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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 2 ). 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 LiNbO3. 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 LiNbO3 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 SiO2 substitution with B2O3 into the glass matrix.

Titre : Nano-structuration avancée de verres et vitrocéramiques optiques pour des applications photoniques. Mots clés : lumière, verres, laser femtoseconde, borosilicatés, cristallisation, sol-gel, biréfringence, nanoréseaux, chimie Résumé : La cristallisation par impulsions laser ultrabrèves des matériaux vitreux est un domaine de recherche émergent et à fort potentiel. Le verre peut être aisément fonctionnalisé, et il un candidat idéal pour l'étude de la cristallisation induite par lesdites impulsions ultrabrèves. L'écriture directe par laser femtoseconde (fs, 1 fs = 10 -15 s) est une technique permettant la nano-structuration et multi-fonctionnalisation pour la fabrication de nouveaux dispositifs photoniques actifs en 3D. Il tire parti des processus d'absorption non-linéaires dont l'efficacité est favorisée au moyen de densités de puissance lumineuse élevées (typ. 1-100 TW/cm 2 ). Ce doctorat porte principalement sur l'effet des conditions d'irradiation laser, grâce au contrôle de quatre paramètres laser accordables (énergie d'impulsion, fréquence de répétition, polarisation et vitesse de balayage), sur la cristallisation du verre en 3D. La première partie de ce travail porte sur la synthèse des verres boratés par technique sol-gel, et des verres silicatés et borosilicatés par voie classique dite de fusion-trempe. Ensuite, une deuxième partie est consacrée à l'irradiation par laser femtoseconde des échantillons de silicates et de borosilicates pour déclencher, et contrôler, la cristallisation localisée et orientée de nanocristaux non centrosymétriques de LiNbO3. Des points et des lignes ont été écrits à l'intérieur des échantillons de verre, et des énergies de seuils de modification de la structure du laser ont été identifiées. Une troisième partie est liée à la caractérisation des structures induites par laser. La génération de seconde harmonique (GSH), traduisant la présence des nanocristaux de LiNbO3, a été étudiée. L'effet de la polarisation laser sur l'orientation de ces nanocristaux a été étudié par sa dépendance angulaire par rapport à l'intensité de GSH. L'étude de l'orientation des nanocristaux concerne l'effet de la substitution de SiO2 par B2O3 dans la matrice de verre. L'orientation des nanocristaux et la microstructure des traces laser sont étudiées en détail par des mesures de diffraction des électrons rétrodiffusés (EBSD). Pendant l'écriture laser, des nanoréseaux, c'est-àdire des structures lamellaires se développant perpendiculairement à la polarisation laser, ont été observées dans les verres silicatés et borosilicatés. Ces structures de période sous-longueur d'onde induisent une réponse biréfringente qui a pour origine la variation locale des indices de réfraction entre la phase vitreuse et la phase cristallisée. En outre, il a été constaté que les verres riches en B2O3 favorisent la fabrication de structures biréfringentes, précisément augmentant une réponse biréfringente et ce à des vitesses d'écritures plus élevées (>150 nm à λ= 550 nm) que le verre ne comprenant pas de B2O3. Les températures de fabrication du verre le plus riche en B2O3 sont également plus faibles. L'effet de la vitesse de balayage sur les mécanismes de cristallisation est discuté à partir des diagrammes de transformation de la température dans le temps (TTT) et de transformation de refroidissement continu (CCT). La facilité de nucléation et de croissance des cristaux dans les verres riches en B2O3 (21% mol) rend le domaine de cristallisation plus élargi par rapport aux verres sans B2O3. Il est démontré que la substitution progressive de SiO2 par B2O3 (de 0% à 21% mol) conduit à une cristallisation plus rapide des nanocristaux de LiNbO3 induits par l'irradiation par laser femtoseconde. Enfin, un choix approprié de paramètres laser est essentiel pour contrôler la taille et l'orientation des nanocristaux non-linéaires photo-précipités. Une conséquence directe est alors une meilleure ajustabilité des propriétés optiques essentielles pour des applications photoniques.

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 B2O3-rich glasses promote fabrication of birefringent structures, precisely a larger and faster birefringent response (>150 nm at λ=550 nm) than B2O3-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 B2O3-rich glasses (21% mol), the crystallization domain is wider relative to B2O3-free glasses glass. It is demonstrated that the progressive substitution of SiO2 with B2O3 (from 0% to 21% mol) leads to a progressively fast crystallization of LiNbO3 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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List of Figures

List of Tables

INTRODUCTION

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 corresponds to 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) laser irradiation, and it depends also on material thermal history and on environmental conditions. Indeed, the photochemistry processes generate the physical properties in the material after laser irradiation. 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 = 10 -15 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 2 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 2 . 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 nanostructuring 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 focusing a 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 3 [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 from silica-based glasses, the material systems have been extended to multicomponent glasses, including borosilicate glasses [17], [21].

2)

Among the various fs-laser modifications, glass crystallization to produce LiNbO 3 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 2 O -Nb 2 O 5 -SiO 2 (LNS) 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 3 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 3 structure, as LiNbO 3 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 is 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 2 O -Nb 2 O 5 -SiO 2 -Bi 2 O 3 ).
There is a problem due to off-stoichiometric composition, i.e., whenever lithium niobate is synthesized not from Li 2 O and Nb 2 O 5, but other oxides such as SiO 2 and B 2 O 3 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].

3)

The crystal size has to be smaller than the wavelength to prevent excessive losses in transparent devices, considering the large refractive index difference between polycrystalline (e.g., LiNbO 3 ~2.3) and glass matrix (e.g., SiO 2 ~1.45) [27]. Generally, the crystalline size should stay below λ/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 LiNbO 3 , the SHG maximum value is reached when probing laser polarization is parallel to the polar axis [14]. This is valid for LiNbO 3 made by the LNS glass matrix. In this research, the exploration starts from LNS glass and moves to LiO 2 -Nb 2 O 5 -SiO 2 -B 2 O 3 (LNSB) glass matrix, studying the role of B 2 O 3 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. 

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 LNS 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 according to the laser parameters and the increasing of B 2 O 3 -amount in the glass composition. 3) Control the size and orientation of fs laser-induced non-linear optical LiNbO 3 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 mechanisms behind 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].

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 LiNbO 3 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 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 (SHG) 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 2 O 3 -B 2 O 3 -Fe 2 O 3 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.

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 3 . 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 LiNbO 3 , respectively its crystallographic and optical properties.

GLASS : DEFINITION, CHEMISTRY, AND PHASE SEPARATION

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 atomic arrangement, it is not enough the definition as a liquid supercooled or a 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 from the 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 always unstable or metastable phases, as represented in 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 noncrystalline 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. χ is the normalized correlation range equal to χ ≡ 𝑅𝑅-𝑑𝑑 𝑑𝑑 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 χ ≅ 1, and, in general, χ 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 τ (s), allowing a distinction between liquids and glasses. For glass as isotropic material, τ >> 10 3 s [4]. The properties for the most important different states are reported in Table 1. 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 first turn 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]: a system is a good noncrystalline solid (NCS) former if (i) the short-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 amorphous solid [8].

In the 21 st 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 noncrystalline 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 a nonequilibrium, 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 not accepted since it neglects the concept of 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 considered as a solid and immutable material, it is a liquid if it was checked on a long, almost infinite, timescale.

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. 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. Anions should not bind more than two central atoms 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 molecular bonds 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) at least a 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 2-, S 2-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: ), 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 -O remain and based on the bond energy of the oxides, it is possible to classify between 80 kcal characterizing the network formers, 60 kcal typical of modifiers and an energy between 60 and 80 kcal that allows 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 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 g ) 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 (SiO 4 ) 4-. 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 not enough, then we need a configurational parameter, the socalled fictive temperature (T f ). 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.

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). T m = melting temperature, T g = glass transition temperature [13]; b) Change of enthalpy with the temperature for the different allotropic phase (cooling at a fixed rate, q (t OBS ~1/q)).

[adapted from http://www.certev.ufscar.br/documentos/arquivos/gupta-slide]

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. 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 A of Appendix.

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 homogeneous nucleation, 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 of a second phase evenly distributed in the glass and formed with a mechanism called spinodal decomposition. This phase separation does not occur by nucleation and growth. We consider a nonideal 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. 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 2 . In the spinodal region, the curvature of the free-energy curve is negative. Note that the binary mixture with initial temperature (T 1 ) is cooled quickly to a lower temperature (T 2 ). X 1 and X 2 are the equilibrium compositions that correspond to the free energy minima. The spinodes are marked as S 1 and S 2 in the diagram. In the spinodal region, the curvature of the free-energy plot is negative [23].

MELT QUENCHING TECHNIQUE

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 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 2 -LiNbO 3 -B 2 O 3 where the four glasses composition, employed in the experiences, are placed, and reported in an extended way in the following Table 2: The melt quenching technique with which the four glasses were made is listed in seven steps described extensively afterwards and reported in the following 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 not to make a circular movement not to attach everything to 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 next day, 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 2 CO 3 to form Li 2 O, eliminating CO 2 . 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 2 O and B 2 O 3 . 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.

Lithium niobium silicate glass fabrication

To obtain 30 g of glass, the calculations for 33%Li 2 O -33%Nb 2 O 5 -34%SiO 2 (labeled LNS34, %mol) composition and powder mix with acetone for three times are reported in Table 3 and Figure 8: 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. 

Lithium niobium borosilicate glass fabrication

The previous procedure is applied to 33Li 2 O -33Nb 2 O 5 -13%SiO 2 -21%B 2 O 3 (labeled LNS13B21) glass, starting from a batch calculation of 30 g in Table 4 below: 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.

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 2 O 3 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): In this case, a transparent sample is chosen, even with a rough surface. The sample has a smaller thickness than the LNS matrix sample. The same methodology is used for the synthesis of LNS27B7 and LNS20B14 glasses (composition given in Table 2).

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. 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 indepth 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 2 O -33Nb 2 O 5 -(34-x) SiO 2 -xB 2 O 3 , with x = 0, 7, 14, and 21.

In this case, the black curve corresponds to LNS and glass transition temperature (T g ), maximum crystallization peak tempering with (T p ), and onset crystallization temperature (T x ) were also indicated. It is not easy to distinguish the T g for LNS and LNSB glass; consequently, the values were taken from Sciglass. For LNS, T g ≈ 579°C; otherwise, for LNS13B21 the value of T g ≈ 520°C. For both glasses, T m = 1257°C corresponds to the melting temperature of LiNbO 3 . By the observation, the progressive addition of B 2 O 3 leads to shift down the crystallization peak to lower temperatures by about 150°C between LNS and LNSB with 21% mol% B 2 O 3 . 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 fslaser-induced modifications in borosilicate glasses, reported in the following Figure 11a andb.

The self-organized nanostructures present an oriented phase separation already visible in LNS34 matrix explored in ref. [8]. They were discovered by SEM analysis in two passages illustrated in Section 4.6.1. For more detailed theory about its working principle, see [25]. 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 2 glass is more transparent down to the deep UV. 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 set as 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. In our multidisciplinary discussion about laser-matter interaction, we have to take into account that thermal diffusivity affects the shape of the curve T (r, 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 1c of Ref. [31]. Then, thermal diffusivity is linked to heat diffusion speed within the glass equal to ~

4𝐷𝐷 𝑇𝑇 𝑤𝑤 0
where D T is the thermal diffusivity and w 0 is the beam waist. The corresponding temporal magnitude affected by thermal diffusivity is diffusion time τ D equal to

𝑤𝑤 𝑜𝑜 2 4𝐷𝐷 𝑇𝑇
, where w 0 ~ 1 μm. In our experimental conditions, heat diffusion speed corresponds to a few 10 m/s actually greater than scanning speed (< 1mm/s) [31]. The values found for LNS27B7, LNS20B14 and LNS13B21 reported on Figure 14 can be compared with D T for LNS34 equal to 9 ‧ 10 -7 m 2 /s found in the literature [31], [33]. If we substitute the values of D T and w 0 , we obtain a τ D ≈ 0.28 μs. This reveals a weak temporal overlapping between laser pulses, and 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 D T = κ / [ρC p ], where κ is the thermal conductivity, ρ is the density and C p the heat capacity. Substituting the values found by Sciglass software, we found a difference of 6% in ρC p between LNS34 and LNS13B21. Then, these profiles of spatial temperature distribution for both glasses just above are very comparable [31].

Figure 14: Temperature spatial distribution evolution T(r,t) after pulse deposition inside the glass, as time increases from t 1 to t 4 . At decreasing of maximum temperature with time, the width of the distribution increases [31].

LINBO 3 : CRYSTALLOGRAPHIC AND OPTICAL PROPERTIES

Lithium niobate (LiNbO 3 ) 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 LiNbO 3 by femtosecond laserinduced 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.

Crystallographic properties

To study the formation of LiNbO 3 , one fundamental point is to refer to the phase-equilibrium diagram of Li 2 O -Nb 2 O 5 reported in Figure 15a. This phase is found over a large range of solid solutions from ~ 45 mol% Li 2 O 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, LiNbO 3 is stoichiometric; if the same ratio is equal to 0.485, we can define LiNbO 3 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 2 CO 3 and Nb 2 O 5 ) melted after the complete decomposition of Li 2 CO 3 . 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 caxis. In this process, there are inevitable disadvantages like cracks, coloration creation, and segregation of constituent ions.

Figure 15: a) Phase-equilibrium diagram for LiNbO 3 [36] and b) scheme of the furnace for Czochralski growth at LiNbO 3 [37] LiNbO 3 structure, reported in Figure 16a, is not centrosymmetric. The Curie temperature T c (beyond which a material loses its ferromagnetism and becomes paramagnetic) of LiNbO 3 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 LiNbO 3 is in the paraelectric phase, the temperature satisfies this condition T c < T < T m , as shown in Figure 16b. In this case, Nb 5+ ions are in the center of the oxygen octahedron, otherwise the Li + ions are placed within the oxygen planes. Below T c , LiNbO 3 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 5+ followed by a vacancy, and this sequence is repeated every third layer [39]. The condition of ferroelectricity is fulfilled when empty octahedra accept Nb 5+ and Li + ions displaced from their octahedral centers in opposite directions along the c-axis. A spontaneous polarization, in the direction along the c axis, from -c face to +c face, is generated from ferroelectric LiNbO 3 . This ferroelectric phase, reported in Figure 16c, has a conventional hexagonal unit cell with point group 3m, space group R3c with hexagonal axes (a 1 a 2 a 3 c). The c 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 3 crystal are reported in the following Table 6.

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 LiNbO 3 [40] In addition, LiNbO 3 owns a very flexible host structure toward dopants and the formation of extensive solid solution areas. Remarkably, the physical properties of LiNbO 3 depend on the defects in the structure and can be improved by doping with some cations (e.g., Co 2+ and Ni 2+ ). In the principal doping mechanism, the total number of cations remains constant [39]. 

Absorption

There is a broad transparency range for LiNbO 3 between 420 and 5200 nm. LiNbO 3 is optically homogeneous (~ 5 x 10 -5 /cm), with a damage threshold of 250 MW/cm 2 (1064 nm, 10 ns) [41]. LiNbO 3 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 3 [42]. The wavelength with a certain absorption coefficient (i.e., 15 or 20 cm -1 ) defined the band edge position [42].

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 = εE (1)
Where ε is the permittivity of a material, expressed as second-order tensor (3 x 3 matrix)

Items Value

Crystal Symmetry Trigonal

Point Group 3m

Space group R3c (no. 161)

Lattice Constants (hexagonal) a = 5.148 Å c = 13.863 Å ε 0 � ε 11 ε 12 ε 13 ε 21 ε 22 ε 23 ε 31 ε 32 ε 33 � (2)
Where ε 0 is the vacuum permittivity. The conservation of electromagnetic field energy (ε ij = ε ji ) 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:

ε 0 � ε 11 0 0 0 ε 22 0 0 0 ε 33 � (3) 
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 n kk (k = 1,2,3) with ε kk is equal to n kk = √ ε kk . Now it is possible to write the dielectric matrix by refractive indexes. LiNbO 3 is a uniaxial crystal, then

ε 11 = ε 22 = n o 2 ≠ ε 33 = n e 2
, where n o and n e 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 3 can be written as:

� n o 0 0 0 n o 0 0 0 n e � (4) 
In the case of LiNbO 3 , n o is larger than n e in the transparent range, as shown in Figure 17. 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:

n 2 (λ) = 1 + ∑ A j λ 2 λ 2 -B j j (5)
where A j is the adsorption resonance of strength at a wavelength �B j . For LiNbO 3 the Sellmeier equation valid for n o and n e is given by [43]:

n o 2 (λ) = 1 + 2.6734λ 2 λ 2 -0.01764 + 1.2290λ 2 λ 2 -0.05914 + 12.614λ 2 λ 2 -474.6 (6 
)

n e 2 (λ) = 1 + 2.9804λ 2 λ 2 -0.02047 + 0.5981λ 2 λ 2 -0.0666 + 8.9543λ 2 λ 2 -416.08 (7) 
where λ is the wavelength in μm.

