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Abstract

Ultrafast laser-oriented crystallization of glass materials is an emerging and
promising research field. Glass is an ideal functionalization enabler material, and
it permits the study of light-driven crystallization induced by ultrashort pulses.
Femtosecond (fs, 1 fs=10-15 s) laser direct writing (FLDW) is a tool that enables
nano-structuring and multi-functionalization for the fabrication of new active
photonic devices in 3D. It takes advantage of efficient nonlinear absorption
processes triggered by high light power densities (typ. 1-100 TW/cm?).

This Ph.D. work principally investigates the effect of laser irradiation conditions,
through the control of four tunable laser parameters (pulse energy, repetition rate,
polarization, and scanning speed), on glass crystallization in 3D. The first part of
this work relates on the synthesis of borate glasses by sol-gel technique, and silicate
and borosilicate ones by the conventional melt-quenching one. Then, a second part
is dedicated to femtosecond laser irradiation of the silicate and borosilicate samples
to trigger, and control, localized and oriented crystallization of non-
centrosymmetric nanocrystals of LiNbQOj3. Patterns including dots and lines were
written inside the glass samples, and laser-structural modification threshold
energies were identified. A third part is related to the characterization of the laser-
induced structures. Second harmonic generation (SHG), originating from LiNbO;
nanocrystals, was investigated. The effect of laser polarization on the nanocrystal
orientation was investigated through its angular dependency of SHG intensity. The
study of nanocrystals orientation concerns the effect of SiO- substitution with BoOs
into the glass matrix. The nanocrystals orientation and laser track microstructure is
further investigated through electron backscattering diffraction (EBSD).

Through laser writing, nanogratings, i.e., lamellar-like structures growing
perpendicular to the laser polarization, were observed in both silicate and
borosilicate glasses. These sub-wavelength structures induced a birefringent
response taking its root from the local variation of refractive indices between glass
and crystal phases. Additionally, it was found that B>O;-rich glasses promote
fabrication of birefringent structures, precisely a larger and faster birefringent
response (>150 nm at A=550 nm) than B>O;-free glass as well as lower glass-
making temperatures.



The effect of scanning speed on crystallization mechanisms is discussed through
from the basis of Time Temperature Transformation (TTT) and Continuous
Cooling Transformation (CCT) diagrams. For the ease to nucleate and grow
crystals in B>O3-rich glasses (21% mol), the crystallization domain is wider relative
to B2O;-free glasses glass. It is demonstrated that the progressive substitution of
Si02 with B20s (from 0% to 21% mol) leads to a progressively fast crystallization
of LiNbOs3 nanocrystals induced by fs-laser irradiation.

As a final note, a suitable choice of laser parameters is critical to control both size
and orientation of photo-precipitated nonlinear nanocrystals. A direct consequence
is an enhanced tunability in optical properties essential for photonic applications.
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propagation direction. Writing laser polarization direction is indicated by the green
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Figure 97: TTT and CCT diagrams [S57]....ccceeeevmmirmiriiiiieeeeeeeeeeeeeeiiiiiveeeeeee 154
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a function of distance from the laser focus beam. In the left side there is a
representation of temperature variation at the focus center; the right side shows a
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NA: numerical aperture

MPI: multiphoton ionization

VB: valence bond

CB: conduction bond

ps: picosecond

STE: self-trapped excitons

NBOHC: nonbridging oxygen hole center

POR: peroxy radical

STH: self-trapped holes

PL: photoluminescence

SiODC: silicon oxygen- deficient center

IR: infrared

T1: first threshold

T2: second threshold



T3: third threshold

KDP: Potassium Dihydrogen Phosphate crystal
BBO: barium borate

NLO: non-linear optical

EO: Electro-Optic effect

UST: ultrasonic surface treatment

RR: repetition rate

Ep: energy pulse

PFT: pulse front tilt

P: polarizer

A: analyzer

R: retardance

CCD: charge-coupled device

IPF: inverse pole figure

AOW: asymmetric orientational writing
DC: direct current

RGB: red-green-blue

HAV: heat-affected volume

FEG-SEM: Field-Emission Gun Scanning Electron Microscope
VNG: volume nanogratings

2D: two dimensions

FDTD: Finite-difference time-domain



T,: peak crystallization temperature

Ty: crystallization onset temperature

BBF: Bi,03 — B,03 — Fe,04

CVD: chemical vapor deposition

PVD: physical vapor deposition

IPC: in-situ polymerizable complex

PCS: polymer-complex solution

SCD: supercritical drying

DLS: dynamic light scattering

FESEM: Field emission scanning electron microscopy
XRD: X-ray Powder Diffraction

TEOS: tetramethyl orthosilicate

TG-DTA: Thermogravimetry-Differential Thermal Analysis
TEM: transmission electron microscopy

XPS: X-ray photoelectron spectroscopy






Chapter 1

Introduction

1.1 Motivation of the work

Optics and photonics are key enabling technologies for modern society, and our
world leverages the latest advancements in these fields (e.g., LED lighting, optical
telecommunications). Those two research fields are vibrant and closely connected
by the ever-present challenge of selecting or formulating the optimal material for a
target application. Light interaction with materials can be a key element to cope
with this challenge. Indeed, when we expose a functional material, like glass, to
continuous wave or nanosecond pulsed lasers, the irradiation induces substantial
structural modifications by linear (one-photon) or at most weakly non-linear (two-
photon) absorption. The irradiating energy activates point defects in the glass
network, resulting in absorption in the material optical bandgap range. This
correspondsto a relevant change of the absorption spectrum producing growth of
some absorption bands and bleaching of others. Light is also responsible for other
structural permanent volume variations through the transport of atoms or ions. This
migration of electrons extracted from ionized atoms or/and ions is representative of
the fundamental contribution of chemistry in the study of laser-matter interaction.
The consequent glass chemical composition variation determines a change in
photosensitivity to ultraviolet (UV) laserirradiation, and itdepends also on material
thermal history and on environmental conditions. Indeed, the photochemistry
processes generate the physical properties in the material after laser irradiation.
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Consequently, the production of new active optical and interesting photonic devices
by multi-photon absorption for a variation of non-linear optical properties during
the glass-ceramic transformation is achievable through the versatile Femtosecond
(fs, 1 fs= 1015 s) Laser Direct Writing (FLDW) [1]. The devices obtainable by
FLDW are many: frequency converters, Bragg gratings, low-loss optical
waveguides, computer memory, graded index lenses, birefringent optics, data
storage, microfluidic system, and non-linear optics [2]{7].
One of the key elements of FLDW that grant flexibility and broad applicability is
that the lasers used for FLDW (typ. 200 fs) allow reaching a high peak power
intensity (typ. TW/cm? scale) in a short time scale leading to an efficient non-linear
multi-photon absorption [8], e.g., six photons at 800 nm or even eight photons at
1030 nm in SiO,. This result is indeed an exciting and effective method to induce
permanent modifications in three dimensions (3D) [9] with nano-scale spatial
resolution in single-step processing [10], [11], including space charge migration
[12], stress fields [13], and crystalline phase transformations [14]. In addition, it is
possible to obtain the nano-structuring of material. Moreover, the improvement of
properties, the increasing of performance and the opportunity of new physics could
be promising elements towards a real glass multi-functionalization [15] by
femtosecond laser irradiation.
Basically, by focusinga fs pulse inside a dielectric transparent material like glass
mounted on a computer-controlled 3D motion stage, by controlling the fs-laser
parameters [16] (specifically, in this Ph.D. work, pulse energy, repetition rate,
polarization, scanning speed, etc. [17], [18]), various modifications can be
achieved. By controlling those process parameters, it is possible to study the ultra-
fast laser-matter interaction and its effect on material properties [ 18], deriving from
non-linear photons absorption phenomena [19]. The control of the light action in a
focal volume of glass allows to master crystallization and associated
texturing/structuring, leading to optical functionalization at the micro-scale with a
large degree of flexibility. This opens the door to a new discipline of laser materials
science: the laser-oriented crystallization of glass materials.
The present work focuses on borate glasses fabricated by sol-gel technique and
silicate and borosilicate ones realized by the melt quenching process. The silicate
and borosilicate samples are then irradiated with femtosecond lasers to trigger and
control localized and oriented crystallization of LiNbO; [7], [20]. Below are listed
the key motivations of this thesis:

1) Fs-laser induced nanostructure in glass represents a significant route to

design and fabricate architectures in optics [3]. In this research, starting
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2)

3)

from silica-based glasses, the material systems have been extended to
multicomponent glasses, including borosilicate glasses [17], [21].
Among the various fs-laser modifications, glass crystallization to
produce LiNbO; will be examined. This crystal is a material that can be
photo-precipitated in a wide range of glass compositions. Thus, it is
suitable for many applications in many different fields because of its
optical transparency [22], a wide range of chemical compositions, and
favorable laser-induced crystallization [23], high Curie temperature
[24], ferroelectricity, pyroelectricity, piezoelectricity, and large non-
linear coefficients [25].

In Li;0 — Nb,Os — SiO, (LNYS) glass, used as reference material, fs-laser
irradiation induced the migration of glass constituted cations, locally
modified chemical composition, and allowed crystalline phase
precipitation at the micrometer scale. A LiNbO; phase was acquired
when crystallization occurred on sub-micron or nanometer scales, but
not the silica-rich counterpart. Therefore, we wondered whether a phase
separation actually occurs and if silica could be included in the LiNbO;
structure, as LINbOj; exhibits a significant departure from stoichiometry
when doped with transition metal elements. In addition, the
modifications (e.g., whether there is an fs laser-induced nanostructure)
in this glass system are fascinating to explore and explain. So far, there
1s a systematic report about mastering the second harmonic generation
(SHG) in the LNS glass system, but we intend to introduce a new
discussion about borosilicate glass matrices, the so-called LNSB (Li,O
— Nb,Os — Si0; — B1,03). There is a problem due to off-stoichiometric
composition, i.e., whenever lithium niobate is synthesized not from
Li,O and Nb,Os, but other oxides such as SiO, and B,0Os3 are also used.
In [26], Komatsu proposes an interesting interpretation employed to
discuss the origin of crystallization mechanisms in glasses. In particular,
it is necessary to analyze the presence of two different types of
nanodomains in glass (the weak and the strong ones), the stability and
strength of chemical bonds, between former and former, former and
modifier, modifier and modifier and bonds with intermediate oxides
[26].

The crystal size has to be smaller than the wavelength to prevent
excessive losses in transparent devices, considering the large refractive
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index difference between polycrystalline (e.g., LiNbO3 ~2.3) and glass
matrix (e.g., SiO; ~1.45)[27]. Generally, the crystalline size should stay
below A/10 to maintain the transparency of composite materials. Yet, to
maintain a non-linear optical crystal phase with high SHG property, the
crystal size must be larger than ~100 nm [28].

4) The control of crystal orientation is necessary to obtain a coherent non-
linear optical response [29]. For LiNbO3;, the SHG maximum value is
reached when probinglaser polarization is parallel to the polaraxis [14].
This is valid for LINbO3; made by the LNS glass matrix. In this research,
the exploration starts from LNS glass and moves to LiO; — Nb,Os - SiO,
— B,O3; (LNSB) glass matrix, studying the role of B,O; addition,
primarily focusing on scanning speed role [18].

This thesis work is part of the NANOMAX (advanced nanostructured materials and
nano-crystals for photonic applications) project, based on collaboration between
two academic institutions: Polytechnic of Turin (POLITO) in Italy and Université
Paris-Saclay (UPSaclay) in Orsay, France, and funded by JOINT Projects of
Compagnia di San Paolo. Figure 1 shows the objectives and specific issues of the
Ph.D. work in the Nanomax project framework. In the following sections, an initial
definition of the main research objectives will follow, and finally, the chapters’
layout will be detailed.

Glasses

1. Bi,05-B,0;— Fe,0,

2. Li,0 - Nb,O; - SiO,

3. Li,0— Nb,0s—SiO, - B,0;

Laser-matterinteraction

1. permanent nano-
structural changes

2. second nonlinear
optical properties

Advanced
nanostructured
optical glass and

glass-ceramics for

Fabrication o
glasses by sol-
gel or melt

Advanced
characterization
of fabricated

: hing
materials photonic R
applications A
Analyses
1. Polarized light Laser parameters
microscopy : 1. pulse energy
2. SEM Femtosacond 2. repetitionrate
irradiation for o
3. EBSD nanostructuring 3. polarization
4. QPM nd crystallizatio 4, scanning speed

Figure 1: Ph.D. work objectives and specific issues according to NANOMAX project
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1.2 Objectives

This research aims to contribute to the elaboration of non-linear optics in glass by
fs-laser direct writing. We investigated the crystallization inside LNSB glasses
induced by fs-laser irradiation, employing the results that emerged from [30] for
LNS glasses, mastering the fs-laser modifications on material, such as
crystallization, nanostructure, and the corresponding optical properties. In detail,
the main objectives are:

1) From the LSN glass results, clarify how the regimes of fs-laser
modifications vary with pulse energy and writing configurations (laser
polarization orientation versus scanning direction) to give a clear picture of
fs laser-LNSB glass interaction regimes.

2) Determine the chemical redistribution and the evolution of the glass
microstructure accordingto the laser parameters and the increasingof B,Os-
amount in the glass composition.

3) Control the size and orientation of fs laser-induced non-linear optical
LiNbO; crystal [17].

4) Explore the optical properties as SHG and form birefringence due to the
above architecture and find the relationship between fs laser-induced
modifications and optical properties [17].

5) Investigate the mechanismsbehind the fs laser-induced properties in LNSB
glasses, proposing an interpretation of how nucleation and growth of
crystals happen in LNSB glasses in comparison with LNS ones [18].

1.3 Structure of the chapters

The introductory chapter contains the motivation of the work, an exploration of the
state of the art, and a short overview of all issues dealt with during this Ph.D. work.

Chapter 2 includes a general discussion on the glass to provide the reader an
adequate background with respect to this thesis content, such as chemical
properties, phase separation theory, before introducing the LNS and LNSB
fabrication by melt-quenching technique. In conclusion, a brief overview of the
properties of LiNbOj crystal is presented.

Chapter 3 is dedicated to background information on laser history and laser
typologies, laser-matter interaction, with a specific section explaining the choice of
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femtosecond laser. The end of this Chapter is dedicated to optical properties and
non-linear effects.

Chapter 4 covers the experimental results obtained by Femtosecond Direct
Laser Writing (FDLW) in glass in both static and dynamic modes. To study the
crystallization mechanisms, a series of advanced characterizations are employed,
including polarized light microscopy, second harmonic generation (SHQG)
measurements, quantitative phase microscopy (QPM), scanning electron
microscopy (SEM), and electron backscatter diffraction (EBSD).

Chapter 5 is dedicated to the interpretation of Chapter 4 results. In
particular, an investigation of crystallization kinetics and mechanisms through the
effect of laser-material interaction on optical properties is described. The link
between SHG detection and EBSD maps about LNSB, the nano-crystals orientation
through SEM-EDS micrographs, and the nanograting formation as the origin of
birefringence and refractive variation is employed to discuss what happens in LNS
and LNSB through femtosecond laser irradiation. In addition, the last two sections
will bring the discussion using continuous cooling transformation (CCT) and time-
temperature transformation (TTT) diagrams, a valuable and straightforward method
to explain and compare the domain of crystallization in the different glass
compositions.

Chapter 6 is an overview of the sol-gel process, firstly describing the main
characteristics and advantages of this “chemical” glass fabrication technique with
respect to the solid-state melt-quenching one. A specific section is dedicated to the
fabrication and characterization of Bi,03; — B,O3; — Fe,O5 glasses.

Chapter 7 concludes this thesis work and highlights future perspectives in
the extension of this work to other glass matrices. Finally, an Appendix is inserted
to explain key theoretical concepts and advanced characterizations more
extensively.
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Chapter 2

Fabrication and characterization of
lithium niobium silicate and
borosilicate glasses

This chapter is about materials, the starting glasses that will be irradiated to
transform them into crystals, precisely LiNbO;. The first section describes what
glass is, entering deeply in glass chemistry and phase separation. The second
section shows the melt-quenching technique applied to fabrication of lithium
niobium silicate and borosilicate glasses. The third and fourth sections deal with the
polishing and characterization, specifically: Differential Scanning Calorimetry
(DSC), Scanning Electron Microscopy (SEM) combined with Energy-Dispersive
X-ray Spectrometry (EDS), Ultraviolet- Visible Spectroscopy (UV) and thermal
diffusivity. In conclusion, two paragraphs are dedicated to LiNbOs, respectively its
crystallographic and optical properties.

2.1 Glass: definition chemistry, and phase separation

2.1.1 Debate on glass definition

The modern debate about the definition of glass began in 1932 with Zachariasen.
Glass can be defined as a supercooled liquid from the point of view of physical
chemistry or a solid from the theory of elasticity. If we know nothing about the
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atomic arrangement, itis notenough the definition as a liquid supercooled ora solid
[1]. Experimental evidence has demonstrated that glass strength may overtake the
corresponding crystalline one. Then, it means that there must be a glass network
with different characteristics compared to those of the crystalline one. From the
results of the X-ray diffraction experiments, the glass network is non-periodic and
not symmetrical. The isotropy is a natural consequence of the absence of symmetry
in the glass network, and the atoms are all structurally different from each other. In
this case, migration is possible for detached atoms [1]. In 1973, Doremus
announced the following definition: “A material formed by cooling fromthe normal
liquid state which has shown no discontinuous change in properties at any
temperature but has become more or less rigid through a progressive increase in its
viscosity” [2]. Besides, Roy, in his classification of non-crystalline solids, argued
“In the literature, all non-crystalline solids are often referred to as "glass"” [3]. To
highlight that this definition was too simplistic, Cooper and Gupta stated that this
can cause confusion if a quantitative definition of glass, independent of the history
of its treatments, is not given [4]. It is difficult to find a tool to recognize a non-
crystalline material; otherwise, structural differences can be used to explore its
origin (the parent materials) and its behavior [3]. Non-crystalline materials are
alwaysunstable or metastable phases,as representedin the following Figure 2. This
structural classification depends on the parent materials and the process used to
synthesize non-crystalline materials. In case of an excess of free energy, the
material has been frozen or quenched by a sudden change of a thermodynamic
intensive variable: temperature in glasses and vapor deposited non-crystalline
solids, pressure, or chemical potential in gel [3].

Besides, glass can be defined as an isotropic solid if some parameters were
specified: the normalized correlation range and the structural relaxation time. y is

. . R-d . :
the normalized correlation range equal to y = — where R is the correlation range

used to distinguish between polycrystalline and non-crystalline states, and d is the
hard sphere diameter. For glass or a normal liquid y = 1, and, in general, y assumes
a particular value equal to a/d where a is the grain size, for single crystals and
polycrystalline aggregates, i.e., in case of anisotropic materials [4].

The other characteristic parameter is the structural relaxation time 7 (s), allowing a
distinction between liquids and glasses. For glass as isotropic material, 7>> 103 s

[4].
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Figure 2: Structural classification of materials: when the stable phases present an excess of
entropy, they can be transformed into non-crystalline solids that are always unstable or
metastable phases [3]

The properties for the most important different states are reported in Table 1.

Table 1: Properties of different states (a = crystal or grain diameter; d = hard sphere atomic
diameter) [4]

State of Normalization Structural Isotropy
aggregation correlation relaxation time,
range, 7(S)
Crystal ~a/d > 103 -
Polycrystal ~a/d >103 +, —
Glass ~1 >103 +
Normal ~1 <103 +
liquid
Dilute gas —0 «103 +

A few years after, Wong and Angell, in 1976, introduced the concept of
crystallinity: “Glass is an X-ray amorphous material that exhibits the glass
transition. This being defined as that phenomenon in which a solid amorphous
phase exhibits with changing temperature (heating) a more or less sudden change
in its derivative thermodynamic properties such as heat capacity and expansion
coefficient, from crystal-like to liquid like values.” [5].

Mari suggested in the same year this glass definition: “Amorphous solids that are
obtained by fast cooling a molten mass averting its crystallization” [6].

A firstturn comes when it begins to distinguish between glass and solid amorphous.
For Zarzycki, in 1982, the glass was “a non-crystalline solid that presents the
phenomenon of glass transition” [7] and Gupta, in 1996, deepened this distinction
by inserting two main rules derived from Zachariasen’s conditions for glass
formation [1]:asystemis a good non-crystalline solid (NCS) former if (i) the short-
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range order (SRO) of the crystal is indistinguishable from the SRO of NCS and if
(ii) it is topologically disordered. Among all the materials that satisfy these two
rules, i.e., all the NCS, only the ones that satisfy a third rule can be properly called
glasses: (iii) a glass must show the same SRO at the solid-state and after melting,
If this latter condition is not satisfied, it will be only an amorphoussolid [8].

In the 215t century, the first interesting definition was from Shelby in 2005: “An
amorphous solid completely lacking in long-range order, periodic atomic structure,
and exhibiting a region of glass transformation behavior,” or “Any material,
inorganic, organic or metallic, formed by any technique, which exhibits glass
transformation behavior” [9].

In 2010, Varshneya proposed a new definition: “Glass is a solid having a non-
crystalline structure, which continuously converts to a liquid upon heating” [10],
and this was reported in [11].

After three years, Gutzow and Schmelzer introduced a new concept: “Glasses are
thermodynamically non-equilibrium kinetically stabilized amorphous solids, in
which the molecular disorder and the thermodynamic properties correspond to the
state of the respective undercooled melt as a generic temperature T* are frozen-in”
[12].

The crucial breakthrough in the debate occurred in 2017 when Zanotto and Mauro
provided two definitions: “Glass is anonequilibrium, non-crystalline state of matter
that appears solid on a short time scale but continuously relaxes towards the liquid
state” and another more technical “Glass is a nonequilibrium, non-crystalline
condensed state of matter that exhibits a glass transition. The structure of glasses is
similar to that of their parent supercooled liquid (SCL), and they spontaneously
relax towards the SCL state. Their ultimate fate, in the limit of infinite time, is to
crystallize” [13]. The latter definition sparked a discussion in which Popov
proposed metastability [14] while Zanotto and Mauro stood by the fact that glass
was an unstable material [15].

The last definition was from Rajaramakrishna and Kaewkhao in 2019: “Glass is an
amorphous solid which exhibits glass transition temperature by arresting the
kinetics below supercooled liquid region when bypassed crystallization” [16]. This
was notaccepted since itneglects the conceptof the unstable nature of glass matter.
Then the definition of Zanotto and Mauro is now adopted and included in the third
edition of the book of Fundamentals of Inorganic Glasses by Varshneya and Mauro
[17]. The statements of Zanotto and Mauro were revealed the most detailed,
complete, and comprehensible and they explained that even though glass can be
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considered as a solid and immutable material, it is a liquid if it was checked on a
long, almost infinite, timescale.

2.1.2 Glass chemistry

After this introduction, we can bring out the following definition of “glass™ as a
ceramic material generated from a structural freezing process of a supercooled
liquid that solidifies in an amorphous way, without long-range periodicity but a
short-range order, as shown in Figure 3. It is also an isotropic material with a mixed
chemical bond composed of electropositive ionic and electronegative covalent
structures. The fundamental condition of glass formation is to create long chains or
large networks.

Figure 3: Atomic structure of SiO: a) crystal (Quartz) and b) glass (so-called silica) [ 18]

The Zachariasen-Warren network theory presents the conventional glass formation
according to these five basic principles [19]:
1. A compound tends to form a glass if it easily forms polyhedral groups as
the smallest building units.
2. Polyhedra should not share more than one corner.
3. Anionsshould notbind more than two centralatoms of a polyhedron. Thus,
in simple glasses anions form bridges between two polyhedra.
4. The number of corners of polyhedral must be less than 6.
5. At least three corners of a polyhedron must connect with the neighbor
polyhedra.
For unconventional glass melts, it could be possible to use Sun’s theory; its
peculiarity is the connection of glass formation process to the ability or inability of
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molecularbonds to rearrange in the liquid state during crystallization. Sun indicated
precisely four requirements [20]:

1) the very high bond strength of atoms in the chains or networks.

2) minimal formation of a small ring of these strongly bonded atoms.

3) atleasta continuous chain has to be formed configuratively and structurally
with the relative numbers of various atoms in the chains or networks.

4) the coordination numbers of the glass forming atoms should be as small as
possible to keep the bond strong.

For glass formation, it is possible to distinguish the anions like O%, S?- and F-. The
cations establish the role of the compound in glass formation according to their
dimensions and coordination numbers, i.e., the number of neighbors surrounding
each atom. The glassmaking components bonds connect the atoms together for the
three-dimensional network formation, in which it is interesting to distinguish three
classes of oxides:

1) The formers which represent the glass network backbone may form glass
with ordinary laboratory techniques (B,O3;, SiO;, GeO,, P,Os, As,0s,
Sb,0s, V1,05, ZrO,, P,0s, Sb,0s, B1,03). Their cations have a coordination
number generally equal to 3 or 4.

2) The modifiers that do not produce a glass under ordinary conditions change
the glass properties and weaken its structure (Na,0O, Li,0, K,0, CaO, SrO).
In this case, the coordination number are equal 6.

3) The intermediates, which are in a middle position between formers and
modifiers: they could be included in one of two classes depending on the
specific case of the glassmaking process (Nb,Os, Al,O3, BeO, ZnO, CdO,
PbO, TiO;), and then, they could reinforce or loosen the glass network,
depending on the particular case [3].

Once the glass network has been formed, it is no longer possible to distinguish the
oxides and only the bonds M - Oremain and based on the bond energy of the oxides,
it is possible to classify between 80 kcal characterizing the network formers, 60
kcaltypical of modifiers and an energy between 60 and 80 kcal thatallows to detect
the intermediate oxides [20].

Glass formation, unlike a crystalline material, occurs by state transition from liquid
to solid in a continuous way through a progressive viscosity increase during cooling
to achieve a completely rigid structure. Moreover, no latent solidification heat flow
occurs during the continuous state transition, as there is no net passage from
disorder to order as it occurs in crystals. A simple but not simplistic and fair
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definition of glass could be summarized into a rigid solid with volumetric thermal
expansion like a crystal, but with a microstructure like a liquid. In addition, glass
presents a time-dependent behavior called glass transition state. We can note that
the glass transition temperature (T,) depends on a cooling rate that does not allow
the time required for crystallization. It is the temperature in which mechanic
behavior change drastically from elastic to viscous, and specific volume variation
rate for the thermal component is equal to the structural one.

For example, silica glass has the orthosilicate tetrahedra as repetitive unit (SiO4)*-
However, it is challenging to predict the tetrahedra arrangement accurately, and
then silica network polymerization is influenced considerably by his thermal
history, i.e., the thermal treatments previously occurred which have determined its
structural evolution. Since the glassy state is not an equilibrium state, the usually
employed thermodynamic variables to define his state are notenough, then we need
a configurational parameter, the so-called fictive temperature (Ty). A glass is at its
fictive temperature, (that may be different from his actual temperature T), if its
configuration corresponds to that in equilibrium at this temperature. Then, if the
glass was brought abruptly from its actual temperature to the fictive one, its
structure should not change since it corresponds to the equilibrium one, as
represented in the following Figure 4.

a) b). ¢ Liquid state: tye >>1(T)
Transf. Lig - (Configurational state in eqbm)
Range

* Transformation region.
tons = T(T)
(Time-dependent configurational state)

Glass (g)

*  Glass: togg << t(T)
(Configurational state is frozen. )

CWSM ¢ T,=Temp where the structure of
¥

Enthalpy

T = the liquid is same as that of the
- L n 9SS, 1(T,) =10y

Mel T
T T, Temp. FictiveT Melting

Figure 4: a) Scheme of a glass-forming substance, specifically enthalpy versus temperature
plot sowing four distinct states: liquid (L), supercooled liquid (SCL), glass (G) and crystal
(C). Tm = melting temperature, Ty = glass transition temperature [13]; b) Change of
enthalpy with the temperature for the different allotropic phase (cooling at a fixed rate, q
(toss ~1/q)) [adapted from http://www.certev.ufscar.br/documentos/arquivos/gupta-slide]

2.1.3 Phase separation: nucleation and growth

The phase separation process between a liquid and a solid in a glass consists of
nucleation and growth of crystals, i.e., crystallization. Generally, this occurs
through the classical nucleation theory (CNT), a simple theoretical model proposed
by Gibbs.
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When nucleation takes place in the liquid phase or glass because of the thermal
fluctuation of the chemical composition, no interface is generated, and it is not
possible to distinguish the parent phase from the one produced; this is called
homogeneous. For details about CNT, refer to the section of Appendix A.

Even though this theory has been employed to describe the crystallization process
of glasses. However, this method presents a large discrepancy between the
calculated and experimental results, due to the real practice of solidification of
glassy alloys often involves heterogeneous nucleation [21]. This kind of nucleation
happens at some preferred sites that are much greater than others. If we compare to
the homogeneousnucleation, there is an effect mainly because of the diminished
thermodynamic barrier, towards a decrease of the contribution of the effective
surface energy to the work of critical cluster formation [22].

For glasses, a heterogeneous nucleation can also occur in extraneous particles and
in correspondence ofa second phase evenly distributedin the glass and formed with
a mechanism called spinodal decomposition. This phase separation does not occur
by nucleation and growth. We consider a non-ideal two-component endothermic
solution, free energy vs composition curve may show two minima and between
them a spinode in a certain range of temperature. Solution composition inside the
spinode is unstable since it tends to separate in two different phases in
correspondence of the minima, lowing the system total free energy. The miscibility
gap diminishes progressively at increasing temperature until disappears beyond a
temperature where only a phase coexists. The spinodal decomposition occurs when
a solution is stable at a certain temperature, while cooling enters the immiscibility
gap. If this gap is over the liquid temperature, the separation occurs in macroscopic
scale e in this case, the glass will be opalescent or layered. If the miscibility gap is
under liquid temperature, second phase generation will happen on a microscopic
scale for the low diffusion rate. The glass will be homogeneous and transparent,
being the biphasic structure detectable only at high magnifications of the electron
microscope.

In Figure 5, the segregation into solution occurs initially through small local
composition fluctuations, after the two phases become more distinct and revealed
by chemical attack. Moreover, the phases seem often interconnected in a
tridimensional continuity of the particles from which they were generated.
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Figure 5: Schematic free energy diagram of the spinodal decomposition. (a) Spinodal
decomposition is shown on the phase diagram displaying a miscibility gap. Note that the
boundary separating the metastable and the unstable region is known as spinodal curve that
can be obtained by performing a common tangent construction of the free-energy curve.
(b) The free energy curve is plotted as a function of composition for the phase separation
temperature T>. In the spinodal region, the curvature of the free-energy curve is negative.
Note that the binary mixture with initial temperature (T1) is cooled quickly to a lower
temperature (T2). X1 and X are the equilibrium compositions that correspond to the free
energy minima. The spinodes are marked as S; and S in the diagram. In the spinodal
region, the curvature of the free-energy plot is negative [23].

2.2 Melt quenching technique

This To prepare a glass by melt quenching, the chemical components as starting
batch materials were weighted according to the suitable composition (%mol) and
mixed homogeneously to a fine powder in a pestle and mortar, then transferred to a
specific crucible and heated until the melting point. After the melt is cast and
quickly poured on a brass or stainless block kept at 300°C, and then pressed with
another brass or stainless block to get glass. This last step of the melt quenching
process can be considered properly also an annealing and the glass samples
subjected to this treatment have been proved stable during the characterizations
over the year, as it is possible to verify in the next fourth chapter dedicated to
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experimental results. Once the glass is obtained, cutting and mirror polishing are

carried out for the required shape and size [16].

As regards the glasses synthesized in this thesis work, a dedicated and specific
process is chosen illustrated hereafter. Below, in Figure 6, it is shown the ternary
phase diagram for SiO, — LiNbO; — B,0; where the four glasses composition,
employed in the experiences, are placed, and reported in an extended way in the

following Table 2:
Table 2: Glass labels and batch compositions
Label Glass batch composition (molar percentage)
LNS34 33% LiO, —33% Nb,0,—27% SiO, - 0% B,0,
LNS27B7 33% LiO, —33% Nb,0,—27% SiO, — 7% B, 0,

The melt quenching technique with which the four glasses were made is listed in

seven steps described extensively afterwards and reported in the following Figure
7

LNS20B14 33% LiO, - 33% Nb,0,—20% SiO, - 14% B,0,
LNS13B21 33% LiO, —33% Nb,0O, - 13% SiO, - 21% B, 0,

N hE R =

B,0;
[@LNS34 0 A100
@LNS27B7
B LNS20B14 \
HLNS13B21 20 80

BB
L J
100 0

LiNbO, 0 20 40 60 80 100 sio,

Figure 6: SiO: - LiNbO; - B2O3 ternary phase diagram

Powder mix with acetone for three times

Heat treatment at 200°C for two hours

Room temperature rise at 5°C/min up to 1000°C
Temperature maintenance at 1000 °C for 1h

Raise from 1000°C to melting temperature to 5°C/min
Melting temperature maintenance for 2 hours

Quenching between two metal plates preheated around 350°C
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Figure 7: Scheme of glass making process starting from the chemical powders

Once the precursors have been weighed and put in the mortar, acetone has been
added twice or more as needed to allow a suitable homogenization of the powder.
Continuous mixing with a pestle is done from top to bottom, and it is fundamental
notto make a circularmovementnotto attach everythingto the mortar walls. When
it is obtained a dry powder, acetone is added again. It must be mixed with the pestle
until it is again a dry powder, then it will be ready. The powder is put into the
platinum crucible and baked at 200°C for two hours to evaporate all the acetone.
The nextday, when the oven is cold, the crucible is introduced, and a ramp from
room temperature is set. The crucible is introduced into a furnace, and the melting
program is started with a two-step process (first-step of ramp in n°3 and 4 and
second step in n°5 and 6 of the abovementioned list). The first ramp to 1000°C is
made for decarbonization of the precursor Li,COj3 to form Li,O, eliminating CO,.
The second ramp, from 1000°C to melting temperature, is carried out to obtain a
homogeneous fusion of the mixture, even though it is important not to go beyond
the established holding time of two hours, to avoid the volatilization of Li,O and
B203.

Subsequently, to release stress, the molten mixture is quenched between two metal
plates preheated at around 350°C, forming the final glass product. The collected
glass samples can thus be polished.

2.2.1. Lithium niobium silicate glass fabrication

To obtain 30 g of glass, the calculations for 33%Li,0 — 33%Nb,0s5 — 34%Si0,
(labeled LNS34, %mol) composition and powder mix with acetone for three times
are reported in Table 3 and Figure 8:
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Table 3: Batch calculation for LSN precursors powder to obtain glass by melt quenching

coi;:::lln d N{)zle Precursors ;::lt;f/}) Initial wt% Thilgr;ass Ex;z;;)nass
Nb2Os 33 Nb2O:s 33 66.1874 19.8562 19.8566
Li,O 33 Li,COs 33 18.3990 5.5197 5.5209
SiO; 34 Si0, 34 15.4134 4.6240 4.6251

The following melting program for LNS34 deals with four steps:
1. RT rise at 5°C/min up to 1000°C
2. At 1000 °C for 1h.
3. Raise from 1000°C to 1400°C to 10°C/min
4. At 1400°C for 1 hour.

Figure 8: Example of LNS glass plate after the glass cooling (typ. Scm size and few mm
thick)

2.2.2 Lithium niobium borosilicate glass fabrication

The previous procedure is applied to 33Li,0 — 33Nb,05 — 13%S10,— 21%B,0; (labeled
LNS13B21) glass, starting from a batch calculation of 30 g in Table 4 below:

Table 4: Batch calculation for LNS13B21 precursors powder to obtain glass

Final Mole Precursors Initial Initial Th.mass  Exp.mass
compound % mole% wt% (2) (2)
Nb2Os 33 Nb20Os 27.27 60.13 18.0389 18.0360
Li,O 33 Li,COs 27.27 16.72 5.0145 5.0140
SiO2 13 Si0 10.74 5.35 1.6062 1.6070
B:0; 21 H;BO:; 34.71 17.80 5.3404 5.3407

The following melting program for LNS13B21 deals with four steps:
1. RT rise at 5°C/min up to 1000°C
2. At 1000 °C for 1h.
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3. Raise from 1000°C to 1350°C to 10°C/min
4. At 1350°C for 1 hour.

We note that the presence of B,O5 can promote the glass crystallization that is visible both
on the crucible and on the glass produced through the white traces of following Figure 9 a),
b)and c):

Figure 9: a) crucible after glass casting; three highlighted zones of glass in different view:
transparent, rough, and white zones; b) glass on the heating plate; c) side view of the glass

In this case, a transparent sample is chosen, even with a rough surface. The sample

has a smallerthickness than the LNS matrix sample. The same methodology is used
for the synthesis of LNS27B7 and LNS20B14 glasses (composition given in Table
2).

2.3 Glass polishing

The pieces of raw glasses are polished double side by a polishing machine by SiC
abrasive paper discs (purchased from PRESI) with decreasing grain size: P240,
P600, P1200, P2500. After this step, the finishing polishing is done by another
polishing machine (ESCIL, ESC 300 GTL) using different diamond lapping films.
Finally, the last finishing step is done with colloidal silica (30nm grain size). The
polishing paper and time are dependent on the sample hardness. Below in Table 5,
we reported the polishing sequence generally employed, even though some steps
could be skipped or kept a few minutes longer. Polished surfaces present more
strength than non-polished ones.
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Table 5: Polishing steps list of glasses

Polishing material Time (min)
abrasive paper P240 8
abrasive paper P600 8

abrasive paper P1200 8
abrasive paper P2500 10
diamond disc 15 pm 10

diamond disc 9 pm 10

diamond disc 6 pm 10

diamond disc 3 pm 15

diamond disc 1 pm 15

colloidal silica 0.03 pm 20

2.4 Glass characterization

2.4.1 Differential Scanning Calorimetry (DSC)

The Differential Scanning Calorimetry is a thermal analysis that measures the heat
absorbed or liberated during different transitions in the glass due to temperature
treatment, and precisely Differential indicates a measurement of a sample relative
to the reference, Scanning is referred to temperature ramp that in our case is equal
to 10°C/min, and Calorimetry defines a heat measure. For a detailed explanation of
the operating principle and for in-depth analysis of the DSC use for an exhaustive
understanding of glasses, refer to the following complete reference [24].

Figure 10 provides the DSC scans of the four different glass compositions (in
mol%) 33Li,O — 33Nb,05 — (34-x) SiO, — xB,03, with x =0, 7, 14, and 21. In this
case, the black curve corresponds to LNS and glass transition temperature (T,),
maximum crystallization peak tempering with (T,), and onset crystallization
temperature (Ty) were also indicated. It is not easy to distinguish the T, for LNS
and LNSB glass; consequently, the values were taken from Sciglass. For LNS, T,
~ 579°C; otherwise, for LNS13B21 the value of T, & 520°C. For both glasses, Ty,
= 1257°C corresponds to the melting temperature of LiNbOj3. By the observation,
the progressive addition of B,0O; leads to shift down the crystallization peak to
lower temperatures by about 1 50°C between LNS and LNSB with 21% mol% B,0s.
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Figure 10: Differential scanning calorimetry (DSC) scans for four glasses composition with
an increasing amount of B2O3 in the batch compositions in mol%

2.4.2 Scanning Electron Microscopy (SEM) combined with Energy-
Dispersive X-ray Spectrometry (EDS)

The Scanning Electron Microscopy micrograph is employed to explore the laser
tracks cross- section and to highlight the formation of nanogratings in borosilicate
glass matrices.

Firstly, it is fundamental to focus the attention on elemental composition and Nb/Si
ratio by SEM analysis that allows a higher resolution of the fs-laser-induced
modifications in borosilicate glasses, reported in the following Figure 11a and b.
The self-organized nanostructures present an oriented phase separation already
visible in LNS34 matrix explored inref. [8]. They werediscoveredby SEM analysis
in two passages illustrated in Section 4.6.1. For more detailed theory about its
working principle, see [25].
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Figure 11: a) Elemental composition analysis for four glass composition by SEM-EDS
analysis; b) Exploration of Nb/Si ratio: ratio theoretical vs ratio experimental

2.4.3 Ultraviolet—visible spectroscopy (UV spectra)

The absorption spectra [26], [27] of the fabricated glasses (LNS34 and LNS13B21)
were measured. As it can be seen in Figure 12, there is no absorption band in the
LNS and LNSB glasses. These absorption spectra were recorded by a Cary5000
spectrophotometer. The cut-off wavelength is shown to be around 350 nm for both
glasses, whereas SiO, glass is more transparent down to the deep UV.
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Figure 12: Absorption spectra for LNS (precisely, LNS34), LNSB (precisely, LNS13B21)
and SiOz (Suprasil) for sake of comparison

2.4.4 Thermal diffusivity measurements

Thermal diffusivity indicates the heat transfer rate through a medium, precisely
from the hotter side to the colder one. This property is connected to chemical
species movement and represents the balance between heat that passes through a
material and heat stored in it per unit volume. It is possible to study the interaction
between materials by thermal diffusivity measurements. Thermal diffusivity
measures the change in temperature produced in the unit volume of the material by
the amount of heat that flows in unit time through a unit area of a layer of unit
thickness with a unit temperature difference between its faces [27] — [29]. In this
case, thermal diffusivity was measured between room temperature and 800°C, and
the values were reported in the following Figure 13. The measurements were done
in isotherm, and at each temperature a stabilization time was imposed. The ramp
rate was setas 5°C/min. Each time a few points during cooling in a stationary state
for each sample, during temperature increments. On the curves, black points
indicate run-up ramp and red points descent ramp. We note there is an irreversible
evolution of the sample around 600°C, under measurement conditions. This
temperature corresponds to the crystallization peak of these glasses. This is why, in
correspondence with this value of temperature, it is recorded a remarkable
discordance regarding the trend of the curve for each of the three compositions
examined.
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Figure 13: Thermal diffusivity curves extracted from measurements effectuated in [CCMO
of'a) LNS27B7, b) LNS20B14, ¢c) LNS13B21. Black dots correspond to the run-up ramp
and red ones to descent ramp

In our multidisciplinary discussion about laser-matter interaction, we have to take
into account that thermal diffusivity affects the shape of the curve T (1, t), i.e., the
scheme of the temperature spatial distribution evolution after pulse deposition
inside the glass while time is evolving, reported in Figure 14, extracted from Figure
lc of Ref. [31]. Then, thermal diffusivity is linked to heat diffusion speed within

the glass equal to ~ ‘tvﬂ where Dris the thermal diffusivity and wy is the beam
0

waist. The corresponding temporal magnitude affected by thermal diffusivity is
2

diffusion time tp equal to :VTO, where wy ~ 1 um. In our experimental conditions,
T

heat diffusion speed corresponds to a few 10 m/s actually greater than scanning
speed (< Imm/s) [31]. The values found for LNS27B7, LNS20B14 and LNS13B21
reported on Figure 14 can be compared with Dt for LNS34 equalto 9 - 107 m?/s
found in the literature [31], [33]. If we substitute the values of Dt and wy, we obtain
atp ~0.28 ps. This reveals a weak temporal overlapping between laser pulses, and
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we enter into the so-called “single pulse regime.” From the comparison between
thermal diffusivity values for silicate and borosilicate glasses, we noted a slight
difference that it can be made explicit considering the definition of thermal
diffusivity as Dr = x / [pC,], where « is the thermal conductivity, p is the density
and C, the heat capacity. Substituting the values found by Sciglass software, we
found a difference of 6% i pC, between LNS34 and LNS13B21. Then, these
profiles of spatial temperature distribution for both glasses just above are very
comparable [31].

Maximum temperature

A

Sy Distance from the focus

beam waist diameter
(Zwy)

Figure 14: Temperature spatial distribution evolution T(r,t) after pulse deposition inside
the glass, as time increases from t; to t4. At decreasing of maximum temperature with time,
the width of the distribution increases [31].

2.5 LiNbOs;: crystallographic and optical properties

Lithium niobate (LiNbOs3) is an artificial, dielectric, and multifunctional material of
the 3m crystallographic group, firstly recognized as ferroelectric in 1949 by
Matthias et al. [34]. It is naturally birefringent, and its properties such as
pyroelectricity, piezoelectricity, nonlinearity, acousto-optic and electro-optic
effects make it one of the targets and key materials for photonic, optical, and
electronic applications, holographic data processing, and telecommunication
technologies [35]. In particular, this Ph.D. thesis realized the 3D photo-precipitation
of LiNbOj; by femtosecond laser-induced crystallization.

Below, there are two sections on lithium niobate oxide's crystallographic and
optical properties. It is important to consider that the optical properties basis is
always orthogonal, whereas the crystallographic one is not. There are nevertheless
a few rules for the coincidence of some axes.
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2.5.1 Crystallographic properties

To study the formation of LiNbOj3, one fundamental point is to refer to the phase-
equilibrium diagram of Li,O — Nb,Os reported in Figure 15a. This phase is found
over a large range of solid solutions from ~ 45 mol% Li,0 at 1200°C, i.e., Li-poor
compositions to the one towards the stoichiometric one [36]. When the ratio of Li/
(Li+ Nb) is 0.50, LiNbOs is stoichiometric; if the same ratio is equal to 0.485, we
can define LiNbO; congruent and the proper solid phase directly appears from the
liquid during the cooling process. For example, the Czochralski growth process
illustrated in Figure 15b started by the precursors (Li,CO3 and Nb,Os) melted after
the complete decomposition of Li,COs. After the crystal seed addition, the crystal
growth is initiated by the pulling process. As soon as the single crystal was formed,
it was taken out. The formation of the crystal proceeds along the orientation of the
c-axis. In this process, there are inevitable disadvantages like cracks, coloration
creation, and segregation of constituent ions.
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Figure 15: a) Phase-equilibrium diagram for LiNbO3 [36] and b) scheme of the furnace for
Czochralski growth at LiNbO; [37]

LiNbO; structure, reported in Figure 16a, is not centrosymmetric. The Curie
temperature T, (beyond which a material loses its ferromagnetism and becomes
paramagnetic) of LiNbOs is very high and corresponds to ~1210°C [38], and this
value depends on the crystal composition [36]. The distortion of the niobium-
oxygen octahedron contributes to LiNbO;3 formation. Chains of the distorted
oxygen octahedra with the common faces settled along with the polar axis c. When
LiNbOs is in the paraelectric phase, the temperature satisfies this condition T,<T
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< T, as shown in Figure 16b. In this case, Nb>* ions are in the center of the oxygen
octahedron, otherwise the Li" ions are placed within the oxygen planes. Below T,
LiNbOs is in the ferroelectric phase; the structure is composed by hexagonal close-
packed oxide ions approximately where two-thirds of the octahedral sites are
cations Li* and Nb>* followed by a vacancy, and this sequence is repeated every
third layer [39]. The condition of ferroelectricity is fulfilled when empty octahedra
accept Nb>" and Li" ions displaced from their octahedral centers in opposite
directions along the c-axis. A spontaneous polarization, in the direction along the ¢
axis, from -c face to +c face, is generated from ferroelectric LiNbO3. This
ferroelectric phase, reported in Figure 16c¢, has a conventional hexagonal unit cell
with point group 3m, space group R3¢ with hexagonal axes (a; a; asc). The ¢ axis
coincides with the polar axis (or optical axis). This +c face is the face positive when
the crystal is cooled from the melt. The crystallographic parameters of LiNbO;
crystal are reported in the following Table 6.

c) positive

neutral B dipole end
=,
‘ +c

a)

+
® @
— e
—.—
@
@

Paraelectric .
Ferroelectric

Figure 16: Positions of the lithium atoms (double cross-hatched circles) and the niobium
atoms (single cross-hatched circles) with respect to the oxygen octahedra in the a)
paraelectric phase and b) ferroelectric phase of lithium niobate, the horizontal line on the
right side stands for the oxygen layers [38]; c) atomic structure of LiNbO3 [40]

In addition, LINbO3; owns a very flexible host structure toward dopants and the
formation of extensive solid solution areas. Remarkably, the physical properties of
LiNbO;depend on the defects in the structure and can be improved by doping with
some cations (e.g., Co?* and Ni?"). In the principal doping mechanism, the total
number of cations remains constant [39].

