WOg polyhedra

122

146

180

238

349
475

614

665

723

778

832

890

118
138
179
185
220

235
260

450
610
660

715

775

118 119
138 139
179 170
220 220
235 -
260 260
- 350
450 490
610 610
660 670
715 720
770 790
- 860
875 -
- 920

Table C.2: The tabular data of interplanar distances of the laser-affected zone compared with
the bulk t-Te after a few pulse exposure of TWK glass at 1 kHz.

Interplanar | Bulkt-Te Nanocrystalsin the | Nanoparticles after | Nanocrystals in the
distances substrate after sin- | single laser shot substrate after two
(nm) gle laser shot laser shot
(100)(010) 0.385 0.39 0.39 0.38

(101)(011) 0.3227 0.32 0.33 0.32

(102)(012) 0.2345 0.23 0.24 0.23

(200) 0.1925 - - 0.19

(001) 0.5915 - - 0.59

(002) 0.2957 - - 0.29

(003) 0.1971 - - 0.19
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Figure C.3: Raman spectra of the laser-affected zone on TWK glass substrate, which was
cooled with liquid nitrogen (77 K) in a chamber. The open-air atmosphere was utilized in the

chamber.
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Figure C.4: SE images 200 nJ, 0.5 mm/s (262 J/mm?). Colored values indicate the average
composition along the scanned line. Dashed lines indicate the composition of pristine glass.
All images correspond to a transverse polarization (with respect to the writing direction) and 1

MHz pulse repetition rate.

Table C.3: The tabular data of interplanar distances of the laser-affected zone compared with
the bulk t-Te after exposure of TWK glass in the thermal cumulative regime at 1 MHz.

Interplanar distances (nm) Bulk t-Te Ejected nanoparticles
(001) 0.5915 0.59

(100) 0.385 0.38

(101) 0.3227 0.32

(102) 0.2345 0.23

(013) 0.1755 -
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Figure C.5: Deconvolution of the Raman spectra of (a) the pristine material of TWK and (b)
the laser-affected zone at 1 MHz (incoming pulse fluence: 262 J/mmy) in Figure 3.10.

Figure C.6: SAED patterns of the laser-affected zone in TWK at 1 MHz and their corresponding
XRD patterns, calculated by a computer program (EDP2XRD) [455]. The dashed lines in XRD
indicate the highlighted ring patterns on SAED. a) SAED pattern of laser-affected zone shown
in Figure 3.12.c, b) enlarged bright field (BF) TEM image of Figure 3.12.c and dark-field (DF)
TEM images. The bright area in DF images is corresponding to the 1st ring, 2nd ring, and the
diffraction spot indicated with colored circles in a). ¢) SAED pattern of laser-affected zone
shown in Figure 3.12.e.
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Figure C.7: SE images of cracks at and around the laser-affected zone of TWK glass with various
pulse energies: a) 25 nJ, b) 200 nJ, and c) 500 nJ with 4000 pulses at 1 MHz.
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Figure C.8: SE images and elemental analysis determined by EDS along the laser-affected zone
(line scans in yellow) of all the compositions. a-b) TWA, c-d) TZNB, e-f) TNGPZ and g-h) TWK.
The pulse energy in a,c,e,g) is 25 nJ, and in b,d,f,h) 50 nJ at a fixed effective number of pulses

(4000 pulses) at 1 MHz.

270 fs; 100 kHz

Figure C.9: SE images of the tellurite glass surface after etching with NaOH for 30 seconds. 270
fs laser pulses were used to inscribe lines at 100 kHz with a) 25 nJ and b) at 100 n]J.
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Figure D.1: a) Transmission optical microscope images of 1x1 mm? laser-affected areas ob-
tained at a pulse rate of 100 kHz with 400 overlapping pulses. b) Optical path difference
across the laser-modified area (insets: digital holographic microscope images of the area).
The average optical path differences are calculated from the red and blue areas. Red areas are
considered pristine material, while blue areas are considered laser-modified zones.
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Figure D.2: a-b) Transmission OM images of laser-inscribed lines in Ge,3Sb7S7¢ glass volume
at 1 MHz (thermal cumulative regime) with various writing speeds and pulse energies. c-d) SE
images of the top surface of laser-inscribed lines at 75 nJ with 4000 pulses. Note that the focal
spot was located at 20 ym below the surface.
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Figure D.3: Volume nanogratings periodicity of Ge»3Sb7S7¢ as a function of laser net fluence
for a pulse duration of 150 and 270 fs emitted at a rate of 100 kHz.
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Table D.1: Literature survey of the periodicity of self-organized structures on the surface of the

chalcogenide glass.