For LiNbO 3 , 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:

𝐏𝐏 𝐣𝐣 (𝟏𝟏) (ω) = ε 0 𝛘𝛘 𝐣𝐣𝐣𝐣 (𝟏𝟏) (ω)𝐄𝐄 𝐣𝐣 (ω) (8) 
Where ε 0 is the permittivity of free space; 𝛘𝛘 jk (1) is linear susceptibility tensor, a second rank tensor, a complex quality; and 𝐄𝐄 k (ω) 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 ε(ω) and refractive n(ω):

n jk 2 (ω) = ε jk (ω)/ε 0 = 1 + 𝛘𝛘 𝐣𝐣𝐣𝐣 ′(𝟏𝟏) (ω) (9) 
Two independent elements characterize the electric susceptibility of LiNbO 3 : one is along the polar axis, χ zz and the other one is perpendicular to it χ xx (χ xx = χ yy ). It is possible to deduce the dielectric susceptibility from the refractive index for LiNbO 3 . It has negative uniaxial birefringence with n o (ordinary refractive index, electric field polarization normal to c axis) greater than n e (extraordinary refractive index, electric field polarization parallel to c axis); indeed, the fast optical axis is along, whereas the slow optical axis perpendicular to the c axis. At the wavelength of 1030 nm, n o = 2.234 and n e = 2.157, i.e., the index normal to polar axis (i.e., χ xx ) is larger than one parallel to polar axis (i.e., χ zz ).

Nonlinear optical properties

The nonlinear coefficient of LiNbO 3 is: d 33 = 34.4 pm/V, d 22 = 3.07 pm/V, and d 31 = d 15 = 5.95 pm/V ref. [24]. The orientation of the polar axis of LiNbO 3 determines the second-order nonlinear optical properties (as discussed in Chapter 3). The relevant coefficient for a probe polarization along the polar axis of LiNbO 3 is the largest (d 33 ), compared to the coefficient for a probe polarization perpendicular to the polar axis (d 22 ). The description of the SHG in a crystal is summarized in ref. [47] for details. For a monochromatic input wave with frequency ω, the induced polarization at the harmonic frequency 2ω is written as:

P 2ω = ε 0 2 𝛘𝛘 𝟐𝟐𝟐𝟐 (𝟐𝟐) 𝐄𝐄 𝟐𝟐 𝐏𝐏 𝐄𝐄 𝟐𝟐 𝐏𝐏 ( 10 
)
Where ε 0 is the permittivity of free space, 𝛘𝛘 2ω (2) is the second-order nonlinear susceptibility tensor, and 𝐄𝐄 ω P is the probing laser electric field.

Then, if we consider the expression of χ ijk (2) components, 𝛘𝛘 2ω (2) is a third-order rank tensor with 27 coefficients. When SHG analysis is made, another tensor is introduced:

d ijk (2) = 1 2 χ ijk (2) (11) 
Now, d ijk (2) is written in a contracted form, a 3 x 6 matrix, d il

. If j =k, l = j, otherwise, l = -(j+k). Then, for LiNbO 3 , d il is given by:

d il = � 0 0 0 -d 22 d 22 0 d 31 d 31 d 33 0 d 31 -d 22 d 31 0 0 0 0 0 � (12)

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 material and move to LiNbO 3 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 chapter is devoted to the characterization of 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 g ), maximum crystallization peak (T p ), and onset crystallization (T x ) temperatures -are affected by the increase of B 2 O 3 in glass chemical composition. Values of glass transition temperature found through Sciglass software are used as reference for our analysis, especially, T g ≈ 579°C for LNS34, and T g ≈ 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 LiNbO 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 focus as it is the most relevant non-linear property studied in this Ph.D. work.

LASER : BRIEF HISTORY AND TYPOLOGIES

Basics and brief history of laser typologies

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 properties characterize it: laser beam linewidth, coherence, and laser power, visible in the following Figure 18: 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 corresponding to the laser pulse energy (J) divided by the effective focal spot area (cm 2 ). 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 what is used 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. 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. 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 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):

𝑑𝑑𝑑𝑑(𝑧𝑧) 𝑑𝑑𝑧𝑧 = 𝜎𝜎 21 𝛥𝛥𝛥𝛥𝐼𝐼(𝑧𝑧) (13) 
where the intensity variation dI along z is influenced by σ 21 , the stimulated emission cross-section of the transition, valid in conditions of population inversion expressed by ΔN = (N 2 -N 1 ). 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. Typically, electrons pumping is the starting point. Then, the laser goes to an excited state. This process continues for a short time, 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 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 selflimiting, 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.

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.

It is a way to confine the radiation. The complete lasing process is described clearly in the following Figure 23 [6]: 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).

Ultra-fast laser

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 10-18 s, 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]. Mode locking is a way to obtain these short laser pulses on the order of picoseconds (10-12 s) or femtoseconds (10-15 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/cm2) [11], [12]. Lowering the peak power during amplification is the task of CPA by temporally stretching the 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].

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.

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. 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 TEM 00 mode) is given by [14]:

E(r,z) = E 00 𝜔𝜔 0 𝜔𝜔(𝑧𝑧) •exp � -𝑟𝑟 2 𝜔𝜔 2 (𝑧𝑧) �•exp �-𝑖𝑖 𝑘𝑘𝑟𝑟 2 2𝑟𝑟(𝑧𝑧) �•{-𝑖𝑖[𝑘𝑘𝑧𝑧 -𝛷𝛷(𝑧𝑧)]} (14) 
φ(z) = arctan (z/z R ) (15) R(z) = z �1 + �1 + (𝑧𝑧 𝑅𝑅 𝑧𝑧 ⁄ ) 2 � (16) ω(z)=ω 0 �1 + (𝑧𝑧 𝑧𝑧 𝑅𝑅 ⁄ ) 2 (17) z R = π𝜔𝜔 0 2 /λ (18) θ = λ/πω 0 ( 19 
)
I(r,z) = 𝜀𝜀 0 𝑐𝑐𝑐𝑐 2 •E(r,z)•E(r,z) * = I 00 � 𝜔𝜔 0 𝜔𝜔(𝑧𝑧) � 2 exp� -2𝑟𝑟 2 𝜔𝜔 2 (𝑧𝑧) � (20) 
I 00 = 𝜀𝜀 0 𝑐𝑐𝑐𝑐 2 𝐸𝐸 00 2 (21) 
where the beam has circular symmetry, r is the radial distance from the beam center axis, z is the axial distance from the "beam waist", E 00 is the amplitude of the electric field at the origin, ω 0 = ω(0) is the "beam waist" at the focus, i.e., the radial size at the narrowest point, ω(z) is the radium of the beam at distance z from the waist, R(z) is the radius of curvature, k is the wavenumber, φ(z) is the Gouy phase shift, z R is Rayleigh length, λ is the laser wavelength, and θ is the beam spreading angle, or divergence (with units or radians).

In Figure 27 [15], the spot size is √2ω0, at z R , the 1/e position of electric field and the center intensity are reduced to half the maximum value. z R is a variable to show how far the beam is collimated. When z is far from the beam waist, the relationship between ω(z) and z becomes linear:

ω(z) ≈ ω 0 � 𝒛𝒛 𝒛𝒛 𝑹𝑹 � (22) 
When ω→ω 0 , R→∞, and θ→0 is the case of a perfectly collimated beam with no diffraction effect; when θ→constant and ω→θ z , R→z, is a geometrical beam spreading from a point source. The Rayleigh range has the relationship with the numerical aperture (NA) like:

z R = 𝜔𝜔 0 𝑁𝑁𝑁𝑁 ( 23 
)
ω 0 = 𝜆𝜆 𝜋𝜋𝑁𝑁𝑁𝑁 ( 24 
)
NA = n•sinα ( 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 (ω OR ) is M times larger than the Gaussian beam (ω 0 ), and the real beam divergence (θ R ) is M larger than the one of the Gaussian one (θ). 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:

M 2 = 𝜔𝜔 0 𝜃𝜃 𝑅𝑅 𝜔𝜔 0 𝜃𝜃 = 𝜋𝜋𝜔𝜔 𝑂𝑂𝑅𝑅 𝜃𝜃 𝑅𝑅 𝜆𝜆 (26) 
Here M 2 (or beam quality factor) is dimensionless and can be used to define the degree of variation from an ideal Gaussian beam, M 2 = 1, and for real beam, M 2 >1. M 2 increases with the increasing output power. For a highpower 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 measuring of spot size and energy density inside the glass is difficult or even impossible. For the laser of this work, M 2 is less than 1.2. The laser is working in TEM 00 mode and generating an appropriate Gaussian beam. 

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 (δ) is equal to:

δ = | 𝑂𝑂𝑂𝑂 0 | �� 𝑐𝑐 2 -𝑁𝑁𝑁𝑁 2 1-𝑁𝑁𝑁𝑁 2 -𝑛𝑛� (27) NA = n 0 sinθ ( 28 
)
where F 0 is the geometrical focus in air, F 1 is the focus point under paraxial approximation for the ray 1, (F 2 is the same for the ray 2), F 3 is the focus of the 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 n 0 is imaging medium refractive index between the objective front lens and the sample, which is equal to sinθ here (θ is in degree). The focusing depth in this sample is defined as d = nlOF 0 l. 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 focusing depth [17].

Light scattering

Scattering is a phenomenon in which a wave of a specific wavelength λ 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 λ, and most of the incident light scatters in the forward direction. Rayleigh scattering is for particles much smaller than λ (i.e., < λ/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., Δn = n 2n 1 ) and the size and 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., SiO 2 ), 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 λ, to maintain the low scattering loss and to obtain transparent devices, precisely the crystalline size below λ/10 to maintain the transparency of composite materials.

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.

Free electron plasma formation

Transparent materials in the visible to the near-infrared window have a wide-bandgap (E g ), that is the energy to reach the delocalized states because the incident photon energy is smaller than material bandgap energy indicated in symbols as follows, hν 0 < E g . Fused silica has E g = 9 eV, where 1 eV = 1.60 10 -19 J. A laser beam with wavelength equal to 1030 nm (i.e., hν 0 = 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 g , where m is the number of absorption photons (Figure 29a). At least eight photons, for example, at λ of 1030 nm, are needed to promote an electron from the valence band (VB) to conduction band (CB) in fused silica. The density of electrons (ρ e ) in the CB depends strongly on the laser intensity (I) and is given by:

� 𝑑𝑑𝑑𝑑 𝑒𝑒 𝑑𝑑𝑑𝑑 � 𝑀𝑀𝑀𝑀𝑑𝑑 = δ m I m (29)
t is the time, and δ m is the multiphoton absorption coefficient for mphoton absorption [24]. 2) Tunneling ionization 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 γ equals to:

γ = 𝜔𝜔 𝜔𝜔 𝑡𝑡 = 𝜔𝜔 𝑒𝑒 � 𝑚𝑚𝑐𝑐𝑐𝑐𝜀𝜀 0 𝐸𝐸 𝑔𝑔 𝑑𝑑 (30) 
ω is the laser frequency, ω t is the frequency of electron tunneling through a potential barrier, m is the electron mass, and n 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 γ >> 1.5, MPI dominates; for γ << 1.5, tunneling prevails [24]. The MPI is dominating for fused silica (Eg = 9 eV). The E g of LiNbO 3 is 3.7 eV: compared with fused silica, the tunneling effect increases. andd) 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]. 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 g ) 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 (I), 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:

� 𝑑𝑑𝑑𝑑 𝑒𝑒 𝑑𝑑𝑑𝑑 � 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐ℎ𝑒𝑒 = αIρ e ( 31 
)
where α is the avalanche ionization coefficient. According to MPI, the material E g affects the energy required to span the bang gap. However, the optical breakdown threshold is nearly not dependent on the E g and the threshold intensity, increasing 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 photoionization rate increase with the increase of laser intensity. A higher repetition rate is vital for enhancing the absorption of sub-ps pulses.

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 µs, 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. 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 frequency in according to this following relation to reach the light frequency:

� 𝜌𝜌 𝑒𝑒 𝑒𝑒 2 4𝜋𝜋 2 𝜀𝜀 0 𝑚𝑚
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 laserexcited 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 (τ) has an important effect on the material modifications. When τ 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 τ 0.5 when τ > 10 ps, indicating the transfer of electron kinetic energy to the lattice and diffuse during the laser pulse. In addition, short pulse (τ < 10 ps) damage can be confined into a small zone (i.e., at the 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 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 g 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 nonradiative way by coupling with lattice phonons or transforming into point defects [34]. The time for heat diffusion is 1 µs, 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.

Femtosecond laser-induced defects

Silica has SiO 4 tetrahedron as its structural unit, in which the Si atom is bonded to four O atoms with an O -Si -O angle of 109.5°. The formation of 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. Selftrapped holes (STH)1 would be a small polaron consisting of a hole trapped at a normal bridging oxygen, and the STH2 might be an Anderson localized state where a hole is trapped on two normal oxygens [35]. 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 2 [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 longrange 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 g 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.

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.

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. 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, Gedoped 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). 

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]:

1. pulse energy 2. the numerical aperture of the objective and focusing depth 3. duration of the pulse 4. pulse repetition rate 5. laser wavelength 6. scanning speed (and thus the cumulated number of pulses) 7. writing configuration (i.e., polarization orientation with respect to the scanning direction) 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 balancing the 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. 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].

• 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 or negative 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 ns laser [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 (T f ) 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 T f ) [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 thousand degrees in the illuminated zone) just limited by thermal conduction [34]. • T2 is the second threshold related to the generation of form birefringence. The fs laser-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 10 -2 [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]. • 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 shockwave results 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. At 200 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 lasermodified glass. 

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., fs laser [56], [57]) have been proven to be powerful tools to induce crystallization in glass by Komatsu et al. [58], [59], [60] 

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 that reflects radiation at twice the input light 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 [START_REF] Lee | Giant nonlinear response from plasmonic metasurfaces coupled to intersubband transitions[END_REF]. properties is closely linked to the discovery of Lasers by Theodore Harold Maiman in 1960. In 1961, Franken evidenced for the first time on a quartz crystal the second harmonic generation [START_REF] Franken | Generation of Optical Harmonics[END_REF]. 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 [START_REF]Fundamentals of Nonlinear Optics[END_REF]. 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 nonlinear optics with free electrons in relativistic plasmas [START_REF] Umstadter | Relativistic laser-plasma interactions[END_REF]. The non-linear effects discovery starts from investigating laser peak power from 10 6 W/cm 2 (or MW/cm 2 ) to 10 9 W/cm 2 (or GW/cm 2 ). Because in this power range, the applied laser electric field (typically 10 5 -10 8 V/m) is comparable to E a . 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 [START_REF]Encyclopedia of Nonlinear Science[END_REF]. Therefore, the material's response to the laser field is nonlinearly dependent on laser intensity.

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 direction of light [START_REF]Birefringence[END_REF].

Figure 37 shows how a linear polarizer polarizes unpolarized light. 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 socalled "fast axis" and "slow axis". The axis along which light moves the fastest is called the fast axis. 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 whether their axes are equivalent. They change depending on 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. 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 without being polarized by interaction with electronic components of the 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. 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 [START_REF]Birefringence[END_REF]. Poynting vector and its walk-off for negative uniaxial crystal, such as LiNO 3 , are shown in the following Figure 39. 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(ω): 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]: 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 [START_REF] Hirlimann | Laser Basics[END_REF]. This interpretation will also be used for explaining the SHG theory microscopically.

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 about the 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 𝑃𝑃 �⃗ 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:

𝑃𝑃 �⃗ = 𝑓𝑓(𝐸𝐸 �⃗ ) (32) 
When the electric field (𝐸𝐸 �⃗ ) of lightwave shows high intensity, the material manifests its response through a macroscopic polarization 𝑃𝑃 �⃗ 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 different regimes are hidden in the Taylor polynomial expansion of the macroscopic polarization as reported in equation ( 33), and it is interesting to analyze pulsed optics effects.