Table 6: Crystallographic parameters of LiNbO;

Items Value
Crystal Symmetry Trigonal
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Point Group 3m
Space group R3c (no. 161)
Lattice Constants (hexagonal) a=5.148 A
c=13.863 A

2.5.2 Optical properties

2.5.2.1 Absorption

There is a broad transparencyrange for LINbOs; between 420and 5200nm. LiNbO;
is optically homogeneous (~ 5 x 105 /cm), with a damage threshold of250 MW/cm?
(1064 nm, 10 ns) [41]. LiINbO3 composition (most of all, when some variation may
occur due to doping or in solid solution) affects the position of the fundamental
absorption edge [19]. This may be used to characterize the composition and
homogeneity of LiNbO; [42]. The wavelength with a certain absorption coefficient
(i.e., 15 0r20 cm ') defined the band edge position [42].

2.5.2.2 Refractive index

The direction of the electric field causes the electrical excitation for optically
anisotropic material. In a linear, homogeneous, anisotropic dielectric, D is related
to E in this way:

D =<E (1)
Where ¢ is the permittivity of a material, expressed as second-order tensor (3 x 3 matrix)
€11 €12 €13
€0 | €21 €22 €23 2)
€31 €32 €33

Where g is the vacuum permittivity. The conservation of electromagnetic field
energy (&;= €;;) and the properties of crystal (symmetries) make the number of
independent elements reduced.

Indeed, the dielectric matrix, i.e., the permittivity tensor, could be written in the
following way when the crystal is oriented with the principal axes along the axes of

a coordinate system:
€11 0 0
€0 [ 0 €0 0 ] (3)

0 0 €33
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D and E will have the same direction when E coincides with the direction of the
principal axis of the dielectric constants. The relationship between the principal
refractive index ny (k =1,2,3) with g is equal to ny, = /€. Now it is possible to
write the dielectric matrix by refractive indexes. LiNbOs is a uniaxial crystal, then
€11 = &= N2 # g£33=n2, where n,and n. are respectively ordinary and extraordinary
indexes, and the z-axis of the uniaxial crystal denoted the optic axis (in the direction
of the optic axis). Then, the refractive index tensor of LiNbO; can be written as:

n,b 0 O
[ 0 n, O ] 4)
0 0 ne

In the case of LiNbOs, n, is larger than n. in the transparent range, as shown in
Figure 17.
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Figure 17: Trend of refractive indexes versus wavelength of congruently growth of LINbO3
[43]

The three-oscillator Sellmeier fitting the data appears in the solid curves at
temperature measured of 21°C, in Figure 17. This equation is used to describe the
dispersion of refractive index:
Aj)\z
nZ()\)z 1+ZJ}L2——B] (5)

where A; is the adsorption resonance of strength ata wavelength \/E . For LINbO;

the Sellmeier equation valid for n, and n. is given by [43]:

2.6734A2 n 1.2290A2 12.614A2 )
2-0.01764 2A2-0.05914 A2-474.6

nd()=1+;
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2.980472 0.5981A2 8.9543\%?
2_0.02047 A2-0.0666 A2—416.08

(7

nZ(M=1+

where A is the wavelength in pm.

For LiNbOs, the refractive index is also a function of temperature and chemical
composition [44]. There is also a relationship between electric susceptibility and
refractive index of crystal described in [45]. The induced polarization characterized
by the electric dipole susceptibility is equal to:

P () = goXji (0)Ex(®) (8)

Where g, is the permittivity of free space; Xj(l? is linear susceptibility tensor, a

second rank tensor, a complex quality; and Ex() is the incident laser electric field.
There is also a relationship in the eigen frame to the real part of the susceptibility
between the dielectric constant &(w) and refractive n(w):

n% () = g(®)/go = 1 + X, (0) ©)

Two independent elements characterize the electric susceptibility of LiNbO;: one
is along the polar axis, y,, and the other one is perpendicular to it Y (Jxx= Ayy)- 1t
is possible to deduce the dielectric susceptibility from the refractive index for
LiNDbOs;. It has negative uniaxial birefringence with n, (ordinary refractive index,
electric field polarization normal to ¢ axis) greater than n.(extraordinary refractive
index, electric field polarization parallel to ¢ axis); indeed, the fast optical axis is
along, whereas the slow optical axis perpendicular to the ¢ axis. Atthe wavelength
0of 1030 nm, n,=2.234 and n,=2.157, i.e., the index normal to polar axis (i.e., ¥x)
is larger than one parallel to polar axis (i.e., ¥).

2.5.2.3 Nonlinear optical properties

The nonlinear coefficient of LiNbOj is: d33 =34.4 pm/V, d2; =3.07 pm/V, and d3
=dy5=5.95 pm/V ref. [24]. The orientation of the polar axis of LINbO; determines
the second-order nonlinear optical properties (as discussed in Chapter 3). The
relevant coefficient for a probe polarization along the polar axis of LiNbOs is the
largest (ds3), compared to the coefficient for a probe polarization perpendicular to
the polar axis (d,;). The description of the SHG in a crystal is summarized in ref.
[47] for details. For a monochromatic input wave with frequency o, the induced
polarization at the harmonic frequency 2® is written as:
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P2o=" X5 ERES, (10)

Where ¢ is the permittivity of free space, xgiz is the second-order nonlinear

susceptibility tensor, and E[ is the probing laser electric field.

Then, if we consider the expression of xi(jzk) components, xgz(gis a third-order rank tensor

with 27 coefficients. When SHG analysis is made, another tensor is introduced:

2_1_ (2
dijc =3 Xijk (1)

Now, di(ji) is written in a contracted form, a 3 x 6 matrix, di(lz). Ifj =k, 1=, otherwise, 1=-
(1K)
Then, for LiNbO;, djis given by:

0 0 0 0 d3; —dyp

dy=[—dzz dzz 0 d3; O 0 (12)
dz; d3; d3z 0 0 0

2.6 Conclusions

This chapter introduces the materials investigated in this thesis, along with their
most important properties. The next chapter is dedicated to laser direct writing.
First, we focus on the glass since it is used as the base materialand move to LiNbO;
since it is the crystal phase induced from a glass phase in this work. The glass is
generally described, including an interesting debate on its definition, its chemistry
and phase separation. From this section, the melt-quenching technique, selected as
the synthesis process, is described, along with the chosen glass compositions
(lithium niobium silicate or borosilicate glass) and associated characteristics. A
brief description of the post glass synthesis polishing process is also provided. The
remainder of the chapteris devoted to the characterizationof the glass samples. The
aim of the aforementioned steps is to prepare the glass samples for subsequent
femtosecond laser irradiation. Additionally, a DSC analysis is performed to find
how the characteristic temperatures of synthesized glasses — i.e., glass transition
temperature (T,), maximum crystallization peak (T,), and onset crystallization (T)

temperatures - are affected by the increase of B,0Os3 in glass chemical composition.
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Values of glass transition temperature found through Sciglass software are used as
reference for our analysis, especially, T, = 579°C for LNS34, and T, = 520°C for
LNS13B21. SEM-EDS analysis carried out on laser tracks cross-section highlights
elemental compositions and Nb/Si ratio, and nanogratings formation in borosilicate
glass matrices. Moreover, the UV absorption spectra are provided to set the use of
the femtosecond laser based on the optical transparency window of the material.
Finally, thermal diffusivity measurements intend to show how the heat diffusion
speed is a fundamental parameter to understand the temperature spatial distribution
evolution, after laser pulse deposition inside the glass. To have an overview on the
optical and crystallographic properties of the product that we propose to obtain and
maintain a common thread with the next chapters, the last section of this chapter

dedicated to crystalline LiNbOs.
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Chapter 3

Laser and optical materials
properties

This chapter provides a general understanding of the interaction of ultrashort laser
pulses (i.e., femtosecond pulses) with the glass materials. After a brief history of
laser typologies, the second section will explain laser-matter interaction before
introducing the key optical properties associated with laser processing in the glass.
The third section will focus on the choice of near-IR femtosecond laser and its
advantages relative to other lasers. Optical properties and second-order non-linear
effects will be described in the last section. Second Harmonic Generation (SHG)
will be a specific focusas it is the most relevant non-linear property studied in this
Ph.D. work.

3.1 Laser: brief history and typology
3.1.1 Basics and brief history of laser typologies

This In nature, all things promote their lowest energy state. The laser does not work
in this way. This particularity will be explained in this section and used to define
its working principle. Laser (light amplification by stimulated emission of
radiation) was pronounced for the first time by G. Gould in 1957 [1]. In the
beginning, it was only a “solution looking for a problem,” but after, it turned out to
be promising for the development of civilization in the optical field. Three main
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properties characterize it: laser beam linewidth, coherence, and laser power, visible
in the following Figure 18:
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Figure 18: Principal laser properties: a) coherence [2]; b) representation of linewidth by
Full Width at Half Maximum (FWHM) in a plot of frequency in function of power [3]

A laser is characterized by a high monochromaticity, a possibility of beam
collimation by a small spot size, and a wide tuning wavelength range. Another
peculiar parameter is the fluence correspondingto the laser pulse energy (J) divided
by the effective focal spotarea (cm?). The line width of a laser is the width of its
optical spectrum and is typically defined as the Full Width ay Half Maximum
(FWHM). It could be defined as the width of the power spectral density of the
emitted field in terms of frequency, wavelength, or wavenumber.

These unique properties allow its use in a variety of applications as photonics,
optics, electronics, medical surgery, telecommunication, and display screens. If the
elements implicated in the word Laser are analyzed distinctively, it could be easy
to understand its working principle. “La” (light amplification) is to define which
process is it, “se” (stimulated emission) indicates how this process is done, and “r”
(radiation) explains whatisused for this process [2]. More precisely, three electron-
photon interaction processes can occur inside the laser: absorption, spontaneous
emission, and stimulated emission, as reported in Figure 19.
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Figure 19: The three electron-photon interaction processes in atoms occurring in the laser:
absorption, spontaneous emission, and stimulated emission [2]

The laser works through a population inversion. The term “inversion,” that is
present in the guiding principle in making lasers indicates a condition not verified
in normal conditions (equilibrium Boltzmann distribution, in Figure 20a) when the
population in the lower energy state is higher than the excited states one. In the
population inversion, the number of excited atoms is higher than the one of atoms
in the ground state, as shown in Figure 20b.
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Figure 20: Representation of a) Equilibrium Boltzmann distribution and b) population
inversion after pumping that constitutes the guiding principle in lasers [4]

This allows amplifying the light by optical pumping. When an electromagnetic
wave enters an inverted medium, one of the incoming photons is amplified,
producing two coherent photons. They have the same energy, same direction of
propagation, and same polarization state. The associated wave shows the same
phase of the incoming photon. This process is called stimulated emission. It was
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introduced by Albert Einstein in 1917 [5]. Light Amplification is reached when
photons are subject to multiple passes through the laser active medium, and then
population inversion is established. It is regulated by the following equation (13):

";(ZZ) = 0,1 ANI(Z) (13)

where the intensity variation d/along z is influenced by a,;, the stimulated emission
cross-section of the transition, valid in conditions of population inversion expressed
by AN = (N, — N;). The essential components of a laser system, indicated in Figure
21a, are:

1. Gain medium: active laser medium produced by stimulated emission. There
was a system of three or four-level laser (Figure 21b) to generate a
population inversion

2. Pumping source: a continuous external energy supply that allows
population inversion to be achieved, such as flash tube/laser diode (optical
pumping), chemical reaction, or electric current.

3. Optical resonator: an optical cavity in which light circulates created by two
parallel mirrors: one total reflector (see in Figure 21a component 3) and the
other partial reflector (see in Figure 21a component 4, output coupler).
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Figure 21: a) Principal laser components (https://www.ulsinc.com/learn); b) Four-level
laser system (https://it.wikipedia.org/wiki/population inversion)

Typically, electrons pumpingis the starting point. Then, the laser goes to an excited
state. This process continues fora shorttime, precisely a few hundred nanoseconds,
and it is sufficient to achieve a gain higher than a threshold value quickly. Then,
photons are trapped in the resonant cavity and exponentially increase in these
conditions. The number of photons does not grow indefinitely. The same thing is
also valid for the stimulated emission rate because population inversion decreases
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as photons power supply and the gain have the same extent. There will be a moment
when the gain will be equal to the lasing threshold value. Then, it is said that the
gain saturates the threshold value, and this proves that lasing process is self-
limiting, as illustrated by Figure 22. Saturation is a phenomenon that readily occurs
in ultra-short pulses: it is necessary to know how to treat it or delay its appearance.
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Figure 22: Exponential relation between gain and intensity, highlighting the specific value
in saturation mode [5]

Therefore, a laser is an amplifier, a resonant optical cavity, and an oscillator. Itis a
way to confine the radiation. The complete lasingprocess is described clearly in the
following Figure 23 [6]:
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Figure 23: Schematic diagram of laser basic working principle
(https://sites.google.com/site/puenggphysics/home/unit-i/basic-of-laser-action)
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In 1960, T. H. Maiman fabricated the first laser using a ruby crystal pumped by a
xenon flash lamp, reported in Figure 24 [7].

Components of the first ruby laser

100% reflective
mirror

Quartz flash tube
Ruby crystal

Polished aluminum Laser beam
reflecting cylinder  ggo;, reflective
mirror

Figure 24: Scheme of components of the first ruby laser
(Theodore Maiman Invents the First Working Laser: History of Information)

However, the beam quality and the reproducibility of the laser were not
performative. Since then, various new types of lasers have been invented, and laser
performance was improved. So far, high laser energy has been achieved in a long
pulse laser system. Decreasing the laser pulse duration results in a large laser peak
power. In addition, by reducing the laser wavelength, higher energy photons can be
produced (e.g., X-ray laser). In particular, the ultra-short pulses open a new way of
laser material processing (e.g., in 3D and with a lateral spatial resolution below the
diffraction limit).

3.1.2 Ultra-fast laser

This The attention towards optical pulses in the picosecond range (ps, 1 ps=10-12
s) and femtosecond led to the dedicated use of ultra-fast lasers. Nowadays, new
frontiers are opened in the field of ultra-fast laser-atom interaction, with pulse
duration as short as 10-18s, called attosecond (at). Attosecond physics is the one of
electrons in motion at atomic and molecular length scales [8]. The physics of this
very short pulse is based on non-linear and nonperturbative laser-atom interaction

[9].
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Mode lockingis a way to obtain these shortlaser pulses on the order of picoseconds
(1012 s) or femtoseconds (10-13 s) [10]. Ultra-short pulse duration, high pulse
repetition rate, broad spectrum, and high peak intensity are the typical main
characteristics of ultrafast lasers. Amplification of ns pulse or longer one can be
achieved without damaging the laser amplifier, but if the intensity is higher than
non-linear effects (e.g., self-focusing). Chirped pulse amplification (CPA) is a
technique, as illustrated in Figure 25a, to amplify ultra-fast high-power lasers to
high energy levels (> 1020 W/cm?) [11], [12]. Lowering the peak power during
amplification is the task of CPA by temporally stretchingthe pulses (i.e., laser pulse
duration varies from about 100 fs to several ns). Another advantage of the CPA
technique is the miniaturization of the laser system in a compact high-power one.
The laser setup for the generation of a CPA is reported in the following Figure 25b.
In our case, mode locking was done with a SESAM mirror as oscillator [13].

) : A Al A —p-)
Al AW LTg%s /\ /\ -+ \+ a
/UL \_LES/aN .
Mode-locked Pulse Pulse Amplifier Amphifier Amplifier Pulse Frequency Delivery + Jeanner
Laser picker stretcher s - compressor | converter oplics
Chirped-pulse amplification stage -il

‘ N
Stretcher o H Amplifier Compressor}
picker

Fiber amplifiers
Large mode area p-structured fibers
Very high gain
Low NL
High beam profile quality

Figure 25: a) CPA Scheme [14]; b) our CPA configuration in which the chirp is illustrated
with colours and the signal is treated by a fiber amplifier.

3.1.3 Gaussian beam

Before describing pulsed lasers, it is preliminary to explore how a continuous wave
(CW) Gaussian beam propagates along z-direction (z =0 taken as the focal point of
the focused laser) according to the scheme shown in Figure 26.
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Figure 26: Irradiation scheme of laser in the XY plane of a glass sample

The concept of embedded Gaussian is useful as a construct to assist with both
laboratory measurements and theoretical modeling. The fundamental Gaussian
beam (exactly order TEMy, mode) is given by [14]:

E(r,z) = Ey wazz)'exp [w_zz)]'exp [—i ZI;Z ]'{—i[kz — ®o(2)]} (14)
@(z) = arctan (z/zg) (15)
R(z)=z|1+ T+ (za/2)?] (16)
w(z)=wn/1+ (z/zg)? (17)
Zr=Tw5/A (18)
0=2A/Two (19)

gocn . wo \2 —2r?
I(1,2) = =" E(r,2)-E(r,2) _IOO(E) exp(wz(z)) (20)
Too = %Eéo (21)

where the beam has circular symmetry, is the radial distance from the beam center
axis, z is the axial distance from the “beam waist”, Ey is the amplitude of the
electric field at the origin, wy = w(0) is the “beam waist” at the focus, i.e., the radial
size at the narrowest point, @(z) is the radium of the beam at distance z from the
waist, R(z) is the radius of curvature, k is the wavenumber, ¢(z) is the Gouy phase
shift, zz is Rayleigh length, 4 is the laser wavelength, and 6 is the beam spreading
angle, or divergence (with units or radians).
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In Figure 27 [15], the spot size is /2wy, at zg, the 1/e position of electric field and
the center intensity are reduced to half the maximum value. zz is a variable to show
how far the beam is collimated. When z is far from the beam waist, the relationship
between w(z) and z becomes linear:

w(z) = wo (ZZ—R) (22)

When o—w), R—o0, and §—0 is the case of a perfectly collimated beam with no
diffraction effect; when 6—constant and w—0,, R—z, is a geometrical beam
spreading from a point source. The Rayleigh range has the relationship with the
numerical aperture (NA) like:

- %o
zrR=" (23)

A
wo=—— (24)
NA = n-sina (25)

and it is a parameter to measure the ability to collect light. Then, the focusing lens
or the microscope objective can influence the beam focal spot size, shape, and
energy redistributions.

Figure 27c shows that the actual beam waist (wor) is M times larger than the
Gaussian beam (wy), and the real beam divergence (6z) is M larger than the one of
the Gaussian one (6). They have the same radius of curvature and Rayleigh length.
The beam waist radius and the far-field divergence are constant as the beam
propagates through an optical system. The ratio of the beam parameter production
of the real beam one to a Gaussian beam one is given by:

woBr TwWoROR
M2 = w"—og === (26)

Here M? (or beam quality factor) is dimensionless and can be used to define the
degree of variation from an ideal Gaussian beam, M? = ], and forreal beam, M? >1.
M? increases with the increasing output power. For a high-power laser system, the
by-product of lasing in solid-state media (i.e., heat) has a significant effect on laser
performance. The wave-front distortion occurs due to the thermal lensing effect. In
fact, due to the focusing mode of laser beam, together with non-linear effects (i.e.,
self-focusing), the precise measuringofspotsize and energy density inside the glass
is difficult or even impossible. For the laser of this work, M2 is less than 1.2. The
laser is working in TEM ) mode and generating an appropriate Gaussian beam.
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Figure 27: Gaussian beam: a) change in wavefront radius with propagation distance [15],
b) the definition of numerical aperture [16], and ¢) the embedded Gaussian [15]

3.1.4 Spherical aberration

Parallel light rays focused on a single point can obtain a perfect beam, but the
spherical surface of a lens can induce spherical aberration. In short, the light rays
pass through the central part of the focus further than those passing through the
lens's edges, leading to many focal points along the propagation direction. Further,
the rays from the lens center are, the larger the error is. In this thesis, an aspheric
lens is used to minimize spherical aberration.

However, spherical aberration may also be caused by a refractive index mismatch,
e.g., at the air-silica interface [17]. Figure 28 represents the central region of light
focused shallower than the adjacent one. This interface spherical aberration
elongates the focal spot along the laser propagation direction. The focal
displacement (J) is equal to:

n2—NA?2
0= |0F0|< / TNz n) 27)

NA = ny sinf (28)

where F) is the geometrical focus in air, F; is the focus point under paraxial
approximation for the ray 1, (F, is the same for the ray 2), F; is the focus of the
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marginal rays (i.e., ray 3), O is the crossing point of the light axis and the interface,
n is the sample refractive index, and nyis imaging medium refractive index between
the objective front lens and the sample, which is equal to sinf here (6 is in degree).
The focusing depth in this sample is defined as d = nlOF L.

ray 3 \ focal p

ray 1 B -_7 4 - = T » /

d=nlOF,| o

focusing depth

air-sample interface

Figure 28: Interface spherical aberration scheme due to the refractive index mismatch along
laser propagation direction [ 18]

Spherical aberration affects the light intensity distribution along the laser
propagation direction. At high laser power, an extensive plasma channel along the
laser incident direction can be observed, and the length of this channel increases
with the focused depth [18]. The electric field distribution in material for the
paraxial distribution is given in [19], [20]. Spherical aberration influences the
threshold pulse energy for fs laser-induced modification as a function of the
focusingdepth [17].

3.1.5 Light scattering

Scattering is a phenomenon in which a wave of a specific wavelength 4 when it
encounters and interacts with the matter, it undergoes a deviation from its straight
direction. Scattering is of two typologies: the elastic one in which the wave energy
is preserved before and after the interaction, and the inelastic one where the wave
energy is changed. Both Mie and Rayleigh are elastic scattering. Elastic Mie
scattering occurs when the size of the particle radius is close to or larger than /4, and
most of the incident light scatters in the forward direction. Rayleigh scattering is
for particles much smaller than 4 (i.e., < A/10). The scattered light in the forward
and backward directions is the same. The direction perpendicular to the incident
light has the lowest degree angle.

In particular, for glass-ceramic materials, the amount of scattered light depends on
the refractive index difference of the two phases (i.e., 4n =n;,- n;) and the size and
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distribution of crystals in the glass [21]. Regarding the materials used in the
experiments of this thesis work, the refractive index difference is an important
parameter to consider if we intend to precipitate nanocrystals in a glass. Then, for
LiNbO;3 embedded in amorphous phases (i.e., Si0,), there is a refractive index
difference between glass and crystal, respectively ~ 2.3 and ~ 1.45. The size of
crystals has to be much smaller than 4, to maintain the low scattering loss and to
obtain transparent devices, precisely the crystalline size below 4/10 to maintain the
transparency of composite materials.

3.2 Laser-matter interaction

Non-linear effects characterize ultrafast laser-matter interaction. The short pulse
duration and high peak power sufficient to induce direct bond breaking are some of
the interesting and valuable fs-laser typical properties, the excitation is an adiabatic
process, and many dielectric media are transparent to the laser wavelength in 400 —
2000 nm spectral window [22]. In this section, the non-linear absorption, as
multiphoton and tunneling ionization, others several non-linear optical effects, and
the micro-machining in transparent materials are presented before introducing the
direct femtosecond laser writing in the next section.

3.2.1 Free electron formation

Transparent materials in the visible to the near-infrared window have a wide-
bandgap (E,), thatis the energy to reach the delocalized states because the incident
photon energy is smaller than material bandgap energy indicated in symbols as
follows, hvy < E,. Fused silica has E; = 9 eV, where 1 eV = 1.60 10-1° J. A laser
beam with wavelength equal to 1030 nm (i.e., hvp = 1.2 eV < 9 eV) cannot be
absorbed in the linear interaction regime [23]. At high-intensity laser radiation, it is
possible to promote electrons to higher energy states by non-linear absorption,
through the two following different approaches, reported in Figure 29:

1) Multiphoton ionization (MPI) occurs mainly at short wavelength and low
electric field, precisely when mhv > E,, where m is the number of absorption
photons (Figure 29a). At least eight photons, for example, at A of 1030 nm,
are needed to promote an electron fromthe valenceband (VB) to conduction
band (CB) in fused silica. The density of electrons (p) in the CB depends
strongly on the laser intensity (I) and is given by:
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(%)MPI: Smlm (29)
t is the time, and J,, is the multiphoton absorption coefficient for m-photon
absorption [24].

1) Tunnelingionization occurs mainly at long wavelength and strong electric
field (Figure 29c¢): the material's band gap is distorted due to the application
of an intense laser electric field. The potential barrier between the CB and
VB is reduced. Then, electrons can escape from their bound states by direct
band transitions. Unlike MPI, ionization in strong fields occurs very
quickly: the electron escapes at a time much shorter than the laser period
[25]. The transition between the above two different ionization regimes is
described by the Keldysh parameter y equals to:

_w _w ,mcneoEg
Y= (l)t_ e I (30)

o 1s the laser frequency, w, is the frequency of electron tunneling through a
potential barrier, m is the electron mass, and 7 is the refractive index of the material
[24].

The discriminating value of the Keldysh parameter is ~1.5 (see Figure 29b), and it
indicates the combination of two processes. When y >> 1.5, MPI dominates; for y
<< 1.5, tunnelingprevails [24]. The MPI is dominating for fused silica (Eg=9 eV).
The E, of LiNbO; is 3.7 eV: compared with fused silica, the tunneling effect

increases.
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Figure 29: Schematic diagram of the photoionization of an electron in an atomic potential
for different values of the Keldysh parameter (y). In a solid, the electron is promoted from
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the valence band to the conduction band rather than ionized: a) multiphoton ionization, c)
tunneling ionization, b) the above processes combined, and d) avalanche ionization: free
carrier absorption followed by impact ionization [24].

Different photoionization regimes according to photo energy and laser intensity are
illustrated in Figure 30 [26].
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Figure 30: Different photoionization regimes with varying photon energy and laser
intensity. The dashed grey line shows the case of y = 1.5 for Cg ionization, which separates
the multiphoton regime (y >1.5) from the tunneling regime (y<<1.5) [26]

In addition to direct excitations of electrons by laser electric field, avalanche
ionization affects the energy deposition process from light to material. Seeded
excited electrons have been promoted to the CB by MPI or tunneling ionization, or
the intrinsic defects can be easily ionized by a process like thermal excitation [24].
These electrons can absorb photons linearly. Their energy increases until a value
larger than the CB (i.e., free-carrier absorption). This electron with enough energy
(2E;) can ionize electrons in the VB (i.e., impact ionization), leading to two
electrons at the minimum of the CB. This process, linearly dependent on laser
intensity (/), happens only if the laser electric field is present. The density of
electrons in the CB due to this process grows according to the following relation:

e i
( dt )avalanche alpe (D

where a is the avalanche ionization coefficient. According to MPI, the material £,
affects the energy required to span the bang gap. However, the optical breakdown
threshold is nearly not dependent on the £, and the threshold intensity, increasing
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by only about a factor 2 [27]. This is mainly related to the avalanche photon-
ionization, which is linearly dependent on the laser intensity. Non-linear absorption
may affect the absorption of ultrashort pulses by the glass [28]. The absorption
increases with an increase of pulse energy, which can be explained by a
photoionizationrate increase with the increase of laser intensity. A higherrepetition
rate is vital for enhancing the absorption of sub-ps pulses.

3.2.2 Relaxation of photo-excited electrons

Interpreting the mechanism of the fs laser-induced modifications in dielectrics is
still an open question. The excited electron-ion plasma is produced at the focal
volume by fs-laser during excitation, and the subsequent dissipation of the energy
into the lattice leads to various modifications as refractive index variations. The
material continues to undergo changes in us, although the light absorption occurs
at fs timescale [27]. Figure 31a represents the process of the interaction between fs
laser and dielectrics, while Figure 31b shows the timescale of the relevant physical
phenomena associated with fs laser interaction with transparent materials.
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Figure 31: a) Schematic representation of the dynamics of fs laser interactions with
dielectrics. The numbers from 1 to 5 correspond to the process as described within the text
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(after S. Guizard, LSI, CEA, Saclay France and [29]), b) timescale of the physical
phenomena associated with the interaction of a fs laser pulse with transparent material [27]

The following main phenomena can be noted from the scheme reported in Figure
31.

1) Laser absorption produces free-electron plasma in the CB and holes in the
VB.

2) The formed plasma is then heated by laser electromagnetic field through
free carrier absorption, or the electron density grows through avalanche
ionization until the plasma frequencyin accordingto this followingrelation
to reach the light frequency:

Pe €’
The energy distributed by the excited electrons to other electrons (i.e., carrier-
carrier scattering) within a timescale of 10-100 ps results in the energy
redistribution between the excited carriers. The fs-laser irradiation creates electron-
hole pairs.

3) The electron plasma relaxes by coupling with the lattice (lattice heating).

The ultra-short laser pulses can transfer from the laser-excited electrons to
the lattice after the laser pulse is completed [28]. Around tens of ps is the
timescale for the electron energy transfers to the lattice. In that case, the
laser pulse duration (7r) has an important effect on the material
modifications. When 7 is simultaneous, the laser energy can be deposited
to the lattice during irradiation (i.e., carrier-photon scattering). The excited
phonons can transfer the energy to the non-irradiated part by thermal
diffusion. If the temperature in the affected area is high enough, permanent
damages occur.
Typically, the damage threshold observed for the surface of the material
(e.g., fused silica) is proportional to 79 when 7 > 10 ps, indicating the
transfer of electron kinetic energy to the lattice and diffuse during the laser
pulse. In addition, short pulse (z < /0 ps) damage can be confined into a
small zone (i.e., atthe peak of the Gaussian beam), where the laser intensity
is sufficient to produce MPI. Because there is insufficient time for lattice
coupling, less collateral damage occurs, and the damaged region is much
smaller with ultrashort pulses than with long pulses [30].

4) Exciton is a bound state of an electron and an electron-hole, attracted by
the electrostatic Coulomb force. It is an electrically neutral quasi-particle
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existing in semiconductors. Self-trapped excitons (STEs) can be formed
within a few ps. In glasses or in crystals, excitons interact with phonons,
the lattice vibrations. A photon with energy near E, can be absorbed,
creating a loosely bound Wannier-Mott exciton in the network [31]. Self-
trapping results in dressing excitons with a dense cloud of virtual phonons
which strongly suppresses the ability of excitons to move across the lattice
[32]. This means a local deformation of the crystal lattice around the
exciton. It should be of an atomic scale, of about an eV below the CB.

5) Then STEs annihilate and energy relaxation as light or to the lattice again
or produce point defects and structural modifications. The exciton could
either recombine or drop to a slightly lower energy state, named STE, or
combine non-radiatively back into the ground state by a phonon-assisted
process. This STE occurs in the network structure as a point defect pair
[33]. Excited electrons and holes relax into STE by electron-phonon
coupling at the time scale of 100 fs. Decay of STE can be achieved by
radiative recombination with photon emission with a lifetime of ns at room
temperature or a non-radiative way by coupling with lattice phonons or
transforming into point defects [34].

The time for heat diffusionis 1 ps, at a certain high repetition rate (ca. > 100 kHz),
the thermal accumulation occurs. In that case, the pulse energy of the fs laser could
be deposited at the focal point inside transparent materials, causing a thermal
accumulation effect, and the heat-affected zones were minimized. In comparison
with typical 3D material processing techniques (e.g., photolithography), fs laser
micro-machining is a rapid, flexible, and clean fabrication, without using toxic
photo resist comparing with photolithography. By this means, high precision sub-
micrometer resolution spatial controlled modifications in 3D in bulk material are
realized.

3.2.3 Femtosecond laser-induced defects

Silica has SiO4 tetrahedron as its structural unit, in which the Si atom is bonded to
four O atoms with an O — Si— O angle 0of 109.5°. The formationof the defects starts
from the relaxation of self-trapped excitons, E’ center (oxygen vacancies with a
trapped hole or 3-fold-coordinated silicon), and nonbridging oxygen hole center
(NBOHC, a dangling oxygen bond). By adding an interstitial O atom to NBOHC,
peroxy radical (POR) can be created, as shown in Figure 31. E’-center, POR, and
NBOHC are three fundamental centers that can be detected by electron spin
resonance. Self-trappedholes (STH)1 would be a small polaron consistingof a hole
trapped ata normal bridgingoxygen, and the STH2 might be an Anderson localized
state where a hole is trapped on two normal oxygens [35].
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Laser irradiation can create defects (i.e., oxygen vacancy defect), leading to the
sample's photoluminescence (PL). Intrinsic defect PL was firstly observed in an
annealed and neutron-irradiated amorphous a-SiO, [36]. Since then, many
investigations have been reported to determine the origins and structure of defects
in different types of silica [37]. Gee et al. [38] demonstrated that PL. centers are
unique bonding configurations that mainly depend on the material chemistry rather
than the degree of long-range order.

It is worth noting that oriented silicon oxygen-deficient center, SIODC(II) defects,
have been created in silica by IR fs-laser irradiation, especially within Type II
regime [39]. The IR photon energy is below the E, of the material, but the induced
defects are like those observed for UV irradiation. This indicates that the multi-
photonic nature of the mechanism leads to the creation of defects by IR fs laser. In
addition, these laser-induced defects can decrease the damage threshold of silica
[32] by creating defect levels in the gap. Those are easier to ionize changing
incubation period for collective transformation.

3.3 Femtosecond Laser Direct Writing (FLDW)

After a brief history focused on a femtosecond laser, this part aims to motivate the
choice of this typology of laser for my experiments.

3.3.1 Femtosecond laser for glass-ceramics fabrication: working
principle and setup

In Figure 32, there is a representation of the advantages and disadvantages of
picosecond and femtosecond lasers.
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Figure 32: Ultrafast picosecond and femtosecond fiber lasers | IPG Photonics
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The first example of 3D glass modification with fs-laser dates back to 1996. Davis
et al. [40] presented the fabrication of waveguides inside silica, Ge-doped silica,
borate, soda-lime silicate, and fluorozirconate bulk glasses by tightly focused fs
laser (810 nm, 120 fs,200 kHz). This is the starting point of fs laser micromachining
in optics [27].

The 3D fabrication setup is shown in Figure 33 below. The laser beam was focused
by a microscope objective and injected into the glass, fixed in an XYZ stage,
translated at a certain speed, either perpendicular or parallel to the incident laser
beam, thus fabricating writing lines inside the glass. Focusing the laser beam on the
near glass surface, glass modifications, most likely due to thermal shock, occur at
high laser powers related to damage thresholds [40]. The modification in glass is
related to the damage threshold at certain irradiation conditions. Focusing on the
interior of the glass, no cracking was detected in any of the glasses regardless of
laser power (average power of the laser between 40 and 800 mW at the glass
location).

Sample Cross Sections:
transmission

Microscope
—— objective

Laser beam 5-20x

b) Formed parallel to laser beam

Damage line:

Silica glass
sample

c) Formed perpendicular to laser
beam

a) Formed perpendicular to laser beam

Figure 33: fs laser fabrication in 3D: a) a laser damage line, b) the cross-section of a line
written by moving the sample parallel to the incident laser beam, and ¢) the cross-section
of a line written by moving the sample perpendicular to the incident laser beam [40].

3.3.2 Femtosecond laser-induced structural changes in glasses

By studying the following seven laser parameters and how they are interlinked,
taking into account also laser wavelength and the focal depth on the sample, it is
possible to discover and demonstrate how crystallization, induced by femtosecond
laser irradiation, changes glass nanostructure and optical properties [41]:



3.3 Femtosecond Laser Direct Writing (FLDW) 59

pulse energy

the numerical aperture of the objective and focusing depth

duration of the pulse

pulse repetition rate

laser wavelength

scanning speed (and thus the cumulated number of pulses)

writing configuration (i.e., polarization orientation with respect to the
scanning direction)

NS A N~

At high pulse energy, multiphoton absorption is the primary cause of energy
transfer to the glass. Interband transitions in transparent materials correspond to a
linear absorption in the wavelength of the focusing laser beam. All the laser
parameters affect the shape of interaction volume. The light intensity distribution
in this volume changes, influencing the energy threshold. Precisely, multiphoton
ionization (MPI) occurs as an electron-hole pair formation. The non-zero free
electron density increases the kinetic energy of electron plasma. Increasing beam
energy, optical and physical processes, focusing strength, and numerical aperture
(NA) are interconnected by balancingthe non-linear increase of the refractive index
and the defocusing effect of electron plasma.

When relaxation of photo-excited electrons takes place, glass modifications occur,
showing the following possible effects on the materials reported in Figure 34.
Firstly, electron-phonon coupling, as an interaction between light and glass
networks, represents self-trapped excitons (STE). Then, electrons annihilate
radiatively in the lifetime of nanoseconds at room temperature. They could
transform into point defects called in silica case SiE’ and NBOHC (bond breaking)
and after into a silicon oxygen-deficient center quoted as SIODC (II). Therefore,
the electron energy transmitted to the lattice by the non-radiative coupling of
electrons generates an increase in the lattice's nonequilibrium temperature. Suppose
this increase in temperature is longer than the glass relaxation time. In that case,
glass modification will occur, and it could be possible to create permanent
densification or volume expansion accompanied by the formation of a stress field.
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Figure 34: Scheme of a fs laser beam focused in bulk fused silica: a) fs laser focused below
the sample surface resulting in high intensity in the focal volume, b) energy nonlinearly
absorbed and free-electron plasma created by multiphoton/tunneling and avalanche
photoionization, c) hot-electron plasma formed transfers energy to silica lattice on ~10 ps
time scale resulting in one of three types of a permanent modification, and d) fs laser-
induced various modifications in glass as a function of pulse energy: here it is possible to
distinguish the three threshold regimes T1, T2, and T3 in correspondence of the phenomena
generated [42].

No crystals usually formed at a low repetition rate, as shown in Figure 34.
Depending on the pulse energy delivered to the sample, four regimes with three
thresholds can be defined in fused silica with the increase of pulse energy [43]. To
analyze these regimes deeply, Figure 35 is reported when increasing the pulse
duration [41].

e T1 is the first threshold related to isotropic refractive index change
generation without apparent structure damage. The contrast of the
refractive index change can be either positive ornegative depending on the
materials, for silica glass also can be positive or negative [25]. The
refractive index change can reach the maximum at 6 x 10-3 in fused silica,
which is larger than the one induced by UV nslaser[39]. This modification
can be annealed by heating the sample within 600-800°C [44]. The energy
operating window for T1 is narrow, which increases in size at the shortest
pulse duration [45]. This modification can be used to fabricate low-loss
optical waveguides [38]. Poumellec et al. proposed that this modification
can be explained by a fictive temperature (Ty) increase [34], [41]. Glass
modifications are due to the relaxation of STE. The temperature increases
during a time long enough to change the average disorder (i.e., a change
of Ty) [46] and thus specific volume changes (densification or expansion).
The non-radiative relaxation of excited electrons by coupling with the
lattice corresponds to an increase of nonequilibrium temperature (several
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thousand degrees in the illuminated zone) just limited by thermal
conduction [34].

e T2 is the second threshold related to the generation of form birefringence.
The fslaser-induced birefringence can be explained by both stress [47] and
form birefringence due to self-organized periodic nanostructures
formation (i.e., nanogratings), oriented perpendicular to laser polarization
direction [48]. This modification has applications such as polarization
converters, microfluidic, and nanofluidic channels [49]. Typically there is
an anisotropic index variation; its magnitude can reach as large as 102
[50]. Lancry et al. [51] showed that the index contrast is because the
nanoplanes are nanoporous, produced by a glass decomposition leading to
the generation of molecular oxygen.In addition, these nanostructures show
extraordinary thermal stability [52].

e T3 is the third threshold related to the formation of the voids (disruptive
modification). A void surrounded by a high refractive index crust occurs
at high pulse energy. This phenomenon is due to the Coulomb repulsion
between the ions, generating pressures higher than the material’s Young’s
modulus. A shockwaveresults in a less dense or hollow core in the focal
volume. This modification has potential applications in 3D optical storage
[53] and photonic crystal [54].

The domains of these fs laser-induced thresholds in glasses are dependent on laser
parameters. As shown in Figure 35, all four regions occur at low pulse duration (45
- 60 fs). T1 threshold decreases with the increase of NA. At 160 fs, T3 moves down
and becomes dependent on NA at strong focusing. At200 fs, T3 moves a little bit
lower. At this pulse duration, T1 is coincident with T2 at strong focusing. At 250
fs, T3 is downshifting, and there is no observation of the isotropic index zone [41].
However, at a high repetition rate, due to the heat accumulation, causing glass local
melting, nanostructures can be erased. This can affect the properties of the fs laser-
modified glass.
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Figure 35: Pulse energy versus numerical aperture (NA) and pulse duration:
diagram for a) small pulse duration (45 — 60 fs), b9 160 fs, ¢) 200 fs, and d) 250 fs
(region II disappears) with SiO,[41]

3.3.3 Brief bibliographical overview on femtosecond laser-induced
crystallization in glasses

In this work, laser-induced crystallization in glasses will be explored to highlight
its potential applications in photonics. Then, before starting the investigation on
experimental section and results interpretation, it is worth to report a brief and
specific bibliographical section relative to this topic.

Different typologies of laser, as continuous wave (CW) [54], long laser pulses (i.e.,
ns laser [55]), and ultra-short laser pulses (i.e., fslaser [56], [S7]) have been proven
to be powerful tools to induce crystallization in glass by Komatsu et al. [58], [59],
[60] Hirao etal. [61], Miura etal. [62], Honma etal. [63], Qiu etal. [64], [65], Jain
et al. [66], Sigaev et al. [67], Poumellec et al. [68]. Especially, CW laser used for
(100-x)LiBO,-xNb,Os (5<x£20) glasses is reported in [69], as a useful reference to
comparison with the results obtained by carrying out the process with the
femtosecond laserto produce LiNbO3. Now, we intend to mentionthe mostrelevant
references about femtosecond lasers by Qiu et al. [70]-[73], Stone etal. [74], [75],
Poumellec etal. [76]—[78], Yonesaki et al.[79], Komatsu et al. [80], Jainetal. [81].
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3.4 Optical properties and non-linear effects

The invention of lasers, capable of generating nearly monochromatic light beams
of very high light intensity, allowed the observation of new physical effects that
depend closely on the intensity of light and are described in the field of non-linear
optics theory. Optical properties of materials depend nonlinearly on the intensity of
the beam and on its characteristics, and this is the origin of the term "non-linear
optics." For instance, when an infrared light beam is sent into a 400-nanometer-
thick non-linear mirror thatreflects radiationat twice the inputlight frequency, light
coming out of the material is green. This is due to non-linear optics phenomena that
cause the color change of the light beam, as represented in Figure 36 [82].

Figure 36: a 400-nm thick non-linear mirror that reflects radiation at twice the input light
frequency [82]

3.4.1 Linear and non-linear optics: introduction

Linear optics is fundamental to determining the performance and characteristics of
non-linear optical systems. Focusing, material dispersion, and birefringence are
only a few examples of optical properties that strongly influence non-linear
behavior. For linear optics, individual inputs such as different laser beams are
analyzed independently. It is important to remember that when coherent beams of
light are superposed, it seems that the beams affect each other, resulting in
interesting interference patterns. In linear optical systems, there is no exchange
between independent optical inputs. Instead, in non-linear optical systems, there are
energy exchanges between the inputs. The vehicle of this exchange is the
polarization of the optical medium. Polarization has a central role from the
standpoint of energy transfer. Much work in non-linear optics is dedicated to
determining the polarization [83].
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The research area has been devoted naturally to non-centrosymmetric crystals
(LiNbOs3;, KDP, BBO, etc.). The investigation of non-linear optical (NLO)
properties is closely linked to the discovery of Lasers by Theodore Harold Maiman
in 1960.In 1961, Franken evidenced for the firsttime on a quartz crystal the second
harmonic generation [84]. That opened to the exploration of various applications
based on the concept of frequency conversion, starting from the interaction of
monochromatic light sources and high fluence laser interaction with the material.
An optical field introduces the polarization that becomes the key to understanding
linear and non-linear optical properties [83]. A field-dependent susceptibility
introduces the non-linear polarization. An anharmonic oscillator model explains
this connection. The regime of conventional non-linear optics with electrons bound
to atoms is replaced by one of relativistic non-linear optics with free electrons in
relativistic plasmas [85]. The non-linear effects discovery starts from investigating
laser peak power from 106 W/cm? (or MW/cm?) to 10° W/cm?2 (or GW/cm?).
Because in this powerrange, the applied laser electric field (typically 10°- 108 V/m)
is comparable to E,. The susceptibility of material is dependent on the laser electric
field. In that case, the refraction index of the material is not constant but dependent
on the laser intensity [86]. Therefore, the material's response to the laser field is
nonlinearly dependent on laser intensity.

3.4.2 Light polarization, refractive index, and birefringence

Birefringence is the optical property of a material having a refractive index that
depends on the polarization and propagation directionof light [87]. Figure 37 shows
how a linear polarizer polarizes unpolarized light.

Unpolarized light

Polarized light
(linear)

Direction
of propagation

Figure 37: Light polarization scheme [88]
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Retardance is the integrated effect of birefringence, acting along the path of the
light into the optical sample, and the quantitative relation is expressed by R=B x
L where B is the birefringence and L is the thickness of the birefringent object.
When the light path comes across an optical material, there is birefringence if the
beam is divided into two rays with two polarization components, which travel at
different velocities. The birefringence measurement corresponds to the difference
of refractive indices of the components within the material. This effect, measured
in radians, represents a phase difference by which the two orthogonal components
of the linearly polarized light will exit the sample. These two orthogonal
components are parallel to two orthogonal axes associated with the optical material,
the so-called “fast axis” and “slow axis”. The axis along which light moves the
fastestis called the fastaxis. Conversely, the slow axis corresponds to the axis along
which the refractive index is the highest.

