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Titre : Mécanismes de formation et effacement des nanoréseaux dans les verres d’oxyde par écriture directe 

laser femtoseconde 

Mots clés : verres multi-composants ; traitement laser femtoseconde ; biréfringence ; nanopores. 

Résumé : Les nanoréseaux sont les plus petites 

structures « auto-organisées » jamais créées par la 

lumière dans le volume d’un matériau transparent. Ils 

ont été observés pour la première fois en 2003 à 

l’intérieur d’un verre de silice, et induits au moyen 

d’une irradiation par laser femtoseconde (fs). Ils ont 

suscité un grand intérêt ces dernières années en 

raison de propriétés particulières. Ils sont 

biréfringents, avec un axe neutre orientable dans 

l’espace grâce à la polarisation du laser fs. Ils peuvent 

également induire une biréfringence circulaire et un 

dichroïsme, présentent une stabilité thermique 

extraordinaire, et permettent une attaque chimique 

hautement sélective. En conséquence, ces 

nanostructures suscitent un intérêt dans des 

domaines tel quel le stockage optique de données, 

les dispositifs optiques biréfringents 2D ou 3D, les 

capteurs en environnement extrême, la 

microfluidique, etc. Ces nanoréseaux sont constitués 

d’un assemblage de couches nanoporeuses 

principalement observées dans la silice et les verres 

riches en silice. Plusieurs travaux ont pu mettre en 

évidence l’effet des propriétés physiques du verre 

(température de ramolissement, diffusivité 

thermique, etc.) sur leur processus de formation et 

d’effacement au cours de l’irradiation. En outre, 

l’importance de comprendre les mécanismes de 

formation réside dans la capacité de les produire de 

manière contrôlée, ainsi que d’acquérir une 

compréhension fondamentale plus approfondie des 

interactions complexes lumière-matière. Cette 

compréhension permettrait une généralisation dans 

tout type de verres optiques. Dans ce contexte, 

l’objectif de cette thèse est de mettre en évidence le 

lien entre la composition chimique des verres et la 

fenêtre d’inscription des nanoréseaux. De plus, nous 

sommes intéressés à mieux comprendre les 

mécanismes de formation et d’effacement des 

nanoréseaux pendant l’irradiation, afin de contrôler 

les propriétés optiques anisotropes associées à ces 

transformations (signe, amplitude, orientation, 

pertes associées). Premièrement, nous discutons de 

l’impact de la viscosité du verre sur leur existence à 

l’aide de l’équation de Rayleigh-Plesset. Il est établi 

que la viscosité est une propriété clé à considérer, 

et proposons un domaine d’existence des 

nanoréseaux grâce à une approche basée cette 

dernière, en faisant une série d’hypothèses sur les 

conditions de confinement thermique et de 

pression pendant l’irradiation. L’étude de la fenêtre 

d’existence dans un paysage taux de répétition - 

énergie d’impulsion pour un grand nombre de 

verres d’oxyde (commerciaux et réalisés en 

laboratoire), valide l’approche proposée, où la 

fenêtre théorique est bien corrélée à son équivalent 

expérimental. Ensuite, nous analysons la 

nanostructure interne des nanoréseaux par des 

techniques d’imagerie en microscopie électronique 

à haute résolution, rendant ainsi compte de leur 

formation à l’intérieur de la silice. Ces 

investigations à l’échelle nanométrique révèlent 

que leur structure intrinsèque est composée de 

nanopores aplatis, façonnés en nanoplans, 

régulièrement espacés et orientés 

perpendiculairement à la polarisation du laser. Ces 

couches nanoporeuses sont organisées par la 

lumière sous des effets thermomécaniques via un 

processus de nanocavitation assisté par le plasma. 

D’après les observations obtenues par des 

expériences de recuit en conditions isochrones, 

l’effacement des nanopores créés lors de 

l’irradiation laser est également fortement lié à la 

dépendance de la viscosité du verre à la 

température. Finalement cet effacement peut être 

prédit pour un processus temps-température 

quelconque. Ainsi, il devient possible de d’anticiper 

la durée de vie des nanoréseaux dans différents 

verres commerciaux, étendant ainsi notre travail 

bien au-delà de la silice. 
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Title : Mechanisms of nanogratings formation and erasure in oxide glasses by femtosecond laser direct writing 

Keywords : multicomponent glasses; femtosecond laser processing; birefringence; nanopores. 