𝑃𝑃 �⃗ = 𝜀𝜀 0 �𝜒𝜒 (1) 𝐸𝐸 �⃗ • + 𝜒𝜒 (2) • 𝐸𝐸 �⃗ 𝐸𝐸 �⃗ + 𝜒𝜒 (3) • 𝐸𝐸 �⃗ 𝐸𝐸 �⃗ 𝐸𝐸 �⃗ … � (33

)
𝜀𝜀 0 is vacuum dielectric permittivity and 𝜒𝜒 dielectric susceptibility. The first term 𝜒𝜒 (1) is linear to refractive index n 0 of the medium. When light intensity increases, non-linear terms 𝜒𝜒 (2) comes into play, taking into account nonlinear optics effects like Second Harmonic Generation (SHG). This summarizes the SHG macroscopic theory based on the tensor of non-linear susceptibility. χ (3) describes third-order effects such as third-harmonic generation, four-wave mixing, and the intensity dependence of the refractive index. Typical values of χ (2) for dielectric crystals, semiconductors, and organic materials are in the range from 10 -24 to 10 -21 m/V, and typical values of χ (3) for glasses, crystals, semiconductor, semiconductor-doped glasses, and organic materials are 10 -34 to 10 -29 (m/V) 2 [START_REF] Träger | Springer Handbook of Lasers and Optics[END_REF]. 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 important restrictions on the possible form of the non-linear coefficients χ (2) and χ (3) . 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 𝜒𝜒 (2) (associated to -ω 3 ; ω 1 , ω 2 ) is a tensor of rank 3, ω 3

= ω 1 ± ω 2 is the resulting frequency of the wave mixing of the incident frequencies ω 1 e ω 2 . In the term below 𝜒𝜒 𝑖𝑖𝑖𝑖𝑘𝑘 (2) there are 27 components. ijk are indices related to the vector's 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. 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):

𝑃𝑃 𝑖𝑖 (ω 3 ) = 𝜀𝜀 0 𝜒𝜒 𝑖𝑖𝑖𝑖𝑘𝑘 (2) (-𝜔𝜔 3 ; 𝜔𝜔 1 , 𝜔𝜔 2 ) 𝐸𝐸 𝑖𝑖 (𝜔𝜔 1 ) 𝐸𝐸 𝑖𝑖 (𝜔𝜔 2 ) (34) 
The medium response defined by the frequency 𝜔𝜔 3 is different from those associated with the excitation light waves, but still verifies the two fundamental rules: the energy conservation (E= hω/2π, h is the Plank's constant) and the momentum conservation (p = hk/2π, k is the wave vector), as represented in Figure 41: 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 [START_REF] Jain | Transparent Ferroelectric Glass-Ceramics[END_REF]. 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 [START_REF] Komatsu | Properties and crystallization behaviors of TeO2 LiNbO3 glasses[END_REF]. 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.

ω 3 = ω 1 + ω 2 k 3 = k 1 + k 2
Glass-ceramic transparency is achieved only if at least one of these criteria is valid inside the material [START_REF] Beall | Transparent glass-ceramics[END_REF]. 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 [START_REF] Jain | Transparent Ferroelectric Glass-Ceramics[END_REF]. The control of particle size in the order of nanometers becomes crucial not to have an optical signal loss. An example of a typical value to ensure transparency is a crystalline size below λ/10 [START_REF] Jain | Transparent Ferroelectric Glass-Ceramics[END_REF].

The optimum size of the crystallites corresponds to a trade-off between the global transparency and the SHG response, which is dependent on the volume portion of the crystalline matter and the number of crystallites [START_REF] Falcão-Filho | Third-order optical nonlinearity of a transparent glass ceramic containing sodium niobate nanocrystals[END_REF], [START_REF] Lee | Magnetic anisotropy study of ion-beam synthesized cobalt nanocrystals[END_REF].

A preferred orientation shown by glass-ceramics aligned microstructures allows taking advantage of specific physical properties of crystals directly dependent on their microstructure [START_REF] Atkinson | Glass-ceramics with random and oriented microstructures[END_REF]. 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 [START_REF] Atkinson | Glass-ceramics with random and oriented microstructures[END_REF], [START_REF] Rüssel | Oriented crystallization of glass. A review[END_REF]. 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 anisotropic properties can 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 [START_REF] Zeng | Preparation of Glass-Ceramics with Oriented Nonlinear Crystals: A Review[END_REF]. A tropistic field that constrains other directions is an interesting way to induce crystals orientation in glasses.

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 nonlinear 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 ubiquitous glass material: silica (SiO 2 ). 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.

FEMTOSECOND DIRECT LASER WRITING (FDLW): EXPE-RIMENTAL SECTION AND RESULTS

In this chapter, we investigate the formation of LiNbO 3 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 2 with B 2 O 3 . 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 LiNbO 3 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.

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 2 O 3 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.

FEMTOSECOND DIRECT LASER WRITING (FDLW)

A commercial Yb-doped fiber amplifier fs laser (Satsuma, Amplitude Systèmes 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 a numerical aperture (NA) equal to 0.6 focused the laser beam inside the glasses at 240 µm 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 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. This scheme shows the black right-handed cartesian coordinate system coming from the laser. In detail, X 0 corresponds to the horizontal direction in which the right side is declared positive; Y 0 is the vertical direction with upside defined positive; +Z 0 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 φ and scanning direction identified with θ are referred to +X direction in the XY plane. Then, the writing configuration is defined as (θ, φ) [1]. Table 8 shows all the laser parameters employed in our experiments. 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). 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, corresponding to the first line of Table 9. In this experiment, dots are written inside the samples, and the time taken by the material to generate green light under irradiation (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-centrosymmetric crystals (therein LiNbO 3 ). These experiments are performed for varying pulse energy and frequency (pulse repetition rate) values.  Dynamic irradiation, corresponding to 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. After sample alignment on the XY plane of the translation stage, the first experiment consisted in writing dots 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 andb) 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. 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 3 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 2 O 3 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].

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 2 O -27.5Nb 2 O 5 -40SiO 2 that is also adapted to our LNS and LNSB glass matrices. Then, a thermal gradient is induced, partly inside the irradiated volume. Accordingly, it causes 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 μm in diameter) is greater than the laser beam waist (~ 2 μm 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. 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) × 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 p 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.

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 or not be possible to achieved. We have to distinguish between conditions in regime 2 and regime 3. 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 μm/s at 0.5 μJ/pulse and until 100 μm/s at 1 μJ/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 2 O 3 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 μm/s at 0.5 μJ/pulse and until 600 μm/s at 1 μJ/pulse. Moreover, it is possible to detect a brown color for lines with intermediate scanning speed (75 -225 μm/s at 0.5 μJ/pulse and 350 -600 μm/s at 1 μJ/pulse) in the case of LNS13B21 glass. 

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 placed before the sample and 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 dot is an object of cylindrical symmetry. Then, if we turn 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 repetition rate plays a role 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, a black zone appears around the focus laser beam at lower 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 not aligned with analyzer and polarizer. Figure 53 shows lines inscribed in the LNS20B14 sample at different 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 x or Y y , but maximum at Y 45 , i.e., when laser polarization configuration is oriented to a diagonal position to the analyzer. 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 respect to both A and P axes (with a precision of ± 5°). This peculiarity reaches the maximum for the medium speed regime (75 μm/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 at 45° 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 the inscribed 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. Finally, we measured retardance (R) quantitatively at the center of each irradiated line as reported in Figures 55a andb. 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 LiNbO 3 -rich regions (crystallized) with LiNbO 3 -poor (vitreous) ones, leading to form birefringence, and as the consequent effect the retardance [1]. When scanning speed is equal to 1 μm/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 μJ/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 μJ/pulse retardance disappears beyond 350 μm/s, whereas for 1 μJ/pulse it is evident until 600 μm/s. For LNS34, the maximum does not exceed 100 nm. In this case, if retardance increases just from a few μm/s until 50 μm/s at 0.5 μJ/pulse, it starts to raise latter for 1 μJ/pulse, but both show a step decay at 200 μm/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 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.

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 μJ/pulse. According to the setup reported in Figure 56a, the transmitted SHG light of 515 nm, i.e., λ/2 with λ = 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 μm, 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. 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 (θ) 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. The curves intensities obtained were normalized from the SHG spectrum values, according to the following expression:

I norm = 𝑑𝑑(𝜃𝜃) 𝑀𝑀𝑁𝑁𝑀𝑀 (𝑑𝑑(𝜃𝜃)) (32) 
where MAX (I (θ)) is the maximum calculated on all the intensities values as a function of probing angle I(θ). A SHG spectrum for the pulse energy equal to 1.25 μJ and for the Y x configuration in LNS13B21 is reported in Figure 57, as an example. Normalized SHG intensity profiles for the four glass compositions as a function of probing polarization 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 andb show SHG curves at two pulse energies (0. 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 μJ), a well -defined cosine-like curve with a period of 180° is obtained, and a SHG min 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 μJ, 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 μJ/pulse, the normalized SHG intensity (I/I max ) shows a sinusoidal trend with strong contrast (I max -I min / (I max + 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 Y x and Y 45 configurations, respectively. Otherwise, the SHG min intensity is found in the correspondence of a probing angle perpendicular to the angle value of SHG max .

Increasing the pulse energy progressively from 0.5 to 1.25 μJ/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 SHG max for θ perpendicular to writing polarization, is still emerging at 1.25 μJ. In addition, a second population of LiNbO 3 crystals with a preferential orientation appears in the SHG response, visible in Figure 58c. This phenomenon is very clear with the configuration Y 45, 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 effect as previously observed at low speeds (i.e., 1 μm/s) in LNS34 glass [20]. These results are strictly linked to EBSD maps reported in section 4.6.2.

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:

Δn = Δφ 𝜆𝜆 2𝜋𝜋𝜋𝜋 ( 33 
)
where Δφ is the phase shift (in radians) of the non-polarized light at λ=550 nm and L the thickness of the sample along the light propagation direction [21]. If Δn 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 n cryst ������� > n glass 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 n cryst �������. 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 3 where the typical anisotropy is quantified by two different and directional refractive indices (n 2, XX and n 2, YY ). The refractive index in the YX plane (Y scanning direction) is derived from the relative permittivity (𝑛𝑛 𝑐𝑐 2 ��� = 𝜀𝜀 𝑟𝑟,𝑐𝑐 ����). For LiNbO 3 , the relative permittivity matrix in the crystal reference is expressed by:

𝜀𝜀 𝑟𝑟,𝑐𝑐 ����= � 𝜀𝜀 𝑜𝑜 0 0 0 𝜀𝜀 𝑜𝑜 0 0 0 𝜀𝜀 𝑒𝑒 � ( 34 
)
where 𝜀𝜀 𝑜𝑜 is the relative permittivity perpendicular to the polar axis, and 𝜀𝜀 𝑒𝑒 is the one along the polar axis. From this, and the previous expression, we can calculate n o (ordinary refractive index) and n e (extraordinary refractive index). The refractive indices in 2D are computed from these following equations.

𝑛𝑛 𝑀𝑀𝑀𝑀 2 = 𝑐𝑐 1 2 𝑐𝑐 2,𝑋𝑋𝑋𝑋 2 𝑓𝑓𝑐𝑐 2,𝑋𝑋𝑋𝑋 2 +(1-𝑓𝑓)𝑐𝑐 1 2 (35) 
𝑛𝑛 𝑌𝑌𝑌𝑌 2 = f𝑛𝑛 1 2 +(1-f)𝑛𝑛 2,𝑌𝑌𝑌𝑌 2 (36) 
where n 1 corresponds to refractive index of glass, and n2 is relative to crystals. In this case we consider two different indices indicative of typical crystalline anisotropy (n 2, XX and n 2, YY ) and with

f = 𝑑𝑑 1 𝑑𝑑 1 +𝑑𝑑 2 (37) 
where d 1 is glassy part thickness and d 2 is the crystalline part thickness (μm). where i is relative to the grain, 𝑆𝑆 𝑖𝑖 is the number of measurement points in the grain, 𝜀𝜀 𝑟𝑟,𝑐𝑐 ���� is the relative dielectric constant tensor for one crystal in crystal reference, and 𝐵𝐵 𝚤𝚤 � is the matrix for changing the reference from the crystal indexed i to the sample reference. The B i matrices and S i weights are derived from the EBSD measurements [22]. Then, we found n cryst �������, as a 2D average value for the form birefringence of nanogratings between n XX and n YY . Consequently, once demonstrated the presence of crystallization due to the variation in refractive index Δn, 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 0.25 to 1 μJ for LNS27B7 glass. It is possible to note that at 1 μJ, 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 μJ. 

MICROSTRUCTURE ANALYSIS

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 Y x and Y y at 75 μm/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). 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 μm/s, there is a complete overlap between the crystallized and lamellas regions; otherwise, it is much reduced at higher speeds until 150 μm/s. This is very similar to observations reported in [19]. At low pulse energy of 0.5 μJ/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. 

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 LiNbO 3 space group, with coding along the laser polarization direction. For a more detailed explanation of the EBSD working principle, refer to [26]- [30].

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 μJ/pulse) and with laser polarization either parallel or perpendicular to the scanning direction [6] Firstly, we observed that there was the precipitation of LiNbO 3 nanocrystals. Secondly, the inverse pole figure (IPF) color code shows the crystal c 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 μJ/pulse). At higher energies, i.e., 1.25 μJ/pulse, crystal c 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 c 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 LNS34 and LNS13B21 at Y y polarization configuration, for 0.75 and 1.25 μJ/pulse. We noted the tendency to form larger regions with the same textures at the highest pulse energy compared to the lowest energy conditions. 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 y configuration: there is a concentration of nanocrystals at laser track center in the head as the speed increases; at low 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. 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 per laser track (in blue). Figure 67b allows us to confirm the presence of a dominant texture: the pole figures of the LiNbO 3 c axis reveal that c axis is perpendicular to the laser polarization for all laser tracks. Indeed, as the scanning speed increases, the preferential orientation of c axis becomes less evident.

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 LiNbO 3 c axis (labeled 0001); extracted from data of laser cross sections at Y y 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.

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 2 O 3, 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 because the 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 c 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, c, and space group of LiNbO 3 through morphology, nanostructure, and orientation, EBDS analysis was carried out, demonstrating an agreement with SHG results.

CRYSTALLIZATION MECHANISMS AND KINETICS UPON LA-

SER-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 2 O 3 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 2 O 3 (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 about nanocrystals nucleation and growth, focusing the 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 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 is the final topic included in the last section, to motivate all the explications provided until now.

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 2 O 3 -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?

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 2 O 3 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 p ) multiplied by the repetition rate (RR) (E p × RR = a), affects the crystal growth. 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 and69.

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]. In the regime 1 (i.e., at low pulse energy, < 0.5 μJ/pulse), no crystallization occurs but it is possible to note modifications in amorphous structure re-123 vealed through an isotropic negative refractive index variation. The threshold value of thermal power is indicated on the diagram as a 1 and equal to 0.16 W.

Secondly, there is regime 2 (0.5 -0.9 μJ/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 present also in regime 3. Finally, regime 3 (1.0 -2.2 μJ/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 without nano-gratings and with nanocrystals randomly localized when scanning direction is perpendicular to laser polarization [5]. Moreover, summarizing through SEM micrographs and corresponding inverse 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. Laser polarization direction is marked by green e, while scanning direction id displayed by red S. k represents the laser come from the top. Other parameters for 33Li 2 O -33Nb 2 O 5 -34 SiO 2 are 1030 nm, 300 fs, 300 kHz, 5 μm/s, and focus depth 350 μm [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 scanning and 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 et al, as only a single grain is acquired with polar axis parallel to the scanning direction at about 4.2 μJ/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. To compare the results of different authors obtained in regime 2 and 3, according also to Figure 68, we may show the difference between experiments in Figure 72. [6] and the from Veenhuizen et al. [13]. Other parameters are λ = 1030 nm, NA = 0.6, pulse duration = 300 fs, parallel configuration. In this case, green marks indicate regime 2 of LSN glasses, and the red marks show regime 3 n LNS glasses [3].