Glass is an optically isotropic transparent material. Crystals fall into two
classifications: isotropic and anisotropic, depending on their optical behavior and
whethertheiraxesare equivalent. They change dependingon the material. It is well
known that for any direction of light propagation in a crystal, there are two
orthogonal linearly polarized eigenpolarizations. They describe the polarization
state. Indeed, we need to determine the directions of e- and o-polarizations and the
e- and o-indices associated to the different polarizations comparing with the optical
crystal axes, the ordinary and the extraordinary ones, as shown in Figure 38.

crystal

light s > ordinaty ray

unpolarized b o
€l 7

7 extraordinary ray

s [N
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Figure 38: ordinary and extraordinary rays of light on a crystal [89]

If the optical axes are equivalent and similarly interact with light, they characterize
isotropic crystals, regardless of their orientation regarding incident light waves. A
constant angle at which the light into the crystal is refracted and a single velocity
withoutbeingpolarized by interaction with electronic components ofthe crystalline
lattice are typical in an anisotropic medium. There are no birefringence effects in
this case. Otherwise, anisotropy presents a non-uniform spatial distribution of
properties, which results in different values in each direction invested by the path
of the light.
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One typology of anisotropic crystal is defined as uniaxial. When light enters a non-
equivalent axis, it is refracted into two rays, each polarized with their vibration
directions oriented at right angles to one another and traveling at different
velocities. This is a birefringence phenomenon exhibited to a greater or lesser
degree in all anisotropic crystals [87]. Poynting vector and its walk-off for negative
uniaxial crystal, such as LiNOs3, are shown in the following Figure 39.

(a) (b) k.

ko

Figure 39: k-vector magnitude surfaces for uniaxial crystals. The Poynting vector is normal
to these surfaces. (a) Positive uniaxial crystal, walk-off is toward the z-axis (optic axis). (b)
Negative uniaxial crystal, walk-off is away from the z-axis [90].

The refractive index is calculated by the orientation of the material and the
polarization state of the electric field. The refractive index is also a function of
wavelength. In this case, it is better to discuss the refractive index dispersion, n(w):
the refractive index decreases as the wavelength increases. There are zones in which
it is possible to see an anomalous dispersion with high loss, as it is visible in the
following Figure 40 [91]:
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Figure 40: Illustration of dispersion in the index of refraction. The two resonant features
show regions anomalous dispersion; these regions are accompanied by high losses [91].
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Interestingly, the qualitative aspects of the index dispersion curve are derived using
a simple mechanical oscillator model that treats the electrons in the material as
independent masses attached to springs [91]. This interpretation will also be used
for explaining the SHG theory microscopically.

3.4.3 Physical quantities and non-linear optical phenomena:
macroscopic theory [90]

In summary, optics studies the interrelation between light and matter. Laser
irradiation enables the interaction between incident optical waves and the
propagating medium. For the discussion aboutthe generic microscopic model of
the origin of optical nonlinearity, see the section B reported in Appendix.
Macroscopically, the effect of a wave on the material is described by polarization
P induced in the material itself by the electric field associated with it. The
polarization induced cannot be expressed by this following simplified form (32) for
intense electric fields:

P =f(E) (32)

When the electric field (E ) of lightwave shows high intensity, the material
manifests its response through a macroscopic polarization P with non-linear
components. The intensity is proportional to the square of the electric field. When
intensity increases, optical parameters of the material change with incoming light
intensity. This dependency defines the passage from linear to non-linear optics. The
differentregimes are hidden in the Taylor polynomial expansion ofthe macroscopic
polarization as reported in equation (33), and it is interesting to analyze pulsed
optics effects.

P=go{yWE - +x@ - EE+ y®.EEE ...} (33)

&o 1s vacuum dielectric permittivity and y dielectric susceptibility. The first term
x @ is linear to refractive index 7, of the medium. When light intensity increases,
non-linear terms y () comes into play, taking into account non-linear optics effects
like Second Harmonic Generation (SHG). This summarizes the SHG macroscopic
theory based on the tensor of non-linear susceptibility. ¥ describes third-order
effects such as third-harmonic generation, four-wave mixing, and the intensity
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dependence of the refractive index. Typical values of y® for dielectric crystals,
semiconductors, and organic materials are in the range from 1024 to 102! m/V, and
typical values of y® for glasses, crystals, semiconductor, semiconductor-doped
glasses, and organic materials are 1034 to 102° (m/V)2[92].

Suppose the point group symmetry of any material is known, precisely the point
group properties reported in Table 7. In that case, this leads to importantrestrictions
on the possible form of the non-linear coefficients @ and y®.

Table 7: Point group properties [83]

Crystal System Unit Cell Properties Point Groups Centrosymmetric

Triclinic e 1 ]
azbzc

Monoclinle o= =90° 2 m 2m
azrbzc

Orthorhombic o=f=~=90° 222, mm2 mmm
azhzc

Tetragonal =[=~=090" 4,4 ,422 dmm, 32m 4im 2 mm
a=b#c m

Trigonal {rhombohedral) e PR 3,32, 3m 3 3m
a=b=c

Hexagonal o=[{=90"~=120° B, 6/m, 622, Bmm, —62m 5 Emm
a#c m

Cubic a=R=~=90" 23,432, 43m m3, mam
a=b=c

In another general way, it can be written that when wave mixing interacts with the
material subjected to laser irradiation, the second-order non-linear susceptibility
term y () (associated to — m3; ®;, ©) is a tensor of rank 3, ®3 = ®; £ ®,is the

resulting frequency of the wave mixing of the incident frequencies ®; € ®,. In the
@
ijk
polarization state associated with the polarization or the electric field in the chosen
(x, y, z) Cartesian coordinates. A combination of two-excitation electric fields at

different frequencies and different polarizations is included in this non-linear term.

term below y . there are 27 components. jjk are indices related to the vector's

Highlighting the components also referred to the electric field, it is possible to write

in a simplified manner the second-order non-linear polarization as in the equation
(34):

P(03) = £ X\ (- w35 w1, w2) Ejwy) E; () (34)

The medium response defined by the frequency ws is different from those

associated with the excitation light waves, but still verifies the two fundamental
rules: the energy conservation (E= hw/2x, h is the Plank’s constant) and the
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momentum conservation (p = hk/2r, k is the wave vector), as represented in Figure
41:

State 2---p---.

k,
(0]
st > ky
ate 1 -.-- ks
@
™3 =M+ m k; =k +k;

Figure 41: Schematic diagram of the energy and momentum conservation

Two are the main out of resonance phenomena when states 1 or 2 in the example
do not represent the material's real electronic or vibrational state: Second Harmonic
Generation (SHG) and Electro-Optic effect (EO). The first one represents the
material response at twice the frequency of the fundamental wave obtained by
combining two identical electric fields associated with light waves of the same
frequency and polarization. The second one exhibits the refractive index
modification, combining static or modulated electric field with the light wave
associated electric field and an associated birefringence directly proportional to the
electric field. The materials that exhibit the second harmonic generation become
targets for the fabrication of electro-optic devices such as optical modulators or
tunable light sources based on wave mixing materials.

Glasses are centrosymmetric. Then they do not show naturally the second order
nonlinearity. The main two techniques to break the centrosymmetry are thermal
poling and the fabrication of glass-ceramics. Thermal poling consists of the
application of an electric field during thermal treatment. The second-order
nonlinearity is localized on a thin film of few microns at the anode side of the
polarized glass, as illustrated in Figure 42:
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Origin of second-order optical nonlinearity
in thermally poled amorphous materials
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Figure 42: Thermal poling used to introduce a second-order nonlinearity into the material
(http://www.eie.gr/nhrf/institutes/tpci/researchteams/mspc/mspc-nanostructuredmat-
en.html)

On the other hand, the fabrication of glass-ceramics is based on crystalline phase
precipitation within the glass matrix, principally ferroelectric crystals. The
characteristic of ferroelectricity allows having an intrinsic polarization deriving
from an electric dipole not compensated inside the crystalline structure [93]. The
first time in which it is demonstrated the effect of ferroelectricity by precipitating
non-centrosymmetric crystals in glass matrix was in 1991 by Komatsu’s team [94].
However, it is difficult to control the transparency of the material for obtaining
polycrystalline formation for the following conditions:

¢ The particle shall be far below the wavelength to maintain the scattering

loss to a Rayleigh type of low intensity.
% The refractive index difference between the crystalline particles and the
matrix shall be the lowest possible.

Glass-ceramic transparency is achieved only if at least one of these criteria is valid
inside the material [95]. For glass-ceramic to be used in second-order nonlinearity
optics, the particle size must be in the order of 100 nm to present ferroelectric
properties [93]. The control of particle size in the order of nanometers becomes
crucial notto have an optical signal loss. An example of a typical value to ensure
transparency is a crystalline size below A/10 [93]. The optimum size of the
crystallites corresponds to a trade-offbetween the global transparency andthe SHG
response, which is dependent on the volume portion of the crystalline matter and
the number of crystallites [96], [97].
A preferred orientation shown by glass-ceramics aligned microstructures allows
taking advantage of specific physical properties of crystals directly dependent on
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their microstructure[98]. The glass-ceramic devitrification without any external
constraint shows that the crystals in bulk usually tend to be randomly oriented, and
it is not easy to explore macroscopically anisotropic properties [98], [99]. Non-
linear optical crystals have crystallographic anisotropies. The most attractive goal
is the crystallization orientation in the desired direction inside the glass matrices. A
preferred orientation in the microstructure permits taking advantage of specific
physical properties of the crystals. When a glass-ceramic devitrified without any
external constraint, the crystals in bulk usually tend to be randomly oriented, and
macroscopic anisotropicpropertiescan hardly be exploited. Different methods have
induced Oriented crystallization, such as conventional thermal gradient, ultrasonic
surface treatment (UST), mechanical hot extrusion, crystallization under electric or
magnetic field, and femtosecond laser irradiation [100]. A tropistic field that
constrains other directions is an interesting way to induce crystals orientation in
glasses.

3.5 Conclusions

The present chapter introduces the most important tool of this work, the laser,
ranging from its history, its essential components, and an overview of different
typologies. The invention of laser has been a revolution; it has yield to the
development of new fields in photonics, optics, and electronics, previously
unconceivable. Moreover, it was possible to develop new frontiers in the ultra-fast
pulses domain, by mode locking. We employed this technique in our experiments
through femtosecond laser irradiation. Short overviews of the Gaussian beam,
spherical aberration, and light scattering are preliminary to the treatment of laser-
matter interaction. Then, the study of non-linear optical effects allows to introduce
how femtosecond laser pulses act on the material and to explain the choice of this
tool between the other typologies. Despite the countless advantages in the use of
femtosecond lasers the mechanisms that induce structural modifications in
dielectric materials are still not fully understood. In this work, seven laser
parameters — i.e., pulse energy, numerical aperture and focusing depth, duration of
the pulse, pulse repetition rate, laser wavelength, scanning speed, and writing
configuration- are varied to investigate how they affect the laser-induced
nanostructuring (e.g., crystallization) and optical properties. Four regimes with
three thresholds (isotropic refractive index change, generation of form
birefringence, and formation of voids) are characterized, and compared to the most
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ubiquitous glass material: silica (SiO,). Glasses centrosymmetry could be broken
by the fabrication of glass-ceramic with the photo-precipitation of non-linear
crystals. Their non-linear response can be characterized by second harmonic
generation (SHG). We therefore focused our attention on this non-linear property
used as a mean to confirm the formation and orientation of non-centrosymmetric
crystals in glass.
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Chapter 4

Femtosecond Direct Laser Writing
(FDLW): experimental section and
results

In this chapter, we investigate the formation of LiNbO; nonlinear optical crystals
induced by Femtosecond Direct Laser Writing (FDLW) in several glass matrices,
starting with the "reference" lithium niobium silicate (LNS) glass, with a
progressive substitution of SiO; with B,0O;. This chapter comprises six sections.
The first Section discusses the glass composition selected for irradiation. The
second Section includes laser setup and irradiation conditions to specify how
irradiation of dots (static mode) and lines (dynamic mode) were performed. The
third Section deals with polarized light microscopy techniques to detect and
characterize birefringent structures induced by laser irradiation. The fourth Section
is dedicated to second harmonic generation (SHG) detection to characterize the
polarization-dependent orientation of LiNbOj; crystals inside the glass. The fifth
Section includes quantitative phase microscopy (QPM) measurements to
investigate the refractive index variation induced during laser writing. Finally, the
last Section presents the characterization of the formed nanostructures using the
electron backscattering diffraction (EBSD) technique.



84 Femtosecond Direct Laser Writing (FDLW): experimental section and
results

4.1 Glass selection for Femtosecond Direct Laser Writing

The objective of this thesis work is to induce and control 3D modifications of
optical properties in glasses. The photo-precipitation of crystals by ultrashort laser
pulses enables one to manipulate the processed material's size, shape, and
orientation (s). The glass selection is based on the possibility to control the variation
of optical properties induced by fs-laser irradiation and the variation of volume
fraction (i.e., number and size) of the crystals (sometimes called the active phase)
dispersed inside the glass matrix. Some requisites for maintaining optical
transparency are the small size of the crystals to minimize light scattering (size
typically < 1/10 of the wavelength) and a slight crystal/glass refractive index
difference. Non-centrosymmetric crystals generate second-order nonlinear effects
such as second harmonic generation.

In this work, we first irradiated LNS glass as our glass reference (specifically
LNS34, see Chapter 2). We thus investigate the fs-laser response in other glasses
presenting a progressive increase of B,Os concentration, which is known to lower
the crystallization temperature and increase the crystallization rate. Below, all the
results about experiments and characterizations of the laser transformations inside
the glass(es) are presented, and an extensive comprehensive interpretation of the
driving mechanisms at play is presented in Chapter 5.

4.2 Femtosecond Direct Laser Writing (FDLW)

A commercial Yb-doped fiber amplifier fs laser (Satsuma, Amplitude Systémes
Ltd.) emitting at 1030 nm at room temperature with 100 kHz to MHz repetition rate
is used in this Ph.D. work experiments. The fs-laser irradiation was performed on
LNS34 glass, as taken as a reference, and then on the other glasses, namely
LNS27B7, LNS20B14, and LNS13B21. Please note that the glass labels and
specific compositions can be found in Chapter 2.

An aspheric lens with anumerical aperture (NA) equal to 0.6 focused the laser beam
inside the glasses at 240 um below the sample top surface (in air). According to
Figure 4.1 schematically representing the laser setup, the laser propagation was
defined along the +Z direction. Irradiated dots and lines were drawn continuously
in the plane perpendicular to the laser beam propagation direction, i.e., the XY
plane.

One of the most critical laser parameters is light polarization. It is set linear and can
be controlled by rotating a half-wave plate along the light path highlighted with the
red dashed rectangle. Control of pulse energy is made by combining a half-wave
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plate and a polarizing beam splitter cube represented within the green dashed
rectangle in Figure 43. Another relevant parameter is the laser power that was
measured and calibrated prior to any experiment.

Femtosecond laser Yo X, I/ 7’
| /_‘ — —
Zy

- A2 wave plate  Polarizer

Energy control unit

y AR
\:_%;5 * P
T 4 5

Y motion stage X motion stage | A2 wave pls:e_—:

linear polarization control unit

Figure 43: Schematic diagram of the femtosecond laser system used at [CCMO

This scheme shows the black right-handed cartesian coordinate system coming
from the laser. In detail, X, corresponds to the horizontal direction in which the
right side is declared positive; Yy is the vertical direction with upside defined
positive; +Z represents laser propagation direction. The odd number of mirrors on
the optical table causes the variation of the coordinate system from right-handed to
left-handed. The reference of writing configuration is based on the green left-
handed cartesian coordinate system. The preprogrammed pattern was written in the
XY plane by moving the sample stages. Writing laser polarization angle indicated
by ¢ and scanning direction identified with 6 are referred to +X direction in the XY
plane. Then, the writing configuration is defined as (0, @) [1]. Table 8 shows all the
laser parameters employed in our experiments.

Table 8: Laser parameters used in all the experiments

parameter value

wavelength 1030 nm

pulse duration 250 fs
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repetition rate (RR) 100 —510 kHz
pulse energy (E) 0.25-2.5 pJ/pulse
numerical aperture (NA) 0.6
focal depth 240 pm in air (300 pm from
sample surface)
writing speed from 1 to 625 pm/s
.. parallel (Yy)
laser polarization (referred to
writing direction) at 457 (Yas)
g perpendicular (Yx)
scanning direction along Y

Some parameters are fixed depending on the experiments (described below), and
others vary during laser writing. Table 9 represents three series of experiments,
highlighting how each parameter presented is changed. The variations of laser
parameters enable the investigation of the different crystallization kinetics for the
four glass compositions (LNS34, LNS27B7, LNS20B14, and LNS13B21).

Table 9: Laser parameters variable in different experiments

typology of  pulse energy  repetition rate scanning speed

Larizati
experiment  (pJ/pulse) (kHz) polarization (m/s)
100, 200, 340,
dots 0.25-2.5 510 Yy /
lines 0.25-2 200 Y,, Yis, Yx 1
lines 0.5, 1 200 Yy, Yx 1-625

Then, to investigate the crystallization as a function of glass composition, and
subsequently glass nano-structuring and optical properties variations, fs-laser
writing is performed through two sequential ways:

» Static irradiation, correspondingto the firstline of Table 9. In this experiment,
dots are written inside the samples, and the time taken by the material to
generate green light underirradiation (characteristic of SHG) is monitored. This
time is called the incubation time and is of the order of seconds. The observed
green light is indicative of glass crystallization and the formation of non-
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centrosymmetric crystals (therein LiNbOs3). These experiments are performed
for varying pulse energy and frequency (pulse repetition rate) values.

» Dynamic irradiation, correspondingto lines 2 and 3 of Table 9. Lines were
written subsequently to static irradiation for the duration of the incubation time
previously determined. The experiment was repeated for different laser
irradiation conditions, including a varying scanning speed, and using different
pulse energies and three laser polarization configurations. These irradiation
configurations are reported in the following Figure 44, together with the green
left-handed cartesian coordinate system according to Figure 43.

a) b)
z Y
J Y\' AN
Y, /
hv X "y
x/
Y
glass Y

X
© writing direction along Y

Figure 44: a) laser writing scheme: the translation stage displacement is in the XY sample
plane, while the laser beam propagation direction is along Z; b) top view of three different
laser polarization configurations referenced to laser writing direction along the Y-axis:
parallel (Yy), at 45° (Y4s) and perpendicular (Yx)

4.2.1 Fs-laser writing of dots (static mode)

After sample alignment on the XY plane of the translation stage, the first
experiment consistedin writingdots in a static way, i.e., a writing speed being equal
to zero. The only two parameters changed are pulse energy and repetition rate.
Below are optical microscope pictures (see Figure 45a and b) for two of the four
glasses employed (LNS34 and LNS27B7) under white light illumination
(transmission mode). We noted that dot size becomes larger as both pulse energy
and repetition rate increase.
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Figure 45: Static dots under white light for a) LNS34 and b) LNS27B7

The irradiation in static mode allows to study the static crystallization threshold by
recording the time for detecting SHG around the focal point of the laser beam. This
is a fundamental parameter defined according to pulse energy and repetition rate.
Green light (at (515 nm) constitutes a criterion of the nonlinear optical LiNbO;
crystals precipitation inside glass, which corresponds to the double frequency of the
incident fs laser with 1030 nm central wavelength [2]. We observed that the
incubation time was drastically reduced by addition of B,Os; and increasing
repetition rate to induced crystalline onset. This identifies the existence of
incubation state as indicative of chemical diffusion by cumulative effect. For static
mode, incubation time corresponds to irradiation time because it is calculated
exactly until when we can detect green light from the sample, then after the seconds
necessary we waited only 1s more.

One can assume, from Figure 46, that three zones are highlighted from the center:
the first is the one closer to laser beam (enclosed in red); the second, where
elemental migration starts (enclosed in yellow), shows a melted zone and the third
corresponds to the nucleation area (enclosed in white).

The melted zone exists only when the energy or the repetition rate is large enough,
otherwise we are in the case of solid-solid transformation which has been
extensively described in Ref. [3] and [4].
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Figure 46: Scheme of space-selective crystallization induced by tightly focused
femtosecond laser pulses adapted from [5]

This scheme of space-selective crystallization is taken up by Ref. [5] for 32.5Li,0
— 27.5Nb,05 — 40810, that is also adapted to our LNS and LNSB glass matrices.
Then, a thermal gradient is induced, partly inside the irradiated volume.
Accordingly, itcauses radial migration and eventually a chemical gradient (depends
on the Soret coefficients). Thermal gradient is visible through the graduation of
color inside the irradiated glass medium: darker (lighter) color concides with the
higher (lower) temperature region. The influent area (~ 20 um in diameter) is
greater than the laser beam waist (~ 2 um in diameter). Nucleation happens at a
certain distance from the focusing point because of the thermal and chemical
gradients. Inner region where nucleation takes place has higher temperature than
outside one, so that nanocrystal growth occurs toward the inside one [5].
Incubation time is measured for each glass sample in the pulse energy-repetition
rate landscape, and the results are reported on heatmap type graphs in Figure 47.
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Figure 47: Heatmaps of incubation time for four glasses: a) LNS34; b) LNS27B7; ¢)
LNS20B14 and d) LNS13B21

The comparison between the incubation times for the four different glass
compositions, as a function of delivered average laser power (i.e., Power = Pulse
energy (E) X Repetition Rate (RR)), is represented in Figure 48. As the amount of
boron oxide increased, the incubation time correspondingly decreased. For dots
characterization under polarized light, see next section 4.3.

In this case, we represent a plot of incubation time in function of delivered laser
power.

Then, the heat accumulation is controlled by the pulse frequency and affects the
temperature, but if pulse energy does not affect the heat accumulation, it acts on the
temperature. It can be noted that if steady state is quickly reached (in a few hundred
pulses), then this steady state is rather defined by the average power deposited, and
therefore the temperature defining incubation time is also determined by the
supplied power. If we consider the average temperature over a period and the
number of periods, the average temperature depends on the average delivered
power according to this following E, x RR, and the number of periods is equivalent
to time. This is the reason why we plotted incubation time vs delivered laser power
in the following Figure 48.
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Figure 48: Evolution of incubation time in function of delivered laser power depending on
glass composition [6]

This step of static writing is preliminary to write lines. In fact, if lines are scanned
directly skipping the static step, green light during fs laser fabrication could not be
continued ornotbe possibleto achieved. We have to distinguish between conditions
in regime 2 and regime 3.

Regime 2 shows local crystallization only where is the light without influence of a
neighboring unirradiated volume. Then the presence of nanocrystals may be
recognized by SHG light in illuminated volume. In case of regime 3, all is
completely different: the center dots melts whereas crystallization begins out of the
beam. The large intensity in the beam and light scattering allow to detect easily
SHG from scattered IR light [7].

4.2.2 Fs-laser writing of lines (dynamic mode)

Two different series of experiments were performed, varying pulse energy, laser

polarization, and writing speed. We intend to investigate the variation of

crystallization kinetics and the impact of the scanning speed on the photoinduced

transformations as a function of the glass composition.

1) In this set of experiments for the four glass compositions, two parameters are
varied: pulse energy, laser polarization. The irradiation scheme for the first
experiment performed on the four glasses is reported in Figure 49:
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Figure 49: Scheme of irradiation program for lines according to these following writing
conditions: laser beam direction = Z, writing direction along Y, three different laser
polarization configurations: Yx, Y45 and Yy, NA = 0.6, pulse duration = 250 fs, repetition
rate = 200 kHz, pulse energy from 0.25 to 2 pJ, scanning speed= 1 pm/s for LNS34,
LNS27B7, LNS20B14, and LNS13B21 glasses

2) Inthe second series of experiments, we also varied the scanning speed, and we
studied what happens to the crystallization kinetics of LNS34 and LNS13B21.
The drawing of the irradiation program for LNS34 and LSN13B21glasses is
reported in the following Figure 50a and b.
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Figure 50: Scheme of irradiation program for 5 mm lines at these specific irradiation
conditions: laser beam direction = Z, writing direction along Y, two laser polarization
configurations Yx and Yy, NA = 0.6, repetition rate = 200 kHz, pulse duration = 250 fs,
two values of pulse energy 0.5 and 1 pJ and different scanning speed respectively from 1
pm/s to 200 um/s for a) LNS34 and for b) LNS13B21 from 1 pm/s to 200 um/s at 0.5 pJ
and from 1 pm/s to 625 pm/s at pulse energy equal to 1 pJ

The lines were analyzed under an optical microscope in transmission mode and
using white light. Under these conditions, we intend to check the index change,
absorption, or scattering by the contrast between lines and background. LNS34
shows lines black until 25 um/s at 0.5 pJ/pulse and until 100 pm/s at 1 pJ/pulse;
after they become transparent as a sign of no crystallization. The effective line
crystallization was confirmed by EBDS analysis, which will be discussed in the
specific section 4.6.2. It must be pointed out that as the B,O; content is
progressively increased, the crystalline lines could be drawn at higher writing
speed, as shown in Figure 51. Comparing LNS34 and LNS13B21, lines show a
discontinuous track that creates within irregularity in each line, but crystallization
in LNS13B21 is maintained, until 225 pm/s at 0.5 pJ/pulse and until 600 pm/s at 1
wJ/pulse. Moreover, itis possible to detecta brown color for lines with intermediate
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scanning speed (75 — 225 um/s at 0.5 pJ/pulse and 350 — 600 um/s at 1 uJ/pulse) in
the case of LNS13B21 glass.
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Figure 51: Optical microscope images of lines written by fs-laser in LNS34 and

writing direction

LNS13B21

LNS13B21glasses in Yx polarization configuration, at various scanning speeds, two pulse
energies: 0.5 and 1 pJ/pulse, and repetition rate fixed at 200 kHz

4.3 Polarized light microscopy

The irradiated dots and lines of all experiments have been investigated using an
OLYMPUS BX60 microscope apparatus by polarized light microscopy. The
conventional microscope is equipped with an analyzer placedbefore the sampleand
a polarizer placed after the sample, which is in crossed positions with respect to
each other. Information on the polarized light configuration, the working principle
of a polarized light microscope, and all its accessories can be found in Refs. [8],
[9],and [10].

The polarized light microscopy allows determining the presence of birefringence in
irradiated dots and lines, crossing the analyzer (A) and polarizer (P) in transmission
mode.

Figure 52 is an image of LNS27B7 glass dots written on the sample turned of 45°
on the microscope plate, i.e., X and Y axes rotated of 45° from analyzer and
polarizer crossed. The dotis an object of cylindrical symmetry. Then, if we tum a
picture with dots, we should have the same image. But if there is a pulse front tilt
(PFT) effect, this is no longer valid. Thus, it is known from the literature that
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repetition rate plays arole in the effects of thermal accumulation, leading to a steady
rise in temperature in the focal region [11]. In static mode, as the repetition rate
increases, ablack zone appears aroundthe focus laser beam atlower pulse energies.
This black zone was already visible under white light. Under polarized light, it
becomes even more evident, and, it expands at increasing pulse energy [12]-[16].
The white light is due to neutral axes of dots notaligned with analyzer and polarizer.

Repetition rate (kHz) LNS27B7

100

200

0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 2,25 2.5
Pulse Energy (w/pulse)

Writing configuration=Y,

Figure 52: Dots, written according to polarizer direction, Yy laser polarization
configuration, pulse duration = 250 fs, irradiation time = 1s (after waiting incubation time),
under polarized light at analyzer and polarizer crossed (P = polarizer, A = analyzer)

Figure 53 shows lines inscribed in the LNS20B14 sample atdifferent pulse energies
and three polarization configurations. A First Order (Full Wave) Retardation Plate
(550 nm, Olympus U-TP530) was employed to detect the slow and fast axis of the
written lines by the method reported in [17] and inserted at the angle of 45° with
respect to the microscope polarizer and analyzer, as shown in Figure 53.
Birefringence is identified if lines were oriented with the neutral axis in a diagonal
position with respect to the microscope polarizer and analyzer.

The totally dark zone corresponds to a non-irradiated, and therefore, glassy area.
When polarization configuration was changed, the intensity of the irradiated lines
reached a minimum at Y, or Yy, but maximum at Yys, i.e., when laser polarization
configuration is oriented to a diagonal position to the analyzer.
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Figure 53: Lines under polarized light written according to analyzer direction (P =
polarizer, A = analyzer), at repetition rate equal to 200 kHz and scanning speed equal to 1
um/s

Focusing the attention on LNS13B21 glass according to the second series of
experiments, Figure 53 represents lines in three regimes of scanning speed under
different microscope analysis conditions: low at 1 um/s, medium at 75 um/s and
high regime at 350 um/s. At low speed, lines appear black, and no light passes
through them. When speed is equal to 75 pm/s, lines become brown, and the light
can pass through them. At high speed, lines are transparent, and no crystallization
is detectable, then light passes entirely through them. We represent in Figure 54
different illumination conditions: under white light, under polarized light at
polarizer and analyzer crossed and finally with a full A waveplate inserted with its
orientation perpendicular to the laser scanning direction.
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Figure 54: Optical microscope images of lines at different scanning speed (1, 75 and 350
um/s) under different illumination condition for LNS13B21 glass at a pulse energy of 0.5
pJ; (P =polarizer, A = analyzer) [18].

Under polarized light conditions, the background shows up black due to glass
isotropy. The lines appear dark when placed parallel either to the polarizer (P) or
the analyzer (A). Otherwise, when the lines were rotated at any other angle than
parallel to P or A, light passes through them, with a maximum at an angle of 45°
with respectto both A and P axes (with aprecision of £ 5°). This peculiarity reaches
the maximum for the medium speed regime (75 um/s), demonstrating that the
orientation of the neutral axes is parallel and perpendicular to the line scanning
direction.

After the insertion of a full retardation waveplate and the neutral axes at45° from
A and P, the background is isotropic, appearing magenta, and it is possible to
distinguish the slow axis and the fast axis. If a line appears blue, the slow axis of
the irradiated line at that place is parallel to the slow axis of the full-wave
retardation plate. If it is yellow, the slow axis at that place is perpendicular to the
slow axis of the full-wave retardation plate. This phenomenon is more evident at
the medium regime of scanning speed than low and high ones. Then, the slow axis
of'theinscribed line is found perpendicular to the writing laser polarization, and this
feature is related to the formation of quasi-periodic lamellas with two different
refractive indices.
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Finally, we measured retardance (R) quantitatively at the center of each irradiated
line as reported in Figures 55a and b.
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Figure 55: Retardance in nm measured at 550 nm at the center of the irradiated lines as a
function of scanning speed for LNS34 and LNS13B21, at two pulse energies (0.5 and 1
pJ/pulse), repetition rate fixed at 200 kHz and for a) Yy and b) Yx laser polarization
configurations [18].

Different trends were found in the two glasses LNS34 and LNS13B21. In the case
of LNS34, the retardance emerges from the formation of a sub-wavelength and
lamellar-like structure with periodic alternation of LiNbOs-rich regions
(crystallized) with LiNbOs-poor (vitreous) ones, leading to form birefringence, and
as the consequenteffectthe retardance [1]. When scanningspeed is equalto 1 um/s,
retardance measured is null, and this result is the same for the two energies pulse
and two glasses analyzed. The situation changes for LNS13B21: as the scanning
speed is progressively increased, the retardance also raises until it reaches a
maximum. Going from 1 to 0.5 pJ/pulse, the retardance enhances, precisely by a
factor equal to 4 (until to 200 nm). According to results in Figure 51, for
LNS13B21, at 0.5 pwJ/pulse retardance disappears beyond 350 um/s, whereas for 1
wJ/pulse it is evident until 600 pm/s. For LNS34, the maximum does not exceed
100 nm. In this case, if retardance increases just from a few um/s until 50 pm/s at
0.5 pJ/pulse, it starts to raise latter for 1 pwJ/pulse, but both show a step decay at 200
um/s. By referring to the three-speed regimes described above, the low-speed
regime shows a birefringent response, but the white light is scattered as it passes
through the cross-section due to the presence of large crystallites along the laser
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track. In conclusion, no writing polarization effect is detected on the retardance
amplitude, and the maximum response for LNS13B21 is about twice larger
compared to LNS34.

4.4 Second Harmonic Generation (SHG) measurements

The SHG intensity was detected in transmission mode with the fundamental laser
beam of 1030 nm, propagating perpendicularly to the sample XY plane at pulse
energy =0.1 pwJ/pulse. Accordingto the setup reported in Figure 56a, the transmitted
SHG light of 515 nm, i.e., A/2 with A = 1030 nm, was recorded after passing an IR
low pass filter mounted before a spectrometer collector. The spot size (diameter) of
the probing beam was approximately 30 um, well overlapping each laser track
during SHG measurements. The repetition rate during the measurement was set at
100 kHz. Figure 56b shows the SHG detected under the static condition of laser
irradiation at the end of incubation time of a few seconds.

For a more detailed definition and theoretical treatment of Second Harmonic
Generation (SHG), see the section C of Appendix.

a) Detector b)

Irradiated IR filter
lines

515 nm
Half wave

plate
-

1030 nm

Sample holder

Figure 56: a) Second Harmonic Generation (SHG) setup used for all the experiments of
this Ph.D. work [19]; b) SHG detected under static irradiation at the end of the incubation
time of a few seconds [6]

SHG intensity was measured for all the four investigated glasses according to the
laser irradiation condition reported in Figure 49. For each irradiated line, we
detected the SHG intensity in the XY plane according to the azimuthal angle (6) of
the probe beam polarization until 180° starting from the polarizer reference position
at 0°, i.e., along X. The probe beam propagation direction was set perpendicular to
the XY plane, and its electric field direction was parallel to this plane.
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The curves intensities obtained were normalized from the SHG spectrum values,
according to the following expression:

__ 19
Inorm - MAX (1(9)) (32)

where MAX (I (0)) is the maximum calculated on all the intensities values as a
function of probing angle I(0). A SHG spectrum for the pulse energy equal to 1.25
wJ and for the Yy configuration in LNS13B21 is reported in Figure 57, as an
example.
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Figure 57: SHG spectrum obtained for LNS13B21 lines written at 1.25 pJ/pulse, at Yx
polarization configuration, at fixed repetition rate equal to 200 kHz and scanning speed
equal to 1 um/s. The reference position of the laser polarizer is 0°, which coincides with
the position corresponding to 180°.

Normalized SHG intensity profiles for the four glass compositions as a function of
probingpolarization angle in the XY plane were reported in Figure 58. Other trends
for all four compositions can be found in the section D of Appendix.

The effect of the writing laser polarization orientation on the crystals was
investigated by the angular dependency of the SHG intensity. Figures 58a and b
show SHG curves at two pulse energies (0.5 and 1.25 uJ for two polarization
configurations, Yx and Y4s). The choice of these two values of pulse energies was
made because of important changes well visible in SHG curves for the four glasses.
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At 0.5 pJ, a strong SHG modulation is evident with respect to an azimuth-6 of 90°
for all four glasses. When pulse energy reaches 1.25 pJ, a second maximum on the
curves in the direction of the polarization is found, and the trend of the curves begins
to present complex responses different for each glass composition.
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Figure 58: normalized SHG intensity profiles for the four glass compositions as a function
of probing polarization angle in the XY plane for 0.5 and 1.25 pJ/pulse a) at Yx and b) Yas
polarization configuration; ¢) polar representation for LNS13B21 glass for 0.5 and 1.25
pJ/pulse with three polarization configuration Yy, Y4s and Yx [6].
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This is according to results reported in [20]. If we explore the pulse energy effect,
it is noted that at low pulse energy (in our case, it corresponds to 0.5 pJ), a well -
defined cosine-like curve with a period of 180° is obtained, and a SHG;, intensity
is found at a probing angle close to writing laser polarization direction, precisely at
90°. When we increase the pulse energy to 1.25 uJ, the cosine-like curve is
modified, and a second minimum occurs, revealing a second texture of the crystals
with the polar axis oriented closer to parallel to the writing laser polarization.
Specifically, in our case, at 0.5 pJ/pulse, the normalized SHG intensity (I/Iax)
shows a sinusoidal trend with strong contrast (Iax — Imin/ (Imax + I min) up to 0.9 for
LNS20B14. The maximum with respect to the direction perpendicular to the laser
polarization is at 90° and 135° for Yy and Y45 configurations, respectively.
Otherwise, the SHGnin intensity is found in the correspondence of a probing angle
perpendicular to the angle value of SHG .

Increasing the pulse energy progressively from 0.5 to 1.25 pJ/pulse, the SHG
presents a complex response because of the presence of another crystalline texture
oriented in a different direction. The low energy texture, i.e., the population leading
to SHGnmax for 8 perpendicular to writing polarization, is still emerging at 1.25 pJ.
In addition, a second population of LiNbOj; crystals with a preferential orientation
appears in the SHG response, visible in Figure 58c. This phenomenon is very clear
with the configuration Y4s for which there is no maximum in the direction of
writing.

A slight departure of the minima and the maxima of the SHG modulation from the
probing angle equal to 90° is observed due to an asymmetric orientational writing
effectaspreviously observed atlow speeds(i.e., I um/s)in LNS34 glass [20]. These
results are strictly linked to EBSD maps reported in section 4.6.2.

4.5 Quantitative Phase Microscopy (QPM)

Quantitative Phase Microscopy (QPM) is a non-interferometric solution used to
analyze the refractive index profile of the focal region after femtosecond laser
permanent modifications. For more details about QPM, see the section E of the
Appendix.

A CCD camera mounted on an optical microscope in transmission mode captures
the sample images according to the conditions provided in Figure 59.

QPM directly measures the phase shift and, analyzing light propagation on the
sample; the refractive index variation can be calculated according to the following
formula:
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An = Ap (33)

where 4¢ is the phase shift (in radians) of the non-polarized light at A=550 nm and
L the thickness of the sample along the light propagation direction [21].
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Figure 59: QPM analysis process represented through the CCD camera mounted on the
microscope: the three lines represent a phase image converted into a software
representation after applying the MATLAB code to extract black background and white
lines images.

If An is positive, it means that the refractive index increases, and this phenomenon
confirms the presence of crystallization. To determine the variation in the refractive
index, the procedure carried out for LNS34 reported on Ref. [22] is used, starting
from the valid assumption for which Nicryst > Nglass and results included in Ref. [23].
For glass, the refractive index is constant and equal to 1.462 at 515 nm [24]. Now,
we intend to explore what to insert in Nigrys.. We consider the configuration shown
in Figure 44. From EBSD measurements and SEM micrographs, we deduced the
self-organized periodic nanostructure, that induced a form birefringence, the so-
called nanogratings in which two different phases were discovered, a glassy phase
that presents a single refractive index, and a crystalline one identified by LiNbO;
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where the typical anisotropy is quantified by two different and directional refractive
indices (nz, xxand ny, yy).

The refractive index in the YX plane (Y scanningdirection) is derived from the
relative permittivity (n2 = Er o)

For LiNbOs, the relative permittivity matrix in the crystal reference is expressed
by:

& 00

Erc= [ 0 & O ] (34)
0 0 &

where ¢, is the relative permittivity perpendicular to the polar axis, and &, is the

one along the polar axis. From this, and the previous expression, we can calculate

n, (ordinary refractiveindex) and n.(extraordinary refractive index). The refractive
indices in 2D are computed from these following equations.

n2. = ninj xx (35)
XX fn2 gy +(1—f)n?
nyy= g +(1Hn5yy (36)

where n; corresponds to refractive index of glass, and , is relative to crystals. In
this case we consider two different indices indicative of typical crystalline
anisotropy (n,, xyand n, yy) and with

__dy

S (37)

where d is glassy part thickness and d, is the crystalline part thickness (um).

2 _ texture
Noxx =~ Sr,sample,XX (3 8)
2 _ ~texture
Noyy = gr,sample,YY (3 9)
fexture _ 2iSiBiErcB !
Ersample — (40)
’ 2iSi

where i is relative to the grain, S; is the number of measurement points in the grain,
& ¢ is the relative dielectric constant tensor for one crystal in crystal reference, and

B,
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is the matrix for changing the reference from the crystal indexed i to the sample
reference. The B;matrices and S; weights are derived from the EBSD measurements
[22]. Then, we found Ncyyst, as a 2D average value for the form birefringence of
nanogratings between nxyand nyy.

Consequently, once demonstrated the presence of crystallization due to the
variation in refractive index 4n, we can compare the three lines trends with different
pulse energies. Figure 60 shows how the trend of the three lines represented in the

previous Figure 59 trend changes, at increasing pulse energy from 0.25to 1 pJ for
LNS27B7 glass.

Yy Yas Yy
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Figure 60: QPM images for LNS27B7 glass on lines at three polarization configurations
Yy, Yas, and Y at pulse energies of a) 0.25 uJ, b) 0.5 uJ,¢) 0.75 uJ and d) 1 pJ.

It is possible to note thatat 1 pJ, the image starts to reveal some irregularities that
correspond to the splitting of two of three peaks reported in the following Figure
61d. This is the critical value of pulse energy where the width of the lines begins to
become larger than the general trend until 0.75 pJ.
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Figure 61: QPM analysis modulation in which the phase change in rad is highlighted by a
plot where we can see three peaks in correspondence of each set of the three lines reported
on the previous Figure 60.

4.6 Microstructure analysis

4.6.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was employed to observe the nanostructures
on the laser-modified area. For more details about SEM, refer to [25].

SEM micrographs of LNS13B21 laser track cross-section for two polarization
configurations Yy and Yy at 75 um/s were reported in Figure 62. SEM analysis is
done for exploring nanostructure but, in our case, exhibits the formation of
nanogratings. Laser irradiation produces in the material these self-organized
nanogratings, specifically where there is an oriented phase separation, composed of
a crystalline and a glassy phase. This structure is visible when zooming in this
yellow rectangle area. Nanogratings are a lamellar-like structure that grows in the
direction perpendicular to the laser polarization. This nanostructure induced
birefringence because of the refractive index difference between the two phases
(lithium niobate-rich regions, crystalline with lithium niobate-poor vitreous ones).
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Figure 62: Presence of nanogratings detected by Scanning Electron Microscopy analysis
for LNS13B21 line at pulse energy equal to 0.5 pJ, repetition rate fixed at 200 kHz, and
scanning speed equal to 75 pm/s.

Considering the same sample at different scanning speeds, we noted that different
aspects of nanogratings and various zones are identified and reported in Figure 63.
Firstly, the observed crystallized volume diminishes at increasing scanning speed,
as highlighted in yellow. In addition, the length, and not so much the width, of the
region where lamella-like structuring is observed, in orange, also progressively
decreases as scanning speed increases.

At 1 um/s, there is a complete overlap between the crystallized and lamellas
regions; otherwise, it is much reduced at higher speeds until 150 um/s. This is very
similar to observations reported in [19]. At low pulse energy of 0.5 pJ/pulse, the
lamella area also coincides with the crystallized one. Otherwise, at higher pulse
energy, the lamella area becomes smaller with respect to the crystallized one, i.e.,
the overlap is reduced. Then, lamellas forming nanogratings result from direct
interaction with the laser light, whereas crystallization is not.
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Figure 63: Scanning electron micrographs of the laser track cross-section induced by fs-
laser on LNS13B21 glass sample and for different scanning speeds. In yellow there is the
area where crystallization within the laser track, associated with crystallization, is detected;
in orange, the area where lamella-like nanogratings are observed. Fixed parameters are: A
=1330 nm; f =200 kHz; NA = 0.6; pulse duration = 250 fs; focal depth =240 pum (in air)
[18].

4.6.2 Electron Back Scatter Diffraction (EBSD)

Electron Back Scatter Diffraction (EBSD) allows to validate the presence of lithium
niobate crystals and study their morphology, nanostructure, and orientation inside
the laser tracks cross-sections. According to the following Figure 64, black parts
indicate the amorphous zones; otherwise, when colors are present, they correspond
to crystals with an assigned space group and orientation. The reference indication
is the crystal axis perpendicular to the laser polarization, corresponding to the
maximum of the SHG intensity for all four glass compositions. The inverse pole
figure (IPF) color code is based on the LiNbOj space group, with coding along the
laser polarization direction. For a more detailed explanation of the EBSD working
principle, refer to [26]—-[30].
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Figure 64: Electron Back Scatter Diffraction (EBSD) micrographs of the laser track cross-
section for both LNS34 and LNS13B21 glass sample, for two pulse energies (0.75 and 1.25
pJ/pulse) and with laser polarization either parallel or perpendicular to the scanning
direction [6]

Firstly, we observed that there was the precipitation of LiNbO3; nanocrystals.
Secondly, the inverse pole figure (IPF) color code shows the crystal ¢ axis (along
0001 direction) found to be oriented perpendicular to the laser polarization,
corresponding to the absence of red color on the EBSD map.

This is valid at the lowest pulse energy (i.e., 0.75 wJ/pulse). At higher energies, i.e.,
1.25 w/pulse, crystal ¢ axis orientation varies and is only partially oriented along
the polarization direction. Then, we demonstrated the agreement between SHG
response and EBSD results: in fact, at low pulse energies, the crystals are well
oriented with c axis perpendicular to writing laser polarization and coincide with a
maximum SHG contrast with a nearly single texturation. When pulse energy
became higher, a part of the nanocrystals population exhibited ¢ axis orientation
along the polarization leading to a more spatially distributed SHG response.
Regarding the distribution of the crystals, we reported the size of single texture
regions (in nm) as a function of the number of crystalline domains in Figure 65, for
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LNS34and LNS13B21 at Y, polarization configuration, for0.75and 1.25 pJ/pulse.
We noted the tendency to form larger regions with the same textures at the highest
pulse energy compared to the lowest energy conditions.
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Figure 65: Size distribution of single texture regions for LS34 and LNS13B21 for Yy

configuration and two different pulse energies (0.75 and 1.25 plJ/pulse). Irradiations
conditions: A= 1030 nm, NA = 0.6, =200 kHz, focus depth =240 pm in air, writing speed
=1 pum/s [6].

If we consider the series of experiments at variable scanning speeds, we could
represent the situation with other pictures that express the influence of speed on
crystallization kinetics. In the following Figure 66, we compared SEM micrographs
and EBSD maps for three different scanning speeds of LNS13B21 laser tracks
cross-sections at Y, configuration: there is a concentration of nanocrystals at laser
track centerin the head as the speed increases; atlow speed, there are larger regions
of similar crystalline orientation that correspond to similar color in the inverse pole
figure (IPF). Here, it is already visible the presence of larger crystalline domains
with the same orientation in the low-speed regime relative to the high-speed one,
but in Figure 66, this phenomenon is highlighted quantitatively.
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Figure 66: Scanning electron microscope (SEM) micrographs and electron backscatter
diffraction (EBSD) maps on the laser track cross-sections induced by fs-laser on
LNS13B21 for different scanning speed. Fixed parameters are: pulse energy = 0.5 pJ;
configuration = Yy (laser polarization parallel to the scanning direction); A = 1330 nm; f=
200 kHz; NA = 0.6; pulse duration = 250 fs; focal depth =240 um (in air) [18].