Glass composition 7 (fs) A (mm) Periodicity (nm) (number of pulses)
As»S3 [350] 150 800 700 (2-5) and 250 (>10)
As,S3 [351] 150 800 740 to 780 (overlapping of 65%-80%) and 300
As,S3 [349] 100 800 (2) to 180 (10)
As,S3 [323] 34 806 180 with 720 (10)
As,S3 [353] 150 3000 599 (1000)
AsySes [353] 150 3000 583 (1000)
G625G31A89865 [352] 34 806 720 (50)
Ge23Sb7S7¢ [This study] 150 1030 210 (5) and 170 (400)
Ge23Sb7S7¢ [This study] 270 1030 330 (1), 250 (5) and 170 (400)
a 100 kHz; 400 pulses b 100 kHz; 400 pulses
100 F ——— 100 F —
Pristine Pristine
. — 100 nJ —50n)
80 || 80 -
Teot | Z 60
2 ‘ .2
E | 3 ?
Tk | G aor [
o i | [ =3
20| 20 f\/_—_—\d\
0 — 1 T 0 T 1 T
500 1000 1500 2000 500 1000 1500 2000
Wavelength (nm) Wavelength (nm)

Figure D.4: Reflection spectra of laser-affected zones a) in the volume and b) on the surface.
The inset shows a reflective optical micrograph of a single plane (1x1 mm?) formed with
parallel lines, themselves made of overlapping pulses with 100 nJ pulse energy. Note that the
peaks around 800 nm are measurement artifacts due to the change of detector types from
visible to NIR measuring spectral ranges.
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Table D.2: Raman bond assignments of investigated chalcogenide glass systems used in this

study.

Wavenumber (cm™)

Raman bond assignment with references

150-154, 215
190
200
215

240
250
263
300
302
309
330

340
344
368
400-402
422-427
475
485-487

S-S bridge bonds or S chain [302, 332]

Sb-Se bond vibrations in the SbSes,;» pyramids [380]

Aj mode of the corner-sharing GeSey,, tetrahedra [380]

The vibration mode of the edge-sharing Ge,Seg,» bi-tetrahedra
[380, 386]

The vibration mode of S3Ge-GeS3 unit [332]

A; modes of vibration of Se rings [380]

A; modes of vibration of Se chains [380]

Se-Se in chains along with Ge-Se—-Ge bonds [386]

E modes of SbS3,» pyramids [302]

E modes of AsS3/» pyramids [380, 456]

A; mode of corner-sharing GeSy/, tetrahedra and AsSs;, pyra-
mids [380, 456]

Aj; mode of isolated GeS, tetrahedra [302, 332, 380, 456]
Symmetric stretching modes of AsS3,» pyramids [328, 456]

T, mode of two edge-sharing Ge»S4S,/2 [302, 332, 380, 456]

T, mode of corner-sharing GeSy/» tetrahedra [380, 456]
Vibrations of S3Ge-S-GeS3 unit [380, 456]

A; mode of Sg ring [456]

A; mode of S chain [456]
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Figure E.1: SE images of cross-sections of the laser-affected zones with different polarization
conditions after 3 hours of etching with HF and NaOH solutions. The irradiation parameters
are 240 kHz at 500 fs.

a) 100 kHz b) 250 kHz c) 333 kHz d) 500 kHz d) 1 MHz
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Figure E.2: SE images of cross-sections of the laser-affected zones with different repetition
rates after 3 hours of etching with HF solution at 270 fs. a) 100 kHz, b) 250 kHz, c) 333 kHz, d)
500 kHz and e) 1 MHz.
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Figure E.3: a) Fused silica mask fabricated by femtosecond laser micromachining combined
with chemical etching. b) Tellurite glass surface after femtosecond laser inscription and
deposition of gold electrodes before the measurement and c) the image of the final device. d)
LED spectra used in this study. e) Absorption spectra of the femtosecond laser writing on the
tellurite glass surface. f) The semi-log absolute photocurrent versus bias voltage (I-V) curve
without and with the illumination of 400 nm. g) The spatiotemporal spectra of on-off curves
for different wavelengths.
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Figure E.4: a-b) SE images of a glass cutting scanned by the laser along the z-direction of the
Gey3Sb;S7g glass. After scanning with 100 nJ with 6.56 J/mm? at 100 kHz along the z-direction,
the glass is etched for about 14 hr with NaOH. After obtaining two separate pieces, they are
etched with HF for about 2 hrs to remove the coating.
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