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 2 O 3 , after SHG detection, for a LNS glass matrix, specifically 32.5Li 2 O -27.5Nb 2 O 5 -40SiO 2 (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 μJ 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 μJ, the green curve shows a second maximum at the place of the minimum on the simple cosine-like curve. This phenomenon becomes clear at pulse energy equal to 1.8 μJ, and it is made visible on the blue curve below. There is also a dependence of the SHG on the writing speed, by keeping constant the pulse energy at 0.8 μJ or 1.4 μJ. This writing speed effect is 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 varied from simple cosine-like curve, the blue curve, to the modified ones, the green and the red curve, by decreasing of the writing speed from 25 to 1 μm/s [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 c as the polar axis of nanocrystals (<0001>) perpendicular to the writing laser polarization, specifically X direction and one with 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 μm/s, as shown in Figure 75b. Another fundamental parameter is the angular contrast, which is characterized through the anisotropy magnitude expressed by the following equation:

anisotropy magnitude = (SHG max -SHG min ) / (SHG max + SHG min ) (41) For the LNS matrix, the variation of anisotropy magnitude as a function of scanning speed was explored, as reported in Figure 76. At 1 μm/s, the anisotropy magnitude is strongly depending on pulse energy; at 5 μm/s this trend is less pronounced with the increase of pulse energy, and it becomes not dependent on pulse energy at 25 μm/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 3 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 (χ (2) ) has the largest SHG coefficient (d 33 = 34.4 pm/V) in the <0001> crystal direction, exactly along the polar axis. The others are d 31 = 5.95 pm/V and d 22 = 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:

𝐼𝐼 𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐𝑜𝑜𝑟𝑟𝑚𝑚 = [α + β f (θ -θ 1 )]/ [α + β (a + b)] ( 42 
)
where θ 1 is an angle shift from +X direction; α and β are the weights of the two populations. The number of the populations increases at increasing of pulse energy, in case of a value equal to 1.8 μJ, 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 33Li 2 O -33Nb 2 O 5 -34SiO 2 , in comparison with LNSB matrices, EBSD maps show a large portion of disoriented LiNbO 3 crystals were randomly distributed, as reported in Figure 77 [15]. The presence of the green light confirms that the crystals acquired secondorder 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 during their 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. 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 3 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 ω . We represented a non-oscillating torque 𝛤𝛤 𝐷𝐷𝐷𝐷 � generated within nanocrystal by this following expression:

𝛤𝛤 𝐷𝐷𝐷𝐷 � = DCpart (P ω ∧ E ω ) ( 43 
)
P ω = ε 0 𝝌𝝌 � E ω ( 44 
)
𝜒𝜒̿ is anisotropic with P ω the induced dipole, 𝜒𝜒̿ the first order susceptibility tensor, ε 0 the vacuum dielectric constant. The relative permittivity 𝜀𝜀 𝑟𝑟 � of a media is related to its electric susceptibility, 𝜀𝜀 𝑟𝑟 � = 𝐼𝐼 ̿ + 𝜒𝜒̿ where 𝐼𝐼 ̿ is the identity matrix. The torque allows to have the dipole P ω 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 3 . 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:

ε = ε 0 � 𝜀𝜀 11 0 0 0 𝜀𝜀 22 0 0 0 𝜀𝜀 33 � (45) 
The principal refractive indices n kk (k = 1, 2, 3) could be calculated by ε kk = 𝑛𝑛 𝑘𝑘𝑘𝑘 2 . In particular, for its symmetry, LiNbO 3 is a uniaxial crystal with 𝜀𝜀 11 = 𝜀𝜀 22 = 𝑛𝑛 𝑜𝑜 2 ≠ 𝜀𝜀 33 = 𝑛𝑛 𝑒𝑒 2 where n o and n e are the ordinary and the extraordinary refractive indexes respectively. For LiNbO 3 , n o is greater than n e . This corresponds to 𝜀𝜀 ⊥ 𝑠𝑠𝑜𝑜𝑎𝑎𝑎𝑎𝑟𝑟 𝑎𝑎𝑡𝑡𝑖𝑖𝑠𝑠 > 𝜀𝜀 ‖ 𝑠𝑠𝑜𝑜𝑎𝑎𝑎𝑎𝑟𝑟 𝑎𝑎𝑡𝑡𝑖𝑖𝑠𝑠 [7]. 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 most likely a question that could 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 front tilt (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 intensity of the second texture, i.e., the one aligned with the laser polarization [7], [11].

The case of LNSB glass matrices

This explanation can be referred to 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 μJ, 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 Y x , Y 45 and Y y . We observed a SHG complex response already at 0.75 μJ 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 μJ), these four pulse energy values (0.5, 1.5, 1.75 and 2 μJ) for the four our glass compositions were chosen, at three different configurations of laser polarization Y x , Y 45 , Y y . 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 μJ/pulse, it is clearly noted that, the left image at 0.75 μJ/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 μJ/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. 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 Y x , Y 45 and Y y in Figures 79,80 and 81. This is a comparison between the most "stable" SHG curves at 0.5 μJ/pulse and the trends at the three highest pulse energy values 1.5, 1.75, and 2 μJ/pulse employed in our experiments.

The three images reveal how the compositions with B 2 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 μJ/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 2 O 3 addition had 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. 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 LiNbO 3 . 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 LiNbO 3. 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 LiNbO 3 . For LNSB glass matrix, the information framework is different, simply because it is necessary to carry out further analyses; in fact, for now, EBSD provides the space group and parameters a, b, and c that indicate LiNbO 3 . Then, using the IPF maps to make micro-texture characterization of each sample considered, we consider the distribution of polar axis c in LNS34 and LNS13B21 samples. We intend to analyze if the two identified textures were located at the same place in the laser tracks. Firstly, Figure 82 shows the SHG response at 1.25 and 2 μJ/pulse, focusing the attention on the reference sample LNS34 and on the one with the highest amount of B 2 O 3 , 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 evident the population that reaches SHG extremes, the curve relative to LNS13S21 for Y x shows a behavior with two minima (at 60° and at 130° for 1.25 and at 50° and 150° for 2 μJ/pulse) that are indicative of the presence of another population. This cannot be noted for configuration Y y . We intend to find a link between the Figure 82 above and the results on textures revealed in the next Figures 83 and84-87 where the polar representation and the EBSD analysis will be reported, respectively, at 1.25 and 2 μJ/pulse. 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 μJ/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 μJ/pulse. This is the evidence of laser polarization effect. The correspondence between LNS34 and LNS13S21 for 0.5 μJ/pulse at Y x is unequivocal. At 1.25 μJ/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, Y x and Y y for LNS13S21 and LNS34 respectively. To validate the results extracted from the polar trends at 1.25 and 2 μJ/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 LiNbO 3 . Three colors are fundamental to identify axes: basic red is used for polar axis of the crystal (0 0 0 1 axis), green and blue for 0 1 � 1 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 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 it is evident that, at same pulse energy equal to 1.25 μJ, green and blue color are predominant in case of laser polarization parallel of writing direction, while red color coincident with polar axis c is the most noticeable at laser polarization perpendicular to writing direction. 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 on the 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 y and, on the contrary green and red at Y x , respectively. This is indicative of crystals growth with polar axis c oriented, parallel to writing direction in case of configuration Y y and perpendicular in case of configuration Y x . In fact, even though in a more disordered way for LNS34, it is clear to note the presence of crystals orientation in Figure 87a andb. The organization of growth directions becomes definite in case of LNS13B21, as it is possible to see clearly in Figure 85c andd. These data have confirmed that found in previous Figure 86. Passing through the analysis of laser tracks cross-sections at 2 μJ reported in Figure 87, it is 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 y . This is indicative of a distinct growth direction of polar axis c parallel to writing direction. For configuration Y x , LNS34 exhibits a map with variable colors, and it is possible to recognize some "cluster" zone of the same color in which crystals are oriented in the same directions. LNS13B21 highlights a multiple orientation in both configuration Y y and Y x . in case of Y x , there is a denser crystals presence in correspondence of the center and the largest lower part of laser track. The polar figures maps reported in Figure 88 point out the considerations until now presented at high pulse energy. Specifically, Figure 88a referred 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 c 0 0 0 1 parallel to laser polarization (along scanning direction). Figure 88b, referring to LNS34, displays the presence of multiple orientations in both Y y and Y x configurations. The variability of orientations is even more marked in Figure 88c andd 

INVESTIGATION ON NANOCRYSTALS ORIENTATION AND NANOGRATINGS THROUGH SCANNING SPEED VARIATION

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

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 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 2 O-27.5Nb 2 O 5 -40SiO 2 (mol%) in Figure 89a and 33Li 2 O-33Nb 2 O 5 -34SiO 2 (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 nanocrystallization, 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 experiments in [1], and [19] (T1, T2, and T3 respectively for the three regimes 1, 2, and 3) a little lower than the ones found for 32.5Li 2 O-27.5Nb 2 O 5 -40SiO 2 (mol%) but the formation of the nanocrystals is confirmed [2].

Figure 89: pulse energy-repetition rate landscape highlighting the three regimes of laser induced modifications for a) 32.5Li 2 O-27.5Nb 2 O 5 -40SiO 2 (mol%) [2], [3]; b) for 33Li 2 O-33Nb 2 O 5 -34SiO 2 (LNS34) (mol%). In addition, the trend of dots written in our experiment in static mode revealed the energy thresholds for LNS34 [2].

Nanogratings in LNS and LNSB

Nanogratings are composed of a crystalline phase (in our case LiNbO 3 ) and a vitreous rich-silica one (SiO 2 or SiO 2 -B 2 O 3 ), 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. Knowing that the 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 that it is not possible to distinguish clearly different zones as shown for LNS case. 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. 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 d E . Other important parameters are the distance between dashed identified by Λ E , and the distance between these structure lines marked by Λ Z both around 100 nm (Figure 91c).

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 μm, at 0.8 and 1.4 μJ/pulse in Figure 91d ande, respectively. Nanogratings in the LNS34 glass matrix are described clearly by TEM micrographs in the following Figure 92 [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 multipulses 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 10 5 pulses/μm. The role of laser polarization orientation is highlighted in the next two micrographs of Figure 93c andd: at laser polarization parallel to the scanning direction, and increasing pulses number, the average size of nanopores diminishes in d with respect c. 

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. But then, is light the source of nanogratings formation or, 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 3 crystallization, through a partly thermal process [10], [26]. Fs-laser irradiation can modify the glass homogeneity without being able to exclude at all 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 skeleton is already present and 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 et al. [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 and bonding. A structure of glass formers (in our case SiO 2 and B 2 O 3 ) with strong covalent polymerizable bonds coexists with a fragile one of glass modifiers (as Li 2 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 2 O 5 ) that adapt their behavior, depending on the specific former of the glass lattice used. The crystallization nucleation is probably triggered from non-polymerizable ionic parts [27]. The strong domains in nanoscale were localized where we can find nanopores, while the fragile ones tend to crystallize, after possible migration from their initial position in the glass network (maybe Li + and Nb 5+ ), when they are irradiated by laser light beam. In our case, lithium enters the network in the form of modifier oxide (Li 2 O) and the presence of two former oxides implies the possibility of release of more oxygen, despite the increasing number of oxides in matrix has made more difficult to 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, it is 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 2 [30], [31], TiO 2 -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 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 et 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 not affect the ionization process [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 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]. It is important to noted that ionization 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 plasma becomes a nanoantenna whose the maximum value of reflectivity would be achieved at size of λ/2n. Then, constructive interference with the incident wave leads to have further ionization 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]. 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 result is 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 λ/n [46].

Figure 95: Carrier density generated by a plane wave normally incident on a halfspace (z >0) with many inhomogeneities. The growth structures direction is backwards against the propagation one: from the inhomogeneous/homogeneous border at z =0 and the grating has a period of ~ λ/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 λ/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 of a rough 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 incident wave and the superficial waves resulting by "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 laserinduced breakdown of dielectrics [56] emerging in nanoplasma formation [36], [37] becomes another point of view to clarify the intriguing phenomenon of VNG.

Figure 96: Scheme of the laser beam geometry incoming on rough surface indicated as "selvedge": κ i is the wave-vector component parallel to the surface; θ inc is the angle of incidence 𝐙𝐙 � indicates the positive direction; l << λ 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.

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 timetemperature 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 passing in 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].

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 μs. Then, time left is 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., 𝑤𝑤 0 2 /D θ , where D θ is the thermal diffusivity, and w 0 = 1 μm typically).

Firstly, the laser irradiation highlights the considerable differences between the phenomena unleashed in the laser focus area and those that occur a bit away from the focus center. The following figure 98a andb 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 be smaller than thermal diffusion one, i.e., speed < 𝐷𝐷 𝜃𝜃 𝑤𝑤 0 . This expression is around 10 cm/s, while scanning speed is not larger than 625 μm/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 μm/s is usually chosen in the range of the typical crystal-growth velocity according to 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].

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 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 integrating in time the nucleation and growth rates and we report the results schematizing in the following Figure 99a andb. The stationary nucleation rate described the number of nuclei per unit time at a given temperature and is expressed by:

I(T) = 𝒅𝒅𝒅𝒅 𝒅𝒅𝒅𝒅 ∝ exp�- 𝜟𝜟𝜟𝜟 𝑫𝑫 𝒌𝒌 𝑩𝑩 𝑻𝑻 �exp�- 𝜟𝜟𝜟𝜟 * 𝒌𝒌 𝑩𝑩 𝑻𝑻 � ( 46 
)
where ΔG D is the kinetic barrier that corresponds to activation energy to cross the glass-crystal interface related to a diffusion coefficient (D); ΔG * is the energy barrier to form a stable nucleus to grow; k B is Boltzmann's constant, and T is the temperature. When the temperature is higher than melting temperature (T m ), the growth is equal to zero. ΔG * is high, when the temperature is nearby below T m that is relevant for nucleation process, then the nucleation rate is very low. As temperature decreases, even ΔG * 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 almost coincident to T g , ΔG * decreases and nucleation rate increases considerably, and it could reach a maximum nucleation rate when ΔG * and ΔG D 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) = k lc -k cl = fλv exp �- 𝛥𝛥𝑆𝑆 𝐷𝐷 𝑘𝑘 𝐵𝐵 𝑇𝑇 � �1 -𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝛥𝛥𝑆𝑆 𝑉𝑉 𝑘𝑘 𝐵𝐵 𝑇𝑇 �� (47) 
where k lc is kinetic constant referred to liquid-crystal interface; k cl is the one referred to crystal-liquid interface; f is the fraction of sites on the crystal surface, ready for the attachment; ΔG V is the difference in free energy per unit volume between liquid or amorphous and crystalline phase; ΔG D in 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 part x c is a result of time integration of crystallization rate

𝛿𝛿𝑡𝑡 𝑐𝑐 𝛿𝛿𝑑𝑑 .
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 T m = 1257°C at a 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 continuous cooling transformation (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. The reason lies in the integration of the lower growth rate during the cooling process from the melt to a given temperature. Thus, the time to obtain the same amount is larger (i.e., 10 -6 ). 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 depending on laser thermal treatment curve. Moreover, a temperature domain exists below the melting temperature for which the crystallization rate is the largest. 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 andc. Firstly, when the maximum temperature is larger than T m , only the part below T m 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 m . 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 m , 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 melting and it starts under the temperature increasing by nucleation. 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 not allow 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. 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 m 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 laser polarization. When pulse energy is high and ~ 2 μJ/pulse, referring to regime 3 for configuration close to parallel one for LNS glass, the results are welldefined by the following Figure 102. 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 m . 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 m , 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 1 at lower temperature than in the center. Nucleation limits the crystallization at the center from T m . 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 following these lines. An important 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:

𝛥𝛥𝑒𝑒 𝑐𝑐 = 𝛿𝛿𝑡𝑡 𝑐𝑐 𝛿𝛿𝑑𝑑 (T max ) 𝛼𝛼𝑇𝑇 𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑇𝑇 𝑑𝑑𝑡𝑡 (48) 
where αT max is the range of temperature on which the growth is active (α < 1). Since the growth front lines are not parallel, the growth rate is smaller at the center. The consequence is that the cooling rate, i.e., the slope of 𝑑𝑑𝑇𝑇 𝑑𝑑𝑑𝑑 is larger at the center than at the periphery. If we detected a very high pulse energy, as 4 μJ/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 T m . It is localized by red lines and a circle in which the temperature is really far than T m , as shown in Figure 104.

A liquid-solid transformation could be expected in the central area. Otherwise, away from the center, the maximum temperature is lower than T m , 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.

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 μJ 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.

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, but an 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 liquidsolid) 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].

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 2 O 3 . 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 μm/s. Probably this zone coincides with the region in which no phase separation was found. At higher scanning speed, from 125 to 175 μm/s, it is possible to note a uniform distribution with nanocrystals concentration in the center of laser track. TTT diagrams are shown in the following Figure 107. Glass transition (T g ) and peak crystallization temperatures (T p ) are quite dissimilar between the two glasses. When B 2 O 3 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. 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 g ) on the bottom side and melting temperature (T m ) 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 2 O 3 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 p x RR. No change of the scanning speed and only a little variation of the chemical composition were taken place. When the treatment curves cross T g , whatever the speed, the coincidence of time scales between TTT and treatment curve occurs. This 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 μm/s. Moreover, for LNS13B21, T p also is much lower: this leads to a shift in a crystallization domain to lower temperatures. 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 p 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 T x 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 decreases, the crystallization onset is reached at lower temperatures, as indicated by the red edge part of the diagram. If we examine the scheme from the point of view of thermal treatment curves, they proceed to overcome the melting temperature quite rapidly, as it is possible to see in Figure 110. The faster scanning speed to induce laser crystallization in lines occurs when increasing the mean power.

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

BORON AS CONVENIENT ADDITION IN GLASS NETWORK

In this section, we proceed to consider briefly a boron incorporation into LiNbO 3 reported in [59] and [60], as an evidence, by analogy, of the advantageous choice of boron addition in glass network of LiO 2 -

Nb 2 O 5 -SiO 2 - B 2 O 3 .
The peculiarity of boron is the ability to act on LiNbO 3 crystal structure without being incorporated into crystal, because of the small radius of cation B 3+ ~ 0.02 nm compared to 0.068 nm of ion radii of Li + and Nb 5+ [59]. The structure of LiNbO 3 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 [BO 3 ] 3-. It is possible to move from a bond O -O to an octahedron generated by oxygenmetal clusters MeO 6 . 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 2 and sp 3 . The consequent formation is of triangles [BO 3 ] 3-or tetrahedra [BO 4 ] 5-. 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. It is possible to form clusters of atoms that surrounds a boron atom and placed at three corners of the tetrahedron [60]. The fourth corner stays vacant with a positive electric field of particular intensity. This explains the 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]. LiNbO 3 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.