In addition, also to have the complete information on the size distribution, Figure
67a shows the average size of the regions of the same orientation (single texture) as
a function of scanning speed (in magenta) and the number of single texture regions
perlaser track (in blue). Figure 67b allows us to confirm the presence of adominant
texture: the pole figures of the LiNbOjs ¢ axis reveal that ¢ axis is perpendicular to
the laser polarization for all laser tracks. Indeed, as the scanning speed increases,
the preferential orientation of ¢ axis becomes less evident.
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Figure 67: a) number of single texture regions and their averaged diameter, assuming a
spherical shape, as a function of scanning speeds; b) pole figures of the LiNbOs ¢ axis
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(labeled 0001); extracted from data of laser cross sections at Yy polarization reported in
EBDS maps of Figure 4.20 [ 18]. The writing direction is in the center of pole figures; the
laser propagation is at the top and the bottom of each pole figure.

4.7 Conclusions

This chapter begins by highlighting the relevance of a suitable glass matrix
selection of specific optical transparency to minimize light scattering. To properly
study the 3D modifications of optical properties in glass, the process of samples
investigation first focuses on the irradiation of the LNS reference glass. Then, the
LNSB matrices, including LNS13B21 presenting has the highest amount of B,0O;,
also are investigated. A detailed description of laser employed and its parameters,
focusing on the pulse energy, repetition rate, light polarization, and scanning speed
are used to describe both the static and dynamic modes utilized during the
experiments. A suitable choice of laser parameters is fundamental becausethe glass
chemical composition may affect them. Firstly, laser-induced dots are used to
define a threshold energy value and an incubation time. Secondly, writing lines
allow to consider the effect of scanning speed. Dots and lines are analyzed by
polarized optical microscopy to provide retardance measurements induced by form
birefringence and to identify slow and fast optical axes of the fabricated structures.
Moreover, by retardance measurements, the maximum response for LNS13B21
was found to be about twice the value of the LNS glass. The SHG intensity is
examined according to angular dependency by linear polarization, highlighting the
orientation of nanocrystals ¢ axis perpendicular to the polarization orientation.
QPM was employed to study the variations of refractive indices of the written lines.
Moreover, SEM analysis demonstrated the presence of lamellar nanogratings that
grow in direction perpendicular to the laser polarization, clearly highlighting the
role of laser polarization on the nanoscale phase separation. To identify the
parameters a, b, ¢, and space group of LiNbOj3 through morphology, nanostructure,
and orientation, EBDS analysis was carried out, demonstrating an agreement with
SHG results.
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Chapter 5

Crystallization mechanisms and
Kinetics upon laser-glass

This chapter aims to provide an interpretation of the results from the previous
chapter: what happens inside the glass material during nanocrystals formation. The
below discussion is based on the two published articles emerged from this Ph.D.
work, below cited as the main explanatory bibliography [1] (especially for section
5.1), [2] (especially for section 5.3, as well as [3]), and on the content of Jing Cao’s
thesis [4], as regards the results obtained for the LNS glass matrix.

This chapter describes how laser induced crystallization evolves as a function of
glass composition (four compositions taken). First, we focus our attention on B,0s
addition in the glass network, considering the effect on nanocrystal orientation
influenced by different laser polarization configurations after the first publication
in Optical Materials Express [1]. Then, describing in depth what happened under a
scanning regime and considering only two compositions, the reference one
(LNS34) and the one with the greatest amount of B,O; (LNS13B21). The
continuous cooling transformation (CCT) and time temperature transformation
(TTT) diagrams were employed to interpret crystallization mechanisms following
the discussion published in a second article in MDPI Crystals[2].

Structurally, chapter 5 is composed of five sections. The first one includes a
discussion aboutnanocrystals nucleationand growth, focusingthe attention on their
orientation and exploring the interconnection between the nanostructure of the
material, the optical properties, and the laser parameters. Secondly, the link between
SHG response and EBSD maps provides information on how nanogratings
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formation is connected to birefringence and refractive index variation, employing
specific characterization results.

Furthermore, after a general introduction to explain how general TTT and CCT
diagrams were modified by fs laser irradiation in the third section, the analysis of
the crystallization domain between the two glass compositions, LNS34 and
LNS13B21, is the subject of the fourth section. Finally, the advantageous addition
of boron s the final topic included in the last section, to motivate all the explications
provided until now.

5.1 Agreement between SHG response and EBSD maps in
LNS and LNSB glass matrices

As theoretically described in chapter 3, femtosecond laser irradiation induces
permanent transformations in glasses, including crystallization, specifically with
respect to morphology, crystal texture and nanostructure. We intend to explore, in
this section, what happens in lithium niobium borosilicate glasses (LNS27B7,
LNS20B14 and LNS13B21) compared with the B,O;-free silicate one (LNS34), of
which has been extensively studied by this research group [4] —[11]. Then, we will
deeply discuss the mechanism of crystals orientation generated as a function of the
laser polarization variation.

Following this, the ultra-fast laser-matter interaction analysis, according to
variation of pulse energy, repetition rate, writing configuration and scanning speed
raises a fundamental question. Which parameters have to be chosen optimally to
obtain non-linear optical properties related to glass crystallization and
consequentially adopted in applications of optics and photonics?

5.1.1 Three regimes and landscapes

We present here an overview showing how closely the four laser parameters are
connected (pulse energy, repetition rate, laser polarization, and scanning speed) in
the case of the reference composition LNS and then as the three compositions
LNSB allowed the evolution of the results with the addition of B,O; in the glass
network. A general approach is to study parameter landscapes, starting with pulse
energy — repetition rate landscape to show the connection between the laser
parameters and the crystallization kinetics and mechanism, as reported in Figure 68
[12].

The deposited power (a), as a result of the pulse energy (E;) multiplied by the
repetition rate (RR) (E, X RR = a), affects the crystal growth.
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Three regimes can be identified clearly to highlight threshold values of thermal
power and consequently the interconnection between laser parameters variation and
phenomena induced in glass depending on composition. We can describe three
regimes considering Figure 68 and 69.
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Figure 68: LNS pulse energy-repetition rate landscape [ 12]

This following figure shows the effective presence of a writing orientation effects
[5]. Orientation means the movement along a specific direction [5]. The orientation
direction depends on writing laser polarization: two configurations of laser
polarization particularly studied, as reported in Figure 69 [3].
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Figure 69: Pulse energy - polarization direction landscape for LNS glasses closed to 30Li>O
—30Nb20s — 408102, highlighting the presence of three regimes. k is the laser propagation
direction, e stands for the writing laser polarization direction, and S is the scanning
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direction. Other parameters: 1030 nm, 300 fs, NA = 0.6, 300 kHz, 5 unmv/s, and focus depth
350 um [3].

In the regime 1 (i.e., at low pulse energy, <0.5 pwJ/pulse), no crystallization occurs
but it is possible to note modifications in amorphous structure revealed through an
isotropic negative refractive index variation. The threshold value of thermal power
is indicated on the diagram as a; and equalto 0.16 W.

Secondly, there is regime 2 (0.5 — 0.9 plJ/pulse, 300 kHz) in which nanocrystals
growth direction is dependent on the laser polarization variation, and it is possible
to tweak the orientation of nanocrystals by using light properties. The nanocrystals
are embedded in self-organized nanostructures (nanogratings, which will be
discussed in the following section), and they induce optical properties as tunable
SHG and form birefringence. The nanoscale phase separation at the origin of nano-
gratings starts to be detectable in regime 2 and continues to be presentalso in regime
3. Finally, regime 3 (1.0 — 2.2 pJ/pulse, 300 kHz) includes two different crystalline
zones: one with nano-gratings and microcrystals oriented according to scanning
direction parallel to laser polarization; the other one withoutnano-gratings and with
nanocrystals randomly localized when scanning direction is perpendicular to laser
polarization [5].

Moreover, summarizingthrough SEM micrographs and correspondinginverse pole
figure (IPF) of the cross section of irradiated line, Figure 70 shows the possible
crystals configurations and related regimes.

The right (framed) image encloses the cross section of the crystals orientations
disordered referred to direction perpendicular to laser polarization reported in
Figure 70.
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Figure 70: High repetition rate fs laser-induced regimes in LNS glass according to pulse
energy indicated in white in each SEM micrograph. For regime 2 and 3, the left image is a
SEM micrograph, and the right one is the corresponding inverse pole figure (IPF) of the
cross section of the irradiated line. The scanning direction is perpendicular to the paper
plane. The color of IPF is obtained from on LiNbOs space group R3c, coding along
scanning direction. These are configurations in which laser polarization is (a — d) parallel
or (e) perpendicular to scanning direction. Laser polarization direction is marked by green
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e, while scanning direction id displayed by red S. k represents the laser come from the top.
Other parameters for 33Li>O — 33Nb20s — 34 Si0O; are 1030 nm, 300 fs, 300 kHz, 5 pm/s,
and focus depth 350 um [3].

Moreover, we integrate the discussion by considering the scanning speed whose
interconnection with pulse energy is well highlighted in the diagram of Figure 71
[3]. The pink line acts to separate regime 2 with nanocrystal orientation tunability
and regime 3 with large grains and even single grain with polar axis aligned with
scanning direction. In conditions of high energy and low speed, there is only a
texture oriented and polarization-independent with the writing laser polarization
direction e parallel to scanning speed v.

This is a scheme comparing different results obtained in Refs. [6], [7], [10], [13].
The significant role of writing laser polarization in the crystallization process was
pointed out by describing in detail what occurs in regime 2 and 3.

The polar axis of crystals is not oriented along laser polarization in regime 2. The
final crystallization morphology is controlled by writing configuration (the relative
orientation of the laser scanningand laser polarization) in the case of regime 3. This
is an effect of high pulse energy. In case of polarization parallel to scanning
direction, we obtained large grains including amorphous phase since no chemical
migration is detected at the grains scale.

Different results were highlighted by Veenhuizen ef al/, as only a single grain is
acquired with polar axis parallel to the scanning direction at about 4.2 pJ/pulse at
same scanning speed used in experiments reported in Ref. [3].

A nanoscale phase separation is revealed in regime 2 and 3. The issue of nano-
gratings will be discussed in the next section 5.2.
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5.1.2 Link between laser parameters and SHG measurements

Now, we intend to interconnect laser parameters with SHG measurements to
explain the effect of single parameter on this optical property. Towards a
comparison between LNS34 and the compositions with B,Os, after SHG detection,
fora LNS glass matrix, specifically 32.5Li,0 —27.5Nb,05—40Si0; (mol%), we
start by reporting the results highlighting the pulse energy effect represented in the
following Figure 73 [7].

In the case of LNS, at low pulse energy, the red curve at 0.8 uJ above presents a
well-defined cosine-like trend with period of 180°. An angle of 90° close to writing
laser polarization direction exhibits the minimum SHG intensity. When pulse
energy is increased to 1.4 pJ, the green curve shows a second maximum atthe place
of the minimum on the simple cosine-like curve. This phenomenon becomes clear
at pulse energy equal to 1.8 pJ, and it is made visible on the blue curve below.
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Figure 73: Pulse energy effect shown through three different values in curves trend of
normalized second harmonic generation intensity of irradiated lines as function of probing
laser polarization in the XY plane. Other parameters: writing speed 5 pm/s, writing
direction is along 45° direction, laser polarization is parallel to Y [7].

There is also a dependence of the SHG on the writing speed, by keeping constant
the pulse energy at 0.8 pJ or 1.4 pJ. This writing speed effectis visible as well-
defined cosine-like curves trend in Figure 74a, highlighting the shift of the
minimum value of SHG from 102°to 91°, really close to the writing polarization
angle equal to 90°. For high pulse energy reported in Figure 74b, the SHG curve
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varied from simple cosine-likecurve, the blue curve,to the modified ones, the green
and the red curve, by decreasing of the writing speed from 25 to 1 um/s [7].
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Figure 74: Writing speed effect shown through normalized second harmonic generation
intensity of irradiated lines as function of probing laser polarization angle, varying pulse
energy at a) 0.8 wJ and b) 1.4 uJ. Other parameters: writing direction is along 45°direction,
laser polarization is parallel to Y [7].

The representation of the writing orientation effect is obtained starting from two
different orientations typical of glass as center-symmetric material: the orientation
at the forward direction of 45° and the one at the backward direction of 225°. In
both directions, it is possible to reveal the presence of two different textures: one
with ¢ as the polar axis of nanocrystals (<0001>) perpendicular to the writing laser
polarization, specifically X direction and onewith the polar axis close to Y direction
[7]. At low writing speed shown in Figure 75a, there is a conspicuous difference
between two curves at different orientations. This effect, known as Asymmetric
Orientational Writing (AOW) [11] is drastically reduced in correspondence of 25
um/s, as shown in Figure 75b.
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Figure 75: Writing orientation effect through normalized second harmonic generation
intensity of irradiated lines as function of probing laser polarization angle, at two different
writing speed a) 1pm/s and b) 25 pm/s. Other parameters: pulse energy 1.4 pJ, laser
polarization is parallel to Y [7].
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Another fundamental parameter is the angular contrast, which is characterized
through the anisotropy magnitude expressed by the following equation:

anisotropy magnitude = (SHG 0 — SHG i) / (SHG oy + SHG i) 41)

For the LNS matrix, the variation of anisotropy magnitude as a functionof scanning
speed was explored, as reported in Figure 76.
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Figure 76: Variation of anisotropy magnitude-pulse energy trend as function of scanning
speed. Other parameters: writing direction is along 45° direction, laser polarization is
parallel to Y [7].

At 1 um/s, the anisotropy magnitude is strongly depending on pulse energy; at 5
um/s this trend is less pronounced with the increase of pulse energy, and itbecomes
not dependent on pulse energy at 25 um/s.

These trends were extrapolated from the study of the SHG angular response of a
single crystal. It is fundamental to refer to the LiNbO; theory about the second-
order non-linear tensor for the symmetry R3c typical of this crystal. For its axial
symmetry, the second-order non-linear susceptibility tensor (x) has the largest
SHG coefficient (d33 =34.4 pm/V) in the <0001> crystal direction, exactly along
the polar axis. The others are d3; =5.95 pm/V and d,, =3.07 pm/V [14].

To quantify the relationship between the normalized SHG values and the variation
of the angular probe at the generation of the two populations, the following
expression has been employed:

Igpg" = [a+ Bf(O—0)]/ [0+ B (a+b)] (42)

where 0, is an angle shift from +X direction; a and f are the weights of the two
populations. The number of the populations increases at increasing of pulse energy,
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in case of a value equal to 1.8 pJ, three populations were obtained: one randomly
oriented and two textured [7].

The data obtained with the SHG measurements are then validated with the EBSD
analysis. Thanks to such microscopic analysis, it is possible to get interesting
information about the formation of oriented non-linear crystals and textures.
Comparing these two measurements, we must note that SHG averages the effect in
the modified sample region, while the EBSD maps have a much finer resolution
through laser track cross-sections surfaces.

Considering the LNS, as our reference exactly with the composition equal to
33L1,0 — 33Nb,05 — 34Si0,, in comparison with LNSB matrices, EBSD maps
show a large portion of disoriented LiNbOj crystals were randomly distributed, as
reported in Figure 77 [15].

The presence of the green light confirms that the crystals acquired second-order
non-linear optical properties and its nonuniform distribution indicates a non-
homogeneous crystallization.

The femtosecond laser irradiation allows to obtain crystals not randomly oriented
but reveals the presence of one or two or more textures. There is something that
activates the formation of these textures, i.e., some forces are responsible for crystal
orientation duringtheir generation. The polar axis perpendicular to the writing laser
polarization direction is one of the preferential orientation [7], [15], the one at low
energy.

The thermal force leads to crystal orientation and is generated by a large thermal
gradient in correspondence with focused irradiation at higher pulse energy.
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Figure 77: EBSD characterization of 33Li2O — 33Nb20Os — 34S10,: a) EBSD scan images
of lines cross-sections irradiated at 2.0 — 0.6 pJ with polarization parallel to the laser beam
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direction that is coding the crystal orientation along x; b) EBSD images of lines cross-
sections irradiated at 2.0 puJ with polarization perpendicular to laser beam direction coding
crystal orientation along x; EBSD scan image coding the crystal orientation along the x-
axis and along the y-axisat c) 1.0 uJ and d) 0.6 pJ, respectively. The polarization for writing
is parallel to the laser motion direction. Other laser parameters: repetition rate = 300 kHz
scanning speed = 5 um/s, pulse duration = 300 fs, wavelength = 1030 nm, and NA = 0.6
[15].

During nucleation, the dipole of nanocrystals is stimulated by a torque. As these
nuclei can be assimilated to the final crystals, we observed that the ferroelectric
LiNbO; might show a spontaneous dipole, it also exhibits an induced dipole with
an anisotropic susceptibility so that the dipole is not always parallel to the applied
electric field E,. We represented a non-oscillating torque I generated within
nanocrystal by this following expression:

Ipc = DCpart (Pw A Ew) (43)
Po=¢e0xEw (44)

X is anisotropic with P, the induced dipole, y the first order susceptibility tensor,
g the vacuum dielectric constant. The relative permittivity &, of a media is related
to its electric susceptibility, & =1 + f where I is the identity matrix.

The torque allows to have the dipole P, aligned on the electromagnetic field, and
this corresponds to be along the largest value of the susceptibility. These values
change with non-stoichiometric compositions of LiNbO;. There is an expression
that connect refractive index with permittivity. Then, considering a crystal
reference based on its principal axes, the permittivity tensor could be given by:

&1 0 0
£=£0[ O 822 O ] (45)
0 0 &33

The principal refractive indices ny (k =1, 2, 3) could be calculated by ey, = nik. In
particular, for its symmetry, LiINbOj3 is a uniaxial crystal with &;; = &5, =N2 # £33
= nZ where n, and ne are the ordinary and the extraordinary refractive indexes
respectively. For LINbOs, no is greater than n,. This corresponds to € o107 axis >

€|l polar axis [7]
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The largest value is thus perpendicular to the nanocrystals’ polar axis, which
explains the existence of the texture with polar axis of nanocrystals perpendicular
to the laser polarization.

When another texture appears in the SHG angular response with the polar axis
aligned with the laser polarization, its origin is more complex to explain. Two
possible explanations can be given: the second texture is not at the same location in
the laser track of the previous one and the electromagnetic force has non-linear
origin, or the force has different nature and this last is principal, i.e., thermal one
but not dependent of the laser polarization.

In fact, it is mostlikely a question thatcould involve up to three forces: one is linear
and of the first order, the second one originates from the displacement of growth
front that appears when there is a melting at the center of the laser track, and the
last one driven by the pulse front tilt (PFT) or by other nonlinear effects to be
explored. This third shows a sensitivity towards the direction of displacement and
the crystals configuration nature; hence, the effect on the texture in regime 3 could
be described through this last force. Generally, this discussion is related to the
femtosecond laser interaction with dielectrics [16]. Summarily, multiphoton
ionization or tunneling ionization generating a quasi-free electron plasma in the
conduction band causes the laser light absorption. The plasma just formed can be
heated by the residue of laser pulse through free carrier of one or several photon
absorptions and/or expands through avalanche ionization. The existence of an
Asymmetric Orientational Writing (AOW) with the femtosecond laser can be
explained by the action of the ponderomotive force action, i.e., the force generated
by light on the electron that intensifies the plasma density on the side of the beam
[11]. Then, the subsequent trapping indicates the space charge in the materials,
producing a DC field and a consequent stress field that is exercised between two
laser pulses as a typical memory effect [11].

Consequently, the spontaneous dipole of the nanocrystals that may have a parallel
direction to polar axis generates a second torque. The direction of the induced DC
electric field leads the direction of the polar axis [11]. It relies on the orientation of
the pulse fronttilt (PFT), (i.e., the phenomenon for which the arrival time of a pulse
varies across the beam profile), of the writing laser polarization direction and of the
direction of writing. The PFT was already present in fs laser dots writing where no
polarization variation is expected. Then, this consolidates the importance of
polarization role, evident in laser lines writing.

Also, the stress field affects the kinetics, and it depends on the orientation of
writing. Lastly, the combination of a stress field differently oriented compared to
PFT vector may induce a variety of crystallization, represented by the evident
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intensity of the second texture, i.e., the one aligned with the laser polarization [7],

[11].
5.1.2.1 The case of LNSB glass matrices

This explanation can be referredto and adapted to the case of the four compositions
examined in this thesis work.

Firstly, the discovery of a more uniform orientation of the polar axis at 0.5 pJ, not
detectable at higher pulse energy, occurs not only for LNS matrix but also for
LNSB, as shown in the following Figure 78a, b, and c at the three laser polarization
configurations Yy, Y45 and Y,. We observed a SHG complex response already at
0.75 pJ after SHG measurements for all four glass compositions: the results are in
agreement with the LNS matrix treatment reported in Ref. [7] and [15].With
reference to the trend shown in Figure 73, for a quantitative and explanatory
comparison with the values referred to LNS (0.8, 1.4 and 1.8 pJ), these four pulse
energy values (0.5, 1.5, 1.75 and 2 pJ) for the four our glass compositions were
chosen, atthree different configurations of laser polarization Yy, Y4s, Yy. Figure
78 represents the pulse energy and laser polarization effects at the same time,
highlighted the difference in trend for the four glass compositions, also adding the
angular contrast completely diverse for each sample.

If we consider the right picture corresponding to trends at 0.5 pJ/pulse, it is clearly
noted that, the left image at 0.75 pJ/pulse shows curves drastically different from
the right trend most of all in the case of LNS34 and LNS13B21, in both shape and
angular contrast, with a pulse energy variation of only 0.25 pJ/pulse.

Continuing the investigation of these trends, we intend to verify whether this
assessment will be confirmed even at higher impulse energies at a specific laser
polarization configuration.
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Figure 78: Normalized SHG intensity for four glass composition as a function of probing
polarization angle in the XY plane for a) Yy, b) Y4s and ¢) Yy at the two lowest pulse
energies, 0.5 and 0.75 pJ/pulse. Femtosecond laser conditions used: A = 1030 nm, NA =
0.6, RR =200 kHz, focus depth = 240 pm in air, scanning speed = 1 pm/s [1].

To have an overview and compare clearly the results at the three polarizations
configurations, SHG trends are reported in a set of curves respectively for Yy, Yas
and Yy in Figures 79, 80 and 81.

This is a comparison between the most “stable” SHG curvesat 0.5 pJ/pulse and the
trends at the three highest pulse energy values 1.5, 1.75, and 2 pJ/pulse employed
in our experiments.

The three images reveal how the compositions with B,O;3 in the network have a
clearly different trend compared to LNS one, at the three highest values of pulse
energies. The sinusoidal behavior shown at 0.5 pJ/pulse became a variable trend,
difficult to classify in a unique way, for all the four compositions.

Contrary to previous work on the LNS, no other SHG measurement experiments
have been carried out varying the scanning rate and must confine our analysis on
these trends. However, they already emphasized how the B,0; addition had
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unpredictable effects on the shape of the curves and on the formation or not of two
crystals textures, that will be verified in more depth through the following EBSD
analysis.
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at laser polarization configuration Yx. Femtosecond laser conditions used: A = 1030 nm,
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Figure 80: Comparison between four pulse energy values a) 0.5, b)1.5,c) 1.75and d) 2 uJ
at laser polarization configuration Yss. Femtosecond laser conditions used: A = 1030 nm,
NA =0.6, RR = 200 kHz, focus depth = 240 pum in air, scanning speed = 1 pm/s.
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Figure 81: Comparison between four pulse energy values a) 0.5, b)1.5,¢) 1.75and d) 2 uJ
at laser polarization configuration Yy. Femtosecond laser conditions used: A = 1030 nm,
NA =0.6, RR = 200 kHz, focus depth = 240 pum in air, scanning speed = 1 pm/s.

To have a complete picture, it is necessary to add to these SHG measurements, the
relative EBSD maps in which through inverse pole figures (IPF) the two textures
were properly represented, when identified.

In fact, crystals have micro or nano size, and they are not all oriented. For this
reason, EBSD analysis is the best way to find the parameters and the symmetry
group. For chemical composition investigation, the TEM analysis is very adequate.
A combination of TEM and EBSD provides an overview of data needed to identify
LiNbOs.

In particular, for LNS, we have more data than LNSB glass matrix ones. EBSD
indicates the space group and the parameters a, b, and c that clearly prove that we
are working with LiNbO3; Moreover, TEM analysis provides that Si remains inside
the glassy zone, whereas the crystallization zone contains only Li, Nb and O
elements. In addition, if we add to overall analysis the information from energy
losses, the stoichiometry found appears to be really that of LiNbOs.

For LNSB glass matrix, the information framework is different, simply because it
is necessary to carry out further analyses; in fact, fornow, EBSD provides the space
group and parameters a, b, and ¢ that indicate LINbOs.
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Then, using the IPF maps to make micro-texture characterization of each sample
considered, we consider the distribution of polar axis ¢ in LNS34 and LNS13B21
samples. We intend to analyze if the two identified textures were located atthe same
place in the laser tracks.

Firstly, Figure 82 shows the SHG response at 1.25 and 2 pJ/pulse, focusing the
attention on the reference sample LNS34 and on the one with the highest amount
of B,Os, LNS13B21. A correspondence between increasing pulse energy and the
presence of multiple directions in crystals orientation is confirmed and validated at
the same time. Even though it is clearly still evidentthe population that reaches
SHG extremes, the curve relative to LNS13S21 for Y, shows a behavior with two
minima (at 60° and at 130° for 1.25 and at 50° and 150° for 2 pJ/pulse) that are
indicative of the presence of another population. This cannot be noted for
configuration Y.
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Figure 82: Normalized SHG intensity for all glass compositions according to a) Yx at 1.25
ul;b) Yyat1.25ulJ;c) Yxat2 pJandd) Yyat2 pJ

We intend to find a link between the Figure 82 above and the results on textures
revealed in the next Figures 83 and 84-87 where the polar representation and the
EBSD analysis will be reported, respectively, at 1.25 and 2 pJ/pulse.
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Secondly, another way to visualize the laser polarization orientations with respect
to writing direction is through the polar diagrams shown in Figure 84. We chose to
insert also the two found trends at 0.5 pJ/pulse, to highlight specifically how the
“directionality” of SHG intensity at low pulse energy is drastically reduced, in
comparison with the ones at 1.25 and 2 pJ/pulse. This is the evidence of laser
polarization effect. The correspondence between LNS34 and LNS13S21 for 0.5
pJ/pulse at Yy is unequivocal. At 1.25 pJ/pulse, the trend for the two compositions
is completely different, otherwise we could find a partial correlation since it is
indicative of the same direction just shifted from 90° in both glasses but at diverse
configuration, Yy and Y, for LNS13S21 and LNS34 respectively.
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Figure 83: Polar representations for LNS34 and LNS13S21 glasses at 1.25 and 2 pJ/pulse
with three laser polarization configurations indicated by double headed arrows in
coordinates of the reference system: //, 45°, and L.

To validate the results extracted from the polar trends at 1.25 and 2 pJ/pulse, we
performed EBSD analysis inside the laser tracks cross-sections.

According to this characterization, we report the Inverse Pole Figure (IPF), a map
to indicate the crystalline color part on the black background obtained through
EBSD. The color in IPF is based on R3c space group of LiNbOs. Three colors are
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fundamental to identify axes: basicred is used for polar axis of the crystal (0 0 0 1
axis), green and blue for0 11 0 and 1 1 0 0, respectively. This is the so-called red-
green-blue (RGB) color model. The intermediate orientations are visualized by a
RGB mixture of the primary components.

We intend to prove the role of laser polarization on the crystals growth direction
through a comparison between LNS34 and LNS13B21.

Primarily, Figure 84 highlights the double width of the laser track of LNS13B21
compared to LNS34 one in case of configuration Y. Maps are referred to writing
direction. For LNS34, we cannot put in evidence a particular orientation direction
since the presence of different color in both laser tracks at two configurations.
Otherwise, for LNS13B21 itis evident that, at same pulse energy equal to 1.25 pJ,
green and blue color are predominantin case of laser polarization parallel of writing
direction, while red color coincident with polar axis ¢ is the most noticeable at laser
polarization perpendicular to writing direction.
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Figure 84: Inverse Pole Figure (IPF) obtained through electron backscatter diffraction
(EBSD): the color in the black background represents the crystalline part for LNS34 and
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LNS13B21 according Yx and Yy at 1.25 pJ/pulse. Other laser parameters are A = 1030 nm;
f =200 kHz; NA = 0.6; pulse duration = 250fs; focal depth = 240 pum (in air); scanning
speed =1 um/s.

To study the changes on the orientation directions, we reported the IPF maps related
to the three reference directions used during the EBSD analysis in Figure 85.

In the scheme inside the Figure 85, it is possible to distinguish the three directions
of EBSD analysis: Axis 1 (A1 onthe left) which is along laser beam direction when
a cross section is analyzed, and the operator corrected the alignment. Axis 3 (A3 on
the right) is along scanning direction. Axis 2 (A2 in the middle) complete the
reference trihedra. The laser polarization is thus the plane A2-A3.

IPF maps of LNS34 show multiple colors indicating that different orientations
occur, whatever the configuration with respect to laser polarization.

Interestingly, in the case of LNS13B21, except of map referred to A1 that describe
a variability of color corresponding to multiple orientation crystals direction, there
is a prevalence of a particular color in case of A2 and A3: red and green have
emerged at Y, and, on the contrary green and red at Y,, respectively. This is
indicative of crystals growth with polar axis ¢ oriented, parallel to writing direction
in case of configuration Y, and perpendicular in case of configuration Y.
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Figure 85: Inverse Pole Figure (obtained from EBDS analysis) for LNS34 at a) Yy, and b)
Y and for LNS13B21 sample at ¢) Yy and d) Y, coding the crystal orientation according
to the scheme reported in the figure through Axis 1 (A1l on the left), Axis 2 (A2 in the
middle), and (A3 on the right) corresponding to beam direction, laser polarization, writing
direction respectively, at 1.25 uJ and configurations parallel (three maps on the left) and
perpendicular (three maps on the right) to laser polarization. Other laser parameters are A
=1030 nm; f =200 kHz; NA = 0.6; pulse duration = 250fs; focal depth =240 pm (in air);
scanning speed = 1 pm/s.

Figure 86 represents the polar figure maps, plotted in order to get a clear picture of
the distribution of polar axis and to bring out the presence of multiple textures of
LiNbO; crystals. We have to take into account thatpole figure represents crystalline
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direction or a normal plan of material in the sample reference system, while an
inverse pole figure (IPF) shows a specific direction of sample within a crystalline
system. The union of two different way of representation makes more complete the
analysis on crystals and a clear visualization of the distribution of polar axis, to
indicate the presence of two textures.
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Figure 86: Polar figures referred to LNS34 at 1.25 pJ for a) Yy, b) Yxand LNS13B21 at
1.25 pJ for c¢) Yy, d) Yx. where Al is the beam direction (z axis), A3 is the writing direction
(y axis for Yx and Yy configurations), polarization is along A2 (x axis) for Yx and along A3
for Yy configurations.

In fact, even though in a more disordered way for LNS34, it is clear to note the
presence of crystals orientation in Figure 87a and b. The organization of growth
directions becomes definite in case of LNS13B21, as it is possible to see clearly in
Figure 85c and d. These data have confirmed that found in previous Figure 86.
Passing through the analysis of laser tracks cross-sections at 2 pJ reported in Figure
87, itis worth to note that their width is greatly increased in both glass samples. At
high pulse energy, LNS34 shows an evident tendence to assume red color in this
map at Y. This is indicative of a distinct growth direction of polar axis ¢ parallel
to writing direction. For configuration Yy, LNS34 exhibits a map with variable
colors, and itis possible to recognize some “cluster” zone of the samecolor in which
crystals are oriented in the same directions.

LNSI13B21 highlights a multiple orientation in both configuration Yy and Y. in
case of Yy, there is a denser crystals presence in correspondence of the center and
the largest lower part of laser track.
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Figure 87: Inverse Pole Figure (obtained from EBDS analysis) for a) LNS34, and b)
LNS13B21 sample, coding the crystal orientation according to the scheme reported in the
figure through Axis 1 (Al on the left), Axis 2 (A2 in the middle), and (A3 on the right)
corresponding approximately to beam direction, laser polarization, writing direction
respectively, at 2 pJ and configurations parallel (three maps on the left) and perpendicular
(three maps on the right) to laser polarization. Other laser parameters are A = 1030 nm; f=
200 kHz; NA = 0.6; pulse duration = 250fs; focal depth = 240 pm (in air); scanning speed
=1 pm/s.

The polar figures maps reported in Figure 88 point out the considerations until now
presented athigh pulse energy. Specifically, Figure 88areferred to LNS34 indicates
two different orientations: the crystal orientation is accumulated in the polar figure
center, meaning that the crystals are oriented with polar axis ¢ 0 0 0 1 parallel to
laser polarization (along scanning direction).

Figure 88b, referring to LNS34, displays the presence of multiple orientations in
both Yy and Y, configurations.
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The variability of orientations is even more marked in Figure 88c and d referred to
LNS13B21.
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Figure 88: Polar figures referred to LNS34 at 2 uJ for a) Yy, b) Yxand LNS13B21 at 2 uJ
for c¢) Yy, d) Yx. where Al is the beam direction, A2 is the laser polarization, A3 is the
writing direction

5.2 Investigation on nanocrystals orientation and
nanogratings through scanning speed variation

This discussion intends to point out the role of scanning speed on nano-
crystallization orientation and self-organized phase separation. The aim is to
demonstrate the multiple links between scanning speed, crystallization, and
nanogratings formation.

5.2.1 Requirements for nanocrystals precipitation

The starting point of our analysis on material response is to select suitable laser
conditions for verifying the actual precipitation of orientable nanocrystals.
Starting from the LNS glass matrix, the study results have already been reported in
[4]-[6], and [8]-[10].

The three laser modifications regimes, already defined in the previous section, can
be described in another way to highlight other particular parameters involved in the
regimes characterization taken into account in this discussion. The first regime at
low pulse energies corresponds to a zone in which the material stays in glassy state
modifying only refractive index and the fictive temperature, i.e., indication of
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degree of disorder of glass [17], [18]. According to an average incident laser power
of 0.16 W, pulse energies define the second regime with nanocrystals having the
polar axis perpendicular to the writing laser polarization; then, only one texture is
observed. Finally, the third regime occurs at a laser power of 0.32 W where large
crystallites of the same orientation are acquired. This zone presents a part of the
heat-affected volume (HAV) [16] melted and crystallizes through the action of the
peripheral part of the HAV not yet melted.

Figure 89 shows the threshold energy values comparing pulse energy-repetition rate
landscapes of two compositions respectively 32.5Li,0-27.5Nb,05-40Si0, (mol%)
in Figure 89a and 33Li,0-33Nb,05-34Si0, (mol%) (the reference LNS34 in our
experiments) in Figure 89b [2]. The aim is to verify if the LNS34 threshold values
allow falling in the domain of nano-crystallization, looking at the results found for
the glass reported in Figure 73a.

For LNS34, it is possible to note the energy thresholds detected from previous
experimentsin [1], and [19] (T1, T2, and T3 respectively for the three regimes 1,
2,and 3) a little lower than the ones found for32.5Li,0-27.5Nb,05-40Si0, (mol%)
but the formation of the nanocrystals is confirmed [2].
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Figure 89: pulse energy-repetition rate landscape highlighting the three regimes of laser
induced modifications for a) 32.5Li>0-27.5Nb205-40Si0> (mol%) [2], [3]; b) for 33Li>O-
33Nb205-34Si0; (LNS34) (mol%). In addition, the trend of dots written in our experiment
in static mode revealed the energy thresholds for LNS34 [2].

5.2.2 Nanogratingsin LNS and LNSB

Nanogratings are composed of a crystalline phase (in our case LiNbO3) and a
vitreous rich-silica one (SiO; or Si0,-B,03), exhibiting self-assembly lamellar-like
nanostructures that "grow" in the direction perpendicular to the laser polarization.
Their particular characteristic is to be a subwavelength periodic structure i.e., a
period smaller than wavelength (in our case 1030 nm) [6], [20]. In fact, it was
discovered a nanostructure with average nanoplane distance ranges from 250 to 60
nm [10]. An attempt of comparison between LNS and LNSB nanogratings should
be realized employing the same laser parameters, since this quantity is related with
them [21]-[23].

Meanwhile, nanograting were found inside crystals region, but they do not
necessarily cover the entire body of the laser trace, as it is possible to note in Figure
90, referred to our sample LNS13B21. Orange lines are coincident with limits that
enclose the region of nano-gratings that is reduced, at increasing scanning speed,
comparing with all the crystallization zone in each laser track cross-sections.
Knowingthatthe key parameter controlling the orientation of nanostructure in silica
glass is the laser polarization [24], we intend to investigate laser track cross
sections, with reference to the LNS case, widely studied in the literature. In
particular, LNS13B21 laser tracks reveal thatit is notpossible to distinguish clearly
different zones as shown for LNS case.
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Figure 90: Scanning electron micrographs of the laser track cross sections induced by fs-
laser on LNS13B21 glass sample for different scanning speed. Lamella-like nano-gratings
are observed and, for comparison at different scanning speed, the upper and lower zone

limits are bounded by two orange lines [2].

In the case of LNS extensively and previously studied in [4], four zones (identified
with A-D) within the same laser track could be identified when laser polarization is

perpendicular to scanning direction, as shown in next Figure 91.
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Figure 91: Morphology of the fs laser track with laser polarization, along Y direction, is
perpendicular to X direction of scanning: a) SEM micrograph on left side and the
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corresponding IPF coding along laser polarization direction on the right side for 1 pJ/pulse;
b) this is a magnification of Figure 5.22a enclosed in the red rectangle; ¢) scheme of laser-
induces structures, with forces and main parameters indicated: dr is the nanostructures
thickness, Ar is the distance between the dashes, Az is the distance between the
nanostructure lines; scanning direction is along Z, also writing direction is indicated;
morphology of the laser track varying the pulse energy: d) 0.8 and e) 1.4 uJ/pulse. Other
fundamental parameters are: 32.5Li>O — 27.5Nb,0s — 40Si102 (mol%), 1030 nm, 500 kHz,
300 fs, 5 um/s, NA = 0.6, focal depth 300 pm in air [4].

Zone A is the non-irradiated area, Zone B is the one where it is possible to see the
sensitivity to HF etching treatment to the material. In Zone C nanostructure does
not present lamella-like periodic self-organization. In Zone D, crystals with
disordered orientations smaller than the ones in Zone C, are found with a quasi-
periodic nanostructure perpendicular to the propagation direction (Figure 91b). The
head of the laser track shows the nanostructure along laser polarization direction.
This is highlighted in a scheme in Figure 91c, where dashed parallel to each other
with a thickness around 50 nm are marked by dg. Other important parameters are
the distance between dashed identified by Ag, and the distance between these
structure lines marked by Az both around 100 nm (Figure 91¢).

In Figure 91, different pulse energy are reported to investigate how changes the fs-
laser induced nanostructure. Focusing the attention on Zone C and D at increasing
pulse energy, the width of region D expands from about 3.2 to 6.2 um, at 0.8 and
1.4 W/pulse in Figure 91d and e, respectively.

Nanogratings in the LNS34 glass matrix are described clearly by TEM micrographs
in the following Figure 92 [3].

Ay

10 nm

Figure 92: TEM micrographs (bright field mode of self-assembled nanostructure in LNS
glass at various pulse energies (a — b) 0.7, (c — d) 1.3, and (e) 1.8 uJ/pulse. The laser
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propagation direction is perpendicular to the paper plane for (a — d); nanostructure along
the laser propagation direction is illustrated in (e). K is the laser propagation direction.
Writing laser polarization direction is indicated by the green double arrows. The
micrographs are referred to 33Li120 — 33Nb,0Os — 34 SiO2 (mol%), at 1030 nm, 300 fs, 300
kHz, 5 pm/s, and focus depth 350 um [3].

Crystalline phase appears dark whereas amorphous parts are represented in white
lines. The phase separation has not to be complete to reveal the presence of
nanogratings.

The formation of nanogratings can occur only after a sequence of multi-pulses in
conditions of regime 2. Figure 93 below is inserted to show the pulse number effect
on the well-defined organization of nanogratings [25]. Figure 93a represents a
nano-planes discontinuity which its evolution is reported in Figure 93b:
nanogratings are shown with their complete self-organization in nanoplanes at laser
polarization perpendicular to the scanning direction and 103 pulses/um. The role of
laser polarization orientation is highlighted in the next two micrographs of Figure
93c and d: at laser polarization parallel to the scanning direction, and increasing
pulses number, the average size of nanopores diminishes in d with respectc.

0.511),500 'ulseslum_ _ 0.5p, 10° pulses/pm

Laser polarization 0.5, 500 pulses/um

oo 2

Figure 93: Field-Emission Gun Scanning Electron Microscope (FEG-SEM) secondary
electron images of femtosecond laser track cross-section for the writing laser polarization
(a, b) perpendicular to the scanning direction and (c, d) parallel to the scanning direction.
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Other laser parameters are: pulse energy = 0.5 pm/pulse; wavelength = 1030 nm; pulse
duration = 300 fs; repetition rate = 500 kHz; NA = 0.6 [25].

5.2.3 Influence of glass chemical structure and bonding on nano-
gratings formation

It is worth to note that light acts on nanogratings as the laser polarization is acting
on their orientation. Butthen, is light the source of nanogratings formationor, being
they already present within the material, does it simply make them evident? Or
simply, does it modify what thermodynamics wanted to do: a phase separation?
Considering a suitable glass composition, fs-laser may be assimilated to a localized
continuous heating source in average that induces LiNbO; crystallization, through
a partly thermal process [10], [26]. Fs-laser irradiation can modify the glass
homogeneity withoutbeingable to exclude atall that, even the irradiated glass, was
initially not homogeneous. The presence of heterogeneities may affect the possible
material devitrification [27]. It is important to foresee the role and the possible
effect of preexisting defects and impurities in glass. They involved in the
crystallization and the final structure of lamella-like nanogratings. The presence of
nano-heterogeneities could generate a glass dissolution together with the action of
fs-laser heating of the material. A consequent precipitation of nuclei generating
nanomodifications could be assembled and organized gradually in nanoplanes until
forming nanogratings [20]. Therefore, it can be assumed that a driving force exists,
or the nanostructure skeletonis already presentand drives the preliminary chemical
separation [3], [10].

An attempt of explanation of the observed phenomenon starts from the analysis of
the chemical glass structure. In detail, glass contains nanodomains with different
chemistry and nature of the bonds. Komatsu ez a/l. [27] in 2015, discussing the glass
structure influence on laser-induced crystallization, proposed the existence of
nanoscale strong and fragile structures within glass. In particular, nanoscale glasses
fragility is a way to characterize a heterogeneous structure andbonding. A structure
of glass formers (in our case SiO; and B,03) with strong covalent polymerizable
bonds coexists with a fragile one of glass modifiers (as Li,O) with ionic bonds. The
difference in electronegativity between the cations of formers and the ones of
modifiers is responsible of ionic bonds between them. Because of their different
bonds nature, formers crystallization is more difficult than the modifiers one. There
are also the intermediates (as Nb,Os) that adapt their behavior, depending on the
specific former of the glass lattice used. The crystallization nucleation is probably
triggered from non-polymerizableionic parts [27]. The strongdomainsin nanoscale
were localized where we can find nanopores, while the fragile ones tend to
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crystallize, after possible migration from their initial position in the glass network
(maybe Li* and Nb>*), when they are irradiated by laser light beam.

In our case, lithium enters the network in the form of modifier oxide (Li,0) and the
presence of two former oxides implies the possibility of release of more oxygen,
despite the increasingnumber of oxides in matrix has made more difficultto predict
the behavior of mobile ions.

Keeping in mind the possible role of heterogeneities, which can also be called
alternatively inhomogeneities, we proceed to explore nanogratings formation.
Admittedly, itis very intriguing to delve into the origin of nanogratings. There are
lots of attempts of interpretations about nanogratings generation.

We will proceed through a brief overview about the most important contributions
about nanogratings interpretation, until illustrating the link between glass
inhomogeneities and nanograting formation.

Shimotsuma et al. observed nanogratings, induced by fs-laser irradiation, in 2003
for the first time [28] in silica glass. Successively, they were found also in other
glasses: doped silica [29], GeO, [30], [31], TiO, — containing silicate glasses [32],
[33], and multicomponent borosilicate glasses [32], [34], [35].

The first model proposed by Shimotsuma [28] dealt with the interference of the
laser field with the laser-induced plasma waves. Optical properties of the plasma
and local temperature affected the nanograting period. This approach resulted
incorrect at high plasma density and did not correspond with the experimental
observations, excluding the strong dependence on pulse energy of nanograting
period.

At this point, Taylor et al. [36] can be quoted about the evolution of spherically
shaped nanoplasmas. They were produced by hot spots that surrounded in an
inhomogeneous way the defect or color centers, allowing an anisotropic
multiphoton ionization. Bhardwaj et al. [37] highlighted as the periodicity was
determined by the lowest order optical mode of multiple nanoplasmas, that became
comparable to planar metallic waveguides.

Another perspective is nanoplanes trapped in the smallest possible standing wave
cavity inside material proposed by Buividas et al.[38].

An interesting consideration has to be made also about longitudinal periodicity of
nanogratings interpreted by an interference of short-living excitons polaritons [39],
[40]. This scenario needs to low electron densities, since at higher densities the
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interaction between exciton and polariton is widely screened by electron plasma as
soon as it starts to efficiently absorb laser energy [41].

Another approach is proposed by Liao ef al. [42] to show how the excitation of
standing plasma waves at the modified-unmodified areas interfaces plays a main
role on the growth of periodic nanogratings, and their self-organization mechanism
has exhibited similarities with femtosecond-laser-induced surface ripples formation
[43].

Finally, we consider valid the definition of volume nanogratings (VNGs) proposed
by Rudenko et al. as the smallest embedded structures ever created by light [44]
that answers to our initial question. In his numerical investigation about
nanogratings formation mechanism, he proposed an interplay of different
phenomena: an interference between the incident and the scattered waves,
numerous scatterings, local field enhancement and different accumulation
processes resulted by multiphoton ionization [44]. The concentration of
inhomogeneities is fundamental to start the nanograting creation and growth [44],
[45]. He began to explain the importance of inhomogeneities, but its crucial role,
as seeds for nanogratings formation, was well-defined properly by Buschlinger et
al.[46].

Interestingly, this paper [46] is about the interaction of laser beam with nano-
inhomogeneities in silica glasses [47]. Parameters of laser light and free carriers
involved in nanograting formation inside homogeneous materials discussed in
Bulgakova et al. [48] are the starting point of the treatment. Then, Buschlinger
continued clearly, explaining how inhomogeneities allow to strongly amplify the
local intensity and generation of plasma spots. It is worth to note that the exact
shape and nature of initial inhomogeneities do notaffect the ionizationprocess [46].
This is a preliminary condition to have in mind before continuing with the
investigation.