Covalent bonds are predominant in 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 NbO 4 tetrahedra. These oxyanions are localized as complexes with a stable structure in LiNbO 3 melt. These boron-containing polyanions 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 ordering the cation sublattice. It is possible to verify a change well-illustrated in Figure 111 [61] in which is represented the presence of an antisite Nb Li where Nb 5+ 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 lithium vacancies (V Li ). 

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 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 IPF 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 LiNbO 3 . In conclusion, if we are able to control the femtosecond laser parameters, it is possible to tune the orientation and morphology of LiNbO 3 through the modulation of optical properties as SHG and birefringence in LNSB matrices.

INTRODUCTION AND GENERAL FEATURES 1

6.1.1 General overview of the sol-gel process Sol-gel process ─ contraction of the terms solution-gelation ─ is a wellknown 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 treatment of sintering at a temperature near the glass transition (T g ).

A clear scheme of sol-gel steps and a different range of products that can be fabricated is shown in Figure 112 [1].

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 vapor deposition (PVD) [4] techniques break out as 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 2 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.

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;  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 The peculiarity of the sol-gel process is the knowledge of what is introduced in the closed or open system, and at the 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. This is the most challenging scientific aspect in order to allow the wide diffusion of this technology at an industrial level.

Sol-gel typical features

The sol-gel process enables the fabrication of complex inorganics, such as ternary and quaternary oxides, characterized by 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 consequent variations in the composition, structure, and gel properties;  drying if gel for production of a dense "xerogel" [20] via solvent evaporation or an "aerogel" [21] through supercritical drying;  calcination to obtain the final product mechanically stable.

Figure 115: Scheme of different steps highlighted by hydrolysis and condensation reactions [19] This list is only an indicative sequence of steps, but it can be manipulated according to the required final product. The sol-gel parameters control is fundamental to allow variability of final material shapes, and below a set of main parameters to check is indicated:  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)  pre-and post-thermal treatments of the materials  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. 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 and the δ + of charge of element 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]. 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 a drastic increase [27], [28]. It is 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]:

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 ethylene glycol; otherwise, the amorphous citrate method involves the formation of weak hydrogenbonded-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 2 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]. [30] 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].

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, andc. After an exploration of the behavior of silica glass, mainly aimed at finding the best catalyst for sol-gel hydrolysis and condensation, an 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 macrostruc-ture 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 other rare earths [34]. Nanostructure change analysis by introducing a 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 detect lifetime 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, during an 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 2 -Al 2 O 3 glasses of different compositions (mol%) and the products of 90% -10% and 50% -50% respectively are reported in Figure 119h. 

Introduction

The background acquired through the fabrication of two-components materials leads to proceed towards a sol-gel glass synthesis of Bi 2 O 3 -B 2 O 3 -Fe 2 O 3 (BBF) ternary system, following precisely the modified Pechini method to be discussed later in this paragraph. First of all, this configuration is really interesting with respect to 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 3 is observed at room temperature. Specifically, a pair of Bi 3+ 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 μC‧cm -2 below the Curie temperature.

Figure 120: Mechanism promoting the coexistence of magnetic and electric longrange order: the case of lone -pair in BiFeO 3 . The two Bi 3+ electrons shift away from the Bi 3+ ion generating the ferroelectricity and towards FeO 6 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 BiFeO 3 [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 3 for incongruently melting at 934°C that makes hard solid-state synthesis and preferential evaporation of Bi 2 O 3 at high temperatures. The easy appearance of second phases Bi 2 Fe 4 O 9 and Bi 25 FeO 40 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 3 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].

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.

A brief overview of bismuth ferrite (BiFeO 3 ) and BBF system

Initially, the synthesis of BiFeO 3 [53] nanoparticles [54], [55] was preliminary to that of a ternary glass. Ferroelectricity and antiferromagnetism coexist in the multiferroic bismuth ferrite, BiFeO 3 , then this is chosen as a preliminary two-component synthesis product according to this Ref. [56], before proceeding with BBF fabrication. BiFeO 3 is a perovskite with space group R3c suitable for specific applications as information storage, sensors, and actuators. The peculiarity is a magnetoelectric coupling at room temperature [57]. The Bi 3+ lone electron pair provides a stereochemical activity that gives its ferroelectric order (T C ~ 830°C). The impurities like Bi 2 Fe 4 O 9 , Bi 2 O 3, and Bi 25 FeO 39 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 purephase 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 3 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 3 , while the presence of COOH groups is 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 2 O 3 is the former oxide with peculiar characteristics like a strong electronegativity element that forms a very small cation B 3+ (ionic radius 0.27Å). In an aqueous solution, boron is characterized by two co-ordinates, tetrahedral in borate [B(OH)] -, trigonal in boric acid B(OH). Both forms are stable in the monomer state, borate at pH > 11, boric acid at pH 7. Them, in the presence of B 2 O 3 as a glass former, glasses are produced over a large range of compositions. B 2 O 3 presents a special anomaly that consists of the transformation of triangles BO 3 in tetrahedra BO 4 , explained in Ref. [66], which has to be taken into account when boron oxide is used in sol-gel synthesis. Fe 2 O 3 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. Bi 2 O 3 is the intermediate oxide, not a good glass network former because of a relatively small amount of field strength (0,53) of Bi 3+ 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.

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 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. It is 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.

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 this reason, the IPC method allows immobilizing the individual metal citric acid complexes in a rigid polymer network, maintaining the 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 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.

The modified Pechini method for BBF synthesis

The modified Pechini process, adopted in this thesis work among the various BiFeO 3 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].

Figure 123: Synthesis methods scheme analyzed in the review highlighting the Modified Pechini as the one chosen in this work [67] The modified Pechini method 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 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 product is. The syntheses of this work were realized following this Scheme of the Pechini method reported in Figure 124 [68].

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 requirement is 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, 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. It is 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 withdrawing power of the α-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 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 of the 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 [START_REF] Umstadter | Relativistic laser-plasma interactions[END_REF]. 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 [START_REF]Encyclopedia of Nonlinear Science[END_REF], [START_REF]Birefringence[END_REF]. The thickness could be 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].

Towards successful composition: focus on three experiments

The preliminary stage for three-component synthesis is to study the ternary phase 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. A first preliminary synthesis test with binary system Bi-Fe was performed. For producing bismuth ferrite (BiFeO 3 ), 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 2 O 3 and Fe 2 O 3 for BiFeO 3 nanoparticles following the synthesis reported in Ref. [56].

The reagents used in the present work were analytical grade bismuth nitrate pentahydrate (Bi(NO 3 ) 3 •5H 2 O), iron nitrate nonahydrate (Fe(NO 3 ) 3 •9H 2 O), citric acid (C 6 H 8 O 7 ), ethylene glycol (C 2 H 6 O 2 ) and acetic acid (CH 3 COOH). Below, the description of various synthesis steps in detail before proceeding with the BBF ternary system.

The stoichiometric proportion of Bi(NO 3 ) 3 •5H 2 O and Fe(NO 3 ) 3 •9H 2 O were 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 solution was transparent, 0.02 mole of citric acid (C 6 H 8 O 7 ) 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. The solution has never become transparent after 30 minutes 2)

A test with equimolar concentrations between precursor salts and citric acid is required 3)

It is 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:

• Solution of a suitable HNO 3 concentration to dissolve Bi(NO 3 ) 3 •5H 2 O and also to act on the difficult stability of the bismuth salt • The proper molar ratio between citric acid and metals that it has to be not more than 2 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.

First experiment with boric acid as a precursor of boron oxide

A composition of 60% B 2 O 3 -30% Bi 2 O 3 -10% Fe 2 O 3 (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 BiFeO 3 . After preparation of a nitric acid aqueous solution 2M and the successive addition of suitable moles of Bi(NO 3 ) 3 •5H 2 O 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(NO 3 ) 3 •9H 2 O and H 3 BO 3 is made. It is necessary to proceed by the addition before of Bi(NO 3 ) 3 •5H 2 O 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 2 O 3 former oxide.

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

A second experiment with boric acid as a precursor of boron oxide

A new composition is prepared by 40% B 2 O 3 -30% Bi 2 O 3 -30% Fe 2 O 3 (mol%), 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. 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. 

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 and jellified after 3 hours and 30 min. 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:

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 future laser 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 2 O 3 -30% Bi 2 O 3 -30% Fe 2 O 3 . 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.

CONCLUSIONS

This chapter relates on the chemical synthesis process of sol-gel, that works better for multiferroic materials as Bi 2 O 3 -B 2 O 3 -Fe 2 O 3 (BBF). The possibility of a detailed parameters control allows to prefer this chemical technique over the 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 HNO 3 concentration to dissolve Bi (NO 3 ) 3 •5H 2 O 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 NH 3 , of temperature and of the amount of H 2 O and NH 3 . 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. These findings may facilitate the integration of functionalized 3D glassbased 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 2 O 3 content in the glass matrix; 3) Control of both size and orientation of laser-induced nonlinear LiNbO 3 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 detection of 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. 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. Comparing 0.5 and 1.25 μJ/pulse, we found a strong modulation at low pulse energy and the presence of two textures is characteristic of two minima identified for configuration Y x but not for Y y , 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 2 O 3 increases. A preferential orientation of c polar nanocrystals axis perpendicular to laser polarization is revealed at 0.5 μJ/pulse [2]. We have noted that, at increasing pulse energy, addition of B 2 O 3 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 2 O 3 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 3 . 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, i.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 2 O 3 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, 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 2 O 3 addition is an expansion of crystallization domain. Specifically, no crystallized lines at 1 μJ/pulse and 200 kHz were detected at scanning speed beyond ~100 μm/s for LNS34 and beyond ~600 μm/s for LNS13B21. In conclusion, SiO 2 substitution with B 2 O 3 in increasing quantities (from 7% to 21% mol) leads to a fast crystallization of LiNbO 3 nanocrystals induced by fs-laser irradiation [1] . 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 2 O-Nb 2 O 5 -B 2 O 3 , starting from studying B 2 O 3 -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 out to 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 5+ instead in depth but there are analyses to be made to validate this, for example by TEM. Also, the chemical 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 LiNbO 3 network and the small radius of the B 3+ 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 on the 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; it is 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 2 O-Nb 2 O 5 -B 2 O 3 . 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 2 O-Nb 2 O 5 -SiO 2 -B 2 O 3 . We could foresee the relevant benefit in having a glass matrix free from SiO 2 , 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 2 O-Nb 2 O 5 -B 2 O 3 phase diagram to choose a suitable composition also to foster fs-laser induced crystallization. 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. when r < r * , the nuclei are not stable; when r > 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 ΔG * . The free energy trend and the variation of critical nuclei radius r * 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 r * [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 r * . There is a relationship between the number of embryos with radius r * per volume (N * ) and the number of molecules per volume (N):

FUTURE OUTLOOKS

N * = N exp�- 𝜟𝜟𝜟𝜟 * 𝒌𝒌 𝑩𝑩 𝑻𝑻 � (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:

𝒅𝒅𝒅𝒅 𝒅𝒅𝒅𝒅 = N * K exp �- 𝜟𝜟𝜟𝜟 𝑫𝑫 𝒌𝒌 𝒃𝒃 𝑻𝑻 � ∝ exp � 𝜟𝜟𝜟𝜟 𝑫𝑫 + 𝜟𝜟𝜟𝜟 * 𝒌𝒌 𝒃𝒃 𝑻𝑻 � (A57)
Where ΔG D is the activation energy to cross the glass-crystal interface (kinetic barrier), ΔG * is the energy barrier to form a nucleus stable to grow, and k B is Boltzmann's constant (1.38 x 10 -23 J/K).

T affects the size of r * . Because ΔG v is a function of ΔT, we obtain:

r * ∝ (𝛥𝛥𝛥𝛥) -1 (A58) ΔG ∝ (𝛥𝛥𝛥𝛥) -2 (A59)
Then, r* increases with T, when T < T m , as represented in Figure A134b. When T is close to T m , ΔG * , that play a dominant role in the nucleation rate (very low), is high. Otherwise, the diffusion term is high at this temperature. When T and ΔG * 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 nucleation rate. When T is close to T g , ΔG * decreases and nucleation rate increases sharply, reaching a possible maximum when ΔG * and ΔG D 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]:

k lc -k cl = k 0 exp �- 𝛥𝛥𝑆𝑆 𝑚𝑚 𝑘𝑘 𝐵𝐵 𝑇𝑇 � -k 0 �𝑒𝑒𝑒𝑒𝑒𝑒 �- 𝛥𝛥𝑆𝑆 𝑚𝑚 -𝛥𝛥𝑆𝑆 𝑣𝑣 𝑘𝑘 𝐵𝐵 𝑇𝑇 �� = k 0 exp�- 𝛥𝛥𝑆𝑆 𝑚𝑚 𝑘𝑘 𝐵𝐵 𝑇𝑇 � �1 - 𝑒𝑒𝑒𝑒𝑒𝑒 �- 1 𝑘𝑘 𝐵𝐵 𝑇𝑇 𝑎𝑎𝜋𝜋 𝑣𝑣 (𝑇𝑇 𝑚𝑚 -𝑇𝑇) 𝑇𝑇 𝑚𝑚 �� (A60)
where ΔG a is the positive surface term of free energy.

As represented in Figure A135b, when T is equal or larger than T m , the growth rate is 0. Below T m , 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. 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 temperature has 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 nucleation is maintained a time long enough and successively a temperature for growing is achieved. 

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. 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 A137.

Figure A137: Scheme of dielectric materials as bound oscillators [6] 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:

𝑚𝑚 � where ω 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(t) = [𝑒𝑒 � 0 exp(-𝑖𝑖𝜔𝜔𝜔𝜔) + 𝑐𝑐. 𝑐𝑐. ], where 𝑒𝑒 � 0 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: This results in dipole momentum induced equal to P(t)= -ex(t) and, if N corresponds to the number of oscillators per unit volume, the polarization induced in medium is equal to: 

x(t) =
P(t) = -Nex(t) (A64)

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 photons involves SHG, and the energy is conserved, as shown in Figure A141. 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 ω i (the original frequency) and 2ω i (the doubled frequency or half the wavelength), as shown in Figure A142. The χ 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 form is given by:

Where ε is the dielectric constant. The temporal variation of electric field at ω and 2ω are neglected, and the wave at second harmonic frequency will follow the wave equation:

𝛻𝛻 2 𝐸𝐸 � (2ω) = 𝜔𝜔𝜀𝜀(2𝜔𝜔) 𝑐𝑐 2 𝐸𝐸 � (2ω) + 𝜔𝜔 2 𝑐𝑐 2 𝑃𝑃 � (2) (2ω) (A95)
Considering low conversion efficiency, the amplitude of E � �⃗ ω remains essentially constant over the interaction length, L, the intensity of SHG is given by: Where L is the nonlinear matter length, Δk is the wave vector mismatch, k is the wave vector of the electric field, and L c is the coherence length where the SHG efficiency reaches the maximum (SHG intensity oscillates as a function of L, with period L c ).

I 2ω (L) = (2𝜔𝜔) 2 8𝜀𝜀 0 𝑐𝑐 3 �𝜒𝜒 (2) � 2 𝑐𝑐 𝜔𝜔 2 𝑐𝑐 2𝜔𝜔 L 2 � 𝑠𝑠𝑖𝑖𝑐𝑐 ( 𝛥𝛥𝑘𝑘𝑘𝑘 

Phase matching

Phase matching occurs when generated and propagating wave present a constant phase relationship indicated by Δk = 0. Efficient SHG in homogeneous media comes from decreasing Δk. There are many methods to achieve phase matching. Precisely, for birefringent phase matching (BPM), certain angle θ, the ordinary polarized fundamental and the extraordinary polarized second harmonic own the same refractive index, achieving Δk = 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 e is much more temperature sensitive that n o , 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 radial distribution of the LiNbO 3 crystalline in spherulite domains: a macroscopic 10-15 µm 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 µm, 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.

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 10 -4 . 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 using MATLAB 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%. pour les matériaux BBF. Le choix de la composition chimique initiale est étudié au travers du diagramme de phase ternaire, en se concentrant sur l'idée d'être à la limite de la zone de cristallisation mais sans aller au-delà afin de rester vitreux.

L'objectif est tout d'abord de préparer les échantillons de verre qui seront ensuite irradiés par laser femtoseconde. Ainsi, une caractérisation appropriée (DSC, SEM-EDS, spectres d'absorption UV, diffusivité thermique) des tous les échantillons de verre est nécessaire ainsi qu'avoir une vue d'ensemble sur les propriétés optiques et cristallographiques du produit LiNbO 3 .

Ensuite, une partie considérable de nos travaux est consacrée à l'irradiation par laser femtoseconde des échantillons. L'objectif est ici de déclencher, et de contrôler, la cristallisation localisée et orientée de nanocristaux non centrosymétriques de LiNbO 3 . Des motifs géométriques tels que points et des lignes ont été écrits à l'intérieur des échantillons de verre, et des énergies de seuils de modifications de la structure des matériaux ont été identifiées. Pour bien étudier les modifications 3D des propriétés optiques photo-induites dans le verre, le processus d'investigation des échantillons se concentre d'abord sur l'irradiation du verre de référence LNS. Ensuite, les matrices de la LNSB sont également étudiées de façon approfondie.