Moreover, two different regimes of local carrier densities achieved during
irradiation were identified. In case of low carrier densities, ionization enhancement
is concentrated around the initial region of field enhancement close to an
inhomogeneity. When carrier densities become higher, a single nanoplasma
creating into an inhomogeneity site expands further ionization in its surrounding
area. It behaves as a seed for the growth of a structure enlarged [46]. The strong
interaction regime is analogous of ionization instability typical of tunneling
ionization in gases [49], [50] and that involved in ionization of transparent
dielectrics [48].

As for the numerical model, refer to [46], for our purposes, we will recall only the
salient points emerged from the simulation results carried out once also the
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inhomogeneities were modeled. Glass as amorphous solid presents local variations
of chemical structure [51] such as voids, gas inclusions [47], [52]. Voids are
considered suitable model for a typical inhomogeneity [46], taking into account
how laser light interacts with randomly distributed nanosized nonuniformities. In
addition, previous laser irradiations on the glass could be responsible of the
presence of material nonlinearities [37],[51]. Itis importantto noted thationization
around a void contributes to obtain the same final plasma structure as ionization
around a region in which it is considered a particular enhanced ionization cross
section [46].

We start the investigation from a spherical subwavelength inhomogeneity where
plasma formation happens inside the sphere because of nonvanishing ionization
cross section [46]. Considering a starting two-dimensional case, the inhomogeneity
site gives rise to a dipole wave, and the latter interferes with the incident plane
wave. It is worth to note that eventually, where the dipole resonance of the sphere
approaches the excitation frequency, the plasma achieves a carrier density. This is
the point in which an exponential increase of carrier density occurs [46]. Now, the
scattered field is the only and actual responsible of the nearest intensity pattern.
Then, an ionized region grows into the direction of the electric field due to the
abovementioned field enhancement. It is fundamental to note that because of
scattering resulted by induced nanoplasma, the final structure is invariant regarding
to microscopic details as shape, size, and chemical nature inside the seed
inhomogeneity [46].

Figure 94 [46] represents how growth in the polarization direction becomes slow
when the resulting structure is not more into subwavelength domain. Interestingly,
the plasmabecomes ananoantennawhose the maximumvalue of reflectivity would
be achieved at size of A/2n. Then, constructive interference with the incident wave
leads to have furtherionization stimulated along the negative propagation direction,
as shows in Figure 94b. This crucial point is characteristic by the inhibition of
lateral growth of the initial structure. Therefore, there is a clear finite size in
polarization direction [46].

Few successive optical cycles are necessary to have a new structure at the intensity
maximum originated by reflection from the previous one. In this way, a tiny seed
inhomogeneity turns out to be a starting point of a periodic plasma chain with
wavelength dimensions and the growth direction is backwards against the
propagation one, as represented in Figure 94c¢ [46].
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Carrier density {m”s]

x (nm)

Figure 94: Plasma density (2D FDTD (Finite-difference time-domain) around a single void
at the coordinate origin for different stages of structure growth. a) Plasma growth in
polarization direction; b) Saturation of growth and generation of a second structure; c)
Periodic plasma structure formed by subsequent growth, considering that illumination is a
continuous wavelength plane wave [46].

Now, we start to explore the random distribution of the inhomogeneities in a three-
dimensional volume. In the case of higher carrier densities, there is a competition
of a large number of plasma structure during the growth process. The resultis the
onset of self-organization, well visible in the following Figure 95 [46].

We can see the same dense growth showed in 2D-case. In addition, their growth
continues until they merge with their neighbors. At this point, extended plasma
planes oriented perpendicularly to the polarization direction are organized. Now, a
destructive interference of scattered and incident light comes into play. Then, we
can see a suppression of ionization directly adjacent to each plasma plane and this
occurs and after enhanced at a distance of approximately A/n [46].

Carrier density (m™)

Figure 95: Carrier density generated by a plane wave normally incident on a half-space (z
>()) with many inhomogeneities. The growth structures direction is backwards against the
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propagation one: from the inhomogeneous/homogeneous border at z =0 and the grating has
a period of ~ A/2n =275 nm. In a) there is a panel with polarization and laser propagation
indicated, while a cut through the grating planes at z=-300 nm is reported in panel b) [46].

Since a simultaneous structures formation and a relevant interaction occur only
during growth, the final period is not completely defined by the position of the
intensity maximum but is also function of growth conditions, such as the density
and ionization cross section of seed inhomogeneities and the excitation intensity
[46]. The formation of plasma structures mainly occurs at the border of
inhomogeneous region and the growth backwards into the unperturbed region at
high intensity (Figure 95). There may be a growth inhibition of their neighbors
where a strong suppression close to the individual structures occurs, then the period
becomes as small as A/2n. It is worth to note that even if interface is the starting
point of growth, the resulting structure formation corresponds to a volume effect
that is not possible to compare completely to the surface grating formation. In
surface growth, there is an interference of dipole radiation initiated at a rough
material surface [53], [54].

In the case of surface growth, the central point is in a “radiation remnant” incoming
from polarization ofarough surface, the so-called “selvedge”,represented in Figure
96 extracted by Ref. [53]. It seems like a dipole sheet of electromagnetic field. In
particular, the material beneath this layer is generated by the superposition of the
incidentwave and the superficial waves resultingby “dipole sources”in the surface.
This coincides with inhomogeneous deposited energy, and consequently the
formation of the rippled patterns [48].

What can play the role of “‘selvedge’’ for volumetric laser energy absorption into
the periodic pattern of the VNG? The “‘forest fire’” model [55] of laser-induced
breakdown of dielectrics [56] emerging in nanoplasma formation [36], [37]
becomes another point of view to clarify the intriguing phenomenon of VNG.



152 Crystallization mechanisms and kinetics upon laser-glass

VACUUM

Figure 96: Scheme of the laser beam geometry incoming on rough surface indicated as
”selvedge™: «i is the wave-vector component parallel to the surface; Oinc is the angle of
incidence Z indicates the positive direction; 1 << is the selvedge thickness compared to
laser wavelength [53]

Buschlinger concluded this treatment by arguing that the inhomogeneities on the
interface are initiation points for growing densely arranged metallic plasma
structures. Indeed, this process produced the self-organized period. When we
compared simulation results with experimental ones, self-organization appeared as
a cumulative effect and, then it needs much lower ionization rates. This model just
presented included a number of inhomogeneities strongly enhanced that
corresponded to a faster material ionization. Therefore, a single irradiation cycle
allows to study the purely optical aspects of self-organization. Buschlinger also
added that due to the influence of polarization and wavelength, optical processes
can be considered dominant in nanograting formation [46].

Nevertheless, it cannot be neglected that the trigger for the nanogratings formation
is photochemical, i.e., there is an interaction between laser light and
inhomogeneities characterizing glass.

Eventually, this is only an attempt nanogratings interpretation based on a synergic
approach to not only study nonlinear beam propagation but to take into account
laser light absorption, physics of laser-induced electron plasma, thermodynamics
of laser-matter interaction, chemistry, and mechanical material response. Then, this
discussion allows to know where to start for exploring a new way that conjugate all
these contributions towards understanding of nanogratings formation mechanism.
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5.3 TTT and CCT diagrams: crystallization dynamics
description by femtosecond laser modification in case
study of LNS glass

Generally, to obtain a target structure with desired final properties, a thermal
treatment is carried out through a heating cycle under specific temperature and
pressure conditions followed by a cooling.

When a glass is invested in the crystallization process, it generally occurs that this
was affected by a cooling rate determined from isothermal time-temperature
transformation (TTT) or continuous cooling transformation (CCT) diagrams.

TTT diagram shows the kinetics of isothermal transformations: firstly, the material
is cooled to a transformation temperature, held for a certain period, and cooled to
room temperature.

Otherwise, in CCT diagram, there is continuous cooling at a constant or varying
rate. Even though TTT and CCT curves are different, they are closely related to
each other, and in fact, the shifting of TTT curve a little to the downward right
allows to obtain the CCT diagram. Moreover, it must be considered that the time
required for a reaction to begin, and the end is delayed; thus, the TTT curves are
moved to longer times and lower temperatures. Figure 97, relative, for example, to
slag treatment, can be considered useful to represent generally and simply the TTT
and CTT diagrams in all cases. Cooling path 1 will form a glassy slag. The cooling
paths 2 and 3 which are passingin the TTT diagram or the CCT diagram will form
the crystalline phases. However, the kind of crystal and its morphology will be
different between the two paths. The obtained microstructure can be controlled
through an adequate cooling path in accordance with the purpose of utilization of
slag [57].



154 Crystallization mechanisms and kinetics upon laser-glass

%, Melting point

TTT diagram

Temperature

Glass region

Time
Figure 97: TTT and CCT diagrams [57]

At this point, it is necessary to discuss how a femtosecond laser would modify this
diagram, in the form of thermal treatment curves on TTT and CCT diagrams, based
on the contents about rationalization of the growth dynamics of Ref. [3].

The study of temperature distribution is fundamental to characterize crystallization
mechanism. If we consider a low repetition rate as 100 kHz, the heat can be carried
away by thermal diffusivity from the focus before arriving the next pulse at a time
scale of 10 ps. Then, time leftis very short, while temperature is not high enough
for crystallization. The investigation around time and temperature allows to define
the conditions for crystallization. The most important requirement is to measure a
period between two sequential pulses smaller than thermal diffusion time; in this
situation heat accumulation is found. It means a thermal diffusion time of length
comparable to the beam radius (i.e., WOZ/Dg, where Dyis the thermal diffusivity, and
wo =1 um typically).

Firstly, the laser irradiation highlights the considerable differences between the
phenomena unleashed in the laser focus area and those that occur a bitaway from
the focus center. The following figure 98a and b makes visible respectively spatial
temperature distribution and time evolution of temperature.

The left part of Figure 98a represents also what happens when a steady state mode
is reached, and, in this case, there are no large temperature variations such that the
minimum and maximum do not change when the scanning speed is low enough.
The average temperature is represented by the blue curve in Figure 98a. First
important conclusion due to these previous considerations is that we can control
temperature distribution on time and in space by employing fs laser as if it were
almost a localized continuous heating source [3].

This consideration is valid also in scanning mode as long as the scanning speed is
not too fast. Then another condition to be attained is that the scanning speed should
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be smaller than thermal diffusion one, i.e., speed <€V—9. This expression is around 10
0

cm/s, while scanning speed is not larger than 625 um/s in our experiments on
LNSB. There is another fundamental threshold value of scanning speed that
corresponds to the crystallization speed. A scanning speed of the order of few um/s
is usually chosen in the range of the typical crystal-growth velocity accordingto the
formed crystals.

Now, we move to examine the time evolution reported in Figure 98b according to
the distance from the beam center of the line on the course of the scanning speed.
Also in time evolution, two different trend we can describe between situation in the
center of laser focus beam and away from the center. When a point is close to the
center of the line, its course allows to cross the center of the beam and then
encounter the largest temperature variations. Otherwise, fluctuations become
marginal and the temperature variation very small [3].

T
a) .. 1 i
T Focus dfame:t A bt wweay from the focus center
A the foxus conter -
e e o
| ,
\.’_\J,V\/\f\w\'\
| | | Y
AR ALAAALSH LA r!
R C~—
LA AMUUY UGN >
EARALSR S L . /
i | Stationary
For static laser distribution obtained
with CW laser
Distance from the focus
T
b)

A bit away from the Lm"/\

Heat affected region /

Figure 98: a) Scheme of spatial temperature distribution achieved by static laser as a
function of distance from the laser focus beam. In the left side there is a representation of
temperature variation at the focus center; the right side shows a position a bit away
according to repetition rate. The area in blue shaded represents the approximated beam
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width. Yellowish and brownish ones correspond to the amplitude of the temperature
variation at the steady state; b) Time evolution of the temperature relative to a fixed point
according to the distance from the focus center in scanning mode. The scanning beam,
arbitrary limited, is enclosed in the red zone [3].

Now, we intend to explore what happens when CCT and TTT curves interact with
the complex thermal treatment represented by laser irradiation of the glass. Always
relying on the deepening about Classical Nucleation Theory (CNT) reported in the
first section of Appendix, we proceed to create a link between CNT and the TTT
curves obtained by integratingin time the nucleation and growth rates and we report
the results schematizing in the following Figure 99a and b.

a) . b) Temperature (°C)
Nucleation rate and growth rate (T<T,,) A

\ / Liquid at equilibrium
Rate T.A257°C Super-cooled liquid or glass ucleatinn fmited
dn/dt ket Ty L Crowinony _ = TTT curve
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Time for obtaining 10°° volume
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Isothermal
treatment

| Blass
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Figure 99: Scheme of the nucleation and growth rates; b) TTT curve derived by time
integration of the rates [3]

The stationary nucleation rate described the number of nuclei per unit time at a
given temperature and is expressed by:

I(T) = % x exp(— i%’)exp(— i:r) (46)

where AGp is the kinetic barrier that corresponds to activation energy to cross the
glass-crystal interface related to a diffusion coefficient (D); AG™ is the energy
barrier to form a stable nucleus to grow; kg is Boltzmann’s constant, and T is the
temperature.

When the temperature is higher than melting temperature (Ty,), the growth is equal
to zero. AG™is high, when the temperature is nearby below Ty, that is relevant for
nucleation process, then the nucleation rate is very low. As temperature decreases,
even AG" diminishes and the possibility of forming seeds increases.

When the viscosity rises drastically, atom movement is limited, and the ordered
crystal structures formation is prevented, and the nucleation rate decreases.

From previous considerations, we deduce that there will be an optimal temperature
corresponding to the maximum nucleation rate. Otherwise, when the temperature is
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almost coincident to T,, AG* decreases and nucleation rate increases considerably,
and it could reach a maximum nucleation rate when AG™ and AGp are of the same
magnitude order.

The crystalline growth rate defines the critical nuclei growth with radius larger that
a critical one and is given by:

C(T) = kic - ka = fAv exp (—ii;;)[l— exp (_i_j;)] (47)

where k. is kinetic constantreferredto liquid-crystal interface; k., is the one referred
to crystal-liquid interface; fis the fraction of sites on the crystal surface, ready for
the attachment; 4Gy is the difference in free energy per unit volume between liquid
or amorphous and crystalline phase; 4Gpin this case is not necessarily the same to
the nucleation activation energy reported above.

Summarizing, the crystal growth rate is larger than the nucleation one at higher
temperatures. If we are dealing with homogeneous crystallization, the fraction of

crystalline partx.is a result of time integration of crystallization rate ﬁ.

When temperature does not depend on time (isothermal annealing), we can
represent the results by time temperature transformation curve (TTT curve in black
in Figure 99b).

When fs laser acts as a particular heating source, we can consider approximately a
constant cooling of the melt: the temperature is decreased from Ty, = 1257°C ata
constant rate in the following Figure 100a.

Otherwise, when nucleation is heterogeneous, only the growth rate is to be
considered and it corresponds to curve in red in Figure 100b [3].

Therefore, a continuouscoolingtransformation (CCT) curve is obtained by the time
integration of the crystallization rate reported in Figure 100. The CCT curve is
deduced from a TTT shifting a bit to the downward right.

Thereason lies in the integration of the lower growth rate duringthe cooling process
from the melt to a given temperature. Thus, the time to obtain the same amount is
larger (i.e., 10-9).

The importance of this kind of representation is in the fact that the transformation
curve establishes a limit for the crystallization domain achieved after a time
dependingon laser thermal treatmentcurve. Moreover,a temperature domain exists
below the melting temperature for which the crystallization rate is the largest.



158 Crystallization mechanisms and kinetics upon laser-glass

Therefore, the evolution of the temperature during beam scanning at the different
places of the irradiated area shows a sudden increase and decrease in temperature.
It is important to consider two different cases reported in Figure 100b and c.
Firstly, when the maximum temperature is larger than Ty, only the part below Ty,
and in the decreasing stage has to be taken into account because higher temperature
removes what happens in the past. Then, laser treatment time starts from the T,.
This is the case represented in Figure 100b where the transformation curve depends
on the nucleation, regardless of whether it is homogeneous or not.

Otherwise, for places where maximum temperature smaller than T, the time origin
is not well-defined and the curve of temperature in function of time is shown in
Figure 100c. In this case, there is a crystallization without meltingand it starts under
the temperature increasing by nucleation.
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Figure 100: a) only the TTT and CCT curves; these curves with laser thermal treatment
curve b) for places experiencing maximum average T larger than Ty, and ¢) for places at
maximum temperature smaller than Ty, [3]

Now, we arrived at an important point of our discussion, the interpretation of
crystallization dynamics, that it will be analyzed referring to the energy
quantitatively deposited on our material. Based on the amount of this energy, we
can distinguish different trends of temperature time evolution.

Firstly, we are in conditions of low pulse energy that corresponds to regime 1 for
LNS glass. This status during fs laser irradiation does notallow a crystallization but
only some modifications of the amorphous area.

When we pass into intermediate low pulse energy corresponding to regime 2 for
LNS, the following Figure 101 is useful to visualize results.
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Figure 101: Time evolution of the temperature relative to a fixed point according to the
distance from the focus center in scanning mode and SEM micrograph and EBSD map of
the cross section of the laser track obtained at intermediate pulse energy in regime 2 for
LNS glass [3]

Crystal cross-sections were strongly affected by irradiation conditions. Focusing
the attention on the left side of Figure 101 above, the average temperature is always
lower than T, and below the maximum growth rate. It is worth to note that a solid
transformation happens. SEM micrograph and EBSD map reveal only nanocrystals
which are found throughout the volume concerned: all crystallized area was hit by
beam light. Then, only the part of the spatial temperature distribution in the beam
crosses the crystallization area. As it is possible to see on the figure, the growth rate
is very low and consequently only nanocrystals show their actual presence
everywhere after homogeneous nucleation. All nanocrystals could be oriented by
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laser polarization. When pulse energy is high and ~ 2 pJ/pulse, referring to regime
3 for configuration close to parallel one for LNS glass, the results are well-defined
by the following Figure 102.
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Figure 102: Time evolution of the temperature for a fixed point according to the distance
from the focus center in scanning mode, and SEM micrograph and EBSD map of'the cross
section of the laser track obtained at high pulse energy in regime 3 for LNS glass. The
green dashed line in the SEM micrograph is the beam boundary, otherwise the red dashed
one highlights the crystallized volume boundary [3].

In this case, we noted that the crystallized area does not coincide with the whole
zone hit by laser beam and the average temperature is higher than T,,. This
particular condition is indicated by red lines and a circle in Figure 101. We noted
that there is a liquid-solid transformation. Otherwise, the average temperature in the
surrounding is lower than T, and solid-state transformation occurs. These two
zones exist but it is not easy to clearly distinguish a boundary between them. To
give a possible explanation of this boundary absence, the results were represented
in the following Figure 103.

The crystallization begins from the periphery by homogeneous nucleation at time
t; at lower temperature than in the center. Nucleation limits the crystallization at the
center from Ty,. As the laser beam irradiation proceed, the temperature in the
periphery increases and nuclei growth starts, while the center crystallization waits
the nucleation. The dark zone in the top is the amorphous region (corresponds to
the green lines) and it generates the “bouquet” aspect. There is a growth front that
propagates from the periphery toward the center followingthese lines. An important
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parameter is the distance between two green lines in the direction of scanning where
an effective growth rate emerges from the multiplication of the intrinsic growth rate
and the opened time at a temperature sufficiently high. The fundamental parameter

in this case is:
_ 6xc

Ax .= —
¢ st

(Trmax) (48)

dt

where aT,,, is the range of temperature on which the growth is active (e <1).

Since the growth front lines are not parallel, the growth rate is smaller at the center.
. . . dr .

The consequence is that the cooling rate, i.e., the slope of prR larger at the center

than at the periphery.

Melting T T

Solid state

A "~ The slope dT/dt is weak
transformation

T aound 1's

Liquid-solid
transformation
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/ - \\'\
t around 1 s

Figure 103: Interpretation of the morphology acquired by high pulse energy (regime 3 for
LNS glass) in the plane perpendicular to laser propagation direction (XY plane). The blue
circle reported inside the bouquet-like laser track cross-section shows the beam size inside
which the temperature is almost homogeneous. The green curves represents the bouquet
morphology illustrated in the map above [3].

If we detected a very high pulse energy, as 4 pJ/pulse, we are in an extreme case
and the thermal-affected area is very higher than the laser beam size. The
temperature is once again above Ty, It is localized by red lines and a circle in which
the temperature is really far than Ty, as shown in Figure 104. A liquid-sold
transformation could be expected in the central area. Otherwise, away from the
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center, the maximum temperature is lower than Ty,,, beyond the red lines, and here,
a solid-solid transformation occurs.
This case [58] is represented in the following Figure 104 in which crystallization
front is illustrated in yellow curve representing the crystallization front. The c-axis
is oriented along the scanning direction.

C axis = maximu maximum growth  Solid state
rate transformation

Scanning direction Liquid-solid

transformation

Crystallization
front

Meltng temperature
line

Figure 104: Time evolution of the temperature for a fixed point according to the distance
from the focus center in scanning mode at very high pulse energy of 4 uJ and formed single
texture interpretation [3]

It is necessary also to give an interpretation of the presence of non-crystallized area
in the section of the laser traces, reported in the following Figure 105.
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Figure 105: Interpretation of the presence of non-crystallized area in the section of laser
traces [3]

There is a nonuniform morphology for parallel configuration in regime 3. Large
grains are distributed throughout the width the cross section, butan amorphous area
is also highlighted in the head of laser tracks. The shape is a tweezers-like zone
grown by solid-solid transformation. Otherwise, the body of laser tracks is
generated from a liquid-solid transformation, according to the scheme reported in
Figure 105. There is another intermediate case, when the maximum temperature of
the treatment curve is just slightly above the melting temperature. This is the
situation in which the cooling is faster, and it could not reach the crystallization
domain in the time-temperature transformation plane.

The presence of two typologies of transformations (solid-solid and liquid-solid)
gives rise to inhomogeneous crystallization. In addition, nucleation and growth in
the first region and only growth in the second one represent two kind of
crystallization mechanisms and then, diverse crystallization rates: faster in the
second than in the first one. The homogeneous case is not depending on the
scanning speed as the inhomogeneous one.

Therefore, a fundamental requirement is to have the scanning speed lower than
crystallization rate of the solid-solid transformation for writing a full crystallized
line [3].

5.4 Laser-induced crystallization domain in LNS34 and
LNS13B21

Nucleation and growth evolution obtained by laser-induced crystallization present
evident differences in our samples upon addition of B,O3;. We intend to analyze
how crystallization domain changes from LNS34 to LNS13B21 [2].

Moreover, analyses are carried out to discover the effect of scanning speed on
crystallization, taking into account the second series of experiments reported in
Section 4.2 and the results presented below. We start focusing on the nanocrystals
morphology depending on orientation, exploring the whole laser track cross-
sections represented on the following Figure 106, at increasing scanning speed
through SEM micrographs and IPF maps obtained in EBSD analysis.

The presence of LiNbO;3; nanocrystals is confirmed by EBDS analysis. The
crystallization is homogeneously distributed except for central part of laser track
from 1 to 100 pm/s. Probably this zone coincides with the region in which no phase
separation was found. Athigherscanningspeed, from 125to 175 um/s, itis possible
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to note a uniform distribution with nanocrystals concentration in the center of laser
track.

25 um/s

10 pum/s

Scanning direction @ Laser polarization @
Laser beam direction l
150 pm/fs 175 pm/s

LTLE

IPF (LiNbO;) color code [/ to the
scanning direction. viee
0001: c axis orientation

rralRiil

Figure 106: Morphology of laser tracks at pulse energy equal to 0.5 uJ according to
polarization configuration Yy: electron backscatter diffraction (EBSD) maps and scanning
electron microscope (SEM) micrographs on the laser track cross-sections induced by fa-
laser on LNS13B21 glass sample and for different scanning speeds. Other fixed parameters
are: pulse energy = 0.5 pJ; configuration Yy (laser polarization // to the scanning direction;
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A =1030 nm; f =200 kHz; NA = 0.6; pulse duration = 250 fs; focal depth = 240 pm (in
air).

TTT diagrams are shown in the following Figure 107. Glass transition (T,) and peak
crystallization temperatures (T,) are quite dissimilar between the two glasses. When
B,0s3 is added to the glass, the incubation time (indicated by a dashed arrow in the
following Figure 107) is drastically reduced. This variation produces a
displacement of the TTT curve and, consequently, an expansion of crystallization
domain LNS34 to LNS13B21.

a b
) Temperature (°C) ) Temperature (°C)
T Liquid &t equilibrium T Liquid at equilibrium
- T,=1257°C N
T.=257°C = .&'w'wnlﬂi “\.uw
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————— Incubation time for a given temperature weveneressenes LNS34 domain

TIT curve for a detectable crystallization volume by eye

Figure 107: Representation of crystallization domain for: a) LNS, b) LNSB glasses in TTT
(time — temperature — transformation) diagram; T: melting temperature of LiNbOs, Tp:
crystallization peak temperature, Tg: glass transition temperature [2]

Each of thermal treatments curves reported on the diagram corresponds to a specific
laser scanning speed, as reported in Figure 108. The effect of scanning speed on the
crystallization domain is represented for LNS34 (Figure 108a) and for LNS13B21
(Figure 108b). The crystallization domains are limited between glass transition
temperature (T,) on the bottom side and melting temperature (Ty,) on the top side.
It is important to highlight that the nucleation top side is not varied because it
depends only on the thermodynamics driving force of the nuclei that we assume the
same for both glasses. When B,0; is added, the viscosity decreases. The growth
rate increases with the strong decrease of the viscosity. These variations cause a
sharp reduction in incubation time. We determine the maximum average
temperature by pulse energy and repetition rate, through this formula E,x RR. No
change of the scanningspeed and only a little variation of the chemical composition
were taken place. When the treatment curves cross Ty, whatever the speed, the
coincidence of time scales between TTT and treatment curve occurs. This
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corresponds to the starting time of crystallization. In the first case, the thermal
treatment at specific speed indicated by v is only tangent to the TTT curve. It must
enter the crystallization nose during the thermal treatment to precipitate crystals.
This corresponds to speed v for LNS34 glass.

For LNS13B21, the crystallization nose is shifted to lower time values relative to
the LNS34 glass. This is in part due to the ease of nucleating and growing crystals
in this glass. This leads to a decrease in the incubation time and the specific speed
indicated by v is now completely in the crystallization domain. Consequently, in
our experiments, it is possible to write at higher speeds for LNS13B21 relative to
LNS34 while line crystallization until 600 pm/s. Moreover, for LNS13B21, T}, also
is much lower: this leads to a shiftin a crystallization domain to lower temperatures.

a)

b)
Temperature (°C) Temperature (°C)
T Liquid at equilibrium T Liquid at equilibrium
L ——" 1.21257°C
uper-coale Mckeatipn mited Super-cooled et
biid or glass b or gass Auies Jotnd

T.2T°C (A e LNSI3B2! crystallization domain

T,=565°C

T,=§78°C
T,=520°C

v

Log (time) Log (time)

Figure 108: Scheme of the effect of the scanning speed on the crystallization for the two
glasses a) LNS and b) LNSB [2]

For LNS34, if we consider a scanning speed of v/2, the thermal treatment curve
may enter the crystallization domain; otherwise, no crystallization will happen at a
scanning speed of 2v. For LNS13B21, both incubation time and T, are lower than
LNS34 ones, and the crystallization domain is closer to the ordinate axis. The
thermal treatment in correspondence of a scanning speed v will now penetrate the
crystallization domain. Then, it is allowed a scanning speed until a value given by
the experiment equal to 5v to achieve the critical value beyond which no
crystallization occurs.

Another value to be considered is the crystallization onset temperature Ty that
depends on the irradiation time. Crystallization occurs when the onset value is
exceeded. This is visible in Figure 109. We observed that as the scanning speed
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decreases, the crystallization onset is reached at lower temperatures, as indicated

by the red edge part of the diagram.
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Figure 109: Scheme explaining the effect of scanning speed on the heat-affected volume

(HAV) width [2]

If we examine the scheme from the point of view of thermal treatment curves, they

proceed to overcome the melting temperature quite rapidly, as itis possible to see

in Figure 110. The faster scanning speed to induce laser crystallization in lines

occurs when increasing the mean power.
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Figure 110: Scheme of the treatment curves crossing the nose of the crystallization domain:
at increasing the scanning speed (v), also the energy power (Ep) must be increased to
preserve the nanocrystal microstructure [2]

5.5 Boron as convenient addition in glass network

In this section, we proceed to consider briefly a boron incorporation into LiNbO;
reported in [59] and [60], as an evidence, by analogy, of the advantageous choice
of boron addition in glass network of LiO; — Nb,Os— SiO; — B,0s.

The peculiarity of boron is the ability to act on LiNbOj crystal structure without
being incorporated into crystal, because of the small radius of cation B3* ~ 0.02 nm
compared to 0.068 nm of ion radii of Li* and Nb>*[59]. The structure of LiNbO;
melt affects the process of its crystallization.

Boron has the propensity to incorporate only into tetrahedral voids of a crystal
structure, specifically according to a part of groups [BOs]*-. It is possible to move
from a bond O — O to an octahedron generated by oxygen—metal clusters MeOg.
Me indicates metal, thus Li or Nb. This transformation implies a change of
polarizability. It can control other physical properties. The characteristic optical
nonlinearity and typical ferroelectricity of this material are due just to the presence
of these clusters into the crystals [59].

Boron is an active chemically dopant that is able to modify crystallization
temperature, viscosity, and surface tension of melts. Crystal chemistry of boron
compounds is characteristic of a two-way hybridization of a boron atom, i.e., sp’
and sp3. The consequent formation is of triangles [BO;]3- or tetrahedra [BO4]>". It is
one of the strongest acceptors due to the presence of a vacant orbital in the small
boron atom. This donor-acceptor interaction brings the coordination number of a
boron atom up to four. Itis possible to form clusters of atoms that surrounds a boron
atom and placed at three corners of the tetrahedron [60]. The fourth corner stays
vacantwith a positive electric field of particular intensity. This explainsthe peculiar
capability of boron compounds to form strong molecular complexes. Triangles and
tetrahedra of boron can be separately exhibited or polymerized between each other
through a common oxygen atom. The bulky polyanions just formed are responsible
of high viscosity of melts [60].

LiNbOj; defects have an important role in the stability of material structure. For
instance, photorefraction effect (optical damage) springs from defects with
electrons placed on them generating photoelectric fields.
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Covalentbonds are predominantin octahedrons occupied by niobium while lithium
ion is bound with oxygen atoms only by electrostatic interaction. The major
presence of covalent bonding allows to generate anion motifs in the melt, such as
NbOy tetrahedra. These oxyanions are localized as complexes with a stable
structure in LINbO; melt. These boron-containingpolyanions create stable covalent
bonds with niobium containing polyanions. The consequent excess of niobium
allows to increase the Li/Nb ration in the melt. The resulted grown crystal reaches
the stoichiometric crystal with regard to the degree of orderingthe cation sublattice.
It is possible to verify a change well-illustrated in Figure 111 [61] in which is
represented the presence of an antisite Nby; where Nb>* cations are placed where
Li* cations were normally found.

In fact, an antisite is defined as a site within a chemical compound in which a
different atom (in our case Nb) occupies a place generally filled by another element
(in our case Li). The boron inserts an additional positive charge in glass network
that allows to decrease the number of Nb antisites [62], and also the one of lithum
vacancies (V).

Figure 111: a) Ideal LiNbOs crystal structure with stoichiometric composition without
point defects (Liri); b) nonideal LiNbOs crystal structure with Nb antisites (Nbr;) [61]

5.6 Conclusions

This chapter contains a comprehensive interpretation of the results from chapter 4,
starting from the investigation of the glass modifications during nanocrystals
formation. Firstly, the interconnection between pulse energy and repetition rate
with laser polarization direction points out the threshold values of thermal power
extensively studied in case of LNS matrix. In conditions of regime 3 at high pulse
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energy, LNS glass exhibits nanogratings and microcrystals oriented with scanning
direction parallel to the laser polarization. Moreover, considering the increase of
scanning speed, we found that the crystals size comparatively increases. It is
possible to already reveal a phase separation between a glass and a crystalline zone.
The SHG measurements are supported by the EBSD analysis combined with [PF
maps. We have only begun the investigation of the LNSB matrix, and additional
analysis will be needed in the future, as TEM for example, to have a clearer picture
of the crystallization mechanisms triggered inside the material through irradiation
with the femtosecond laser. The fluctuation in the nanocrystals direction observed
and different aspect of nanogratings in LNS13B21 sample compared to LNS34
demonstrate the necessity of future work to clearly formulate an interpretation of
its behavior. TTT and CCT diagrams are investigated extensively for LNS34. This
is preliminary to report data for LNS13B21 that highlight the expansion of
crystallization domain, and the crystallization onset reached at lower temperatures.
Then, the boron oxide incorporation in LNS matrix allows to lower glass-making
and crystallization. This leads to a fast crystallization of LiNbOs3. In conclusion, if
we are able to control the femtosecond laser parameters, it is possible to tune the
orientation and morphology of LiINbO; through the modulation of optical properties
as SHG and birefringence in LNSB matrices.
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Chapter 6

Sol-gel process for glass synthesis: a
route towards the fabrication of
Bi2O3 — B203 — Fe203

This chapter focuses on the research activity related to glass fabrication by sol-gel
process finalized to laser irradiation. Then, after a process framing in the various
phases of glass technology and an explanation of its main characteristics and
parameters in Section 1, an overview on nanoparticles and bulk glasses produced
by this method is reported in Section 2 as a short summary of the steps to explain
the reasons behind the choice of Bi,O; — B,0O3 — Fe,O3 (BBF) ternary system for
the hostglass. The main results of this work are reported in Section 3 that is divided
into five subsections. An introductionmotivates the choice of the BBF system from
BiFeOs; before passingto a discussion around Pechini Method, and his modification
adapted to our glass production. Finally, a description of the experimental results,
and their outlook are presented towards future work.
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6.1 Introduction and general features !

6.1.1 General overview of the sol-gel process

Sol-gel process — contraction of the terms solution-gelation — is a well-known
bottom-up procedure to create massive materials such as net-shape or net-surface
objects, films, fibers, coatings, and composites. The use of "soft chemistry"
processes [1], which take place in open containers at a temperature of less than
500°C, aims to renew the solid-state chemistry. Indeed, replacing the synthesis at
high temperatures that leads to the more stable product, the sol-gel route will give
the kinetically favored product at lower temperature. Moreover, this route allows a
wide range of products, in contrast to the traditional glass fabrication techniques
which occur at very high temperature. A colloidal suspension created by
condensation of precursors solution called "sol" starts to become an actual "gel",
i.e., a continuous tridimensional inorganic network containing an interconnecting
liquid phase by hydrolysis and condensation chemical reactions [1]. This gel is
subjected to drying at a low temperature like ~ 100°C. To remove the porosity,
another thermal treatmentof sinteringata temperature near the glass transition (T,).
A clear scheme of sol-gel steps and a different range of products that can be
fabricated is shown in Figure 112 [1].
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! The content ofthis paragraphis also a summary ofall the sol-gelissues reported in my master

thesis redacted in Italian titled “Il processo sol-gel per la sintesi del vetro: dalle nanoparticelle al
bulk” (Polytechnic of Turin, 201 8).
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Figure 112: Scheme of sol-gel steps highlighting the variability of different final products
that can be achieved (adapted from [1])

Until the 1970s, the traditional and principal method in glassmaking was the melt-
quenching technique, a physical methodology that is part of first-generation glass
manufacturing procedures [2]. Despite the fact that chemical vapor deposition
(CVD) [3]and physical vapordeposition(PVD) [4] techniques break outas second-
generation methods, the sol-gel process as a third-generation method stands out for
the countless advantages it brings before and during the synthesis process [5]. For
instance, there is the possibility to realize a highly pure and homogeneous
component at low temperature and also the opportunity of choosing the final
product shape before starting the process. Moreover, the synthesis and its
parameters can be adapted according to the specific application required in various
challenging domains, not only in optics, electronics, and photonics but also in
energy, environment, and biomedical technology [5], [6]. In particular, sol-gel has
been proven to be an enabling technology to carry out SiO, preforms for optical
glass fibers drawing, thin-film coatings [7] of planar substrates and sensors, dye-
sensitized solar cells, fibers by the incorporation of rare-earth-doped glass
nanoparticles [8]-[11] and semiconductor oxide nanostructures [12], [13].

The sol-gel process is also applied to fine-grained advanced ceramics with
ferroelectric, dielectric, piezoelectric, optical, electro-optical, and multiferroic
properties [14], [15].

In the formation of molten glass (melt quenching), the crystalline structure is
avoided through a fairly fast cooling. Indeed, in the case of traditional methods for
glass production, the liquid structure is preserved through the undercooling of the
melt from high temperatures. To obtain amorphous reticular structures in sol-gel
materials, quick and irreversible reactions are carried out. Indeed, in the sol-gel
process, the maintenance of the liquid structure is the prerogative of gelation. In
addition, unlike melt quenching, it is possible to produce homogeneous and highly
pure glasses, after synthesis at room temperature or less than 100° C, which
culminates in gelation, with radical changes on a molecular scale, and subsequent
removal of solvent and water, before the last phase of sintering at temperatures
below the material melting point. It is important to note that the sol-gel process and
melt quenching, both in structural terms and in terms of properties, produce very
different products [1], [16], as shown in Figure 113.
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Figure 113: Comparison scheme between melt-quenching and sol-gel process for glass
synthesis [16]

Below, the main advantages for the sol-gel process are reported [7], [17], [18]:

% the production of highly homogeneous multi-component gels is required in the
case of glass and fiber preforms for optical applications. In addition, thanks to
the control of the structure at the molecular level, we obtain glasses with
unusual microstructures and also new glass-ceramics;

¢ dry gel microstructures can be controlled with a wide range of density, surface
area, and pore size, useful in specific applications such as catalysts, transparent
and impregnating insulators;

¢ sintered glass is produced at low temperature, around the glass transition
temperature, while in normal glass production practices, the liquid temperature
is exceeded by hundreds of degrees. This opens to the possibility of creating
refractory glasses of high purity and homogeneity to overcome phase separation
or crystallization;

% the rheological properties of the sol allow the formation of fibers, films, and
composites through techniques such as spin-coating, dip-coating, injection,
impregnation, or simple mixing and fusion;

¢ the presence of a colloidal solid-state in a liquid medium avoids pollution by
dust dispersion in the synthesis stage, which is an excellent prospect for nuclear
fuel applications;
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% there is the possibility of controlling the kinetics of chemical reactions with low
temperatures and dilution of reagents.

The sol-gel process requires a detailed study because, usually, only a limited

number of parameters can be monitored, thus, making it challenging to identify the

most critical variables depending on the specific properties to be obtained in the

final material.

At the molecular level, the reactions of hydrolysis and condensation from the

monomer to the oligomer and up to the polymer require knowledge of the different

principles on which each step of the method is based.

The conversion from inorganic amorphous polymers (gelation) to glass takes place

in a second passage and precisely at temperatures lower than those of fusion of the

corresponding oxides.

In fact, various scientific disciplines are involved at every stage of the process [18].

Research is therefore interdisciplinary and falls not only within inorganic and

organic chemistry but also within chemical engineering, material science,

mineralogy, and physics, as illustrated in Figure 114 below.
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Figure 114: Sol-gel steps and respective scientific discipline involved [ 18]

The peculiarity of the sol-gel process is the knowledge of what is introduced in the
closed oropen system, and atthe end of the synthesis, the possibility to draw results
with the appropriate characterizations carried out on the material, without having
complete certainty about what happens in the intermediate passages, and it is,
therefore, necessary to control all the stages, in an exhaustive and predictable way.
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This is the most challenging scientific aspect in order to allow the wide diffusion of
this technology at an industrial level.

6.1.2 Sol-gel typical features

The sol-gel process enables the fabrication of complex inorganics, such as ternary
and quaternary oxides, characterizedby a homogeneous distribution of components
on the atomic scale, allowing full control of final product microstructure, even up
to material nanostructure.

The following Figure 115 represents the sol-gel steps reached by chemical reactions
on-going summarized in the list below [19]:

» preparation of precursors solution;

formation of a "sol" by hydrolysis and partial condensation;

formation of the "gel" by polycondensation of precursors solution hydrolysis;
a possible step of aging can be added because of long gel formation and

Y V V

consequent variations in the composition, structure, and gel properties;
drying if gel for production of a dense "xerogel" [20] via solvent evaporation or

Y

an "aerogel" [21] through supercritical drying;
» calcination to obtain the final product mechanically stable.

Solution of precursors Ceramic material

1 Heal treatment

Nl

Hydrolysis l
&
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Polycondensation s
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=
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~
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—

Figure 115: Scheme of different steps highlighted by hydrolysis and condensation reactions
[19]

Chain growth

@)-al

This list is only an indicative sequence of steps, butitcan be manipulated according
to the required final product. The sol-gel parameters controlis fundamental to allow
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variability of final material shapes, and below a set of main parameters to check is
indicated:

v nature and concentration of precursors

nature of the solvent (often also the process catalyst) [22]

the pH of the solution

nature and concentration of additives (catalysts, surfactants, nanostructure
directing agents)

ANENEN

v’ pre- and post-thermal treatments of the materials

v’ aging time

Briefly, an overview of hydrolysis (1) and condensation (2, 3), the fundamental
chemical reactions whose mechanisms regulate the sol-gel process, is shown below
in Figure 116.

=M~-OR + HOH =—= =M -O0OH + ROH (1)

=EM-OH + =M-OH == =M-0-M= + HOH (2)

=M-OH + =M-OR &= =M-0-M= + ROH (3)

Figure 116: The mainreactionsin the sol-gel process of an alkoxide M(OR)4, (1) hydrolysis
of an alkoxy group, (2) condensation of two-OH species, and (3) mixed condensation of a-
OH group and an alkoxy group species [19]

R is the alkyl group. Firstly, nucleophilic addition of a water molecule occurs, and
secondly, alcohol (ROH) becomes a better leaving group by proton transfer [23],
[24].

The nucleophilicity of the inbound group andthe 6* of charge ofelement M regulate
the thermodynamics of the process. The element's electronegativity, the electron-
donating capacities of the OR group, and the stability of the leaving group act on
M.

Furthermore, the kinetics raises with the increment of the difference (N-z), where
N and z, respectively, represent the coordination number and the charge of the
element M [25]. Reaction kinetics is also affected by the complexity of the alkyl
chain due to the steric encumbrance that could create the alkoxide, according to a
nucleophilic substitution mechanism. There is a substantial difference between the
behavior of the transition metal alkoxide and the most common silicon one (N =z),
where neither alcohol association nor oligomerization is noted [25], [26].
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Polycondensation occurs at the same time as hydrolysis, so competition between
them is often triggered. The polycondensation consists of a reaction between
partially hydrolyzed alkoxide molecules and another OH-bearing species by
removing water ((2) in the above Scheme) or an alkoxy group producing an alcohol
molecule ((3) in the above Scheme).

These reactions of hydrolysis and polycondensation produce clusters that gradually
join to form a single 3D polymeric network called gel, in which the viscosity
experiences adrastic increase [27], [28]. Itis a 3-dimensionally interconnected solid
network with the particularity of expanding throughout a fluid medium [29]. There
is a particular classification useful to distinguish different typologies of gel,
depending on the supporting structure of the solid network and its bonding fashion
and the most used source to prepare the solid network reported in the following
Figure 117 [29]:
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Figure 117: A typical classification of gel typologies. The attention is focused on metal-
and polymer complex [29]

Focusing on metal-and polymer-complex, the difference in gel properties between
the amorphous citrate method and the Pechini type in-situ polymerizable complex
(IPC) is in the substitution of water with ethylene glycol. This leads to diverse
chemical reactions in these two methods. The IPC method allows the formation of
a rigid organic polymeric network from poly-esterification between citric acid and
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ethylene glycol; otherwise, the amorphous citrate method involves the formation of
weak hydrogen-bonded-like associates (see Figure 117 above).

During the synthesis of metal oxides, the rates of hydrolysis are high, since the
electronegativity of the oxygen with respect to the metal is intense, and the M — O
— C bonds are highly polarized. Otherwise, the rates of hydrolysis are slower for
non-metal alkoxides (e.g., Si, P, Ge) [31]. During the formation of an oxides
mixture, i.e., a multi-component system, gelation could occur at different times
because of the different rates of hydrolysis of the precursors, and phase separation
phenomena could occur through homo-condensations reactions rather than hetero-
condensation. A solution to this could be introducing a basic or acidic catalyst [30]
to accelerate the hydrolysis of the less reactive precursor or the addition of a
chelating agent for inhibiting the most reactive precursor [23]. The control of gel
properties and final product at each step of the sol-gel process makes this technique
a valid alternative to others synthesis methods. A fundamental parameter is the gel
time that corresponds to the duration of sol-gel transition following a significant
increase in viscosity in such a way that a magnetic stir bar cannot maintain a vortex
in the solution for a long time. The gel structure has to deal with the water content
in the system and the nature and amount of catalyst. In general, SiO, can be obtained
from acidic sol that forms a polymeric linear network with a low density of crossed
bonds or from basic solutions characterized by clusters highly branched, as shown
in Figure 118. This shows the competition between the reactions by noting the
hydrolysis and condensations reactions rates as pH-dependent. In addition, steric
hindrance factors define the condensation and hydrolysis rates, then the choice of
the alkoxy groups affects the reactivity of silicon alkoxides Si (OR)4[19].

Figure 118: Representation of a gel generated by acid (a) and basic catalysis (b) [30]
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Successively, gel drying occurs at 100°C to remove the solvent, primarily alcohol
and water physically bound. During this step, the dry gel formed causes the
deformation of its primitive porous backbone, and many cracks could be generated
[23], [24], [31]. Shrinkage is induced by chemical driving force as condensation
reaction and physical one as capillary pressure. The uniformity of the pressure leads
to uniform network compression, and there will not be fractures. Otherwise, a
pressure gradient is generated by the low permeability of the gel, and then cracks
could be formed by the difference in the contraction speed between inside and
outside the gel. This produces a xerogel, i.e., a product of an uncontrolled drying
with disordered pores. The solution to this problem is to mitigate the possibility of
warping and cracking through aging. Even though the formation of the gel has
already taken place, the typical reactions of the sol-gel process continue leading to
the variation of the material's chemical-physical properties. It is possible to see the
phenomenon of syneresis, e.g., a shrinkage coming from the new crosslinks. This
leads to an increase of gel modulus and viscosity, diminishing the successive
shrinkage during drying.

In other cases, gels form aerogels with liquid pores replaced by air. These are
obtained by supercritical drying (SCD) condition that has a minimal impact on the
structure.

The subsequent thermal treatments are a function of the final product required.
Typical temperatures in which dry gel is heated are in the range of 300-500°C to
remove any residual organics. The last step is the calcination that gives rise to the
most mechanically stable materials [19].

6.2 Overview on nanoparticles and bulk glasses fabricated
by sol-gel process

The first approach with the sol-gel process occurred during the master thesis and
then carried on in the six months pre-doctoral scholarship. During the first year of
my Ph.D. activity at the Polytechnic of Turin, a development of the sol-gel process
for glass formation was carried on starting with a single-component process. This
activity predicted a progressive increase in the number of components until the
synthesis of three-component glasses.

In particular, the research was firstly focused on the sol-gel synthesis of
nanoparticles up to bulk silica glass [32], whose selected results are represented in
Figure 119 a, b, and c. After an exploration of the behavior of silica glass, mainly
aimed at finding the best catalyst for sol-gel hydrolysis and condensation, an
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exploration of the acetic acid role as reagent and solvent in the synthesis process
was also effectuated [33].

In addition, the incorporation of glass nanoparticles doped with rare earths and
active glasses, i.e., special silica-based glasses for applications in photonics doped
with neodymium, was also studied. In this last case, silica nanoparticles and bulk
glass synthesis allowed us to monitor how macrostructure and nanostructure
changed by introducing different amounts of neodymium as a dopant into the silica
network and, samples were then characterized through DLS, FESEM, and XRD.
The starting point was to obtain silica nanoparticles that are suitable for common
photonic devices. The subsequent incorporation of rare earth in the glass structure,
as neodymium oxide, allows obtaining active glasses for advanced applications.
The choice of neodymium is due to a maximum emission intensity in comparison
with otherrare earths [34]. Nanostructure change analysis by introducinga different
amount of neodymium oxide in a silica network was the scope of the experiments.
The investigation was then extended to neodymium-doped bulk glass, adopting a
new methodology based on acetic acid used as solvent, reagent, and catalyst in the
complete absence of water [35]. The neodymium incorporation in the glass matrix
has been demonstrated by FESEM analysis [36]. Different amount of neodymium
is revealed in products aged at room temperature and heated at high temperature by
thermal oven treatment, as reported in Figure 119d, e, and f. Future perspective is
to detectlifetime in fluorescence analysis to confirm the optical properties of doped
glasses. Furthermore, the next step will be to find an application that can take
advantage of the variability of neodymium concentration in a silica glass network
[37], [38]. Another experiment is to synthesize neodymium-doped silica bulk glass
[39], and an example of the samples obtained are shown in Figure 119g.

Finally, duringan interesting tutoring activity on two-components sol-gel synthesis,
the fabrication of aluminosilicate glasses through the sol-gel process [40]-{43] for
fiber Bragg grating glass sensors was also explored to realize SiO, — Al,O3 glasses
of different compositions (mol%) and the products of 90% — 10% and 50% — 50%
respectively are reported in Figure 119h.
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Figure 119: Overview of various products obtained by sol-gel synthesis in Polytechnic of
Turin: a) pure silica nanoparticles (basic synthesis at room temperature inspired by Stober
method with tetramethyl orthosilicate (TEOS), H>O, CoHsOH and NH4+OH); b) small
nanoparticles and aggregates found after pure silica bulk glass synthesis based on TEOS
and use of CH;COOH as solvent and catalyst; ¢) final transparent silica bulk glass obtained
by same synthesis process of b) after thermal treatment at 600°C for 2h at 1°/min; d) fiber-
shape silica glass doped with neodymium (Nd(NO3)3-6H20, 0.5% mol) (molar ratio 1 : 4 :
4 =TEOS : CH;COOH : H2O) after calcination at 600°C for 2h; ) FESEM image of sample
d) at 100X; e) fiber-shape silica glass doped with neodymium (Nd(NO3)3:6H20, 1.5% mol)
(molarratio 1 : 4 : 4 = TEOS : CH;COOH : H>O) after calcination at 600°C for 2h; g)
allumino-silicate bulk glasses at 90% SiO2 — 10% ALOs and 50% SiO2 — 50% ALOs
respectively; h) neodymium doped silica bulk glass after aging at Troom for 24 days realized
only with TEOS, CH;COOH and Nd(NO3)3 - 6H20 (2,3% wt)

6.3 Towards a new synthesis route of Bi,O3; — B,O3— Fe;03

6.3.1 Introduction

The background acquired through the fabrication of two-components materials
leads to proceed towards a sol-gel glass synthesis of Bi,O3; — B,O3; — Fe,O; (BBF)
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ternary system, following precisely the modified Pechini method to be discussed
later in this paragraph. First of all, this configuration is really interesting with
respectto its multiferroicity, and consequently, the characterizing properties as well
as the resulting applications.

This "multiferroic" family, whose name was introduced by H. Schmid in 1994 [44],
belongs to multifunctional materials that show the coexistence of ferroelectric,
ferromagnetic, or antiferromagnetic orders in single or multiphase materials [47].
A distinct advantage is the possibility to control magnetic properties by an electric
field, and then the magnetic state is complemented with the electric state. For
example, the bismuth-based compounds are the typical lone-pair ferroelectrics. The
lone-pair mechanism is generated by an anisotropic distribution of unbonded
valence electrons around the host ion, as outlined in Figure 120. The peculiarity is
that the ferroelectricity of BiFeO; is observed at room temperature. Specifically, a
pair of Bi*" valence electrons in the 6s orbital is not included in sp hybridization
and creates a local dipole. This gives rise to a spontaneous polarization [46] of 100
uC-cm=2below the Curie temperature.

Figure 120: Mechanism promoting the coexistence of magnetic and electric long-range
order: the case of lone - pair in BiFeOs. The two Bi** electrons shift away from the Bi** ion
generating the ferroelectricity and towards FeOs octahedra, giving rise to a spontaneous
polarization P along the [ 111+ direction. Lone - pair is represented by the red isosurface of
electron localization function of BiFeOs [45]

Furthermore, the selection of the BBF system is revealed attractive for advanced
application due to multiferroic characteristics.

In recent years, there has been a growing number of studies on multiferroic
transition metal oxide glasses [47]-[49] because of their technological uses in
electronics, optics, tunable solid-state lasers, and optical telecommunication.

This material is suitable for many applications in data storage, sensors, and devices
for spintronics [46]. It is difficult to prepare BiFeO; for incongruently melting at
934°C that makes hard solid-state synthesis and preferential evaporation of Bi,0;
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at high temperatures. The easy appearance of second phases Bi,FesO9 and
BiysFeOyo bringing impurities makes the synthesis of this material even more
challenging [50].

Otherwise, a long-range periodic antiferromagnetic structure appears below the
Néel temperature equal to 643°C. BiFeO; is the only room-temperature single-
phase multiferroic material among the lone-pairs ones. It presents large and robust
electric polarization and pronounced magnetoelectric coupling.

A summary box of terminology and clear schemes about multiferroics is shown in
the following Figure 121 [45].

Ferroic Ferroic material
Ferroic materials display long-range order with respect to at least one macroscopic Multi-d
property. and they develop domains that can be switched by a conjugate field!™®1™, u il : Order

Magnetoelectric
Originally. anly materials in which a magnetic (electric) field induces a proportional

polarization (magnetization) were referred to as linear magnetoelectrics, asseen in the
fiqure (the prefix linear. which is often omitted. distinguishes this effect from g
higher-order effects with nonli ions). i ics with ic and electric Single-domain

order do not permit the linear tric effect (for example.

as shown in the figure. Occasionally. the term primary ferroic'® is used to indicate
[ ic. ferroelectric, ic and ic order. {{7,@
Field

hexagonal YMnO,). and not all materials displaying the linear lectric effect are
multiferroic (for example. Cr,O,). N days. the term magy ic usually refers The ideal magnetoelectric multiferroic
nonspecifically to any type of coupling between magnetic and electric properties.
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indicates a coexistence of ferroelectric and ferro-, ferri- or antiferromagnetic order in E
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specifically referred to as magnetoelectric multiferroics in anticipation of a behaviour
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Magnetodielectric e @
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which parameterizes a well-defined relation between magnetic and electric fields. Ferroelectric Magnetic
the magnetodielectric effect represents a response function for which this relation
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Domains are regions with a uniform orientation of the relevant order parameter: for
example, the polarization or the magnetization. At least two orientations of the order Magnetic Multiferrolc
parameter [domain states) are allowed for any ferroic material; thus. a typical ferroic
material consists of multiple domains, each representing one of the allowed domain
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Figure 121: Clear terminology and schemes referred to multiferroics [45]

The multiferroic materials for advanced applications [47] have to be synthesized
in a phase-pure form not to reduce their typical properties since it is a big challenge
to produce them without impurities. The choice of BBF glasses for specific
applications in photonics [51] is also challenging because the presence of iron
makes reddish the mixture of the oxide, and then it is necessary to explore optical
transparency [52], being a required condition for laser irradiation.

6.3.2 A brief overview of bismuth ferrite (BiFeO;) and BBF system

Initially, the synthesis of BiFeO; [53] nanoparticles [54], [S5] was preliminary to
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that of a ternary glass. Ferroelectricity and antiferromagnetism coexist in the
multiferroic bismuth ferrite, BiFeOs;, then this is chosen as a preliminary two-
component synthesis product according to this Ref. [56], before proceeding with
BBF fabrication.

BiFeOs is a perovskite with space group R3¢ suitable for specific applications as
information storage, sensors, and actuators. The peculiarity is a magnetoelectric
coupling at room temperature [57]. The Bi** lone electron pair provides a
stereochemical activity that gives its ferroelectric order (T¢ ~ 830°C). The
impurities like Bi,Fe4O9, B1,03, and BiysFeOsg that can appear during synthesis are
removed by the action of nitric acid leaching after the calcination of mixed bismuth
and iron oxides.

Diverse wet chemical syntheses can be employed [58], but only nearly pure-phase
materials were fabricated [59]. Different modified Pechini methods have been
employed, with various polybasic carboxylic acids as complexing agents with or
without ethylene glycol addition as polymerization agents [60], [61], [62]. This is
the rationale behind the choice of starting with binary compounds to achieve
BiFeO; production.

The original Pechini synthesis with citric acid and ethylene glycol allowed the
production of both phase-pure materials [62] and secondary phases [63]. The
presence of the OH-group is crucial for forming phase pure BiFeO;, while the
presence of COOH groupsis not significant [65]. Ethylene glycol was employed as
a solvent for a successful experiment in much larger quantities than when it is used
only for polymerization reaction in an aqueous solution.

A suitable choice of nature and quantity of precursors and organic additives is
fundamental. There is a case in which nitrates and citrates became precursors
reported in [64]. Self-combustion of the gel during calcination could happen in
combination with the evaporation of large amounts of decomposition gases, like
CO [65]. The risk, in this case, stems from the formation of metallic bismuth: this
phase segregation leads to a loss of homogeneity during calcination, even if the
metal is readily subjected to oxidization in the later stages of calcination. The
nitrates of bismuth and iron are the most common cations precursors [60], and also,
in this work, their choice is confirmed.

The properties of the BBF oxides are based on the action of each oxide typology on
the glass network.

B,0s is the former oxide with peculiar characteristics like a strongelectronegativity
element that forms a very small cation B3* (ionic radius 0.27A). In an aqueous
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solution, boron is characterized by two co-ordinates, tetrahedral in borate
[B(OH)J-, trigonal in boric acid B(OH). Both forms are stable in the monomer state,
borate at
pH> 11,boricacidatpH 7. Them, in the presence of B,O3 as a glass former, glasses
are produced over a large range of compositions. B,O3 presents a special anomaly
that consists of the transformation of triangles BO; in tetrahedra BO4, explained in
Ref. [66], which has to be taken into account when boron oxideis used in sol-gel
synthesis.

Fe,0; is the modifier oxide, easy to crystallize and to be complexed by citric acid,
but its high melting point is a disadvantage for the sol-gel process.

Bi1,0; is the intermediate oxide, not a good glass network former because of a
relatively small amount of field strength (0,53) of Bi*" ion, has low solubility in
water; as a preliminary step, it will be dissolved in concentrate HNO;3; before
introduction in the synthesis container to ease the interaction with other metal
oxides during the synthesis process.

The interesting review of [67] and the chapter [68] were the starting point to
understand the Pechini method before proposing a new synthesis protocol.
protocol.

6.3.3 Pechini method overview

The original Pechini method was proposed in 1967 for depositing a dielectric film
of titanates and niobates of lead and alkaline-earth elements to product capacitors
[54]. It consists of a particular procedure of sol-gel synthesis of multi-component
finely dispersed oxide materials, including the formation of complexes and
production of an intermediate polymer gel [69]. Then, metal complexes are
employed to prepare bulk materials, nano-crystalline powders, and thin films. The
main sequence of steps for Pechini’s method is to proceed with an intensive
blending of different cations in a solution, a controlled transformation in gel,
removal of the polymer matrix, and a production of a homogeneous oxide material.
A suitable amount of metal salts alkoxides, according to the molar ratio required
for a particular product, is introduced into a solution of citric acid and ethylene
glycol. Citric acid was selected as a chelating agent for its cheapness and
availability [70], [71].

The formation of citric complexes is needed to balance the difference in individual
behavior of ions in solution and to create a better distribution of ions preventing the
separation of components at successive later stages. The chemical reaction of
polycondensation of citric acid and ethylene glycol begins above 100°C, producing
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a citrate gel. When the temperature exceeds 400°C, oxidation, and pyrolysis of
polymer matrix start, leading to the formation of X-ray amorphous oxide and/or
carbonate precursor. Further thermal treatments contribute to the formation of the
required final product with a high degree of homogeneity and dispersion. The most
important key parameter is pH, and its control influences the extent of cation
binding to the citrate. The optimization is made by introducing ammonia,
ammonium hydroxide, or a similar base to control pH. Itis necessary to check the
solution acidity to prevent the precipitation of individual hydroxides in the case of
multi-component synthesis. The formation of a covalent network is a consequence
of poly-esterification between citrate and ethylene glycol. The ceramic phase is
visible after decomposition or combustion of organics [19], [69].

Nowadays, Pechini’s method is widely employed in a vast range of domains
synthesizing dielectric, fluorescent and magnetic materials, high-temperature
superconductors, and catalysts. Its peculiar simplicity, quite complete
independence of the process conditions from the chemistry of positive ions
contained in the final material, and a low temperature of precursor treatment,
without sintering, producing nanocrystal powders of refractory oxides [69]
constitute the main advantages.

Few shortfalls of this method consist of ethylene glycol toxicity, significant
volumes of organic reagents per unit of product mass, the partial regeneration of
one of the components during pyrolysis of polymer gel (e.g., copper, lead, zinc,
ruthenium, etc.), and a lack of stability of citric complexes of some elements
(bismuth, silicon, etc.) [69].

The chemical Pechini reactions have been described in Figure 122 [29]. In
particular, this is the In-Situ Polymerizable Complex (IPC) method that joins the
metal-complex formation with the "in-situ" polymerization of organics.
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Figure 122: Pechini-type in-situ polymerizable complex (IPC) method: illustration of the
chemical reaction between a polybasic carboxylic acid chelate and ethylene glycol during
the formation of a complex perovskite oxide [29]

The choice of precursors is fundamental to form a homogenous multi-component
gel without any phase segregation, related to the ability of metal cations to move.
For thisreason, the IPC method allows immobilizing the individual metal citric acid
complexesinarigid polymernetwork, maintainingthe original stoichiometric ratio
of metal ions upon polymerization. The polymeric resin with randomly branched
polymers is obtained with metal cations uniformly distributed. Oxide powder is the
product after thermal treatment of polymeric resin at high temperatures above
300°C and, consequently, polymer decomposition.

This method shows advantages with respect to the solid-state reaction technique in
chemical homogeneity, composition control, high purity, and a possible
crystallization at low temperature (i.e., also at 400°C) [29].

Although in the evolution of the original Pechini method, many other carboxylic
acids and polyols have replaced citric acid and ethylene glycol over the years, in
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this work, we chose to finalize the synthesis with citric acid focusing on other
parameters explored and motivated later together with the way to solve the
instability of bismuth citric complex.

6.3.4 The modified Pechini method for BBF synthesis

The modified Pechini process, adopted in this thesis work among the various
BiFeOj; synthesis reported in classification in Figure 123, represents a route for
oxide materials starting with a homogeneous aqueous solution with the desired
cation precursors inside in stoichiometric ratio. After the introduction of particular
additives, the solution is converted to a rigid crosslinked polymer, hindering
segregation of the cations by chemical reactions and evaporation. The polymer is
further converted to a homogeneous oxide powder or film by a successive series of
heat treatments [68].

Conventional solid state reaction

Oxide precursors 4 Rapid liquid sintering

Mechanical activation

[ Metal complex
] l’.\hniificd Pechini
ez Sol-gel ¢ _
BiFeO, | | Polymer complex solution

synthesis | il‘.}i:.'uul gel reaction
Wet chemicalmethods < Co-Precipitation
Hydrothermal
Microwave-Hydrothermal

Sonochemical

| Combustion

Figure 123: Synthesis methods scheme analyzed in the review highlighting the Modified
Pechini as the one chosen in this work [67]

The modified Pechinimethod differs from the original by a diverse chelating agent
that can be used. The creation of metal complexes through the reaction between
metal cations and chelating agents leads to a growing polymer net that can reduce
segregations during thermal treatments in which the polymer decomposition
process can occur at high temperatures. The dehydration process is really a
reaction of esterification between carboxylic acid and alcohol. To form a tetramer
molecule, the resulting product of ester shows an alcoholic group in its left and
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one carboxylic acid group in its right end, so this former can continue the chain
reaction with another di-carboxylic acid and the latter with another di-alcohol
[67].

The use of water provides a route attractive for environmental reasons, being
simple and versatile for many different applications as thin films or coatings.
There are no limitations to the number of cations involved in solution formation,
and this method becomes interesting and challenging the more complex the
productis.

The syntheses of this work were realized following this Scheme of the Pechini
method reported in Figure 124 [68].

stoichiometric ratio of precursors
Addition of polyhydroxy-
carboxylic acid

Addition of polyhydroxyalcohol

Drying and heating to 150-200 “C
for polyesterification

Drying of resin

Decomposition of resin at~ 400 °C
forming porous structure

Heating for crystallization

Figure 124: Flowsheet showing the Modified Pechini method steps [68]

In detail, the chemistry of the three main steps of the modified Pechini process is
described below.

1) preparation of a stable aqueous solution of precursors

The first requirementis the stability of the aqueous chelated solution with the cation
precursors. They have to be soluble in water or aqueous solutions with chelating
agents, and then typical precursors are hydroxides, alkoxides, acetates, chlorides,
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citrates, and nitrates. The cheapest are nitrates, also used for their high solubility.
The concentration of cations is generally in the range from 0.1 to 1 M. Itis critical
to mix cations in the correct stoichiometric ratio. Citric acid is the most common
tribasic hydroxyl carboxylic acid. Then, the degree of protonation of citric acid
depends on the pH with three pKa values equal to 3.13, 4.76, and 6.39. The middle
carboxylic group is the most acidic for the electron withdrawingpower of the a-OH
group, forming the strongest complexes with metal cations.

The complexes stability is a function of pH and concentration; even the bases can
form complexes, but they are weaker than the ones created under acidic conditions.
In addition, other important factors for stability [ 72] of chelate complexes are cation
charge, size, and the number of valence electrons.

Typically, citric acid is added in excess according to molar ratio citric acid: cation
from 1 to 3 [73], [74]. This ratio is fundamental to reaching a successful synthesis.
Another essential condition is to study the proper introduction order of cations and
chelating agents, following the rule that the cation forming the most stable chelates
is introduced firstly and the one creating the least stable lastly [72].

The polymerization into a resin is obtained easily with the suitable addition of
polyalcohol, like ethylene glycol, in the minimum amount necessary to
esterification reaction. This issue was very controversial in the past[75], [76], but
nowadays, it is common to introduce it in the same molar ratio as carboxyl acid.
The pH of the solution and the presence of protonated carboxylic groups affect the
poly-esterification reaction [70], [71]. In a few cases, nitric acid has to be added in
solution to catalyze the polymerization dependent on the original pH, or the base
addition is necessary to increase the pH avoiding the precipitation of salts in
solution [77].

2) drying and heating of the solution to form a solid polymeric resin

The first thermal treatment of cation precursors stable aqueous solution is drying at
temperatures in the range of 110-150°C to remove water. It is essential is to avoid
salts precipitation, which may affect the homogeneity of the final product. Since
the viscosity increases during drying, the solution is finally turned into a polymeric-
like resin. It is also possible to predict some precipitation that can occur before
synthesis, as guaranteed by the sol-gel process in general. Basic cations precipitate
as nitrates, chlorides, acetates, and chelates from a chelating agent during water
evaporation. It can be noted a large increase of volume, by further heating of
polymeric resin, due to release of water from hydrated chelates, decomposition of
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complex anions from the precursors and the organics. The presence of foam avoids
the segregation of cations during the process for a long diffusion path created by
the gas development. It is possible to see some reactions that make the aqueous
precursors' solution a brittle voluminous spongy-like material [68].

3) decomposition/combustion ofthe resin to produce an amorphous oxidefollowed
by crystallization of the desired oxide phase
The third step is decomposition to remove the organics from the polymeric resin.
Thermal decomposition for the resin typically occurs at 400°C. Each system has a
typical crystallization temperature even low than 400°C. The decomposition
process is exothermic, simultaneously at the crystallization; then, it is also
challenging to find the actual crystallization temperature [78]. If there is a
metastable phase, it could become a thermodynamically stable phase [79]. There
could be a possible formation of carbonates from the decomposition of organics
during the preparation of very basic cation oxides.
When the required product is a thin film on a substrate, it could be obtained by
classical spin or dip coating. Successively, the drying of precursor film on a hot
plate and the decomposition step of organic additives and complex anions from the
precursors are the two stages, sometimes performed at the same time by a unique
rapid thermal process. The type of nucleation to form the microstructure depends
on pyrolysis temperature, heating rate, and crystallization temperature [85]. The
thickness of each deposition can be established from a few to hundreds of
nanometers by changing the viscosity of the solution or the spinning or dipping
speed [86], [87]. The thickness couldbe increased by repeating the deposition many
times.
Some inconveniences can result from incorrect stoichiometry because of the
presence of crystallization water in nitrates and adsorbed water to be dried before
use. Another phenomenon to avoid is the precipitation of the crystalline phase
before the formation of the polymeric resin, considering the complexation of the
less-soluble salts. It can be solved by varying the cation precursor or the chelating
agent.
Some red-ox reactions between the organics and the cations can also occur in some
cases give elemental metal like Bi, which could be solved with the same variation
above [80].

6.3.5 Towards successful composition: focus on three experiments

The preliminary stage for three-component synthesis is to study the ternary phase
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BBF diagram in Figure 125, in which there are also the terns of compositions
already explored.

Glass compositions found by Hashimoto and Qiu enclosed in the yellow region are
reported together with compositions in which there was crystallization [46].

The presentation of three main experiments at the end of the paragraph will explain
how this composition was logically chosen.

Fez203 ® Glass (Hashimoto)

100% © O Glass (Qiu)

[ Crystallization (Qiu)

e B203 (40%) - Bi203 (30%) - Fe203 (30%)

%g )% % 2 %
mol%
Figure 125: Glass-forming region for Bi2Os - B20s - Fe2Os system enclosed in yellow [81]:
the final and successful composition is reported in light blue point

A first preliminary synthesis test with binary system Bi-Fe was performed. For
producing bismuth ferrite (BiFeOs), the modified Pechini sol-gel method was
employed using citric acid as the chelating agent. A fundamental step is the
definition of a binary composition for the first experiment preparation with Bi,O3
and Fe,O; for BiFeO; nanoparticles following the synthesis reported in Ref. [56].
The reagents used in the present work were analytical grade bismuth nitrate
pentahydrate (Bi(NOs3);-5H,0), iron nitrate nonahydrate (Fe(NO3);-9H,0), citric
acid (C¢Hg0O), ethylene glycol (C,H¢O,) and acetic acid (CH;COOHR).

Below, the description of various synthesis steps in detail before proceeding with
the BBF ternary system.

The stoichiometric proportionof Bi(NO3);-5H,0 and Fe(NO3);-9H,Owere initially
dissolved in 400 ml deionized water with an individual concentration of 0.025 M.
The solution was stirred for about 30 minutes to obtain a clear solution. When the
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solution was transparent, 0.02 mole of citric acid (C¢HgO7) as the chelating agent
was added to the solution to complex the metal cations.

The solution was then stirred and heated at 70-75°C for 8-10 hours until to form a
transparent blackish-red sol. The temperature control was effectuated by a suitable
probe to have for all the processes a temperature constant as shown in Figure 126.

Figure 126: Solution of first attempt with a probe to maintain a constant temperature of
75°C during the process

The pH of the solution was maintained in a range of 1-2 by adding NH,OH
dropwise.

This first attempt has been interrupted at this point for the following explained
reasons:

1) The solution has never become transparent after 30 minutes

2) A test with equimolar concentrations between precursor salts and citric
acid is required

3) Itis necessary to verify if there will be complete salts solubility in water,

and the solution will become transparent
4) In the modified Pechini process, water must be evaporated to form the
polymeric resin.
Six actions for the modified Pechini method employed in this research work were
necessary during the synthesis process to obtain the polymeric resin:
e Solution of a suitable HNO3 concentration to dissolve Bi(NO3);-5H,0 and
also to act on the difficult stability of the bismuth salt
e The proper molar ratio between citric acid and metals that it has to be not
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more than 2
e Definition of introduction precursorsorder based on stability complexes with
citric acid
e Control of pH by ammonia
e Control of temperature
e Control of the amount of H;O and NH;
Successively according to the reasons and actions necessary explained above, the
three most important experiments for BBF system synthesis will be illustrated
below in a detailed way.

1. First experiment with boric acid as a precursor of boron oxide

A composition of 60% B,0O; — 30% Bi1,0; — 10% Fe,O3; (mol%) is the first that
provides small preliminary results for the synthesis of a ternary glass, and the
procedure is explained below and reported in Figure 127.

The methodology presents some modifications of Ref. [56] used for the
nanoparticles of BiFeOs. After preparation of a nitric acid aqueous solution 2M and
the successive addition of suitable moles of Bi(NO3);-5H,0 in a falcon vial, another
aqueous solution with citric acid is stirred in a graduate cylinder. In another falcon
vial, a solution with a suitable molar ratio of Fe(NOj3);-9H,0 and H3;BO; is made.
It is necessary to proceed by the addition before of Bi(NO3);-5H,0O solution and
successively the citric acid solution. Only at this point, the solution was heated at
75°C to form a transparent blackish-red sol, maintaining the pH of the solution
between 1-2 by adding ammonia solution dropwise and keeping revolution per
minute under control as the water evaporates. The solution does not become
blackish red, but it remains yellow opaque. Only an increase in viscosity is visible
when the solution has reached the volume of approximately 1 ml. There are no
analyses of this sample. Then, the choice of another composition was the next step
to solve precipitates formation in the bottom of the container and a few amounts of
B,0; former oxide.
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Figure 127: Sample in a falcon vial a) before the addition of Fe and B component; b) after
the introduction of all the precursors; c) in the beginning of its heating at 75°C; d) solution
after a few hours of heating; e), f) suspension after heating not finished yet, some white
precipitates are visible in the bottom of the vial; g) suspension at the end of the process is
dark yellow not red; h) thin-film deposed on glass slide after synthesis to check its
consistency

2. A second experiment with boric acid as a precursor of boron oxide
A new composition is prepared by 40% B,03; — 30% Bi,03 — 30% Fe,O3 (mol1%),
with these two following crucial actions necessary in this experiment compared
to the previous one:
1. addition of boron excess due to the difficulty of the boron oxide to enter
the glass network
2. Fast addition of the citric acid moles equal to the sum of one of the three
precursors to avoid the formation of precipitates.
The main process steps are shown in Figure 128. The solution became blackish-
red and jellified after 5 hours. The temperature was maintained between 70 — 80°C
during all the processes until the formation of a red polymeric resin. Finally, it is
deposited by spin coating on a glass surface, as shown in Figure 128g.

Figure 128: a) yellow and transparent solution after citric acid addition; b) solution at 70°C
with starting change of color to red; c) solution at 75°C; d) last 10 ml of solution at 80°C;
e), f) red resin at the final stage; g) glass slide with solution after spin coating at 2000 rpm
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After ten days, a few red aggregates on the glass surface are to be checked for their
possible crystalline nature that has to be avoided before laser irradiation, as
highlighted in Figure 129.

Figure 129: Few red aggregates on the glass that probably indicate a surface crystallization

A TG-DTA analysis of the resin is done and represented in Figure 130. This is a
preliminary step before carrying out further analysis necessary to identify the
highlighted peaks. The drastic weight reduction at 200°C corresponds to the
removal of the liquid component.
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Figure 130: TG-DTA analyses of red polymeric resin
3. Third experiment with boric acid as a precursor of boron oxide

The same previous composition and two necessary actions indicated above in the
precedent experiment were used in this last one, with the results summarized in
Figure 131. The solution became blackish-red andjellified after 3 hoursand 30 min.
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Figure 131: yellow and transparent solution after citric acid addition; b) solution at 38°C;
¢) solution at 66°C; d) solution at 70°C; e), f) solution at 76°C; g) solution at 78°C; h) red
resin in the end of synthesis

During the increase of the sample viscosity in the final step, the resin was trasferred
in a mold by Pasteur pipette as shown in Figure 132b. Part of the resin was heated
at 100°C for 7 hours, resulting in the aspect shown in Figure 132g.

Figure 132: a) mold; b) transfer of solution in the mold by Pasteur pipette; c) full molds; d)
full dry mold; e) consistency of resin in the mold; part of resin was spread on two glass
slides after spin coating at 2000 rpm, and this is the resin aspect f) before and g) after
thermal treatment at 100°C for 7 hours

6.3.6 Activity outlook and future improvements

An important remark is that, even though promising results have been achieved, it
is not yet possible to complete the synthesis, and the steps carried out have been
highlighted in Figure 133:
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Addition of polyhydroxyalcohol

¢ |
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Decomposition of resin at~ 400 °C
forming porous structure
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Complex oxide

Figure 133: Modified Pechini method steps carried out, highlighted in red rectangle [68]

Indeed, it is possible to proceed with an XRD analysis of the resin to ensure that
there was no surface crystallization of heterogeneous type. Further heat treatments
and thin-film depositions with spin coaters are desirable to control optical
transparency,a limiting parameter for futurelaser irradiation. After further analysis,
another experiment with the same composition would be carried out to verify the
repeatability of the process. The objective is to make this procedure an innovative
synthesis protocol for the ternary system 40% B,0; - 30% Bi,03 - 30% Fe,0s.

To conclude, the composition control that the sol-gel methodology allows on
nanoscale is a guarantee to have a glass in optimal condition, without having an
early crystallization before proceeding with laser irradiation. Moreover, the sol-gel
method has the possibility of obtaining composition not attainable with melt
quenching in particular for multiferroics. Sol-gel could be also more convenient for
applications, since the sol can be spin coated on a substrate allowing to form a thin
film of the material to be modified. That would allow integration of the
femtosecond modified structure on e.g., waveguides in silicon photonics.

6.4 Conclusions

This chapter relates on the chemical synthesis process of sol-gel, that works better
for multiferroic materials as Bi,O3 — B,O3; — Fe,O3 (BBF). The possibility of a
detailed parameters control allows to prefer this chemical technique over the
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conventional melting quenching one. A sol becomes a gel after several steps,
starting from the nanoparticles formation and up to a bulk material after multiple
thermal treatments. The exploration of the peculiarities of ternary glassy system
chosen provides the reasons to select the modified Pechini method as the best sol-
gel process for BBF material. Three main steps can be identified: 1) preparation of
a stable aqueous solution of precursors; 2) drying and heating of the solution to
form a solid polymeric resin, and 3) decomposition/combustion of the resin to
produce an amorphous oxide followed by crystallization of the desired oxide phase.
The suitable choice of initial chemical composition is studied through ternary phase
diagram, focusing the attention to be at the limit of the crystallization zone without,
in fact, going beyond it. Three different key experiments are reported to explain the
logical process followed to setup the best synthesis for BBF. Six actions are
revealed fundamental: preparation of'a solution with a suitable HNO3 concentration
to dissolve Bi (NOs3);-5H,0 and also to act on the difficult stability of the bismuth
salt; verification that the molar ration between citric acid and metals is not greater
than 2; definition of introduction precursors order based on stability complexes with
citric acid; control of pH by NH3, of temperature and of the amount of H,O and
NH;. It was not possible to finish the Pechini process to synthesize a material
suitable and ready for femtosecond irradiation but, so far, the results about resin
production have been encouraging.
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Chapter 7

Conclusions and future outlooks

Two goals have been pursued in this Ph.D. thesis, in the contextof the NANOMAX
project: 1) the fabrication of advanced optical glasses and 2) their 3D-
nanostructurating by femtosecond laser for photonic applications. Below, the most
relevant results achieved will be summarized as preliminary conclusion before
outlining future outlooks in the following section.

7.1 Main achievements

Firstly, the synthesis of bulk glasses following two different techniques, sol-gel,
and melt quenching, has been carried out.

On the one hand, the multiferroic Bi,0; - B,O; - Fe,O3; (BBF) glass was chosen,
proposing an innovative sol-gel process carried out by modified Pechini approach,
after the study of different methodologies extensively explored in literature. Even
though promising results have been achieved, it has not been possible to complete
the synthesis and extend the work to femtosecond laser irradiation yet. Then, after
acting on the control of multiple parameters (precursors concentration, molar ratio
of citric acid/metallic ions, precursors introduction order, pH, temperature, amount
of H,O and NH3), the perspective is to make this procedure an emerging synthesis
protocol forthe ternary system of composition40% B,03 -30% Bi,03 - 30% Fe,0s;.

On the other hand, this thesis work has significantly investigated the laser-matter
interaction through fs-laser induced modifications inside Li;O — Nb,Os— SiO; —
B,0O5; (LNSB) glasses, fabricated by conventional melt quenchingmethod. First, the
work was conducted on a reference glass in the ternary Li;0O — Nb,Os— Si0;, (LNS)
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system. Evolution in morphology, crystallization, and nanostructure upon fs-laser
irradiation have been examined through polarized light microscopy, chemical
analysis, and optical properties measurements (birefringence, index variation,
second harmonic generation, SHG). Laser polarization dependent nanocrystal
orientation and oriented nanostructure formation found for LNS were also
confirmed in the case of LNSB. New potentials were revealed, including enhanced
the optical properties such as birefringence, along with tunable SHG.
These findings may facilitate the integration of functionalized 3D glass-based
optical devices for photonic applications (e.g., frequency convertors, light
modulators, phase optical elements, photonic circuits).
Regarding the five objectives proposed in Chapter 1 and below reported, we intend
to verify them qualitatively and quantitatively:
1) Clarify how three threshold regimes of LNSB glasses vary with the four
laser parameters considered in this thesis work;
2) Determine the chemical distribution and the evolution of glass
nanostructure as a function of B,O3 content in the glass matrix;
3) Control of both size and orientation of laser-induced nonlinear LiNbOs
nanocrystals;
4) Investigate relationships between fs laser-induced modifications and
macroscopic optical properties;
5) Investigate the driving effects / mechanisms behind the fs laser-induced
properties in LNSB glasses compared with LNS ones.

Initially, melt-quenching technique was used to fabricate optical oxide glasses. The
selection of glass compositions required to allow the control of the variation of
laser-induced optical properties and, most of all, the variation of volume fraction of
active phase crystalline dispersed within the glass matrix.

3D modifications were studied in four glass compositions, and varying four main
laser parameters: pulse energy, repetition rate, light polarization and scanning
speed. Studying the transformations in a pulse energy - repetition rate landscape,
complemented with variation of laser polarization and scanning speed, energy
threshold values for LNSB were found slightly lower than LNS ones [1].

These values allow to investigate the static crystallization ones by detectionof SHG
varying pulse energy and repetition rate. Green light emerged from the sample is a
first criterion to be validated for a nonlinear crystals precipitation. In addition, we
found that incubation time, as fundamental parameter characteristic of the static
dots irradiation, is drastically reduced in LNSB samples compared to LNS ones.
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Specifically, at a delivered power of 100 mW, LNS13B21 reveals an incubation
time equal to ~1 second, that becomes of ~10 seconds for LNS20B14, until ~20
seconds for both LNS27B7 and LNS34 [2]. This has demonstrated that incubation
time varies in function of glass compositions.

Nanocrystals size and orientation SHG measurements validated by EBSD analysis
have confirmed the presence of nanocrystals and the role of polarization effect.
Comparing0.5 and 1.25 pJ/pulse, we founda strongmodulation atlow pulse energy
and the presence of two textures is characteristic of two minima identified for
configuration Y, butnot for Yy, at increasing pulse energy. Differences are evident
for each glass composition, as the pulse energy increases. But it is difficult to draw
definitive conclusions about trends as the amount of B,O3 increases. A preferential
orientation of ¢ polar nanocrystals axis perpendicular to laser polarization is
revealedat0.5 pJ/pulse[2]. We have noted that, atincreasingpulse energy, addition
of B,O3; made very difficult to classify a trend referred to a particular pulse energy
value in a unique way for all the four glass compositions. Unpredictable effects
have been reported with B,O3 addition on the shape of the SHG curves and on the
formation or not of two crystals textures. Then, in more depth, it was necessary to
verify by EBSD maps some correspondence with SHG measurements, highlighting
firstly nanocrystals precipitation and secondly large zones with the same textures at
highest pulse energy. Fs-laser has modified the material into its bulk bringing out
the birefringence characteristic of LiNbO;. We have studied the aspect of the
irradiated lines by retardance measurements at increasing of scanning speed: the
LNS13B21 has highlighted an enhancement of the maximum response, precisely
twice larger than the one of LNS34 [1].

In addition, we stated that the light created the smallest self-organized structure,
1.e., the nanogratings that are considered responsible of the birefringent response of
the irradiated lines.

Furthermore, as shown in comparison between LNS13B21 and LNS34, the B,0;
addition in glass network also affected the chemical distribution and the evolution
of glass nanostructure. We have discovered a phase separation into nanogratings
revealed by SEM-EDS, varying scanning speed. It is not possible to highlight a
specific trend at increasing scanning speed, but it is necessary to explore deeply the
nanogratings morphology and structure.

Finally, we have studied how femtosecond laser modified CCT and TTT diagrams,
focusing the attention on time and temperature, as conditions to define the
crystallization. In fact, we have characterized crystallization mechanisms by
studying the spatial temperature distribution and the time evolution of the
temperature, considering the laser as a localized continuous heating source. Then,
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nucleation and growth rates entered to play into the CCT and TTT curves. Upper
limit is constituted by melting temperature and lower limit is defined by glass
transition temperature. The consequence of B,O; addition is an expansion of
crystallization domain.

Specifically, no crystallized lines at 1 pJ/pulse and 200 kHz were detected at
scanning speed beyond ~100 um/s for LNS34 and beyond ~600 um/s for
LNS13B21. In conclusion, SiO, substitution with B,O3 in increasing quantities
(from 7% to 21% mol) leads to a fast crystallization of LiNbO3; nanocrystals
induced by fs-laser irradiation[1].

7.2 Future outlooks

This section contains the specific guidelines towards new scientific and

technological developments based on this Ph.D. work. The next steps to take for

the advancement of this research should address the points listed below:

1) Femtosecond laser irradiation of B,O3;— Fe,O3; — Bi,0O3 (BBF);

2) In-depth investigation of the differences between the crystallization rates of
LNS and LNSB glass matrices;

3) Modeling of Fourier heat equation to give further insight in the heat dynamics
of the heat affect zone;

4) Synthesis, irradiation, and characterization of following ternary glass matrix
Li,0-Nb,05—-B,03, starting from studying B,O3-containing glass behavior.
Regarding sol-gel synthesis, it is possible to proceed with an XRD analysis of the
dried gel to ensure that there was no surface crystallization of heterogeneous type.
Further heat treatments and thin-film depositions with spin coaters are desirable to
control optical transparency, a limiting parameter for future laser irradiation. After
further analysis, another experiment with the same composition would be carried
outto verify the repeatability of the process. The objective is to make this procedure
an innovative synthesis protocol of the ternary system BBF to irradiate with

femtosecond laser.

Then, in the future we consider making other attempts to find glass matrices that do
not promote crystallization upon glass fabrication, while enabling fast
crystallization during laser irradiation. The results obtained are to be deepened by
adding detailed analyses to find the amount and nature of the elements present. Li*
could easily migrate and remain on the surface, Nb>* instead in depth but there are
analyses to be made to validate this, for example by TEM. Also, the chemical
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migration is to be investigated carefully to verify the presence and the amount of
Li" on the surface by XPS analysis.

It is important to verify phase separation and obtain further SHG measurements on
samples with increasing scanning speed. During the in-depth analysis of
nanostructure, it is fundamental also to focus on a new investigation of
nanogratings. Connected with nanogratings formation, we intend also to start from
a preliminary examination of heterogeneities in glass before irradiation by SEM, to
verify if they could be some trigger points for nanogratings.

Considering the fact that boron does not enter into LiINbO3 network and the small
radius of the B3* cation, it could be attractive to analyze if boron is present really
only in the vitreous lamellas of nanogratings.

Indeed, more in-depth spectroscopic (e.g., Raman spectroscopy) analysis could
provide information onthe different phase changes and the structure of the modified
glass.

It cannot make a general declaration in a comprehensive way about how
temperature affects boron coordination; itis necessary a more accurate and in-depth
analysis using spectroscopic properties (e.g., Raman spectroscopy).

It would be necessary to make other measurements of SHG with varying scanning
speed, not only on LNS34 and LNS13B21 but also on the "intermediate"
compositions LNS27B7 and LNS20B14, to study the simultaneous effect of the
composition of the glass and the scanning speed on the SHG.

Furthermore, it would be very useful to collect further EBSD maps for all the four
glass compositions to verify how the nanostructure changes varying glass
composition and also scanning speed.

Further modeling work, in particular using the Fourier heat equation, is required to
study the temperature distribution and evolution during irradiation, which could be
very interesting to highlight a detailed comparison between LNS and LNSB.

Heat equation modeling could also become a further tool to promote the choice and
to select a suitable composition of this following glass matrix Li,O—Nb,0Os—B,0s;.
The first reason of this preference is chemical: boron addition in glass network is
advantageous for crystal nanostructure. We found and started to demonstrate this
statement employing the quaternary glass matrix Li,O—Nb,05—Si0,—B,0;. We
could foresee the relevant benefit in having a glass matrix free from SiO,, even
though a cautious synthesis is to be made for the boron easy propensity to a surface
crystallization after quenching. It is necessary a thorough study of Li;O—Nb,Os
B,Osphase diagram to choose a suitable composition also to foster fs-laser induced
crystallization.
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This work is pioneering for future development in different research fields,
suggesting a multidisciplinary approach to be adopted: nonlinear optics
(nanogratings and specific applications), material chemistry, laser-oriented
crystallization of glass materials, plasma, and quantum physics, nonequilibrium
thermodynamics. By combining the choice of laser parameters with a suitable glass
composition based on the nonlinear optical properties expected, it is possible to
address towards the specific optical and photonic applications to be achieved.
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Appendix

A - Classical Nucleation Theory (CNT)

This model proposed by Gibbsis a theory aboutnucleationof a new thermodynamic
phase, liquid, or crystal. Thermal fluctuation of the chemical composition is the
cause of homogeneous nucleation in the liquid phase or glass.
In case of formation of a spherical nucleus, change in free energy corresponds to
the sum of surface term (positive) and bulk term (negative) as:

AGr= 4mrey + § nrAGy (A49)

Where 4Gr is the total free energy change, 7 is the radius of the nucleus, y is the
specific surface free energy of the critical nucleus-melt interface, and 4Gy is the
difference between the free energies of crystal and liquid per unit volume.

In super-cooled liquid, 4Gy is associated with the liquid-crystal transformation,

given as:
AGyv=AHy- TASy (A50)

AHy=-L, (AS1)

Where 4Hy (< 0) is the change of volume enthalpy, L, is latent heat, T is the
temperature, and 4S5y is the change of entropy.
If 4Hy, corresponding to the release heat during the crystallization, is constant, at

Tm,AGV=OI

AGy=" (A52)

AT=Tn-T (A53)

In correspondence of critical nucleus radius (), the total free energy reaches the
maximum and the one with the highest value of 4G™.

dAGr .
When o 0, we obtain:

+_ Z2¥
= (A54)
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. 1lemy3
AG ==X

= 36,2 (AS55)

when r < r*, the nuclei are not stable; when » > r*, the nuclei are stable, and they
continue to grow.

The requirement for crystallization is that the nuclei have to overcome the
thermodynamic barrier for nucleation, precisely the AG™.

The free energy trend and the variation of critical nuclei radius * are represented
in the following Figure A134.

The classical homogeneous nucleation theory wants to give a thermodynamic
description of initial stage of nucleation from embryo to nucleus with a little larger
size than *[1]. The change of parent phase in the system is negligible due to the
largeness in volume and mass comparing that of nuclei. The nucleation curve
reported in Figure A134a passes through a single maximum point at »*.

a)

AG

Crystal

Liquid

Figure A134: a) The free energy change associated with homogeneous nucleation of a
sphere of radius r in which the T < Tw; b) variation of r* critical with the under-cooling of
the melt [2].

There is a relationship between the number of embryos with radius r* per volume
(N*) and the number of molecules per volume (N):

. _ 46*
N* = Nexp( kBT) (A56)
N* can be defined also as the germs’ formation rate and the agglomeration rate of
molecules on the seed.

The germ-matrix interface crossing affects the atom diffusion, considering a
diffusion layer. The rate of nuclei formation at r* size corresponds to:

%: N'K exp (— ﬂ) o« exp (

AGp+ AG*)
kpT

- (A57)
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Where AGp is the activation energy to cross the glass-crystal interface (kinetic

barrier), AG" is the energy barrier to form a nucleus stable to grow, and kg is
Boltzmann’s constant (1.38 x 10-23 J/K).

T affects the size of r*. Because AG, is a function of AT, we obtain:
r*oec (AT) 1 (A58)
AG x (AT) 2 (A59)

Then, r* increases with T, when T < T, as represented in Figure A134b. When T
is close to Ty, AG™, that play a dominantrole in the nucleation rate (very low), is
high. Otherwise, the diffusion term is high at this temperature. When T and AG"
decrease, the possibility of seeds formation increases. Moreover, the viscosity of
material increases sharply, restricting atom movement, inhibiting the ordered
crystal structures formation, and thus decreasing the nucleation rate.

There is an optimal T for the maximum nucleationrate. When T is close to T,, AG*
decreases and nucleationrate increasessharply, reachinga possible maximum when
AG" and AGp are of the same magnitude order.

The utility of this CNT model is to determine the crystallization in glasses. It must
always be taken into account that there is an evident discrepancy between the
calculated and the experimental results, which may be explained that the real
practice of solidification of glassy alloys often involves heterogeneous nucleation
[3].

A heterogeneous nucleation occurs when the process starts at some preferred sites
than at other ones. If it compares to the homogeneous one, there is an effect mainly
because diminishes thermodynamic barrier, leading to a decrease of the
contribution of the effective surface energy to the work of critical cluster formation
[4].