Malgré les innombrables avantages de l'utilisation du laser femtoseconde, les mécanismes qui induisent des modifications structurelles dans les matériaux diélectriques ne sont pas encore clairement compris. Dans ce travail, sept paramètres laser -énergie d'impulsion, ouverture numérique et profondeur de mise au point, durée de l'impulsion, fréquence de répétition des impulsions, longueur d'onde du laser, vitesse de balayage et configuration d'écriture -sont variés pour étudier comment ils affectent la nanostructure photo-induite par le laser (la cristallisation) et les propriétés optiques associées. Trois régimes délimités par trois seuils (changement de l'indice de réfraction isotrope, formation de biréfringence et formation de vides) sont caractérisés et comparés au matériau de verre le plus omniprésent : la silice (SiO 2 ). Les verres comme la silice sont centrosymétriques et ils ne peuvent pas générer de génération de seconde harmonique (GSH). Dans ce travail, cette propriété non linéaire a été utilisée comme moyen de confirmer la formation et l'orientation des cristaux non-centrosymétriques dans le verre.

L'effet de la polarisation laser sur l'orientation des nanocristaux a été étudié ainsi que la dépendance angulaire de l'intensité de la GSH en fonction de la polarisation du laser. Cette étude de l'orientation des nanocristaux a été largement développée autour de l'effet de la substitution de SiO 2 par B 2 O 3 dans la matrice vitreuse.

En ce qui concerne les caractérisations des échantillons irradiés, l'analyse QPM a été utilisée pour quantifier l'amplitude et le signe des variations d'indice de réfraction photo-induites. En outre, l'analyse MEB a démontré la présence de nanoréseaux assemblés de façon lamellaire qui se développent dans la direction perpendiculaire à la polarisation laser, mettant clairement en évidence le rôle de la polarisation laser sur la séparation de phase observée à l'échelle nanométrique. Pour identifier les paramètres a, b, c et le groupe de symétrie des nanocristaux, la morphologie, la nanostructure et l'orientation, une analyse de diffraction des électrons rétrodiffusés (EBSD) a été effectuée de façon extensive, démontrant un accord avec les résultats obtenus de la GSH.

Des nanoréseaux, c'est-à-dire des structures lamellaires se développant perpendiculairement à la polarisation laser, ont été observées dans les verres silicatés et borosilicatés. Ces nanostructures présentent une période sublongueur d'onde et induisent une réponse biréfringente qui a pour origine la variation locale des indices de réfraction entre la phase vitreuse et la phase cristallisée. En outre, il a été constaté que les verres riches en B 2 O 3 favorisent la fabrication de ces structures biréfringentes, précisément en augmentant une réponse biréfringente et ce à des vitesses d'écritures plus élevées (>150 nm à λ=550 nm) que le verre LNS pris comme référence.

Enfin, nous avons analysé les mécanismes à l'origine de ces observations, en proposant une interprétation de la nucléation-croissance des cristaux produits dans les verres LNSB par rapport à ceux des verres LNS. L'effet de la vitesse de balayage sur les mécanismes de cristallisation est discuté à partir des diagrammes de transformation de la température dans le temps (TTT) et de transformation de refroidissement continu (CCT). La facilité de nucléation et de croissance des cristaux dans les verres riches en B 2 O 3 (21% mol) rend le domaine de cristallisation plus large par rapport aux verres sans B 2 O 3 .

Nous avons seulement commencé l'investigation de la matrice LNSB, et une analyse supplémentaire sera nécessaire à l'avenir, comme le TEM par exemple, pour avoir une vision plus claire des mécanismes de cristallisation déclenchés à l'intérieur du matériau par irradiation avec le laser femtoseconde. Enfin, un choix approprié de paramètres laser est essentiel pour contrôler la taille et l'orientation des nanocristaux non-linéaires photo-précipités. Une conséquence directe est alors une meilleure ajustabilité des propriétés optiques essentielles pour des applications photoniques.

Introduction

Femtosecond (fs) laser direct writing (FLDW) is a powerful and versatile tool enabling a large variety of optical components to be fa bricated in transparent materials such as glasses (e.g. Bragg gratings, waveguides, graded index lenses, birefringent optics) [1][2][3]. In addition to surface modifications, the femtosecond laser irradiation has allowed the 3D-nanostructuring of optical properties induced by perma nent 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 glass substrate with a high spatial selectivity (few tens of µm 3 or less). Some examples of crystals induced by FLDW in glasses can be found in the recent review of Komatsu et al. [4], among which we can cite β-BaB2O4 [5], Ba2TiSi2O8 [6], or LiNbO3 [7]. A particular focus is about fs-laser crystallization of LiNbO3 in silicate matrix, a crystal that allows many applications in different fields because of its properties: ferroelectricity, pyroelectricity, piezoelectricity and a large second order susceptibility. In particular, because of its axial symmetry, the second order susceptibility tensor (χ ( 2 ) ) of LiNbO3 crystal is such that its nonlinear coefficient value along the polar axis (d33 = 34.4 pm/V [8,9]) is much greater than the nonlinear coefficients values along the other axes (d31 = 4.88 pm/V, d22=2.58 pm/V [8,9]). Therefore, it presents an angular dependence of χ ( 2 ) -related processes, such as second harmonic generation (SHG). This translates into a modulation of the SHG signal during FLDW that occurs when the crystals can be oriented along the direction of laser polarization.

To produce crystallization by FLDW, the typical glass matrix used in previous works is composed of 33%Li2O -33%Nb2O5 -34%SiO2 (LNS) (molar %) [7,10]. Although interesting results have been published, the impact of the glass matrix has not been studied extensively yet.

In particular, if SiO2 is partially substituted with B2O3, the impact on the crystallization rate can drastically increase, unlocking in such a way the industrial potential of this direct writing technique. Indeed, the incorporation of B2O3 into the gla ss matrix is of interest as it is expected to lower the glass transition temperature and, thus, to improve the kinetics of LiNbO3 crystallization compared for LNS glass [11][12][13][14].

In this work, we report on the impact of LiNbO3 crystallization by FLDW by adding a significant amount of B2O3 in the glass matrix (through modification of the starting glass batch composition). We revealed the creation of polarization dependent χ ( 2 ) by the SHG detection and confirmed this is related to LiNbO3 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 SiO2 is partly substituted with B2O3. 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 of the la ser-induced nanocrystals in these borosilicate glass matrices compared to LNS gla ss (i.e., B2O3-free glass).

Method

Four glasses, with increasing B2O3 content up to 21%, were fabricated using melt-quenching technique.

Compositions and labels are reported in the Table 1. A powder mixture of 30 grams per batch composed of SiO2 (99.9%, SERLABO), H3BO3 (99.5%, PROLABO), Li2CO3 (99.9%, SIGMA ACS reagent) and Nb2O5 (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. The mixed 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. The obtained glasses had the shape of a slab of about 1 mm thickness. For laser irradiation, samples were double side polished to reach optical quality and then they were placed on the FLDW system that comprises a motorized translation stage and a commercial femtosecond laser (Satsuma, Amplitude Systèmes Ldt, λ = 1030 nm, pulse duration = 250 fs). Ea ch irradiation was performed by focusing the laser beam approximately 240 µm below the sample top surface using a 0.6 numerical aperture (NA) aspheric lens. We choose this focusing depth to avoid any surface a blation when scanning over long distances and to avoid heterogenous nucleation preferentially triggered at the surface. The translation stage enables a displacement in the XY plane, while the laser beam propagation direction is along the Z direction as depicted in Fig. 1(a). Three different laser polarization configurations referenced relative to the laser writing direction, along the Y-axis, were used: parallel: parallel (Yy), at 45° (Y45) and perpendicular (Yx) to it. The SHG intensity was recorded in transmission using a spectrometer (Jaz, Ocean Optics) equipped with a multimode optical fiber and a coupling lens to maximize light collection from the sample. A more detailed description of the setup is reported in Ref. [7]. We started by performing a static irradiation to investigate the influence of laser parameters during laserinduced crystallization. This experiment, carried out on each sample, served to determine the incubation time as a function of glass composition. The incubation time is the time taken, upon fs-laser irradiation, until the observation of the SHG signal (λSHG = λ/2 = 515 nm) and is indicative of the early birth of noncentrosymmetric crystals, typically LiNbO3 is expected in our case [7]. At this stage, only two la ser parameters were varied, i.e., the pulse energy, ranging from 0.25 to 2.5 µJ, in steps of 0.25 µJ and the laser repetition rate, with values of 100 kHz, 200 kHz, 340 kHz, and 510 kHz. The laser polarization was fixed along the X-axis that is defined by the plane of laser compressor. The minimum incubation time to induce crystallization, found from the above experiments, is a lso 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 and writing speed of 1 µm/s using different pulse energies (0.25 µJ to 2.0 µJ, step of 0.25 µJ). This was repeated for the three different laser polarization configurations to assess their influence on the crystal orientation, namely parallel (Yy), at 45° (Y45) and perpendicular (Yx). For each written line, we measured the SHG intensity in the XY plane according to the azimuthal angle (θ) of the probe beam polarization, up to 180° starting from the polarizer reference position in correspondence of 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. In our samples, the SHG intensity was measured in transmission mode with the fundamental beam (1030 nm) propagating perpendicularly to the sample XY plane at pulse energy = 0.1 µJ/pulse.

∼ ∼ ∼ ∼

The spot size (diameter) of the probing beam was approximately 30 µm, well overlapping each laser track during SHG measurements. The repetition rate 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 investigate the correlation between the laser induced microstructure and the SHG response, we proceeded with an analysis at field-emission scanning electron microscope (FEG-SEM ZEISS SU-PRA 55 VP) with electron backscattered diffraction (EBSD) detector (TSL-EDAX Velocity Camera and OIM Analysis software).

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. 1(b) illustrates the dependence of the laser a ffected zone on both pulse energy (Ep) and repetition rate (RR). As the deposited power (P = RR x Ep) 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 w0 1.2λ/(2NA) 1 µm). Figure 1(c) shows that the measured incubation time decreases as the delivered power P increases. For similar experimental conditions, these measurements clearly indicate the tendency for LNS13B21 glass to crystallize at a much higher rate compared to other glasses. For example, at a 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 la ser tra ck width and length (measured within the cross section) increase along with the pulse energy. This behavior is characteristic of more heat deposited inside the glass upon 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 angular dependency of the SHG intensity. All the measured values, as a 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: Yx and Y45. In particular, we choose to represent those relative to two characteristics pulse energies, i.e., 0.5 µJ and 1.25 µJ, because of important SHG trends variations that are 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-θ of 90° for all glasses. For pulse energy of 1.25 µJ, the evidence of SHG "directionality" is strongly reduced for all four samples, as it is more easily visible from the polar representations referring to LNS1B21 sample, reported in Fig. 2(c). Here we note the occurrence of a second maximum on the SHG (θ) curve along the polarization direction. More specifically, from Fig. 2, we observe that at the lowest energy (0.5 µJ/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. We note a maximum for a direction perpendicular to the laser polarization i.e., 90° and 135° for Yx and Y45 configurations, respectively. In contrast the minimum SHG is found for a probing angle perpendicular to the maximum one. This is in agreement with Ref. [10], where the polar axis of LiNbO3 is oriented perpendicularly to the laser polarization. Interestingly, this behavior is preserved even after a large substitution of SiO2 with B2O3.

As the pulse energy is increased, from 0.5 to 1.25 µJ, 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 SHGmax for θ perpendicular to writing polarization) is still appearing at 1.25 µJ. However, there is another contribution that appears in the SHG (θ) response, and is indicative of a second texture (i.e., a second population of LiNbO3 crystals with a preferential orientation). This is also clear with the configuration Y45 for which there is no maximum in the direction of writing.

One could expect the minima and maxima of the SHG modulation to be positioned exactly 90° apart from the laser polarization. However, a slight departure from this angle is observed, and ⊥ may be due to an asymmetric orientational writing effect as previously observed at low speeds (1 µm/s, similar to this work) in LNS glass [15]. Finally, to validate the presence of the LiNbO3 crystals and to study their orientation inside the laser track cross sections, electron backscattered diffraction (EBSD) analysis was performed on LNS34 and LNS13B21 samples [16,17]. The results are presented in Fig. 3(a). We first observed that LiNbO3 nanocrystals were effectively precipitated. Secondly, from the inverse pole figure (IPF) color code, the crystal c axis (along the 0001 direction) is found to be oriented perpendicular to the laser polarization (absence of red color on the EBSD map). This is obviously the case at the lowest pulse energy, whereas at higher energies crystal c 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 c 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 c 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 (assuming they are spherical) within the investigated laser track area. In Fig. 3(b), we report this distribution for LNS34 and LNS13B21 for the Yy configuration and two different pulse energies (0.75 µJ and 1.25 µJ).

At the highest pulse energy (1.25 µJ in this comparison) we observe the tendency to form larger regions with same textures compared to the low energy conditions (0.75 µJ, 20 nm -300 nm diameter range).

Conclusion

In this work, we demonstrated that tunability of SHG in lithium niobate silicate glass can be extended to the borosilicate glass family, through an adequate control of the laser parameters. More specifically, the substitution of SiO2 with B2O3 is found to be advantageous as it promotes faster crystallization of LiNbO3 crystals while preserving the tunability of SHG. The latter is related to the larger SHG response along the c axis of the crystals, which is preferentially aligned perpendicular to the laser polarization at low pulse energy. Currently, the LiNbO3 orientation is understood as being due to alignment of the larger linear susceptibility matrix element ( to c 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 that may explain the larger crystals at 1.25 µJ, 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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  Nomenclature LED: light-emitting diode UV: ultraviolet-visible FLDW: Femtosecond Laser Direct Writing fs: femtosecond 3D: three dimensions LNS: Li2O -Nb2O5 -SiO2 SHG: second harmonic generation LNSB: Li2O -Nb2O5 -SiO2 -Bi2O3 QPM: quantitative phase microscopy SEM: scanning electron microscopy EBSD: electron backscatter diffraction EDS: energy dispersive X-ray spectroscopy CCT : continuous cooling trasnformation TTT: time-temperature transformation DSC: differential scanning calorimetry NCS: non-crystalline solid SRO: short-range order SCL: supercooled liquid Tg: glass transition temperature Tf: fictive temperature Tm: melting temperature tOBS: observation time CNT: classical nucleation theory LNS34: 33% Li2O-33% Nb2O5 -27% SiO2 -0% B2O3 LNS27B7: 33% Li2O -33% Nb2O5 -27% SiO2 -7% B2O3 LNS20B14: 33% Li2O -33% Nb2O5 -20% SiO2 -14% B2O3 LNS13B21: 33% Li2O -33% Nb2O5 -13% SiO2 -21% B2O3 RT: room temperature LASER: light amplification by stimulation of radiation 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 Tp: peak crystallization temperature Tx: crystallization onset temperature BBF: Bi2O3 -B2O3 -Fe2O3 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 to my parents and to all the human beings that lost their breath for the Covid pandemic 2019

Figure 1 :

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

Figure 2 :

 2 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].

Figure 3 :

 3 Figure 3: Atomic structure of SiO 2 a) crystal (Quartz) and b) glass (so-called silica)[18] 

Figure 5 :

 5 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 2 . In the spinodal region, the curvature of the free-energy curve is negative. Note that the binary mixture with initial temperature (T 1 ) is cooled quickly to a lower temperature (T 2 ). X 1 and X 2 are the equilibrium compositions that correspond to the free energy minima. The spinodes are marked as S 1 and S 2 in the diagram. In the spinodal region, the curvature of the free-energy plot is negative[23].

Figure 6 :

 6 Figure 6: SiO 2 -LiNbO 3 -B 2 O 3 ternary phase diagram

Figure 7 : 1 .Figure 7 :

 717 Figure 7: Scheme of glass making process starting from the chemical powders

3 .

 3 Raise from 1000°C to 1400°C to 10°C/min 4. At 1400°C for 1 hour.

Figure 8 :

 8 Figure 8: Example of LNS glass plate after the glass cooling (typ. 5cm size and few mm thick)

Figure 9 :

 9 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

Figure 10 :

 10 Figure 10: Differential scanning calorimetry (DSC) scans for four glasses composition with an increasing amount of B 2 O 3 in the batch compositions in mol% 2.4.2 Scanning Electron Microscopy (SEM) combined with Energy-Dispersive X-ray Spectrometry (EDS)

Figure 11 :

 11 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)

Figure 12 :

 12 Figure 12: Absorption spectra for LNS (precisely, LNS34), LNSB (precisely, LNS13B21) and SiO 2 (Suprasil) for sake of comparison 2.4.4 Thermal diffusivity measurements

Figure 13 :

 13 Figure 13: Thermal diffusivity curves extracted from measurements effectuated in ICCMO of a) LNS27B7, b) LNS20B14, c) LNS13B21. Black dots correspond to the run-up ramp and red ones to descent ramp

Figure 17 :

 17 Figure 17: Trend of refractive indexes versus wavelength of congruently growth of LiNbO 3[43] 

Figure 18 :

 18 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] 

Figure 19 :

 19 Figure19: The three electron-photon interaction processes in atoms occurring in the laser: absorption, spontaneous emission, and stimulated emission[2] 

Figure 20 :

 20 Figure 20: Representation of a) Equilibrium Boltzmann distribution and b)population inversion after pumping that constitutes the guiding principle in lasers[4] 

3 .

 3 Optical resonator: an optical cavity in which light circulates created by two parallel mirrors: one total reflector (see in Figure21acomponent 3) and the other partial reflector (see in Figure21a component 4, output coupler).

Figure 21 :

 21 Figure 21: a) Principal laser components (https://www.ulsinc.com/learn); b) Fourlevel laser system (https://it.wikipedia.org/wiki/population inversion)

Figure 23 :

 23 Figure 23: Schematic diagram of laser basic working principle (https://sites.google.com/site/puenggphysics/home/unit-i/basic-of-laser-action)

Figure 24 :

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

Figure 26 :

 26 Figure 26: Irradiation scheme of laser in the XY plane of a glass sample

Figure 27 :

 27 Figure 27: Gaussian beam: a) change in wavefront radius with propagation distance[15], b) the definition of numerical aperture[16], and c) the embedded Gaussian[15] 

Figure 28 :

 28 Figure28: Interface spherical aberration scheme due to the refractive index mismatch along laser propagation direction[18] 

Figure 29 :

 29 Figure 29: Schematic diagram of the photoionization of an electron in an atomic potential for different values of the Keldysh parameter (γ). In a solid, the electron is promoted from 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].

Figure 30 :

 30 Figure 30: Different photoionization regimes with varying photon energy and laser intensity. The dashed grey line shows the case of γ = 1.5 for C 60 ionization, which separates the multiphoton regime (γ >1.5) from the tunneling regime (γ<<1.5) [26]

Figure 31 :

 31 Figure31: 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 (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] 

Figure 32 :

 32 Figure 32: Ultrafast picosecond and femtosecond fiber lasers | IPG Photonics

Figure 33 :

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

Figure 34 :

 34 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].

Figure 35 :

 35 Figure 35: Pulse energy versus numerical aperture (NA) and pulse duration: diagram for a) small pulse duration (45 -60 fs), b9 160 fs, c) 200 fs, and d) 250 fs (region II disappears) with SiO 2[41] 

Figure 36 :

 36 Figure36: a 400-nm thick non-linear mirror that reflects radiation at twice the input light frequency[START_REF] Lee | Giant nonlinear response from plasmonic metasurfaces coupled to intersubband transitions[END_REF] 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[START_REF]Fundamentals of Nonlinear Optics[END_REF]. The research area has been devoted naturally to non-centrosymmetric crystals (LiNbO 3 , KDP, BBO, etc.). The investigation of non-linear optical (NLO)

Figure 37 :

 37 Figure 37: Light polarization scheme[START_REF]Polarization of Light: Definition, Diagram, and Applications[END_REF] 

Figure 38 :

 38 Figure38: ordinary and extraordinary rays of light on a crystal[START_REF]Stanford: Advanced Optical Ceramics Laboratory[END_REF] 

Figure 39 :

 39 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].

Figure 40 :

 40 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].

Figure 41 :

 41 Figure 41: Schematic diagram of the energy and momentum conservationTwo 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

Figure 42 :

 42 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)

Figure 43 :

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

Figure 44 :

 44 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 (Y y ), at 45° (Y 45 ) and perpendicular (Y x ) 4.2.1 Fs-laser writing of dots (static mode)

Figure 45 :

 45 Figure 45: Static dots under white light for a) LNS34 and b) LNS27B7

Figure 47 :

 47 Figure 47: Heatmaps of incubation time for four glasses: a) LNS34; b) LNS27B7; c) LNS20B14 and d) LNS13B21

  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 Figure49:

Figure 49 :

 49 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: Y x , Y 45 and Y y , NA = 0.6, pulse duration = 250 fs, repetition rate = 200 kHz, pulse energy from 0.25 to 2 μJ, scanning speed= 1 μm/s for LNS34, LNS27B7, LNS20B14, and LNS13B21 glasses 2) In the 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.

Figure 50 :

 50 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 Y x and Y y , NA = 0.6, repetition rate = 200 kHz, pulse duration = 250 fs, two values of pulse energy 0.5 and 1 μJ and different scanning speed respectively from 1 µm/s to 200 µm/s for a) LNS34 and for b) LNS13B21 from 1 µm/s to 200 µm/s at 0.5 μJ and from 1 µm/s to 625 µm/s at pulse energy equal to 1 μJ

Figure 51 :

 51 Figure 51: Optical microscope images of lines written by fs-laser in LNS34 and LNS13B21glasses in Y x polarization configuration, at various scanning speeds, two pulse energies: 0.5 and 1 μJ/pulse, and repetition rate fixed at 200 kHz

Figure 52 :

 52 Figure 52: Dots, written according to polarizer direction, Y y 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 :

 53 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 μm/sFocusing the attention on LNS13B21 glass according to the second series of experiments, Figure53represents lines in three regimes of scanning speed under different microscope analysis conditions: low at 1 μm/s, medium at 75 μm/s and high regime at 350 μm/s. At low speed, lines appear black, and no light passes through them. When speed is equal to 75 μm/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 Figure54different illumination conditions: under white light, under polarized light at polarizer and analyzer crossed and finally with a full λ waveplate inserted with its orientation perpendicular to the laser scanning direction.

Figure 54 :

 54 Figure 54: Optical microscope images of lines at different scanning speed (1, 75 and 350 μm/s) under different illumination condition for LNS13B21 glass at a pulse energy of 0.5 μJ; (P = polarizer, A = analyzer) [18].

Figure 55 :

 55 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 μJ/pulse), repetition rate fixed at 200 kHz and for a) Y y and b) Y x laser polarization configurations [18].

Figure 56 :

 56 Figure56: 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] 

Figure 57 :

 57 Figure 57: SHG spectrum obtained for LNS13B21 lines written at 1.25 μJ/pulse, at Y x polarization configuration, at fixed repetition rate equal to 200 kHz and scanning speed equal to 1 μm/s. The reference position of the laser polarizer is 0°, which coincides with the position corresponding to 180°.

  5 and 1.25 μJ for two polarization configurations, Y x and Y 45 ). The choice of these two values of pulse energies was made because of important changes well visible in SHG curves for the four glasses. At 0.5 μJ, a strong SHG modulation is evident with respect to an azimuth-θ of 90° for all four glasses. When pulse energy reaches 1.25 μJ, 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.

Figure 58 :

 58 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 μJ/pulse a) at Y x and b) Y 45 polarization configuration; c) polar representation for LNS13B21 glass for 0.5 and 1.25 μJ/pulse with three polarization configuration Y y , Y 45 and Y x [6].

Figure 59 :

 59 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.

Figure 60 :

 60 Figure 60: QPM images for LNS27B7 glass on lines at three polarization configurations Y y , Y 45, and Y x at pulse energies of a) 0.25 µJ, b) 0.5 µJ, c) 0.75 µJ and d) 1 μJ.

Figure 61 :

 61 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.

Figure 62 :

 62 Figure 62: Presence of nanogratings detected by Scanning Electron Microscopy analysis for LNS13B21 line at pulse energy equal to 0.5 μJ, repetition rate fixed at 200 kHz, and scanning speed equal to 75 μm/s.

Figure 63 :

 63 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: λ = 1330 nm; f = 200 kHz; NA = 0.6; pulse duration = 250 fs; focal depth = 240 μm (in air) [18].

Figure 65 :

 65 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 μJ/pulse). Irradiations conditions: λ= 1030 nm, NA = 0.6, f = 200 kHz, focus depth = 240 μm in air, writing speed = 1 μm/s [6].

Figure 66 :

 66 Figure 66: Scanning electron microscope (SEM) micrographs and electron backscatter diffraction (EBSD) maps on the laser track cross-sections induced by fslaser on LNS13B21 for different scanning speed. Fixed parameters are: pulse energy = 0.5 μJ; configuration = Y y (laser polarization parallel to the scanning direction); λ = 1330 nm; f = 200 kHz; NA = 0.6; pulse duration = 250 fs; focal depth = 240 μm (in air) [18].

Figure 69 :

 69 Figure 69: Pulse energy -polarization direction landscape for LNS glasses closed to 30Li 2 O -30Nb 2 O 5 -40SiO 2 , 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 direction. Other parameters: 1030 nm, 300 fs, NA = 0.6, 300 kHz, 5 μm/s, and focus depth 350 μm [3].

Figure 70 :

 70 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 LiNbO 3 space group R3c, coding along scanning direction. These are configurations in which laser polarization is (a -d) parallel or (e) perpendicular to scanning direction.

Figure 71 :

 71 Figure 71: Pulse energy-scanning speed landscape that shows domains of fs laserinduced crystallization in LNS glasses close to 30Li 2 O -30Nb 2 O 5 -40SiO 2 . Other parameters are λ = 1030 nm, NA = 0.6, repetition rate = 200-300 kHz, parallel configuration [3].

Figure 72 :

 72 Figure 72: Pulse energy -repetition rate landscape in which domains of fs laserinduced crystallization in LNS glasses at varying scanning speed and focus depth

Figure 73 :

 73 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 μm/s, writing direction is along 45° direction, laser polarization is parallel to Y [7].

Figure 74 :

 74 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 μJ and b) 1.4 μJ. Other parameters: writing direction is along 45°direction, laser polarization is parallel to Y [7].

Figure 75 :

 75 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) 1μm/s and b) 25 μm/s. Other parameters: pulse energy 1.4 μJ, laser polarization is parallel to Y [7].

Figure 76 :

 76 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].

Figure 77 :

 77 Figure 77: EBSD characterization of 33Li 2 O -33Nb 2 O 5 -34SiO 2 : a) EBSD scan images of lines cross-sections irradiated at 2.0 -0.6 μJ with polarization parallel to the laser beam direction that is coding the crystal orientation along x; b) EBSD images of lines cross-sections irradiated at 2.0 μJ 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-axis at c) 1.0 μJ and d) 0.6 μJ, respectively. The polarization for writing is parallel to the laser motion direction. Other laser parameters: repetition rate = 300 kHz, scanning speed = 5 μm/s, pulse duration = 300 fs, wavelength = 1030 nm, and NA = 0.6 [15].

Figure 78 :

 78 Figure 78: Normalized SHG intensity for four glass composition as a function of probing polarization angle in the XY plane for a) Y x , b) Y 45 and c) Y y at the two lowest pulse energies, 0.5 and 0.75 μJ/pulse. Femtosecond laser conditions used: λ = 1030 nm, NA = 0.6, RR = 200 kHz, focus depth = 240 μm in air, scanning speed = 1 μm/s [1].

Figure 79 :

 79 Figure 79: Comparison between four pulse energy values a) 0.5, b)1.5, c) 1.75 and d) 2 μJ at laser polarization configuration Y x . Femtosecond laser conditions used: λ = 1030 nm, NA = 0.6, RR = 200 kHz, focus depth = 240 μm in air, scanning speed = 1 μm/s.

Figure 80 :

 80 Figure 80: Comparison between four pulse energy values a) 0.5, b)1.5, c) 1.75 and d) 2 μJ at laser polarization configuration Y 45 . Femtosecond laser conditions used: λ = 1030 nm, NA = 0.6, RR = 200 kHz, focus depth = 240 μm in air, scanning speed = 1 μm/s.

Figure 81 :

 81 Figure 81: Comparison between four pulse energy values a) 0.5, b)1.5, c) 1.75 and d) 2 μJ at laser polarization configuration Y y . Femtosecond laser conditions used: λ = 1030 nm, NA = 0.6, RR = 200 kHz, focus depth = 240 μm in air, scanning speed = 1 μm/s.

Figure 82 :

 82 Figure 82: Normalized SHG intensity for all glass compositions according to a) Y x at 1.25 μJ; b) Y y at 1.25 μJ; c) Y x at 2 μJ and d) Y y at 2 μJ

Figure 83 :

 83 Figure 83: Polar representations for LNS34 and LNS13S21 glasses at 1.25 and 2 μJ/pulse with three laser polarization configurations indicated by double headed arrows in coordinates of the reference system: //, 45°, and ⊥.

Figure 84 :

 84 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 LNS13B21 according Y x and Y y at 1.25 μJ/pulse. Other laser parameters are λ = 1030 nm; f = 200 kHz; NA = 0.6; pulse duration = 250fs; focal depth = 240 μm (in air); scanning speed = 1 μm/s.

Figure 85 :

 85 Figure 85: Inverse Pole Figure (obtained from EBDS analysis) for LNS34 at a) Y y , and b) Y x and for LNS13B21 sample at c) Y y and d) Y x , coding the crystal orientation

Figure 86

 86 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 3 crystals. We have to take into account that pole figure represents crystalline 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.

Figure 86 :

 86 Figure 86: Polar figures referred to LNS34 at 1.25 μJ for a) Y y , b) Y x and LNS13B21 at 1.25 μJ for c) Y y , d) Y x. where A1 is the beam direction (z axis), A3 is the writing direction (y axis for Y x and Y y configurations), polarization is along A2 (x axis) for Y x and along A3 for Y y configurations.

Figure 87 :

 87 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

  referred to LNS13B21.

Figure 88 :

 88 Figure 88: Polar figures referred to LNS34 at 2 μJ for a) Y y , b) Y x and LNS13B21 at 2 μJ for c) Y y , d) Y x. where A1 is the beam direction, A2 is the laser polarization, A3 is the writing direction

Figure 90 :

 90 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].

Figure 91 :

 91 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 corresponding IPF coding along laser polarization direction on the right side for 1 μJ/pulse; b) this is a magnification of Figure 5.22a enclosed in the red rectangle; c) scheme of laser-induces structures, with forces and main parameters indicated: d E is the nanostructures thickness, Λ E is the distance between the dashes, Λ Z 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 μJ/pulse. Other fundamental parameters are: 32.5Li 2 O -27.5Nb 2 O 5 -40SiO 2 (mol%), 1030 nm, 500 kHz, 300 fs, 5 μm/s, NA = 0.6, focal depth 300 μm in air [4].

Figure 92 :

 92 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 μJ/pulse. The laser 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 33Li 2 O -33Nb 2 O 5 -34 SiO 2 (mol%), at 1030 nm, 300 fs, 300 kHz, 5 μm/s, and focus depth 350 μm [3].

Figure 93 :

 93 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. Other laser parameters are: pulse energy = 0.5 μm/pulse; wavelength = 1030 nm; pulse duration = 300 fs; repetition rate = 500 kHz; NA = 0.6 [25].

Figure 94 :

 94 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

Figure 99 :

 99 Figure99: Scheme of the nucleation and growth rates; b) TTT curve derived by time integration of the rates[3] 

Figure 100 :

 100 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 T m andc) for places at maximum temperature smaller than T m[3] 

Figure 101 :

 101 Figure101: 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] 

Figure 102 :

 102 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].

Figure 103 :

 103 Figure103: 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].

Figure 106 :

 106 Figure 106: Morphology of laser tracks at pulse energy equal to 0.5 μJ according to polarization configuration Y y : 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 μJ; configuration Y y (laser polarization // to the scanning direction; λ = 1030 nm; f = 200 kHz; NA = 0.6; pulse duration = 250 fs; focal depth = 240 μm (in air).

Figure 107 :

 107 Figure 107: Representation of crystallization domain for: a) LNS, b) LNSB glasses in TTT (time -temperature -transformation) diagram; T m : melting temperature of LiNbO 3 , T p : crystallization peak temperature, T g : glass transition temperature [2]

Figure 108 :

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

Figure 109 :

 109 Figure109: Scheme explaining the effect of scanning speed on the heat-affected volume (HAV) width[2] 

Figure 111 :

 111 Figure 111: a) Ideal LiNbO 3 crystal structure with stoichiometric composition without point defects (Li Li ); b) nonideal LiNbO 3 crystal structure with Nb antisites (Nb Li )[61] 

  below.