The growth process, shown in the following Figure A135, can be represented by a
reversible reaction and the growth rate is thus given by [2]:

kic = ke = koexp (_I%;) - ko [exp (— M)] =ko exp(— ﬁ) [1 —

kpT kT
LULU(Tm_T))] (A60)

ex -
p ( kgT Tm

where AG,is the positive surface term of free energy.

Asrepresented in Figure A135b, when T is equal or larger than Ty, the growth rate
is 0. Below Ty, at higher temperature, crystal growth rates exhibit higher than
nucleation rates. The nucleation occurs at lower temperature than crystals growth.
Then, cooling a melt will meet the growth regime before the formation of nuclei.
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Considering crystal growth happens after nuclei, crystallization on cooling occurs
in the overlap zone, shown by red zone in Figure A135b.

If glass is heated, the crystallization is not limited to the above overlap zone
anymore. In addition, chemical composition has an influence on crystal growth [5].
If we want to obtain nanosized crystal in glass, the temperaturehas to be low enough
to stay in the nucleation zone, and then to prevent growth. A glass volume
crystallization is obtained, if the temperature necessary for nucleationis maintained
a time long enough and successively a temperature for growing is achieved.

Nucleation and T
Configuration parameter crystal growth

Figure A135: a) Scheme of free energy according to configurational parameter; b) a
superimposition of the nucleation and growth [2]
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B - Generic microscopic model of the origin of optical
nonlinearity

When a light wave passes through a material medium, its electric field acts on the
electronic clouds, or more schematically on the electrons of atoms (or molecules),
moving the barycenter from their respective nuclei and thus inducing electrical
dipole moment, as shown in Figure A136.

a) b)

i
\

Figure A136: a) material medium without electric field; b) material medium with electric
field that induces an electrical dipole moment; c¢) electromagnetic wave representation [6]

In conductors the charges are free to move through the material giving rise to a
weak electric current. In dielectric materials instead the charges are localized and
can be schematized as bound oscillators with a certain elasticity, as shown in Figure
Al137.

Figure A137: Scheme of dielectric materials as bound oscillators [6]
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In low intensity, the electric field associated with the wave causes a slight
displacement of the particles from their equilibrium position and generate an
oscillating induced polarization. Because nuclear charges have much larger mass
of electrons follows that, at optical frequencies, only the negative charge undergoes
a significant shift and contributes. The induced polarization resulting propagates
with the field to the same optical frequency and radiates field in the medium.
Neglecting the positive ion displacement and for one-dimensional case, the single
electron position varies according to this following equation of motion:

2
m[%c'i‘ 2F%+ 02x+ (E@x2+ 5(3)x3+___)]:-eE[t) (a61)

where x is displacement from the equilibrium position, £ is the resonance oscillator
frequency, e the electron charge and /" indicates the dissipation. The equation right
term represents the force applied to the electron from the wave field generating the
oscillations. Neglectingthe anharmonic terms £ (D x2 + £ x3+ . and considering
only the harmonic response generated from an electric field of this following form:

E(t) = Eycos (wt) =%E0 [exp(—iwt) + exp (iwt)] = i Eolexp(—iwt) + c.c.]
(462)
where w is the optical pulsation and c.c. indicates the conjugate complex term. The
solution of (A63) is to be searched in the form of x(?) = % [Xgexp(—iwt) +c.c.],

where X is a complex quantity including both amplitude and phase responses.
Substituting this expression and the (A64) in (A63) a linear equation is obtained
and solving it, electron displacement in function of time results expressed in the
following form:

—eEy exp (—iwt)

x)=7 | +ec| (A63)

m 0Q2-w2-2ilr'w

This results in dipole momentum induced equal to P(?)=-ex(t) and, if N corresponds
to the number of oscillators per unit volume, the polarization induced in medium is
equal to:

P(t) = — Nex(t) (A64)

Then, the polarization dependence with respect to the field is linear by the complex
susceptibility f(w) giving:

P(t) = - eof(®) Eqexp(-iwt) + c.c. (A65)
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where:

__ Ne? 1

I(w=—+  ——F—— (A66)

gom N2—w?-2il'w

The trend of the susceptibility real and imaginary part is shown in the following
Figure A138.

Im x

|
Q

Figure A138: Diagram of real and imaginary part of susceptibility [6]

The polarization induced in medium oscillatesat same frequency of incident optical
field, radiates in medium and modifies the wave propagation. The medium losses

are included in imaginary part ¥ (w) that considering the component of P in

quadrature with the field E.
The dielectric constant is given by the following expression:

E(w) = eg(w) + je(w) (A67)
Remembering that the complex refractive index of a material is defined by
l=n+jk (A68)

where n and x, called refractive index and extinction coefficient, determine the
refractive and absorbent properties of the material. In this case, the following
expressions apply:

ggp = n? — k2 (A69)
g = 2nk (A70)

from which it is possible to derive the trend, or dispersion, of » and x in function
the pulse w of the electromagnetic wave.

Considering the anharmonic terms m[ (§@x2 + E®x3+... )| where £ and¢®
are constant, the potential of attraction V(x) in symmetric media is expressed by:
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V(x) :§92x2+"z15<3>x4+... (A71)

In symmetric media, in which is it possible to determine a symmetric center in the
structure, the electron potential energy is to be reflected in the medium symmetry.
Due to the symmetry of the material, V(x) includes only the even exponential terms
of the equation in x, in such way that V(x)= V(-x).

The elastic force exerted on the electron is therefore equal to:

F(x)=— % =—m0?x —méB) x3 (A72)
In non-centrosymmetric media, in which the condition V(x)= V(-x) is not verified,

the potential may contain also odd exponential terms:
V(x):%02x2+%€(2)x3+... (A73)
In which corresponds this elastic force:
F(x)=— 2% ==m(Q%x - m§Px2+..) (A74)

To find the expression of the nonlinear polarization, consider the case where the
forcing electric field is the sum of two different pulsation fields:

E(t) = E; cos(wt) + E, cos(ws,t) (A75)
In this case the equation of nonlinear harmonic oscillator is reduced to:

d2%x

= tor %“ + 0%x + EDx2= e mE®) (A76)

Generally, small values of nonlinear term are more interesting in nonlinear optics
applications. Precisely, the electric field forcing term does not cause the particle
ionization undergone the field generating the breaking of the material.

Then, the previous equation solution may be expressed, in according to a
perturbative approach, in this way:

xX(t) = XU () + X2 (t) (A77)

in which x”(%) is the solution of (A78) without considering the anharmonic term,
whilst x?(2) is considered as a small correction for the x”(z). By replacingthe (A79)
in the (A78), developing and eliminating the terms that satisfied the harmonic
oscillator, it is obtained:
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D)+ 2rx @) + 22x@@) = — 5(2) (t)x(l)z(t) (A78)

from which the x (2 (t) satisfies a differential equation not homogeneus where the
source term is the square of the linear solution.

Similarly, the first order solution that compares in (A79) is expressed as:
xM(t) = %[f(l)(wl)e‘i“)lt + @ (wyeivzt 4 c.c.] (A79)
The solution of (A80) is searched in the following form:

x(z)(t) = %[1(2)(0)1 + wz)e—i(wﬁ‘wz)f + 5(2)((‘)1 _ wz)e—i(wl—wz)t +

@ Q2wy)e 201t 4 §@D(2u,)e 202t 4 ¢, c. | (A80)

Replacing (A76), (A81) and (A82) in the (A80) and if the terms oscillate at the
same pulse, the following expressions are obtained for the complex amplitudes:

2
) T _ _1 §@(e/m) .
X (wy T wy) 2 (02— w2—2ilw;) (02— wi-2ilw,)
E\E;
[02(w1+w2)—4i1"((wliw2)] (ASI)
And generally:
1 @ (e/m)?
x@Qw,) = — - (e/m) ‘E2 (A82)

2 (02 w2 -2ilwi)(022- 4w -4l wi)
k=12

We noted that the second order solution leads to the generation of different
pulsation from forcing ones. In particular, the presence of sum and difference
pulsation (w; * w-,) and second harmonic pulsation (2wy).

Even though this approach is very simplified because the total field in the (A77)
should include all the terms of the field effectively in the medium, also those
eventually generated in the nonlinear process.

After this excursus, the polarization induced is expressed:

P(t) = —Nex(t)=—Ne[x D (t) + x@ ()] (A83)
that it may be which can be schematically rewritten as:

P(t) = P(t) + Pni(t) (A84)
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where the linear term P.(t) and the nonlinear one Pn.(t) appear.

Then, this simple model may predict that the polarization induced in a dielectric
medium for high intensities of field has to contain nonlinear terms that oscillates at
new optical pulse.

In the following Figure A139, a nonlinear dependence of the electric field
polarization could generate a polarization induced that in presence of a weak
electric field may be considered linear, whilst becomes nonlinear depending on the
applied field amplitude for high field values.

In the case shown in Figure A139Db, the polarization contains in addition to the input
frequency ® also components at frequencies 2o, 3w, ..., and zero frequency
continuous component.

P 7 |P(n)

ya
FJ
7,
4

;-‘

E(1)

(a) (b)

Figure A139: Schematic representations of polarization and electric field in function of
time at a) input frequency ® and b) at frequency 2w, 3w,....[6]

This model should be tridimensional and the susceptibilities y are tensorial
variables, connected to the field component along the reference cartesian axes.
Then, the problem becomes vectorial and the (2.4.4.24) may be rewritten as:

P() = P,(t) + Py.(t) (A85)

where P 1. (t) is the linear term and P v (t)1s the nonlinear one.

If the nonlinear term of the polarization is inserted into wave equation, it becomes
the source term and it will then give rise to radiation of electromagnetic field at all
frequencies at which it oscillates.

From the previous expressions, it is possible to note that when the forcing
frequencies wy (k = 1,2) or one of their linear combination *wy *w; (k,j=1,2)
coincide with the resonance oscillator frequency £, the linear susceptibility y®?
becomes very high. Comparing y® with y®), it is noted that high values of linear
susceptibility are necessary to have high values of nonlinear one. Then, optical
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nonlinearities are high in proximity to system-specific resonances, where the
extinction coefficient is high. This is relevant for the photonic applications where
there will be the tendency to maximize the nonlinear response.
However, operating under a resonance regime is likely to increase optical
absorption, limiting the transmittance of the device and the ability to cascade many
of them.
Fixed then the wavelength, or the pulsation, at which the device must operate, a
nonlinear material, whose resonance frequencies characteristics are such that the
nonlinear response is sufficiently high, and absorption is negligible, is chosen.
A nonlinear phenomenon is present in case of anisotropic material, as a glass
ceramic in which crystals and glass matrix coexist. The glass is an isotropic material
and then it is not subjected on effects of second order nonlinearity as second
harmonic signal. It is necessary to transform the glass into a glass ceramic to be
able to detect a non-linear response to laser irradiation. There is a connection
between crystal properties and physical ones: in this case the appearance of non-
linear terms of y (physical property) shows how centrosymmetric crystal property
has been broken. y® vanishes identically for a material possessing a center of
inversion symmetry (a centrosymmetric medium). Non-centrosymmetric and
centrosymmetric medium exhibitpotential curve and polarization signal completely
different, and this may explain the role of material symmetry in nonlinear optics, as
illustrated in the following Figure A140.
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centrosymmetric medium, the signal of the electric field and the curves of the respective
polarization signals (Lorentz atomic model) [7]

actual
potential

X



C - Second harmonic generation 233

C - Second harmonic generation

Second harmonic generation (SHG) is a nonlinear optical effect, in which the
frequency of incident light is doubled. Virtual energy transition and not the
absorption of the photonsinvolves SHG, and the energy is conserved, as shown in
Figure A141.

a} b] """"""""""""
2w o

n [0 () AR
_\7&% optical medium Virtual level
vV x@>0 % 2m

Energy diagram

Virtual level

Figure A141: Scheme of SHG phenomenon from two different points of view: a) non-linear
optical medium diagram and b) virtual energy diagram

SHG effect originates when an intense light as laser interacts with a matter,
precisely a non-centrosymmetric structure, the vibrating electric field of the
incident beam leads to the polarization of the matter, reemitting light at o; (the
original frequency) and 2w; (the doubled frequency or half the wavelength), as
shown in Figure A142.

second harmonic wave
(\j (J:):=2 )
original photon 4
("pump wave”)
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I.} = i 2 1
laser light source -li .
g non-linear crystal prism residual wave

Figure A142: SHG scheme

The y coefficients of terms higher than the first are such as to contribute to
polarization only for electric fields of very large size. This explains why nonlinear
phenomena were not observed prior to the development of lasers, which provide
high intensities. It is possible to estimate the second-order coefficients, and
therefore the intensity necessary to observe the phenomenon, exploiting
considerations on the electronic behavior of the atom.

Wave propagation problems, energy transfer, and boundary conditions are dealt
with using Maxwell’s equations. Macroscopic differential formis given by:
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VX E=-> (A86)
v x ﬁ:7+§ (A87)
V-D=p (A88)
V-B=0 (A89)

Where E is the electric field Vector,]_B) is the magnetic flux density, Histhe magnetic
field vector, Tis the current density vector, D is the electric flux density, and p is the
sources for the electromagnetic field (volume charge density). For the source free
regionJ =0and p =0.

The constitutive relations are the following:

D=gE+P (A90)

EzwH+ M (A91)

Where g is the vacuum permittivity, P is the induced electric polarization, , is the
vacuum permeability, and Mis the induced magnetic polarization. Fornonmagnetic
matter M = 0.

Considering the above equations, it is possible to write:

d%F 2P

VXVXE:-[wSoE-,uoﬁ (A92)

Where c is the speed of light in vacuum, pogo= 1/c?
Several simplifications are assumed to solve the above equation:

1) The ﬁNL is treated as a small perturbation to the total induced polarization,
considering the nonlinear effects are relatively weak in matter;

2) VXV XE=V(-E)-V2E=-V2E. Then, we write:
= 1092E 92P

VZE ==2 2y (A93)

T c2 gtz at2

This equation can be translated in the Fourier domain:

~ ~ 2 L
V2E(w) =52 F (@) + % Pyy () (A94)

Where ¢ is the dielectric constant. The temporal variation of electric field at » and
2w are neglected, and the wave at second harmonic frequency will follow the wave
equation:
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V2 E (20) = “’8(2“’)13(2 w)+% "B (20) (A95)

Considering low conversion efficiency, the amplitude of Ew remains essentially
constant over the interaction length, L, the intensity of SHG is given by:

2w)? |x )| sin (A—kL) 2

— 2

Lz0 (L) 8goc3 n2 nZwL < (AkL/2 ) Iw (A96)
1 = |2

1 =~ eocnolEy | (A97)

Ak = kzu - 2k, = 220120) (A98)
Vs

Le=— (A99)

Where L is the nonlinear matter length, Ak is the wave vector mismatch, k is the
wave vector of the electric field, and L. is the coherence length where the SHG
efficiency reaches the maximum (SHG intensity oscillates as a function of L, with
period L).

Phase matching

Phase matching occurs when generated and propagating wave presenta constant
phase relationship indicated by Ak = 0. Efficient SHG in homogeneous media
comes from decreasing Ak. There are many methods to achieve phase matching
Precisely, for birefringent phase matching (BPM), certain angle 6, the ordinary
polarized fundamental and the extraordinary polarized second harmonic own the
same refractive index, achieving Ak = 0. In that case, BPM is sensitive to the
propagation angle and this kind phase matching is known as critical phase
matching.

Another technique, noncritical phase matching can be used, in which the beams
propagate down one of the axes of the nonlinear crystal and the temperature of the
crystal is adjusted (generally, n. is much more temperature sensitive that n,,
indicating a phase matching condition can be achieved). In this case a material with
spatially modulated nonlinear properties can be used instead of a homogeneous
nonlinear crystal material. This is the basis quasi-phase matching, which can be
achieved by periodic poling of nonlinear crystal materials.

SHG can also be obtained from the random distributed nanocrystals because the
emission from a nanocrystal can lose its phase relation with the order nano-crystals
due to multiple scattering. Vigouroux et al. [8] have observed isotropic bulk SHG
signals in lithium niobium silicate glass ceramics. It is fundamental to study the
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radial distribution of the LiNbOj crystalline in spherulite domains: a macroscopic
10-15 um c-axis oriented poly-crystallite with consecutive domains spatially
radiating incoherent SHG signal. Because spherulites are sparsely distributed in the
matrix with distances larger than the coherence length, i.e., 8-10 um, they radiate
uncorrelated SHG field. The total SHG intensity is the sum of the individual
contribution.

SHG is forbidden in the bulk of centrosymmetric matter within the dipolar
approximation. However, this symmetry is broken at the interface between two
centrosymmetric media, allowing for SHG. At a surface or interface, the bulk
symmetry is broken, allowing the second order nonlinear process even in a
centrosymmetric matter.
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D - Trends of SHG intensity for all the four glass
compositions: curves and polar representations
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E - Quantitative Phase Microscopy (QPM)

Quantitative Phase Microscopy (QPM) uses a partially coherent illumination and
ordinary transmission microscope to extract non-interferometric quantitative phase
data. This technique can recover phase even in the presence of amplitude
modulation, making it significantly more powerful than existing methods of phase
microscopy. Another peculiarity of this technique is the production of quantitative
images of the profile of the sample without phase unwrapping. Also, the spatial
resolution is in the range of micrometer with the sensitivity on the order of 104 An
example of QPM technique phase information of the line written in pure silica by
femtosecond laser irradiation is shown in the next Figure A143. Those lines images
derived from an integration of the whole picture usingMATLAB code. In this case,
the background level is quite homogenous, and its fluctuations are on the order of
+/-0.005 rad. The phase in the line center is positive while it becomes negative on
the border. Also, the uncertainty of this measurement is less than 5%.
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Figure A143: Quantitative phase measurement of the written lines with a line spacing of
50 um in pure silica: a) phase image and b) profile (line’s cross section)

A set of three images was captured by the camera mounted on the microscope: one
in-focus (Ip) and the other two very slightly positively/negatively (I./1.) defocused
images. The scheme was reported in the next Figure A144. The images were
converted into intensity data by a computer code. There is a transport of intensity
equation that represents the propagation of light field along the optical axis z in
microscope:
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200 -y (17yve (1)) (A100)

where = (X, y)is a two-dimensional vector in the transverse plane, /is the intensity
distribution of the image and M is the magnification of the microscope. The
differential information of the propagation of the field on the left side of the
previous equation is given by:

AU I—L
0z - 2Az (AIOI)

where Az is the defocus distance. The transport of intensity equation can be solved
by a specific algorithm. This technique is based on coherent illumination, even if
there is a partially coherentillumination source in QPM systems thatprovides same
results to the coherent case. The irradiance distribution of the illumination source
shows inversion symmetry. A motorized stage (Physic Instrument) was used for
translating the microscope objective to capture the de-focused images. IATIA Ltd
creates the image acquisition and the algorithm for phase map calculation in QPM
system. The refractive index variation of the laser modified region is given by:
ApA

An = % (A102)

where 4 is the wavelength of 515 nm (green filter) used by IATIA software to
calculate the quantitative phase image, d is the thickness of the modified region and

Ag is the phase variation between the modified and bulk of the material measured
from QPM.

T

CCcD I
camera II
[ 1
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BX51
20X7 Pl stage

Sample

o

Figure A144: Schematic of quantitative phase microscopy setup

An example of QPM measurement of the waveguide structures, specifically type-I
modifications, is reported in the next Figure A145. A 20X objective and an 8-bit
mega-pixel CCD camera captured the three bright field images. The NA of the
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condenser was set to be 80% NA of the objective. We can obtain different
typologies of information: the phase of modified structure is shown in a) and
represented in b); the differential interference contrast (DIC) image was emulated
by the calculated phase information of the structure in c).
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Figure A145: QPM measurement provides different information: a) three bright field
images: one in-focus (Io) and the other two very slightly positively/negatively (I+/1)
defocused images were captured to calculate the quantitative phase image ¢; b)
Quantitative phase change information of the arrow in cross the waveguide structure; c)
DIC image of the waveguide structure using the calculated phase information from a) [9]
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Abstract: This work investigates the role ofa B,Os addition (up to21 mole %) into a lithium niobum
silicate glass matrix, focusing on the orientational dependency of second harmonic generation (SHG),
induced after femtosecond laser irradiation. We detected the sharp emission of light at 515 nm,
characteristic of SHG, in both static and scanning configurations, using pulse energy, repetition rate,
and laser polarization as varying parameters. Among theresults to highlight, the SHG signature appears
within a few secondsin highly doped B-Os glass, i.e., one order of magnitude smaller than in B>Os-free
glass. Additionally, we found thatthe orientability ofthepolaraxis of LiINbOs; nanocrystals by writing
laser polarization can be obtained in glasses when SiO: is substituted with B,O;. These prelimiary
results open thedoorto the fabrication ofcrystal/ glass based photonic devices with lower la ser power
depositedand much faster crystallization kinetics.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Femtosecond (fs) laser direct writing (FLDW) is a powerfuland versatile tool enabling a large variety
of optical components to be fabricated in transparent materials such as glasses (e.g. Bragg gratings,
waveguides, graded index lenses, birefringent optics) [1—-3]. In addition to surface modifications, the
femtosecond laser irradiation has allowed the 3D-nanostructuring of optical properties induced by
permanent effects on material structure. By controlling the fs-laser parameters (e.g. pulse energy,
repetition rate, scanning speed, polarization), it becomes possible to induce crystallization inside a glss
substrate with a high spatial selectivity (few tens of ym? or less). Some examples of crystals induced by
FLDW in glasses can be found in the recentreview of Komatsu et al. [4], among which we can cite 3-
BaB,04 [5], Ba,TiS1,0s [6], or LINDO; [7]. A particular focus is about fs-laser crystallization of
LiNbO; in silicate matrix, a crystalthat allows many applications in different fields because of its
properties: ferroelectricity, pyroelectricity, piezoelectricity and a large second order susceptibility. In
particular, because ofits axial symmetry, the second order susceptibility tensor (X(®) of LiNbO; crystal

is such that itsnonlinear coefficientvalue along the polaraxis (ds; =34.4 pm/V [8,9]) is much greater
than the nonlinear coefficients values along the other axes (ds1 = 4.88 pm/V, d»=2.58 pm/V [8,9)).
Therefore, it presents an angular dependence of x®-related processes, such as second hammonic
generation (SHG). This translates into a modulation ofthe SHG signal during FLDW that occurs when
the crystals canbe oriented alongthedirection of laser polarization.

To produce crystallization by FLDW, the typical glass matrix used in previous works is composed of
33%L10 — 33%Nb20s — 34%Si0, (LNS) (molar %) [7,10]. Although interesting results have been
published, the impact ofthe glass matrix has notbeen studied extensively yet.

#417461 https://doi.org/10.1364/OME.417461
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In particular, if SiO; is partially substituted with B»O;, the impact on the crystallization rate can
drastically increase, unlocking in such a way the industrial potential of this direct writing technique.
Indeed, theincorporation of B»Os into the glass matrix is of interest as it is expected to lower the glass
transition temperature and, thus, to improve the kinetics of LINbO; crystallization compared for LNS
glass[11-14].

In this work, we report on the impact of LINbO; crystallization by FLDW by adding a significant amount
of B20; in the glass matrix (through modification of the starting glass batch composition). We revealed
the creation of polarization dependent X® by the SHG detection and confirmed this is related to LINbO;
nanocrystals by electron backscattered diffraction (EBSD) measurements. As a reference, we start with
the crystallization of a typical LNS glass. We,

then, intend to analyze the impact on fs-laser irradiation on glass crystallization, when SiO» is partly
substituted with B2Os. More specifically, we aim at determining whether it is possible to induce tunable
SHG angular modulation in these glassy matrices and to identify the orientation ofthe laser-induced
nanocrystals in theseborosilicate glass matrices compared to LNS glass (i.e., BoOs-free glass).

2. Method

Four glasses, with increasing B-Os content up to 2 1%, were fabricated using melt-quenching technique.
Compositionsand labels arereported in the Table 1. A powder mixture of 30 grams per batch composed
0f'Si02(99.9%, SERLABO), H;BO; (99.5%, PROLABO), Li>COs (99.9%,

SIGMA ACSreagent) and Nb2Os (99.5%, STREM CHEMICALS) powders in stoichiometric amount,
was first homogenized using acetone. The mixed powder was then placed inside a platinum crucible
and dried at 200°C for 2 hours before increasing the temperature at a heating rate of 5°C/min up to
1000°C. Themixed powder remained at this temperature for 1 hour. After that, to obtain the melting, the
temperature was increased to 1400°C for LNS34 and 1350°C for LNS27B7, LNS20B14, LNS13B21 at
a heating rate of 10°C/min. Finally, the molten mixture was quenched between two metal plates
preheated at around 350°C and maintained at this temperature for about 30 minutes.

Table 1. Glass labels and batch compositions

Glass label Glass batch composition (mol%)
LNS34 33% LiO, —33% Nb,Os — 34% SiO;
LNS27B7 33% LiO, —33% NbyOs — 27% SiO, — 7% B,0;
LNS20B14 33% LiO; —33% Nb,Os — 20% SiO, — 14% B,0;
LNS13B21 33% LiO, —33% Nb,Os — 13% SiO, —21% B,0;

The obtained glasses had the shape of a slab of about 1 mm thickness. For laser irradiation, samples
were double side polished toreach optical quality and then they were placed onthe FLDW system that
comprises a motorized translation stage and a commercial femtosecond laser (Satsuma, Amplitude
Systémes Ldt, A =1030nm, pulse duration= 250 fs). Each irradiation was performedby focusing the
laserbeam approximately 240 ym below the sample top surface using a 0.6 numerical aperture (NA)
aspheric lens. We choose this focusingdepth to avoid any surface ablation when scanning over long
distances and toavoid heterogenous nucleation preferentially triggered at the surface.

The translation stage enables a displacement in the XY plane, while the laser beam propagation direction
is alongthe Z direction as depicted in Fig. 1(a). Three different laser polarization configurations
referenced relative to the laser writing direction, alongthe Y-axis, were used: parallel: parallel (Yy), at
45° (Yss) and perpendicular (Yx) to it. The SHG intensity was recorded in transmission using a
spectrometer (Jaz, Ocean Optics) equipped with a multimode optical fiber
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and a coupling lens to maximize light collection from the sample. A more detailed description ofthe
setup isreported in Ref. [7].
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Fig. 1. a) Typical image of SHG detected after few seconds understatic irradiation that corresponds to the
end of the incubation time; b) Optical microscope image in transmission and white light of static irradiation
until the onset of SHG of LNS34 glass sample with varying laser parameters;c) Incubation time as a function
of'the power (in mW) delivered by the laserin static conditions for four glass compositions. Laser conditions
used: A = 1030 nm, NA = 0.6, f =200kHz, focus depth =240 um in air. In Fig. 1(c), each data set was fitted
with a power law (ax?); the latter only serves as a guide-to-the-eye.

We started by performing a static irra diation to investigate the influence oflaser parameters during la ser-
induced crystallization. This experiment, carried out on each sample, served to determine the incubation
time as a function of glasscomposition. The incubation time is thetime taken, upon fs-laser irradiation,
untilthe observation of the SHG signal (Asug = A/2 = 515 nm) and is indicative of the early birth of non-
centrosymmetric crystals, typically LiNbOs is expected in our case[7]. At this stage, only two laser
parameters were varied, i.e., the pulse energy, ranging from 0.25t0 2.5 yJ, in stepsof0.25 pJ and the laser
repetition rate, with values of 100 kHz, 200 kHz, 340 kHz, and 510 kHz. Thelaser polarization was fixed
alongthe X-axis thatis defined by the plane of laser compressor. The minimum incubation time to
induce crystallization, found from the above experiments, is also needed for writing lines structures.
First the laser was set in static mode for the minimum incubation time until green light was detected,
then the laser scanning was started. Line writing parameters were set at a fixed repetition rate of 200
kHz andwritingspeed of | pm/s using different pulse energies (0.25 pyJ to 2.0 pJ, step 0f0.25 pJ). This
was repeated for the three different laser polarization configurations to assess their influence on the
crystalorientation, namely parallel (Yy), at45° (Y4s) and perpendicular (Yx).

Foreach written line, we measured the SHG intensity in the XY plane according to the azimuthal angle
(8) of the probe beam polarization, up to 180° starting from the polarizer reference position in
correspondenceof 0°, i.e.,along X. The probebeam propagation direction was set perpendicular to the
XY plane andits electric field direction was parallel to this plane.

In oursamples, the SHG intensity was measured in transmission mode with the fundamental beam(1030
nm)propagatingperpendicularlytothesample XY planeatpulse energy =0.1 pJ/pulse.
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The spot size (diameter) of the probing beam was approximately 30 ym, well overlapping each laser
track during SHG measurements. The repetitionrate during the measurement was set at 100 kHz. The
transmitted SHG light (515 nm) was recorded after passing an IR low pass filter mounted before the
spectrometer collector.

Finally, to investigatethe correlation between the laser induced microstructure and the SHG response,
we proceeded with an analysis at field-emission scanning electron microscope (FEG- SEM ZEISS
SUPRA 55 VP) with electron backscattered diffraction (EBSD) detector (TSL-EDAX Velocity Camera
and OIM Analysis software).

3. Results and discussion

In Fig. 1, we report respectively: a) the SHG signal detected upon irradiation, b) the laser induced
modifications observation under optical microscope with varying conditions, and c¢) incubation times
measured for each glass sample under static irradiation. In particular, Fig. I (b)illustrates the dependence
of the laseraffected zone onbothpulse energy (£,) andrepetitionrate (RR). As the deposited power (P
= RR x E,) increases, the area of the modified region becomes wider than the spot size, which is

characteristic of thermal accumulation in and around the focal spot (of radius wo 1.2A/(2NA) 1 um).

Figure 1(c)showsthatthe measured incubation time decreases as thedelivered power P increases. For
similar experimental conditions, these measurements clearly indicate the tendency for LNS13B21 glass

to crystallize ata muchhigherrate comparedto other glasses. For example, ata delivered power of 100

mW, LNS13B21 sample exhibits an incubation time of 1 second, while it is of 10 seconds for
LNS20B14 and 20 seconds for both LNS27B7 and LNS34, as represented in Fig. 1 (c). In term of
laser-affected volume, we observe that both laser track width and length (measured within the cross
section) increase along with the pulse energy. This behavior is characteristic of more heat deposited

inside the glassupon irradiation and it is in agreement with results from Fig. 11 in Ref. [7].

To assess the effect of the orientation of the writing laser polarization on the crystals, we investigated
the angulardependency of the SHG intensity. All the measuredvalues,asa function of the azimuthal
orientation of the probing linear polarization, were normalized relative to their highest value as shown
in Fig. 2. Here we compared two writing configuration schemes: Y and Yas. In particular, we choose to
represent those relativeto two characteristics pulse energies, i.e.,

0.5 pJand 1.25 pJ, because of important SHG trends variations thatare visible in Fig. 2(a) and 2(b), for
the four investigated glasses. For the lowest energy value, a strong SHG modulation is found with an

azimuth-0 0f90° forall glasses. For pulse energy of 1.25 uJ, the evidence of SHG “directionality” is

strongly reduced for all four samples, as it is more easily visible from the polar representations referring
to LNS1B21sample, reported in Fig. 2(c). Here we notethe occurrence of a second maximum on the

SHG (8) curve alongthe polarizationdirection.

More specifically, from Fig. 2, we observethat at the lowestenergy (0.5 pJ/pulse), the normalized SHG
intensity (I/Imax) follows a sinusoidal behavior with a strong contrast (Imax- Imin)/ (Imax+Imin) up to 0.9 for
LNS20B14. Wenote a maximum for a direction perpendicular to the laser polarizationi.e., 90° and 135°
for Y« and Yss configumations, respectively. In contrast the minimum SHG is found for a probing angle
perpendicular to themaximum one. This is in agreement with Ref. [10], where the polar axis of LINDOs
is oriented perpendicularly to the laser polarization. Interestingly, this behavior is preserved evenafter a
large substitution of SiO, with B,O:s.

Asthe pulse energy is increased, from 0.5 to 1.25 pJ, the SHG intensity profile becomes more “isotropic”,
which could be caused by the presence of several crystalline textures with different orientations [15].
Indeed, from Fig. 2(c) we can see that the low energy texture (population leading to SHGiax for 0
perpendicular to writing polarization) is stillappearing at 1.25 pJ. However, there is another contribution
that appears in the SHG (8) response, and is indicative of a second texture (i.e.,a second population of
LiNDbO; crystals with a preferential orientation).
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Thisis also clear with the configuration Yss for which thereis no maximum in the direction of
writing.

One could expect the minima and maxima ofthe SHG modulation to be positioned exactly 90° apart
from the laser polarization. However, a slight departure from this angle is observed, and
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Fig. 3. a) Electron Back Scatter Diffraction (EBSD) micrographs of the laser track cross sections for both
LNS34 and LNS13B21 glass samples, fortwo pulse energies (0.75 pJ/pulse and 1.25 pJ/pulse) and with laser
polarization either parallel or perpendicular to the scanning direction. The inverse pole figure (IPF) color
code is based on LiNbO3 space group, with coding along the laser polarization direction; b) Size distribution
of'single texture regions for LNS34and LNS13B21 for the Yy configuration and two different pulse energes
(0.75 pJand

1.25 WJ). Irradiation conditions: A=1030nm, NA = 0.6, f =200kHz, focus depth =240 um

in air, writing speed = 1 pm/s.
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may bedue toanasymmetric orientational writing effectas previously observed atlow speeds (1 pm/s,

similarto this work)in LNS glass [15].

Finally, to validate the presence of the LiNbOs crystals and to study their orientation inside the laser

track cross sections, electron backscattered diffraction (EBSD) analysis was performed on LNS34 and

LNS13B21samples[16,17]. The resultsare presented in Fig. 3(a).

We first observed that LINbO; nanocrystals were effectively precipitated. Secondly, from the inverse

pole figure (IPF) color code, the crystal ¢ axis (along the 0001 direction) is found to be oriented

perpendicularto the laser polarization (absence of red color on the EBSDmap).

This is obviously the case at the lowest pulse energy, whereas at higher energies crystal ¢ axis orientation
is observed to vary and be only partially oriented along the polarization direction. Note that these
observations are in agreement with the SHG experiments: at low pulse energies the crystals are well
oriented with their ¢ axis perpendicular to the writing laser polarization and corresponding to a
maximum SHG contrast with a nearly single texturation. However, at higher pulse energies, a part of
the nanocrystals population exhibit ¢ axis orientation along the polarization leading to a more spatially
distributed (hence isotropic) SHG response.

From the EBSD data (Fig. 3(a)) we could distribution of single texture regions of nanocrystals (a ssuming

they are spherical) within the investigated lasertrack area. In Fig. 3(b), we report this distribution for

LNS34 and LNS13B21 forthe Yy, configuration and two different pulse energies (0.75 pJ and 1.25 pJ).

Atthe highest pulse energy (1.25 pJ in this comparison) we observe thetendency to form larger regions

with sametexturescomparedto the low energy conditions (0.75

pJ, 20 nm — 300 nm diameter range).

4. Conclusion

In this work, we demonstrated that tunability of SHG in lithium niobate silicate glass can be extended
to the borosilicate glass family, through anadequate control of the laser parameters. More specifically,
the substitution of SiO, with B,O; is foundto be advantageous as it promotes faster crystallization of
LiNDbO; crystals while preserving the tunability of SHG. The latteris related to thelarger SHG response
alongthe c axis of the crystals, which is preferentially aligned perpendicular to the laser polarization at
low pulse energy. Currently, the LINbO; orientation is understood as being due to alignment of the larger
linear susceptibility matrix element ( to ¢ axis) with the electric field [18]. We also observe that
LNS13B21 glass exhibits a shorter incubation time and thus likely a faster crystal growth with respect to
LNS34 thatmay explain the larger crystals at 1.25 pJ, and more experiments are ongoing to confirm this
hypothesis. Several key properties of the written structures related to photonic devices fabrication will be
investigated in the future, including refractive index changes and birefringence response.
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Abstract Femtosecond (fs)laser dimct writing is 8 powerful lechnique to enable a large vanety
of integrated photonic functions i glass materials, One possible way to achieve functionalization
is through highly localized and controlled crystallization inside the glass volume, forexample by
precipitating nanocrystals with second-order susce plibility (frequency conwverters, optical modu-
lators), and /or with lagger mfractive indices with respect to their glass matooes (graded mdex or
diffractive lenses, waveguides, gratings). In this paper, this is achieved through f-laser-induced
crystallization of LiNBO, nonlinear crystals inside two different glass matrices: a silicate (mal%
3Lz -33Nba O~ 345100, labeled as LNS) and a borosilicate (mol%: 33Li0-330bz Os- 13502 218205,
labeled as [NSB). More specifically, we investigate the effect of laser scanning speed on the crystalliza-
tion kinetics, as it i a valuable parameter for glass laser processing. The impact of scanming energy
and speed on the fabrication of oriented nanccrystals and nanogratings during fs-laser irradiation
is studied Fe-laser direct writing of crystallized lines i both LNS and LINSB glass is investigated
using both optical and electron microscopy echniques. Among the main findings to highlight, we
observed the possibility to maintain crystallization during scanning at speeds -5 times higher in
LMEB relative to LINS {up to —600 pmy/s in ourexperimental conditions). We found a speed e gime
whene lines exhibited a large polarization-controlled mtardance response (up to 200 nm in LNSB),
which i attributed to the exturation of the crystal /glass phase s paration with a low scattering level.
These characteristics amre mganded as assets for future elaboration methods and designs of photosac
devices involving crystallization. Finally, by wsing temperatun and irradiation time variations along
the main laser parameters (pulse energy, pulse mpetition rate, scanning speed), we propose an
explanation on the origin of (1) coystallization limitation wpon scanning speed, (2) laser track width
varation with mapect to scanning spead, and (3) narrowing of the nanogratings v olume but not the
heat-affe cted volume.

Keywords: femiosecond laser; cry stalliz ation; silicate glasses

1. Introduction

As the world is progressively evolving towards a photonic future, there is a need for
miniaturization and functionalization of photonic devices (including photonic chips, wawve-
length comwerters, lenses, retardation waveplates, waveguides, etc.) [1]. In this context,
femtosecond (fs)laser irradiation in glass materials is an attractive way to functional-
ization [2,3]. By using temporal ultra-short laser pulses (e.g., 10-1000 f=) with very high
intensities (up to 10-100 TW/ cm?), highly selective local modifications (few pm? involume)
can be achieved thanks to multiphotonic absorption of the laser light

Crstals 2021, 11, 290, hitps:/ /daiorg UL3360 cryst] 1030250
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Different kinds of materials modifications can be obtained, depending on the glass
material considered, as well as laser parameters (e.g., pulse energy, repetition rate, and
scanning speed). For instance, in silica glass, both positive and negative index contrasts
can be achieved [4,5]. The glass response to fs-laser is manifold, and includes, for instance,
formation of defects, densification, fictive temperature changes, stress fields, aystallization,
and so forth. The latter (crystallization) is a promising pathway in the functionalization
of optical devices. The precipitation in glasses of several crystals has drawn interest for
their nonlinear, or electro-optic properties, among which we can cite Fresnoite (barium
or strontium-based [6]), barium borate (BaB,Oy) [7], LaBGeOx [8,9], or again Lithium
niobate (LiNbO,) [10], but many others exist (see, for instance, [11] for an extended and
thorough review).

Given the plethora of arystals that can be induced from glasses, it is therefore important
to comprehend the mechanisms that may lead to property tunability. In this work, we
investigate the role played by scanning speed (v) vs. the energy during the crystallization
process, and specifically draw our attention to nano-crystallization orientation and self-
organized phase separation (so called nanogratings). From an application standpoint, the
goal is to provide means to target future glass fabrication in order to maximize scanning
speed and property response (e.g., second harmonic generation i.e, SHG, birefringence),
while keeping scattering losses as low as possible. From a fundamental perspective, this
work aims to better understand the mechanisms that drive light matter structuring in these
glasses. More specifically, we intend to highlight links between scanning speed and the
resulting structuring (crystallization, its size and orientation distribution, and nanograting
formation). To conduct this study, two glasses were fabricated with the melt-quenching
technique, with the following batch composition (mol%): 33Liy0-33Nby0s-345i0; (labeled
as LNS), and 33Li;0-33Nb,0s-135i0,-21B,0; (labeled as LNSB). The addition of B,O,
is known to lower the crystallization temperature and increase the crystallization rate.
Subsequently, each glass sample was irradiated by fs-laser while laser parameters are
varied (scanning speed, pulse energy, and laser polarization).

In the subsequent Introduction Sections 1.1-1.4, we provide a brief discussion on
several important points that will give the reader context in order to better comprehend
the Results and Discussion Sections. First, we discuss background information on ori-
ented crystallization in lithium niobium silicate glasses. Secondly, we consider the role
played by the incubation time and its impact on the time-temperature-transformation
(TTT) crystallization diagram in LNS glass. Then, the temperature profile evolution (in
space and time) after laser irradiation inside the glass is addwessed, as well as the impact
of pulse temporal overlapping. Finally, we highlight the choice of laser parameters, us-
ing a pulse energy-repetition rate landscape, which are prerequisites to induce oriented
nano-crystallization.

1.1. Oriented-Crystallization of LiNbO;3 Induced by Fs-Laser in Lithium Niobium
Borasilicate Systems

In a series of papers [10,12-16], our group has extensively investigated fs-laser-induced
crystallization in lithium niobium silicate (generically labeled as LNS) glass, and more
specifically the material response upon laser parameter changes including pulse energy
(Ep), pulse repetition rate (f), and laser polarization direction (with respect to the scanning
direction). Among these studies, it was pointed out that precipitated nanocrystals inside
NS could be oriented in space through a control of laser polarization. At low pulseenergies
(typ. ~0.5 uJ/pulse as per this paper), a maximum SHG optical response was observed
perpendicularly to the writing laser polarization direction, no matter its orientation. This
SHG response was attributed to the crystallization of LiNDOy nanocrystals, the latter
having their polar axes perpendicular to the laser polarization. This texturing of LiNbO,
nanocrystals was later confirmed by electron backscatter diffraction (EBSD). At slightly
higher pulse energies (typ. ~1.25 u]/pulse as per this paper), a second texture appeared,
indicating that LiNbO: polar axis was partly oriented in the direction of laser polarization
in these conditions. The existence domain of this texture still must be confirmed. These
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results are in agreement with previous results [17]. Very recently ([18]), we reported that
B2y incorporation into LMS glass preserved the dynamical modifications yielding to SHG
response, while keeping its polarization-dependence. This added an important parameter,
namely the laser polarization, to the engineer’s toolbox for optical device elaboration
and tuning.

1.2 Incubation Time and Temperature-Time-Transformration (TTT) Curoe in Static Mode

In the same previous work [13] as described above, we observed that the addition of
B2y drastically reduced the incubation time with respect to ByOy-free (Le., LINS) glass.
The incubation time is the time taken, upon fs-laser irradiation, until the observation of
the SHG signal. The variation of the incubation time with respect to the average laser
power and upon the addition of Bo(O4y to the glass produces a displacement of the time-
temperatue-transformation (TTT) curve. Using results from [18], the incubation time is
represented in Figume 1a, while the TTT cunve for LN5 is eported in Figure 1b.

MNow, to further pinpoint the decrease in the incubation time when adding BaOy, into
LM5 glass, and to make the link with the TTT diagram, we must consider the tempera-
ture distribution upon (pulsed) laser irradiation. For a single pulse with a given pulse
energy (Ep), the associated thermal deposition (transfer to the lattice vibrations) leads to a
temperature distribution profile Tir, t). The latter is as wide as the beam waist diameter
immediately after the pulse is deposited, which corresponds to the period start as defined
by ty in Figure 1c. Following this initial step, the T profile broadens very rapidly due to
heat diffusion follmwing a bell shape, and consequently, the maximum temperature (at
the center) conversely decmeases since the amount of heat given to the system is constant.
Finally, at the end of a period, T slow ly reaches a minimum value, Ty, towards the end of
the perind. This temperature profile evolution is illustrated in Figure 1c.

MNow in the multipulses regime, at radius r including the center, the temperature Tir, t)
oacillates between Ty (5 N) and Ty, (t N) [19]. N cormesponds to the number of pulses
deposited before the time t, and T, is the period of the pulses. When T(x, t) is computed
within one time period, it is clear that close to the center (r < 3wy, wy being the width of
the beam at 1/e) and for weak time overlapping pulses (1, »> tp, the heat diffusion time)
there is no crystallization:

(1) neither at the beginning of the perind, T is too high (several thousand degrees) during

a short time
(2) nor at the end of the period, T is too low during a long part of the period (specifically

when the pulse time overlapping is small).

So, the “active part” of the period is between Ty, and Ty, Consequently, our reasoning
is based on the averaged power delivered within a pulse time pericd. The average empera-
ture T (the mathematical expression can be found in Appendix A Equations (A2) and (A3))
appears to be a function of the averaged power P = Ep-f and of the number of pulses N.
Mote that T is constant within each period.

For a given P, the T distribution is thus a bell shape curve around the beam axis that
does ot oscillate anymore but slow by evolves with respect to ime ie., M. Now looking at
the TTT diagram in Figure 1b, several scenarios can be envisioned. First, if macdimum T is
just abowve the crystallization onset temperature, Ty, and if the irradiation time is at least
equal to the incubation time, crystallization will oocur. Now, if the maximum T increases
slightly (though an increase of F) approaching to Tp, (crystallization temperature peak),
a larger area will be above Ty and crystallize. Finally, if To > Tp, there will be a radius
r > Owhere T = Ty, that will crystallize first rather than the center of the bell The appament
incubation time measumed with the laser is thus a uniform decreasing function on T and so
on T (see Section 4.3) as in Figure 1a.
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Figure L (a) Evolution of the incubation time as a function of LNSB glass composition. The results are recalled from [18].
(b) Representation of the crystallization domain for LNS glass in TTT (lime-temperature-transformation) scheme; TP’
crystallization peak emperature, Ty glass transition temperature. (¢) Scheme of the emperature spatial distribution T(r, t)
evolution after pulse deposition inside the glass, and as time evolves. We note that as the maximum e mpe rature decmeases
with time, the width of the distribution increases (the heat energy in the system remains constant). As a side note, the beam
waist radius wo is typ. around 1 to 1.5 um

1.3. Heat Accumulation (Multi-Pulse Irradiation) Considerations and Impact on Crystallization
Within heat accumulation regime, the spatial temperature profile evolution (Figure 1¢)
described above for a single pulse is expected to be modified by subsequent pulses while
the contributions from the former ones are not vanished yet This will influence the
temperature distribution in space. The time needed to reach a steady state of overlapping
pulses (in time) can be associated with a minimal number of pulses, labeled as N, (1) in
Appendix A (Equation (A5)). In this case, a memory effect is at play from one pulse to the
other. It scems that growth of nanocrystals and nanogratings is of such category. This may
also explain that the incubation time is dependent on the average power and not only on
pulse energy. Several key features can be extracted from modeling heat deposition and
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temperature profile in multi-pulse regime (see Appendix A for mone details regarding the

hypotheses and the calculations used )

(1)  when there is no prdse overlap in fime; typ. when the pulse period (Tp) is greater than a
few hundmeds of the diffusion time (tp~wo? /4D, wo is the beam waist radius at 1/e
and D is the thermal diffusivity):

s  Ep(and mom specifically the absorbed part of Ep) sets the emperature amplitude
(Ty in Appendix A, Ty = S-A-Ep.-"lﬂ-rr-p-l:];.-wf]:l and this is not dependent on
the thermal conductivity. Cn the contrary, the shape of Tir, t) is from the solution
of the Fourier's equation with one pulse and is defined by w;, f and the thermal
diffusivity Dy.

o  Mote that f/v controls the density of pulses per um (Pp) or the pulse overlap
in space. Pp is ranging from <2000 to 200,000 pulses/ um in this present work.
Momeover, the number of pulses deposited punctually is given by 2w,Pr (wy is
the beam radius).