Figure 114 :

 114 Figure114: Sol-gel steps and respective scientific discipline involved[18] 

Figure 116 :

 116 Figure 116: The main reactions in 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] 

Figure 118 :

 118 Figure 118: Representation of a gel generated by acid (a) and basic catalysis (b)[30] 

Figure 119 :

 119 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 Stöber method with tetramethyl orthosilicate (TEOS), H 2 O, C 2 H 5 OH and NH 4 OH); b) small nanoparticles and aggregates found after pure silica bulk glass synthesis based on TEOS and use of CH 3 COOH as solvent and catalyst; c) 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(NO 3 ) 3 •6H 2 O, 0.5% mol) (molar ratio 1 : 4 : 4 = TEOS : CH 3 COOH : H 2 O) after calcination at 600°C for 2h; e) FESEM image of sample d) at 100X; e) fiber-shape silica glass doped with neodymium (Nd(NO 3 ) 3 •6H 2 O, 1.5% mol) (molar ratio 1 : 4 : 4 = TEOS : CH 3 COOH : H 2 O) after calcination at 600°C for 2h; g) alluminosilicate bulk glasses at 90% SiO 2 -10% Al 2 O 3 and 50% SiO 2 -50% Al 2 O 3 respectively; h) neodymium doped silica bulk glass after aging at T room for 24 days realized only with TEOS, CH 3 COOH and Nd(NO 3 ) 3 • 6H 2 O (2,3% wt) 6.3 TOWARDS A NEW SYNTHESIS ROUTE OF BI 2 O 3 -B 2 O 3 -FE 2 O 3

Figure 125 :

 125 Figure 125: Glass-forming region for Bi 2 O 3 -B 2 O 3 -Fe 2 O 3 system enclosed in yellow [81]: the final and successful composition is reported in light blue point

Figure 126 :

 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 4 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)It is necessary to verify if there will be complete salts solubility in water, and the solution will become transparent

Figure 128

 128 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

Figure 129 :

 129 Figure 129: Few red aggregates on the glass that probably indicate a surface crystallizationA TG-DTA analysis of the resin is done and represented in Figure130. 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.

Figure 130 :

 130 Figure 130: TG-DTA analyses of red polymeric resin

Figure 131 :

 131 Figure 131: yellow and transparent solution after citric acid addition; b) solution at 38°C; 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

 132 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

Figure

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

Figure

  FigureA135: a) Scheme of free energy according to configurational parameter; b) a superimposition of the nucleation and growth[2] 

Figure

  FigureA136: a) material medium without electric field; b) material medium with electric field that induces an electrical dipole moment; c) electromagnetic wave representation[6] 

+ 2 𝐸𝐸 0 2 𝐸𝐸 0

 2020 𝛺𝛺 2 𝑒𝑒 + �𝜉𝜉(2) 𝑒𝑒 2 + 𝜉𝜉(3) 𝑒𝑒 3 +. . . �� = -eE(t) (A61)where x is displacement from the equilibrium position, Ω is the resonance oscillator frequency, e the electron charge and Γ indicates the dissipation. The equation right term represents the force applied to the electron from the wave field generating the oscillations. Neglecting the anharmonic terms 𝜉𝜉 (2) 𝑒𝑒 2 + 𝜉𝜉 (3) 𝑒𝑒 3 +. .., and considering only the harmonic response generated from an electric field of this following form:E(t) = 𝐸𝐸 0 𝑐𝑐𝑐𝑐𝑐𝑐 (𝜔𝜔𝜔𝜔) =1 [𝑒𝑒𝑒𝑒𝑒𝑒(-𝑖𝑖𝜔𝜔𝜔𝜔) + 𝑒𝑒𝑒𝑒𝑒𝑒 (𝑖𝑖𝜔𝜔𝜔𝜔)] = 1 [𝑒𝑒𝑒𝑒𝑒𝑒(-𝑖𝑖𝜔𝜔𝜔𝜔) + 𝑐𝑐. 𝑐𝑐. ] (A62)

Figure

  FigureA140: how potential curve (U) changes in non-centrosymmetric and centrosymmetric medium, the signal of the electric field and the curves of the respective polarization signals (Lorentz atomic model)[7] 

Figure A141 :

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

Figure

  Figure A142: SHG scheme
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 22 0 cn ω �𝐸𝐸 �⃗ 𝜔𝜔 � 2 (A97) Δk = k 2ω -2k ω = 2𝜔𝜔(𝑐𝑐 𝜔𝜔 -𝑐𝑐 2𝜔𝜔 )

Figure A143 :

 A143 Figure A143: Quantitative phase measurement of the written lines with a line spacing of 50 μm 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 (I 0 ) and the other two very slightly positively/negatively (I + /I -) defocused images. The scheme was reported in the next FigureA144. 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:

Figure A145 :

 A145 Figure A145: QPM measurement provides different information: a) three bright field images: one in-focus (I 0 ) and the other two very slightly positively/negatively (I + /I -) defocused images were captured to calculate the quantitative phase image φ; 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]

Fig. 1 .

 1 Fig. 1. a) Typical image of SHG detected after few seconds under static 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 laser in static conditions for four glass compositions. Laser conditions used: λ = 1030 nm, NA = 0.6, f = 200 kHz, focus depth = 240 µm in air. In Fig. 1(c), each data set was fitted with a power law (ax b ); the latter only serves as a guide-to-the-eye.

Fig. 2 .

 2 Fig. 2. Normalized SHG intensity for four glass compositions as a function of probing polarization angle in the XY plane as defined in the text, a) for the four glass samples, configuration Yx at two pulse energies: 0.5 µJ/pulse and 1.25 µJ/pulse; b) same as a) but for the Y 45 configuration. Both the writing direction and the laser polarization during writing are reported on each graph; c) polar representations for LNS13B21 glass for 0.5 µJ/pulse and 1.25 µJ/pulse with three configurations: Yy, Y 45 and Yx (the polarization orientations with respect to writing direction are indicated by double headed arrows in the coordinates of the reference system).

Fig. 3 .

 3 Fig. 3. a) Electron Back Scatter Diffraction (EBSD) micrographs of the laser track cross sections for both LNS34 and LNS13B21 glass samples, for two pulse energies (0.75 µJ/pulse and 1.25 µJ/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 LNS34 and LNS13B21 for the Yy configuration and two different pulse energies (0.75 µJ and 1.25 µJ). Irradiation conditions: λ = 1030 nm, NA = 0.6, f = 200 kHz, focus depth = 240 µm in air, writing speed = 1 µm/s.
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Table 1 :

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

State of aggregation Normalization correlation range, χ Structural relaxation time, τ(s)

  

				Isotropy
	Crystal	≈a/d	≫ 10 3	-
	Polycrystal	≈a/d	≫10 3	+, -
	Glass	≈1	≫10 3	+
	Normal liquid	≈1	≪10 3	+
	Dilute gas	→0	≪10 3	+

Table 2 : Glass labels and batch compositions Label Glass batch composition (molar percentage) LNS34

 2 

		33% Li 2 O -33% Nb 2 O 5 -27% SiO 2 -0% B 2 O 3
	LNS27B7	33% Li 2 O -33% Nb 2 O 5 -27% SiO 2 -7% B 2 O 3
	LNS20B14	33% Li 2 O -33% Nb 2 O 5 -20% SiO 2 -14% B 2 O 3
	LNS13B21	33% Li 2 O -33% Nb 2 O 5 -13% SiO 2 -21% B 2 O 3

Table 3 :

 3 Batch calculation for LSN precursors powder to obtain glass by melt quenching

Final com- pound Mole % Precursors Initial mole% Initial wt% Th.mass (g)

  

							Exp.mass
							(g)
	Nb2O5	33	Nb2O5	33	66.1874	19.8562	19.8566
	Li2O	33	Li2CO3	33	18.3990	5.5197	5.5209
	SiO2	34	SiO2	34	15.4134	4.6240	4.6251

Table 4 :

 4 Batch calculation for LNS13B21 precursors powder to obtain glass

Final com- pound Mole % Precursors Initial mole% Initial wt% Th.mass (g) Exp.mass (g)

  

	Nb2O5	33	Nb2O5	27.27	60.13	18.0389	18.0360
	Li2O	33	Li2CO3	27.27	16.72	5.0145	5.0140
	SiO2	13	SiO2	10.74	5.35	1.6062	1.6070
	B2O3	21	H3BO3	34.71	17.80	5.3404	5.3407

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 µm 10 diamond disc 9 µm 10 diamond disc 6 µm 10 diamond disc 3 µm 15 diamond disc 1 µm 15 colloidal silica 0.03 µm 20 2.4 GLASS CHARACTERIZATION

 5 

	2.4.1 Differential Scanning Calorimetry (DSC)

Table 6 :

 6 Crystallographic parameters of LiNbO 3

2.5.2 Optical properties

Table 7 :

 7 Point group properties[START_REF]Fundamentals of Nonlinear Optics[END_REF] 

Table 8 :

 8 Laser parameters used in all the experiments

	parameter	value
	wavelength	1030 nm
	pulse duration	250 fs
	repetition rate (RR)	100 -510 kHz
	pulse energy (E)	0.25 -2.5 µJ/pulse
	numerical aperture (NA)	0.6
	focal depth	240 µm in air (300 µm from
		sample surface)

Table 9 :

 9 Laser parameters variable in different experiments

	typology of	pulse energy	repetition	polarization scanning speed
	experiment	(μJ/pulse)	rate (kHz)		(m/s)
	dots	0.25 -2.5	100, 200, 340,	Yy	/
			510		
	lines	0.25 -2	200	Yy, Y45, Yx	1
	lines	0.5, 1	200	Yy, Yx	1 -625

  • Definition of introduction precursors order based on stability complexes with citric acid • Control of pH by ammonia • Control of temperature • Control of the amount of H 2 O and NH 3

  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 2 O 3 -Fe 2 O 3 -Bi 2 O 3 (BBF);

Table 1 . Glass labels and batch compositions

 1 

	Glass label	Glass batch composition (mol%)
	LNS34	33% LiO2 -33% Nb2O5 -34% SiO2
	LNS27B7	33% LiO2 -33% Nb2O5 -27% SiO2 -7% B2O3
	LNS20B14	33% LiO2 -33% Nb2O5 -20% SiO2 -14% B2O3
	LNS13B21	33% LiO2 -33% Nb2O5 -13% SiO2 -21% B2O3

The content of this paragraph is also a summary of all the sol-gel issues 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, 2018).

Acknowledgements WARDS THE FABRICATION OF BI 2 O 3 -B 2 O 3 -FE 2 O 3

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 2 O 3 -B 2 O 3 -Fe 2 O 3 (BBF) ternary system for the host glass. The main results of this work are reported in Section 3 that is divided into five subsections. An introduction motivates the choice of the BBF system from BiFeO 3 before passing to 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. Acknowledgments. This work was supported by the French National Research Agency under the program CHARMMMAT ANR-11-LABX-0039-grant. Elisa Muzi and Davide Janner also acknowledge financial support from Compagnia di S. Paolo through the Joint Research Program. Disclosures. The authors declare no conflicts of interest.

CONCLUSIONS AND FUTURE OUTLOOKS

Two goals have been pursued in this Ph.D. thesis, in the context of the NA-NOMAX 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.

MAIN ACHEIVEMENTS

Firstly, the synthesis of bulk glasses following two different techniques, solgel, and melt quenching, has been carried out. On the one hand, the multiferroic Bi 2 O 3 -B 2 O 3 -Fe 2 O 3 (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 2 O and NH 3 ), the perspective is to make this procedure an emerging synthesis protocol for the ternary system of composition 40% B 2 O 3 -30% Bi 2 O 3 -30% Fe 2 O 3 .

On the other hand, this thesis work has significantly investigated the lasermatter interaction through fs-laser induced modifications inside Li 2 O -Nb 2 O 5 -SiO 2 -B 2 O 3 (LNSB) glasses, fabricated by conventional melt quenching method. First, the work was conducted on a reference glass in the ternary Li 2 O -Nb 2 O 5 -SiO 2 (LNS) 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.

APPENDIX A -CLASSICAL NUCLEATION THEORY (CNT)

This model proposed by Gibbs is a theory about nucleation of 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:

Where ΔG T is the total free energy change, r is the radius of the nucleus, γ is the specific surface free energy of the critical nucleus-melt interface, and ΔG V is the difference between the free energies of crystal and liquid per unit volume.

In super-cooled liquid, ΔG V is associated with the liquid-crystal transformation, given as:

Where ΔH V (< 0) is the change of volume enthalpy, L v is latent heat, T is the temperature, and ΔS V is the change of entropy.

If ΔH V , corresponding to the release heat during the crystallization, is constant, at T m , ΔG V = 0:

In correspondence of critical nucleus radius (r * ), the total free energy reaches the maximum and the one with the highest value of ΔG * .

When

𝑑𝑑𝛥𝛥𝑆𝑆 𝑇𝑇 𝑑𝑑𝑟𝑟 = 0, we obtain:

Then, the polarization dependence with respect to the field is linear by the complex susceptibility 𝜒𝜒 �(𝜔𝜔) giving:

where:

The trend of the susceptibility real and imaginary part is shown in the following Figure A138. The polarization induced in medium oscillates at same frequency of incident optical field, radiates in medium and modifies the wave propagation. The medium losses are included in imaginary part 𝜒𝜒 �(ω) that considering the component of 𝑃𝑃 �⃗ in quadrature with the field 𝐸𝐸 �⃗ . The dielectric constant is given by the following expression:

Remembering that the complex refractive index of a material is defined by

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

from which it is possible to derive the trend, or dispersion, of n and κ in function the pulse ω of the electromagnetic wave.

Considering the anharmonic terms 𝑚𝑚� �𝜉𝜉 (2) 𝑒𝑒 2 + 𝜉𝜉 (3) 𝑒𝑒 3 +. . . �� where 𝜉𝜉 (2) and 𝜉𝜉 (3) are constant, the potential of attraction V(x) in symmetric media is expressed by:

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:

In non-centrosymmetric media, in which the condition V(x)= V(-x) is not verified, the potential may contain also odd exponential terms:

In which corresponds this elastic force:

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

In this case the equation of nonlinear harmonic oscillator is reduced to:

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:

x(t) = x (1) (t) + x (2) (t) (A77) in which x (1) (t) is the solution of (A78) without considering the anharmonic term, whilst x (2) (t) is considered as a small correction for the x (1) (t). By replacing the (A79) in the (A78), developing and eliminating the terms that satisfied the harmonic oscillator, it is obtained:

from which the 𝑒𝑒 (2) (𝜔𝜔) 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:

The solution of (A80) is searched in the following form:

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:

And generally:

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 (𝜔𝜔 1 ± 𝜔𝜔 2 ) and second harmonic pulsation (2𝜔𝜔 𝑘𝑘 ).

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:

that it may be which can be schematically rewritten as:

where the linear term P L (t) and the nonlinear one P NL (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 A139b, the polarization contains in addition to the input frequency ω also components at frequencies 2ω, 3ω, ..., and zero frequency continuous component. This model should be tridimensional and the susceptibilities χ 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:

where 𝑃𝑃 �⃗ 𝜋𝜋 (𝜔𝜔) is the linear term and 𝑃𝑃 �⃗ 𝑁𝑁𝜋𝜋 (𝜔𝜔) is 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 𝜔𝜔 𝑘𝑘 (k = 1,2) or one of their linear combination ±𝜔𝜔 𝑘𝑘 ±𝜔𝜔 𝑖𝑖 (k,j=1,2) coincide with the resonance oscillator frequency Ω, the linear susceptibility χ (2) becomes very high. Comparing χ (2) with χ (3) , it is noted that high values of linear susceptibility are necessary to have high values of nonlinear one. Then, optical 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 𝜒𝜒 (physical property) shows how centrosymmetric crystal property has been broken. 𝜒𝜒 (2) vanishes identically for a material possessing a center of inversion symmetry (a centrosymmetric medium). Non-centrosymmetric and centrosymmetric medium exhibit potential 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.

Where E � �⃗ is the electric field vector, B � �⃗ is the magnetic flux density, H ��⃗ is the magnetic field vector, J ⃗ is the current density vector, D ��⃗ is the electric flux density, and ρ is the sources for the electromagnetic field (volume charge density). For the source free region J = 0 and ρ = 0. The constitutive relations are the following:

Where ε 0 is the vacuum permittivity, P � �⃗ is the induced electric polarization, µ 0 is the vacuum permeability, and M ���⃗ is the induced magnetic polarization. For nonmagnetic matter M ���⃗ = 0.

Considering the above equations, it is possible to write:

Where c is the speed of light in vacuum, µ 0 ε 0 = 1/c 2 Several simplifications are assumed to solve the above equation:

1) The P � �⃗ NL is treated as a small perturbation to the total induced polarization, considering the nonlinear effects are relatively weak in matter;

2) 𝛻𝛻 × 𝛻𝛻 × 𝐸𝐸 �⃗ = 𝛻𝛻(𝛻𝛻 • 𝐸𝐸 �⃗ )-𝛻𝛻 2 𝐸𝐸 �⃗ = -𝛻𝛻 2 𝐸𝐸 �⃗ . Then, we write:

This equation can be translated in the Fourier domain:

D -TRENDS OF SHG INTENSITY FOR ALL THE FOUR GLASS COMPOSITIONS: CURVES AND POLAR REPRESENTATIONS

where r ⃗ = (x, y) is a two-dimensional vector in the transverse plane, I 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:

where ∆z 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 coherent illumination source in QPM systems that provides 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:

where λ 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 ∆φ is the phase variation between the modified and bulk of the material measured from QPM.