(2)  wihen there is an important overlap befeen pulses in fime (typ. Tp < /A0

s The average power P = Ep, - f controls the temperature amplitude that is now de-
pendent on the thermal conductivity &, ie., A—;JL& with o being the absorption
coefficient The profile in space and time is close to the solution of the Fourier's
equation with a continuous wave (CW) laser source [20] and the width of the
distribution is simply dependent on o

o  Note that as in the previous situation, f/v controls the density of the pulses per
pm {or their overlap in space) = duration of irradiation per point (=Tp-2w-f/¥).

(3)  wihven the pulse overlap is ntermediafe (fyp. Tp-Tp) An average approximation may be
considered for the temperature.

» Casen’l:T(r,N} = fpm::d u %dt this corresponds to an average tempera-
ture during the total pulse period, numbered M.

o Casen"2 we can say that below a given temperature (Tpy,), no effect hap-
pens (e.g, below Ty for a crystallization, but another T,y can be used for
another process depending on the kinetics invoked). Mo effect ocours also
above a given Toax (e.8., Tm or liquidus temperature in the case of crystalliza-
tion). Consequently, the average temperature is bound as in the next expres-
sion T{r,N) = r.u!n] j:‘['-:h’;;"r(r, t)dt where ty(N) = inf (Tyul(n N), Ty) and
tz(N) = sup {TE-' Trunin N)L It is worth pointing out that for this suggestion,
tafr, W) —ty(r, N) =< T Mote: supil.,.) and inf(..) mean the largest and the
smallest values of the quantities in the brackets.

Therefore, the important parameter to consider is the pulse overlapping in time. It

is ruled by the ratio Ry = t,/tp. Por the glasses to be considered in this study, R, = 18
as D¢ = 9= 1077 m?/s either for LNS or LNSB glasses. The number of overlapping
pulses is around 107 1% {see Appendix A Equation (A5)). This means that pulses deposited
between 10 and 15 time perinds befome the last pulse have a negligible contribution to
the pulse’s summation. Mote that our experiments herein are rather in the conditions of
weakly overlapping pulses. Consequently, from the beginning of irradiation and after
10-15 pulses, a steady state is reached whemne T oscillations become repe titive. However,
in most of the observed phenomena, the relevant quantity is the average temperature
T(r, N) that becomes time independent after 15 pulses. It is written T(r, 0] in Appendix A
Equation (A4) (for instance) and its time-independent shape is thus very convenient to
discuss the effect of thermal treatment in scanning mode with a laser.

In this work, we will mostly foous on the effect played by the scanning speed. As
shown above, the latter plays a different role than the pulse energy (Ep). [t must be pointed
out that the heat diffusion speed (~3¥/wo, ie., a few 10 m/s in our experimental condi-
tions) is much larger than the scanning speed (typ. <1 mm,/s). Consequently, the scanning
speed is expected to have a negligible effect on the temperature distribution profile.
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1.4, Phase Separation Induced by FsLaser tn Lithium Niokum Sficate Gless and Choice of Laser
Parameters in This Study

In addition to precipitate oriented nano-crystals in LNS glass, it is possible to induce
laser polarization-oriented phase separation upon laser irradiation under the form of
lamellar-like structures perpendicular to the laser polarization [13]. These lamellas are
quasi-perindic and form an array of crystalline phase (LiNbOy-rich) and glass phase (Si0,-
rich) at the sub-wavelength scale [13]. A direct consequence of this re-organization is the
appearance of measurable form birefringence, which can be characterized under an optical
microscope with polarized light through optical retardance measurements [13,21).

To study the effect of scanning speed on this phase separation, we first need to find
the adequate laser conditions to fall within the domain of crientable nanocrystals. Ina
previous publication on LS glass with a close composition to the LNS glass used herein,
three laser-induced modification regimes were stated [14] as highlighted in Figure 2a using
a Ep—f landscape. There is a first regime at low pulse energies whene the material remains in
a vitreous state. In this regime, both the refractive index and the etching rate are modified
(isotropically), which is associated with a change of fictive temperature (a parameter charac-
terizing the degree of disorder in glass). A second regime appears at higher pulse energies
(in fact abowe an averaged incident laser power of 0.16 W), where nano-crystallization is
observed, and that is extured such that the polar axis of the nanocrystals is perpendicular
to the writing laser polarization. Then, inceasing the pulse energy; a third regime appears
(above an average incident power around 0.32 W) where larger crystallized zones with
the same orientation appear. In this case, a part of the heat-affected volume (HAV) is
melted and crystallizes driven by the peripheral part of the HAV that has not melted. In
our conditions and as will be detailed in the Materials and Methods Section, we used two
pulse energies: 0.5 and 1.0 uJ/ pulse (at f = 200 kHz), which correspond to 0.1 and 0.2 W,
respectively. For completeness, based on previous experiments carried out in the samples
imvestigated herein [18], we could identify the thresholds (T1, T2, T3) for the 3 regimes.
Therefore, in Figure Zb we place the thresholds on a similar Ep—f landscape found for LNS.
It is worth pointing out that the LNSB glass would exhibit slightly lower threshold values.
With the ex perimental conditions considered in this paper, we are in the regime of oriented
nano-crystals formation.

Finally, in [12]. the effect of the scanning speed in regime 2 has not been investigated
deeply but pointed nevertheless an effect. At an energy of 1.4 pf, the orentable possibility
was seen for 25 um/'s with the polar axis perpendicular to the laser polarization; but for
10 um /s there was another texture with the polar axis parallel to the laser polarization [17].
U the other hand, at high pulse enengies (42 pl}, the authors from [22] obtained a perfect
single texture {a third one with the polar axis aligned along the direction of scanning) in
the whole heat-affected volume (HAV) for speeds lower than about 25 pm,/s. Howewer, at
this pulse energy, the laser track width is a bit large for a single-mode waveguide (25 pm).
Mevertheless, these works showed that controlling the scanning speed may enable the
control of nano- /micro-crystallization of the laser track.
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2. Materials and Methods

The two glasses investigated in this work weme fabricated using the conventional
melt-quenching technique. These glasses are the same as the ones used in Ref. [18]. The
targeted compound concentration (in mol®:) of each glass is: 33Lip0- 33Ny Os-34510,
(labeled as LNS) and 33Lix0-33Mbo (- 135105-21820y (labeled as LNSB). Briefly, powders
of Liz Oy, 505, and NbyOs (and HzBOy for LNSE glass) were crushed together in acetone
to homogenize the powder mixture. Subsequently, each powder batch was placed inside
a platinum crucible and dried at 200 “C for ~2 h. Following this, the temperaturne was
increased up to 1400 “C (LNS) and 1350 °C {LN5B) and set at these tempe ratures for 1.5 h
Then, the molten mixture was quenched between two metal plates preheated at around
~350 “C and maintained at this temperature for about 30 min The quenched glass formed a
plate about 1-mm thick. Finally, few pieces of each glass sample were polished on top and
bottom surfaces until optical roughness was reached. Each glass sample was thus placed
on a motorized translation stage and subsequently irradiated using a femtosecond laser
(Satsuma, Amplitude Systemes Ltd. Pessac, France, A = 1030 nm, pulse duration = 250 f5,
numerical aperture (MA) = 0.6). Each irradiation was performed with the laser focal point
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situated approximately 240 pm (in air) below the sample top surface. The translation
stage enables a displacement in the XY plane, while the laser beam direction is along the
£ direction. The experimental setup is displayed in Figure 3. Heme, the eference in the
direction of writing laser polarization is given by 4+X in the XY plane (illustrated by & in
Figure 3); the scanning direction is identified as 5 in the same figune.

— Femtosecond laser
e lk 1030 nm, 250 fi
direction {linearly polarized beam)

¥

€ (laser polarization direction)

X

Maotion stages

Figure 3. Experimental laser setup, and convention for the reference on the sample and its relation to
the peference on the laser. S and e cormespond to the scanning dimection and the polarization direchion,
respectiv i:l_v. Mo i this work, 'I"_I.r configaration mm:pmda o e para.llr:l b 5 (e is abong Y, and Yx
conbiguration toe perpendicular to 5 (e is along X).

Lines were written in the plane perpendicular to the laser propagation direction (ie,
the XY plane) at various scanning speeds (from 5 to 600 um,/s). A half-wave plate placed
along the beam path controlled the linear polarization. 5 mm-long lines (at £ = 200 kHz)
wele written inside each glass sample (LNS and LNSB), using two laser polarization
configurations: parallel (labeled as Yy}, and perpendicular (labeled as Yx) to the laser
scanning direction (being along the Y axis, or 5). Other parameters wene varied, induding
pulse energy (0.5 and 1.0 pl), and scanning speed. At this point, it is worth to point out
that prior to each scanning, the sample was irradiated with a static beam with a time
at least equal to the incubation time. The minimum scanning speed was set to 1 pm/'s,
and the maximum scanning speed was determined once no green light could be detected
during the irradiation. This green light is characteristic of SHG induced by LiNbOs, and no
light detected was indicative that no more crystallization occurned during the inscription
(typically at speeds of few hundreds of wm /s at a pulse energy of 1 pJ).

To investigate the differences of the lines inscribed in both LNS and LN5E and when
scanning speed is varied, we used an Olympus BX51 optical microscope (Olympus). A first
observation was done under white light to gain general insights on the laser track trans-
parency, homogeneity, and dimensions. A second analysis was performed under polarized
light to detect birefringence, characteristic of textured nano-scale phase separation, and
neutral axis directions. Using a first-order (full wawve) retardation waveplate, the slow and
fast axes of the lines (if birefringent) have been determined. Finally, we measured the linear
retardance (E) at the center of the irradiated lines, using the De Sénarmont compensator
technique. K is proportional to the birefringence (B) through the relation R=B x L, where
L is the thickness of the birefringent object.

Finally, to better compmehend the origin of the differences observed in optical mi-
crascopy, the laser track cross-sections of the LINSB sample (at different speeds and for
0.5 u/ pulse) were brought under a field-emission gun scanning electron microscope (Carl
£eiss Microscopy GmbH). (FEG-SEM ZEISS SUPRA 55 VP) equipped with an electron
backscatter diffraction (EBSD) detector. The samples were side polished perpendicularly to
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the scanning direction and until the laser-cross section was exposed. Crystalline texture,
size, and nano-/ micre-exturing could be observed.

3. Results
3.1. Effect of Scamming Speed: Optical Microscope Observation under White Light Tlumoination
(Tran=mmsson Mode)

In Figume 4a, the optical micoscope images of some sections of the inscribed lines (Yx
configuration, in transmission mode, top view, and upon white light illumination) for LNS
and [NSB samples are displayed. At this point, it is worth pointing out that the black lines
(at low speeds, typ. < 25 um/s) were associated with a bright and well visible green light
observation during the laser irradiation and the brown colored lines with less vivid green
light intensity (although still visible). Finally, for the nearly transparent lines (at the highest
scanning speeds), no green light could be detected during the irradiation. Detection of SHG
is a direct indication if LiNbOy crystals were precipitated during laser scanning. As can
be seen from Figume 4, the samples are lightly colored {orange). Absorption spectra were
recorded and are presented in Appendix B, Figure A1. They revealed a linear absorption
tail starting below 500 nm and a cutoff wavelength in the UV region at around 350 nm for
both glasses. Howewver, no absorption band is detected at the laser wavelength that could be
a source of strong linear absorption. From Figure 4a, a very different behavior is observed
with respect to each glass sample. For LNS at 0.5 pl/pulse no crystallization could be
detected at scanning speeds above ~50 pm,/s, and there was a sharp transition between
crystallized lines to no crystallization. For LMSB glass, crystallization was detected up to
~225 um,/s for the same pulse energy regime and configuration. Additionally, the transition
regime from dark lines to transparent ones was incremental. Comparison made between
LMS and LMNSE for a higher pulse energy (1.0 pJ) shows no crystallization at scanning
speeds beyond ~100 pm/ s for LN5S glass and beyond ~800 pm/' s for LINSB. Moreover, the
line width fluctuates in a periodic fashion for LNS whereas it is very weak for LMSB. This
is rather similar to what has been reported in [23] using a CW laser 1080 nm, 1.4-1.58 W,
MA = 0.8, at the surface.

Finally, the averaged heat-affected volume (HAV) width for each line is reported in
Figure 4b, for ¥y and Yx configurations. In both LNS and LMSB, increasing the pulse
energy causes, on the first order, an increase of the HAV width. For LNSB glass at low
pulse energy, the laser track thickness slowly decreases as the scanning speed inceases.
O the other hand, at 1.0 u]/pulse, the laser track width inceases and reaches a maximum
at around 150-250 pm/ s, then progressively decreases.

1.2 Birefringence Measurements md Polarization-Dependent Orientafion
Based on the previous observation under optical microscopy, we could classify three
{3) types of line inscription regimes: one at low speed (lines appear dark, little to no light
passing through them), one at medium speed (brownish lines, with light passing through
them), and one at high speed (no detectable crystallization, and light fully passing through
them). These three-speed regimes are reported in Figure 5a for lines written in LNSB using
increasing speeds: 1, 75 and 350 pm/s. To further investigate the differences between
these speed regimes, we used different illumination conditions:
(1) transmission with natural light; we see rough moedifications
(2) transmission with crossed polarizer (') and analyzer (A) (polarized light)
(3) same as (2) with a full waveplate inserted with its orientation perpendicular to the
scanning direction; see Figure 5a.
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Figure & {a) Optical microscope inages of lines inscrbed by fs-laser in silicate (NS} and borosilicake
{LM5B} glasses at various scanning speeds and for bvo pulse energies: 005 and 1.0 p] (Yx config-
uration]. (b) Heat-affected volume (HAV ) width as a function of scanning speed, measued from
optical microscope images in NS and LNSB glass samples, for 05 and L0, and in both Yy and
¥x eonfigniration modes. Other (fived) parameters are: A = 10080 nm; f = 200 kHe; NA = 0.6; pulse
duration = 250 fz; focal depthe 240 um (in air).

In (2): the background (glass) whatever the sample orientation appears dark due to
glass isotropy. The lines are also dark when they are placed parallel to either P or A. On the
contrary, when the lines (low and medium speed regime) weme rotated at any other angle
than parallel {/ /) to P or A, light passes through them, with a maximum at an angle of 45
with espect to both A& and P axes (with a precision of £5%). This featune was maximized
for the medium speed regime (75 pm,/s in Figure 5a) indicating that the orientations of the
neutral axes are parallel and perpendicular to the line scanning direction

In (3): with the insertion of a full etardation waveplate and the neutral axes at 45"
from A and F, we distinguish the slow axis from the fast axis. When the slow axis of the
line is parallel or perpendicular to the slow axis of the full retardation plate (at 550 nm), it
appears blue or yellow, respectively. Here, whatever the investigated configurations, the
slow axis of the written line is found perpendicular to the writing laser polarization. This
agrees with [21], and is attributed to (i) the formation of quasi-periodic lamellas with two
different refractive indices, and (ii) not to the birefringence related to the oriented LiNbOy
nanocrystals contained in one of the lamellas.

Finally, retardance {K) was quantitatively measured at the center of each irradiated
line as reported in Figure Sb,c. In LMS glass, the retardance arises from the formation of
a sub-wavelength and lamellar-like structure with periodic alernation of LiNbOy-rich
regions (crystallized) with LiNbOy-poor (glass rich) ones, leading to form birefringence,
hence retardance [21]
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function of scansing speed, for both LNS and LNSE glasses, at pulse enengies of (1.5 and 1.0 w].

From Figure 5b,c, we observe general trends with respect to the retardance of the
lines. At the lowest speed (1 pm//s) the measured retardance is null and this foreach
glass and at every pulse energy (either 0.5 or 1.0 pJ). Now, in LMSB, as the scanning
speed is progressively increased, the metardance also increases, until it reaches a maxdmum.
Lowering the pulse energy (going from 1.0 to 0.5 pJ) results in the enhancement of the
retardance In LINSH, this increase approximately corresponds to a factor of 4 (up to 200 nm).
At 0.5 p] etardance disappears beyond 350 um /s, whemeas for 1.0y it is roughly constant
until 600 pm/'s. For LS, the macimum is abw ays roughly 100 nm. However, if retardance
increases just from a few pm /s until 50 pm /s at 05 yf, it starts to increase the latter by
L0 ] but both exhibit a steep decay at 200 pm,/s. Although at higher speeds the lines
are not crystallized, at low speeds crystallization occurs. Themefore, the low-speed regime
exhibits a birefringent response, but the white light is scattered as it travels through the
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cross-section due to the presence of large crystallites along the laser track. Finally, no
writing polarization effect is detected on the etardance amplitude, and the maximum
retardance response found for LMSH is about twice larger compared to LNS,

1.3 Investigation of Scannmg Speed Effect on the Laser Trock Morphdogy in LNSE Glass

To better understand the various trends observed when the scanning speed is varied,
we investigated the morphology and nanostructure using scanning electron microscope
imaging and electron backscatter diffraction (EBSD). In Figure fa, we report the laser track
cross-section (for 0.5 p]/pulse, Yy configuration) SEM micrographs and EBSD diffraction
pattern images taken in LINSB sample, at three different speeds: 1, 10, and 75 pm /5. As
one can rofate the lamellas by rotating the laser polarization, the choice of Yy configu-
ration was decided for investigating the crystallization in the plane of the lamellas (see
for instance [14]). We first confirm the presence of LiNbOy nanocrystals, and no other
crystalline phase was detected, i.e, all Kossel's figures were indexed. Secondly, we observe
that the crystallization is rather homogeneously distributed. As it has been seen before
in a similar analysis performed on 505 [24], there are some regions that are not phase
separated. We can suppose that this is the case at the center of the laser track, especially
for 25 and 50 pm /5. Howewver, we cannot completely rule out the possibility to partially
imvestigate some areas that are between two crystalline zones, hence they would appear
amorphous. We observe a concentration of nanocrystals at the laser track center in the
head as the speed increases, whereas at a low speed we observe larger regions of similar
crystalline orientation, ie., similar color in the imerse pole figure (IPF). The average size
of the regions of the same orientation (single texture) as a function of scanning speed is
reported in Figure 6b (in magenta), along with the error bar, which corresponds to the
standard deviation (providing information of the size distribution). Additionally, we also
report the evolution of the number of regions as a function of scanning speed. This figure
emphasizes the observation of larger crystalline domains with the same orientation in
the low-speed regime relative to the high-speed one. Interestingly, beyond 25 pm /s, we
observe a plateauing in the crystalline size evolution (averaged size centered at 100 nm)
with a narrower distribution (small standard deviation). This is also accompanied with a
rather constant number of a single exture region: approedimately 600 to 800 regions from
10 to 175 pm /5, while this number drops to 300 for the lowest scanning speed (1 pm/s).

Lastly, in Figure &c, the pole figures of LiNBO; ¢ axis reveal a dominant texture, where
the ¢ axis is found preferentially perpendicular to the laser polarization for all laser tracks.
This is consistent with previous works (see for instance [10,18]). However, we observe
that, as the scanning speed increases, the preferential orientation of the c axis becomes
less contrasted.

In addition, SEM imaging was performed on the laser track cross-section of LMNSH
sample but this time in the Yx configuration. This allows seeing any lamellar-like nano-
structuring as already suspected based on the observation of birefringence. This v imer_r,. of
nanogratings, previously observed in LNS glass ([13]) within the aystallized region, ™ grow™
perpendicularly to the laser polarization. The SEM micrographs eported in Figure 7 show
some interesting features worth pointing out First, the observed crystallized volume be-
comes smaller as the scanning speed increases (in yellow ). Additionally, the length, but not
s0 much the width, of the region where lamella-like structuring is observed, framed by the
orange dashed line, progressively decreases as the scanning speed inmeases. At low speeds
(=25 pm/'s), there is a complete overlap between the crystallized and lamellas regions,
while it is much reduced at higher speeds. Similar observations have been reported in [12].
At low pulse energy (0.5 pl /pulse), the lamella area also coincides with the crystallized
one. But when energy is increased, the lamella area becomes smaller with respect to the
crystallized one, ie., the overlap is reduced. Note that lamellas forming nanogratings are
resulting from direct interaction with the laser light whereas crystallization is not.
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Figure 6 (a) Scanning electron microscope (SEM) micrographs and ¢ kectron backscatter diffraction (EBSD) maps on the laser
track eroes-sections induced by B-laser on LNSB glass sample and for different scanning speeds. Other (fixed) parame ters
are: pulse enengy = 05 uf; configuration = Yy (laser polarization / / to the scanning direction); A = 1030 nm; § = 200 kHz;
MA = 06; pulse duration = 250 fs; focal depthc 240 pon {in aic). (b} Number of single extune e gions and their averaged
digmeter (asauming 4 spherical shape) as a function of scanming speeds, extracted from EBSD data, e, (a). (¢) Pole figure of
the LiMbBOy ¢ axis (labeled as 0001), alsoextracted from the EBSD data.
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10pmfs 25 pmfs SO0pmfs  75pmfs  100pm/s 125pmfs 150 pm/s

Laser polarization =«
Lazer beam direction

Figure 7. Scanning electron micrographs of the laser track croas-sections induced by fs-laser on LNSB glass sample and
for different scanning speeds. The surrcunded amas are (i) in yellow: ama whene crystallization within the laser track,
associated with erystallization, is detected; and (i) in orange: area wheee lamella-like nanogratings are observed (see for
example ingets). Other (foed) parameters ane: pulse energy = 0.5 pl; configuration = Yx {laser polarization L to the scanmning
dimeection); A = 1030 nm; § = 200 kHez; NA = 0L6; pulse duration = 250 f5; focal deptie 240 wm (in air). NUB. the erystallized
volumes (in yellow) ane similar bo the ones in the Yy configuration (Figuee 6).

4. Discussion
4.1. Temperature and Its Distribution Profle durmg Irradiation in LNS and in LN SB Glgsses

The laser energy deposition inside the material is achieved through a nonlinear—
multiphotonic—absorption effect. The absorbed energy is then redistributed in the lattice
in form of heat, typically in a Gaussian-like shape (in space). After a short stage of non-
linearity, the absorbed energy proportion is inde pendent of the pulse energy [25]. One
advantage of using a converging beam is that the absorption is triggered in-depth and then
controllable.

In pulsed regime, the time for the instantaneous emperature to reach a steady state
for our compounds and laser conditions can be shown from the Fourier's equation to
be around 270-tp (see Appendix A), with T = wid/ 4Dy, wy ~1 um) and Dyp(LNS) =@
= 1077 m? /s [21]. This gives 1 = 0.28 ps and thus 76 ps to reach the steady state or
15 pulses in our conditions (200 kHz). This is indicative that we have a weak temporal
overlapping between pulses, and that we are close to the so-called “single pulse regime”

discussed in the Introduction. Moreover, the thermal diffusivity Dy = 1/ [PCP]“ where k is
the thermal conductivity, p the density, and Cp the heat capacity, should not be drastically
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different when moving from LNS to LNSB. Indeed, the partial substitution of 21 mol¥.
5i(y with Bz into the glass system is not expected to change the thermal diffusivity by
much (see for instance Table 820 in Ref [26]). Additionally, the p and C, values, extracted
from Sciglass software, are p{LNS, 20 °C) = 3482 kg/m?, 'CTJ,{I_N”_"'qI 20 E] =629.2 | /ikg-K),
p(LNSB, 20 °C) = 3535 kg/m?, and G,(LNSB, 20 °C) = 657.8 ]/ (kg-K). The pC, product
differs only by 6% between the two glasses.

Consequently, the spatial temperatumne distribution profiles, for both LNS and LNSB
glasses, are very similar for a given set of conditions. This is in good agreement with our
experimental results wheme the HAV widths appear not to vary much with the chemical
compaosition (Figure 4).

4.2 Nucleation and Growth in LN5 and LN 5B Glesses: Tendencies and Comparisons

Chne interesting parameter to investigate differences in crystallization kinetics between
the two glasses is the reduced glass transition temperature, Ty, defined as T = Tg(K)/TLK),
where Ty is the glass transition temperature and Ty is the liquidus temperature (or the melt-
ing emperature). To get Ty values, we ran differential scanning calorimetry (D5C) scans on
the samples (LNS and LN35B), in addition to two other glasses with an incremental amount
of Bz, The results are reported in Figure 8. The Ty could not be easily distinguished
for LN5 glass, and therefore we took the value provided by Sciglass (Ty = 5791 °C). On
the other hand, we obtained T, == 520 “C for LN5SB glass with 21 mol™: of ByOy. For both
glasses, we used Ty = 1257 “C (corresponding to the melting temperatume of LiNbOy as
in [27]); we obtained TE,[LNS} == 0.56 and TF{LNSB] 7= .52, Additionally, and for com-
pleteness, we observe that the progressive addition of By Oy shifts down the crystallization
peak to lower temperatures: by about 150 “C between LNS and LMSB with 21 mol% BaOs.
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Figure 8 Differential scanning calorimetry (D5C) scans for four glasses with an increasing amount
of Bx(y in the batch composition; in mol¥: 33Li0-33NbOe- (M-x5i0rx B0y, with x =0, 7,
14, and 21. Heating rate was 10 *C/min. Black curve cormesponds to LN5, while the pink curve
to LINSE. T, = glass transition temperature; T, = crystallization peak temperatuee; T, = onset of
crystallization temperatune.

The Tgr values are only indicative and further work (including viscosity measure-
ments) is required to more precisely ascertain these values, such as melting temperatures
{which in glass can be defined as the temperature for which the viscosity reaches log
(viscosity, Pa-g) = 1). This will be important in the future, since the melting temperature of
LNSEB glass is lower than LNS, and this would have the tendency to shift the Tg value of
LNSE slightly to higher values. Aside from these caveats, the differences of Ty, between
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the glasses can be, at least quantitatively, compared to the maximum nucleation rate (T, )
and time lag of nucleation (incubation time) reported in Figure 4.3 of [23). Inemestingly
these observed differences in Ty can lead up to several orders of magnitude higher Ly,
values for LNSB relative to I_T‘J‘fw hile the incubation time is correspondingly two orders
of magnitude lower [28,29). The detection of SHG (through intense green light detection)
for LN5B is much faster than for LINS upon laser irradiation (up to 20 faster) [ 18] and indi-
cates a faster nucleation rate. Additionally, by looking at Figure 2 from [29], the maximum
growth rate can be crudely estimated. For LNS, it would be in the 100 pm/s range, while it
would be higher for LMSB by an order of magnitude. Onee again, these trends agree well
with the experimental observations. At a pulse energy of 1.0 yJ, crystallization {through
SHG observation) is observed up to 100 pm/s in LNS, while it is detected up to 600 pm,/ s in
LNSB. For completeness, Tyy is determined for a glass but excluding migration of chemical
species. [f the latter occours (e.g., in SraTiSix0y glasses as in [30] or other silicate glasses [3]),
the situation becomes more complex and growth will become composition-dependent and
temperature-dependent.

Another interesting point to highlight is that the net crystal growth rate in glass is
directly related to the mobility of the atoms, ie., the diffusion coeffident (Wilson-Frenkel's
theory [31]), which, in turn, is proportional to the inverse of the viscosity through the
Stoke—Einstein's relation [28]. Momreover, incorporation of BaO4 into the silicate glass melt
is known to decrease viscosity [26). Another observation is that the LNSB glass yielded
to some occasional surface crystallization upon cooling, whereas it was not observed for
NS glass. These are the first indications of the more pronounced tendency to crystallize
for LMN5B mlative to LNS. Additionally, we can estimate the Hruby Criterion ky = (Tx
— T}/ (Ten — Ta), which is indicative of the tendency of glass to crystallize (especially
upon heating) [32). In this criterion, Ty stands for the onset crystallization emperatune,
Ty the glass transition temperatume, and T, the melting temperature (hew taken as To of
LiNBOy). For LNSB, Tg =2 520 °C and Ty =2 560 “C. For LNS, Tg = 572.1 *C (Sciglass) and
Ty =700 °C (see for instance Ref. [33]). This yields to ky == 006 for LNSB and kyy = 022
for LMS. The smaller kyy value for LNSB (=24 times lower) with respect to LNS indicates its
higher tendency to crystallization

4.3 What Does Limit Crystallization as the Scanning Speed 1s Increased?
Tovansw er this question, bet us first briefly recall what has been learmed from the Introduction:

#  The incubation time t; at a given temperature is the time for the glass to produce a
volumetric number of nanocry stals that gives rise to detectable SHG intensity. This
time provides information on the TTT curve that binds the domain of crystallization
in the frame of homogeneous nucleation assumption [34] (see Figure 1b).

&  The spatial temperature distribution Tir, t{N)) (Figure 1c) has a maximum directly
related to the pulse energy {E.PL the heat capacity {CPJ and the irradiated volume
{width and length): this situation is valid for pulses with no overlapping in time.

* Anaverage curve can be obtained by averaging the T(r, t{N)) curve on the period of
the pulse T(r, N} = 'I'TF' L’,::-ﬂldt This curve becomes stationary after about 2Fikg
or N> Mo, (0) = 15 pulses (see Appendix A Equation (AS)).

* A time-averaged emperature curve is a convenient mean to consider the temperature
spatial distribution, and to understand the effective incubation time (f.4) cbtained
from laser irradiation. This last is close to the shortest one in the possible crystallization
range from T to the maximum average emperatume | Ty, ) controlled by the average
light power ?" tost (B f) = 1:ni|11,-|:1i'}|.-[:SEL STT, T where (T is the domain
boundary in Figure 1b.

Thus, for low-average power (P), T is close to Ty, tex is large, but as P increases, t.g
decreases drastically until a value defined by the TTT curve (at the Ty temperature), and
then slows down weakly for further increase of I This explains the shape of the curve
shown in Figure la.
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When the beam is moving (let us say along x), considering that the steady state is
rapidly reached, T{x — vt y, %, o) is a bell shape curve moving, Considering one point in
the material, its temperature travels along this curve, increasing and decreasing; this is the
local treatment and the bell shape that we kmow in space is translated in time domain. This
is what we call the thermal treatment curve.

Following these previous considerations and based on our mesults, in Figure @ we
sketch the TTT diagrams for LNS (Figure 9a) and LN5SB (Figure 9b), considering the
differences in TE-' T,. TP" t.y while Ty, is assumed constant. On this figure, several heat
treatments (heating-cooling curves) are drawmn: note that the mean power is fixed so the
maximum T is a constant and will not change as a function of scanning speed, as discussed
earlier. Consider first the diagram of Figure 9a, which is for LNS glass. The scanning speed
() is chosen so that the heat treatment does not reach the crystallization domain Now, if
we consider scanning at a speed of v/ 2, the treatment may penetrate the crystallization
domain (Le, the nuclei have time to form and to grow). Reversely, at higher scanning
speeds (e.g, 2v in the sketched diagram) no crystallization will be detected. The situation is
different for LMSE as the incubation time is much shorter and Tp much lower. This has the
effect of shifting the crystallization domain to lower temperature and closer to the ordinate
axis, as illustrated in Figure 9b. Themfore, for the same scanning speed v, the treatment
curve will now penetrate the crystallization domain. It is thus possible to increase the
scanning speed until a value given by the experiment (Le., 5v) to reach the critical value
beyond which the cry stallization stops.
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Figure 9. Scheme of the effect of the scanning speed on the erystallization for the bwo glasses ({a) LNS and (b) LNSB)
investigated in this paper. (1) The crystalliz ation demains are sketched based on the following rules: they ame limited
by the T, on bottom side and Ty, on top side; the nucleation top side is not changed becanse it only depends on the
thermodynamics driving foree of the nuckei that we assume the same for both glasses [34]. However, the growth rate is
increasing with the strong decease of the viscosity. These changes kead to a strong deceease of the incubation time. (2) The
maximum average temperature is defined by pulse energy and the repetition rate (Ej, - f). It does not change on the scanning
speed (v} and very little on the chemical compesition. Whatever the speed, the coincidence of the time scales between TTT
and teeatment curve is fixed when the teeatment curves cross Ty, considered to be the starting time for crystallization (what
happens beloy T, is expected to have nsigniticant effect on the crystalliz ation kinetics).

4.4 Evolution of The Heat Affected Volume (HAV) Width and Length with Respect fo the
Scanning Speed 1V

Based on our previous discussion, we can now understand better the evolution of
HAV width with respect to the scanning speed (as observed in Figure 4, for instance).
To observe crystallization, the temperature should overcome T, and this temperature
is slightly dependent on the time of irradiation (or the equivalent in laser irradiation:
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the number of pulses). This can be visualized from Figure 10: when the heat treatment
time increases, the crystallization is possible at slightly lower emperatures (see the red
portion in the TTT diagram). Consequently, the slight decrease of the HAV width with v
observed in Figure 4b is attributed to the combination of (1) incubation time to reach the
crystallization growth boundary ata given temperature and (2) the decrease of deposited
pulse density when v is increased. There is also the possibility that a smaller number of
pulses yields to less created defect levels absorbing in the bandgap [5], decreasing the
energy transter from the light through linear absorption thus deceasing T and HAY width,

Temperature (°C)

A

Liquid at equilibrivm

L-g57°C
Super-cooled Mokt fmad
liquidar glass

LNS crystallization domain
hemet , —

T=5M
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Figure 10, Sketch explaining the effect of scanning speed on the heat-affected volume (HAV) width,
As the scanning speed decreases, the number of pulses deposited for a given volume ncreases,
Consequently, the erystallization enset is eached at lower femperatures,

The length (or depth) of the HAV after the steady state is, like the width (defined by
the beam waist wa), defined by the light absorption length (Le., 1/« at 1/e with « being an
effective absorption coefficient beyond the non-linear absorption stage [25]). Additionally,
the related diffusion time (say Tn:) is ~1/4-200r. As 1/ = wo (at least by a factor of 10,
T == Tnr and the steady-state temperatumne along the beam propagation axis would be
reached much later (2 or 3 order of times later) than along the radial direction. The total
number of pulses deposited punctually (at f = 200 kHz) s above 400,000 (for v = 1 pm,/s)
and 4000 (for v = 100 pm/s). This is larger than the pulses needed to reach the steady-state
temperatume (~1500) In this case, the length follows a similar effect tham for the width, so
the length is shortened with the speed incease.

This is mot the case at speeds such as v = 500 um/'s, for which the mumber of pulses
deposited is only 800, Therefore, the steady state is not reached, and the emperature is
smaller than the steady state one, decreasing even mome the length at T(r, N) = Th.

4.5 Namogratings Region Inside The HAV Area, but Not Always Coinciding with It

In Figure 7, we highlighted the difference between the HAY area and the area where
lamellas were present. At low speed (<25 um,/s) and low energy (0.5 ul/ pulse), bath
regions coincide but it is no mome the case when either the energy or the speed ame increased
(=25 um,s).

We mentioned before that the HAV dimensions are related to the T distribution because
HAY boundary is defined by a minimum T for inducing an effect (e.g., T, for crystallization).
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When the emperature amplitude increases, the temperature shape distribution (related to
the diffusion time) remains the same. However, the radius where T reaches T, is pushed
further out. On the other hand, the width of the nanograting region (where there are
lamellas) does not change much. Indeed, it is defined by the width of the beam since
nanogratings are enabled by a light-plasma interaction.

At low energy and low speed, the top of the temperature distribution penetrating
the crystallization domain (as speed v/ 2 in Figure 9a) may define a minimum width and
coinddes with the width of the beam. At higher energy;, the amplitude of the T distribution
increases and the HAV width becomes larger than the beam width. When the speed is
increased, the T distribution does not change much, but the lamellar-structured volume is
likely to shrink. The latter can be explained making the follow ing arguments:

(1) The length and the number of the nanoplanes increase with the deposited pulses
number {Zwa-Pn) above some number that is why the birefringence is also increasing [35].

(2) The form birefringence increases also with the pulse energy above a threshold. We
can thus assume that the self-organized volume depends on the dose (1, y2)-I'n-Da), where
Ijx, yz) is the local light intensity, and Dy is a dose threshold above which selforganization
structures appear.

(3) If we note that I(x, y, z) = I(x, y, z0)- exp( — o[z — za) ), where z; is the depth where
nanostructure begins to appear [36], (4) therefore, the extension of the self-organized volume
is defimed by local dose above the minimum dose Dy, Le, Pp-l{x y,z0)-exp(—aiz —za))
*Dyorz —zg < %EL(EU—[&MI] Hence, when v increases, P decreases, and thus the
self-organized volume as it is observed experimentally:

4.6. Phenomenological Lok between Birgfringent Response ad Scamming Speed

By investigating the microstructure and crystal size and distribution inside the laser
track (Figure &), we ohserve that larger aystallized domains made up by LiNbOy nanoorys-
tals with the same orientation are present at low speeds (<25 pmy/s) and can reach up
to several hundreds of nm in size. These “particles™ with a size around hare strongly
scattering light resulting in “black”™ lines in natural light transmission as we observe in
Figure 5a. On the other hand, increasing the scanning speed will avoid crystallites to
grow, and they will only be a few ten percent (in size) of the microscope light wavelength
(530 nm). Interestingly, we observed that this size distribution of crystallized domains is
rather similar for lines written at speeds = 30 pm/s in LNSB (Figure £). Under optical
microscopy, there is strong light scattering but nevertheless some light still passes through
them. This tuning of scanning speed may be an efficient way to control photonic device
scattering losses related to the crystals” size. From Figure 7, the presence of lamellar-like
structures is taken responsible of the birefringent response of the inscribed lines [21]. The
volume occupied by the lamellarlike structure becomes smaller as the scanning speed
increases (and the retardance decreases). Maximizing this lamellar-like structuring would
therefore bring higher retardance values and low speeds may be preferred. However, an
associated low speed tradeoff is the formation of larger egions with single textume, which
ultimately would cause light scattering as well. Therefore, there exists a sweet spot in the
medium speed range regime wherne the laser track retardance response is maximized. This
sweet spot is much wider for LNSB relative to LNS: typ. by a factor of 4 or 5 as it can be
seen in the retardance measurements reported in Figure Sh,c.

5 Conclusions

In this work, fs-laser irradiation on two glasses, LNSB (33Li;0-33Mby(0s-135i0-
H1By0y) and LNS (331130 33Nby Og-345i0), was performed. The effect of scanning speed
on crystallization was investigated in various writing conditions. Experimentally, we
determined that the beam scanning speed limitis 32 + 12 pm/s for LNS and 237 + 12 pm/s
for LINSB at 0.5 p] /pulse, and 112 &+ 12 pm /s for LNS and 612 + 12 pm/'s for LNSB at
1.0 pl/pulse. In the conditions used, faster crystallization (=5:) can be achieved when
S is substituted with ByOy (here 21 mol®: substitution).
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Based on SEM- EBSDD analysis, we observed that both the width and the length of the
crystallized volume change slightly as the scanning speed is varied. We have determined
the orentation distribution of the nanoorystals by SEM-EBSD. We found that a preferential
texcture with LiNbOly ¢ axis perpendicular to laser polarization could be preserved when
scanning speed was increased, but its contrast decreased. In addition, while the width of
the nanogratings region does not change much, the length is drastically reduced when the
scanming speed increases,

By using a simple approach based on temperature distribution averaged on a pulse
time period, along with its characteristics in a stationary state, we showed that the irra-
diations weme performed in the egime of weak time overlapping between pulses or heat
accumulation: only 15 pulses are needed to reach %4%. of the temperature steady-state
value. Key msults can be summarized as follows:

*+  We identified the variations of the thermal properties (Tx, Ty, incubation time) with
respect to the glass chemical compositions. From these data, we deduced the variation
of the crystallization domain in the time- Emperature framework. The lower part of
the crystallization domain in the TTT diagram (growth limited) is shifted to lower
emperatunes when Byl is added to the glass matric. As a esult for LINSB, the
minimum incubation time is reduced by a factor larger than 5 with respect to LINS.

»  We stated that the effective incubation time is better translated by a number of pulses
whatever the repetition rate and is a function of the average laser power (rather than
pulse energy only) and the number of pulses (equivalent to irradiation duration).

»  We specified the concepts of spatial pulse overlap (pulse density that means irra-
diation time) and time pulse overlap, which goremn the heat acocumulation and the
average temperature.

#  Weexplained the scanning speed limit to induce crystallized lines as follows: there ex-
ists an effective irradiation time that is related to the width of the average temperature
spatial distribution, and that is translated in the temporal domain during scanning.
When the heat treatment time becomes smaller than the incubation time, crystalliza-
tion cannot oocur Interestingly, we can deduce that faster scanning speeds while
preserving the nano-crystallization are possible when the mean power is increased as
illustrated in Figure 11

»  Weexplained the weak decrease of the HAV width when the scanning speed is in-
creased (or the decrease of dot diameter with the decrease of the irradiation time in
static irradiation) by the decrease of the incubation time with the increase of the onset
temperature T,. Crystallization starts thus at a higher temperature and this corre-
sponds to a radius closer to the center. Tw o processes explain the length decrease: the
same phenomena as above but in addition the decrease of the temperature amplitude
due to a smaller absorption coefficient for smaller pulse densities.

&  The width of the nanograting region coincides with HAV at low speeds and low
energy because only a small part of the T distribution (in fact the top) is touching the
crystallization domain. Assuming that these self-organized structumnes ame dependent
on the light dose (1(x,y.z)-Pp) above a threshold dose (1), when the speed is increased,
the local dose decreases on all points of the irradiated volume. Consequently, the
volume whem the dose overcomes I also decreases.
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Figure 1L The figum shows the possibility of inceeasing the scanning speed in preserving e nanocrystal microstrsctue.
The objective is that the treatiment curve crosses the nose of the cry stallization domain. [F the speed is increased, the mean
power must be ncreased in relation. Cuite rapidly, the treabment curve overcomes the melting emperatune, and the
mechanismevobes from solid-solid to liquid-solid crystallization.

Finally, we observed that birefringence response of the inscribed line is a function
of scanning speed. This is melated to the variation of the nanograting region volume as
explained above. On the contrary, the crystallized volume varied only weakly with the
scanning speed, as well as the nanocrystal density. As a matter of fact, the latter is defined
by the average termperature distribution, which is fixed by both pulse energy and repetition
raie. However, the contrast of orientation is larger for low speed and this is likely to be due
to the larger velume taken by nanogratings.
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Appendix A

Foreword: the formulas below are deduced from the Fourier's equation with em-
perature independent and uniform coefficients, of a fs multipulse irradiation with the
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hypothesis that the pulse energy is deposited in a time shortenough before active thermal
diffusion with a spherical geometry around the focus. This simplified model is encugh
for reasoning and allows to manage simple expressions. A fter a while coresponding to a
number of pulses M., the system reaches a steady state, beyond which the termperature
at the distance r from the center of the focus oscillates between Ty (s oo and Ty (1, o0)
within the period [19,37]. In addition, when the temperature is averaged on the period,
there is no mome time dependence arising from the pulsed character and discussions on the
structural modifications are rendered easier. We point out that a paper will be published in
the near future that will extensively describe the subsequently established equations that
express analy tically the results obtained numerically in Refs. [19,37] and other references.
To help the Reader, the designation, definition, and units of each variable employed in the
equations below ame listed im Table A1 at the end of Appendix A.

The instantaneous emperature incease (T) from the room temperature at time t and
distance r from the center of the beam can be shown to be [38]:

Tt _ T ' | e ]
Ty HE{I 1+(i—|'L}-RT:3'II1 Pl_ ‘1+(%—n:]-R1:J Aan

T

N —1 =integer part {If'rp]l

wil:l'm:F, = 1/f, T = wyd /4Dy, R = T/ T, Tg= S-A-Epf{4-ﬂ-p-cp-wu3]_ f is the pulse
repetition rate, wy is a beam waist radius (at 1/e). Performing an averaging on the perind,
we get the average temperature expressiorn

L =M N-1
T{; = r:l N N-1 1 3;2'“[:'[“ {T:wu} ‘] -dt (AZ)
0 pe=N-1a [1_,_(%_,..]_511] 1—|[T—P—nj]-R'r
That can be expressed as
Tir M) B Wi/ T r AT
e () e ) 03
This quantity increases at the beginning of the irradiation and reaches a steady state
limit that is: - /A -
[Les)  wp/m [:L) (0,00} _ 2
Ta Rt ert W and Ty  Er (Ad)

This one is reached at the level of e after a number of pulses Masy,(r) for a distance =

2
Naam{1) = o [(E”—“‘) —I].Atthecentele{ﬂ] = {1/} — 1)/Rx (A5)

E|- :rrerf{#} J
This means for £ = 6%, £ =200 kHz, Dy =910 m?/'s, Tn = L.28ps, Rr= 18, Mage (0) =2 15
pulses or 370

We note that the maximum temperature according to the radius is at the center and
has the value: A Ef
T(0,e0) = 3A-Bp-f (AB)
B kwyy
M.B.: for cylindrical geometry, the expression of the maximum temperature is slighthy
modified with the introduction of an absorption coetficient resulting from non-linear
absorption. We read:

AEpo A-Ep-fo
2K

Tp = — T{ﬂ_m}l =

"F"Ep""'u (A7)
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Table AL Parameters, definitions and units vsed i the above equations.

Paramebers Definitions Uniits
A Fraction of reflected Light by —
the plasma
i Light absorption coefficient Ly 1
i A small quantity for i
. compulation needs e
p Pulse period s
Heat diffusion time
T iy (2L
D~ Imy
R~ T];..-"TD Tofke
wi Beam waist radiuws (at 1) L
Dy Thermal ditr:-.-»i'\.- ity m2/s
Dr—355
K Thermal conductivity W/ (m-K)
Ep Pulse energy ]
f Pulse pepetition rake MHz
i Dlemsity kg m?
Co Specific heat capacity 17 (kK
Appendix B
1.0
‘;i“ 0.8
L]
2 0.6 4 —si0,
& ——LNS
B
E ]
= &
31— : :
500 1000 1500 2000

Wavelength (nm)

Figure AL Absorption spectra for LMS, LNSB, with 5605 (Suprasilj added as a mierence. The data
weene taken using a Cary 5000 spectrophotometer There is no specific absorption band situated at
1080 num that could cawse a drastic multiphoton absorption diffenesnce be bwee n the two silicate glasses.
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