Abstract : Nanogratings are the smallest « self-

organized » structures ever created by light inside 

transparent materials. They were observed for the 

first time in 2003 inside silica glass and induced by 

femtosecond (fs) laser irradiation. They have drawn 

considerable attention over the last decades due to 

their unique properties. They are birefringent, with a 

neutral axis orientable in space through light 

polarization, can induce dichroism or circular 

birefringence, exhibit excellent thermal stability and 

a highly selective chemical etching. Consequently, 

they have shown promises in technological areas 

including optical data storage, 2D/3D birefringent 

optical devices, sensing in harsh environment, 

microfluidic, etc. These nanogratings are composed 

of nanoporous layers, mostly observed in silica and 

silicate glasses. A series of works have shed light on 

the role played by physical glass properties 

(softening temperature, thermal diffusivity, etc.) on 

their formation and erasure during the laser writing 

process. Moreover, the understanding of formation 

mechanism directly impacts the ability to inscribe 

nanogratings in a controlled way, as well as improve 

the fundamental physics and chemistry at play during 

complex light-matter interaction. This understanding 

could thus be generalized to all optical glasses, and 

in this context the main objective of this work is to 

decipher the relationship between glass composition 

and nanogratings formation window. Additionally, 

better control of the anisotropic properties 

associated to fs laser induced modifications (sign, 

amplitude, orientation, losses) is possible provided 

the nanogratings formation and erasure mechanisms 

are well understood. In this thesis, we first discuss the 

effect of glass viscosity on nanogratings existence 

using the Rayleigh-Plesset equation. It is established 

that viscosity is a key property to consider, and we 

propose a related approach to determine a 

theoretical temperature domain of their existence 

provided a series of assumptions are satisfied 

(thermal confinement and associated pressure 

induced). 

The latter approach is experimentally validated 

using a large number of oxide glasses (commercial 

and laboratory ones) by investigating the 

nanogratings processing window in a repetition 

rate – pulse energy landscape. Following this work, 

the internal structuring of the nanogratings inside 

silica is investigated by high resolution electron 

microscopy techniques. Observations at the 

nanoscale reveal that nanoplanes are intrinsically 

made of regularly spaced nanoplanes, oriented 

perpendicular to the light polarization, and where 

oblate nanopores line up to form the nanoplanes. 

These nanoporous layers are organized by light 

through thermomecanical solicitations and 

assisted by a plasma mediated nanocavitation 

process. Under isochronal thermal annealing 

experiments, the erasure of nanopores created 

during the laser irradiation is strongly correlated to 

the temperature dependence of the glass viscosity. 

Finally, such an erasure can be predicted for any 

time-temperature process, provided the 

hypothesis remains valid. It becomes possible to 

anticipate and model nanogratings lifetime in 

many commercial glasses and extending it well 

beyond silica glass.  
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GENERAL INTRODUCTION 

Photonics needs a flexible manufacturing technique: Photonics is currently undergoing 

a transition toward more integration of optical components as well as a transition 

toward structured beams [1]. Compact, lightweight components are needed for 

healthcare, transportation, space applications. Simultaneously, complex shaping of 

amplitude, phase and polarization are crucial for a fast-growing number of applications 

and fundamental science (quantum optics, biophotonics, attosecond pulses, laser 

materials processing). Therefore, next generation photonics needs a manufacturing 

technique to print “on-demand” any arbitrary optical component for beam shaping. 

Ideally such optics would be flat, thin, exhibiting low optical losses, high damage 

threshold and low cost. Conventional light shaping tools have limited capabilities: 

Spatial Light Modulators are bulky, expensive, provide limited phase change (typ. 3π 

at 800 nm) and exploit single polarization axis. Diffractive optical elements cannot offer 

polarization shaping. Space variant metasurfaces [2] enable a full control of the output 

light field, but lithographic processes are long, multi-steps, require costly and polluting 

processes while the final nm layer is fragile. 

3D direct writing methods for photonics: Recent publications on 3D manufacturing of 

optics demonstrate the attractiveness of this topic worldwide. Many methods recalled 

in Ref. [3] allow 3D manufacturing of optical elements. Among these different 

techniques we find deposition techniques, inkjet printing, stereolithography and 2-

photon polymerization (2PP) by a femtosecond laser. However, the optics be produced 

by these methods have moderate resolution (up to 0.1 μm in 2PP) and with various 

surface roughness (which can go down to 10 nm in 2PP or inkjet). Among these 

methods, 2PP or inkjet printing can be used to produce optics of sufficiently high 

quality for imaging. However, these technologies are still in their beginning and most 

often carried out by a few startups (PRINTOPTIX, Vadient Optics, Luxexcel, ADDOPTICS). 

One of the limitations of these technologies is the spectral domain of application 

limited to the visible domain. 3D printing strategies with chalcogenide infrared glasses 

are being investigated in the academic context [4, 5] but the level of roughness is 

currently close to polymer deposition techniques, so that this approach makes it 

possible to produce preforms used for the final optics by molding. Besides, none of the 

techniques is capable to control the polarization of light.  

Femtosecond laser direct writing (FLDW): Even if the approach of texturing and 

structuring by a femtosecond laser cannot be strictly considered as a method of 3D 

manufacturing of optics, the possibility of acting in the volume of an optical plate (of 

any shape) allows to consider manufacturing optical functions in an area inaccessible 

to the optical designers. It is a versatile method compatible with a wide range of 

materials and therefore in several spectral bands, in particular from the visible up to 

the thermal infrared. It allows both a modification of the material optical properties in 

volume and a structuring at the surface). This method also makes it possible to foresee 
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optical materials with very good mechanical properties which are neither machinable 

by diamond nor moldable. This method is well established in the academic field [6-8]. 

Of particular interest, fs laser-induced nanogratings can be used to form, in principle, 

any optics.  

Laser-written flat optics is a far-reaching solution. With fs laser pulses, nanogratings 

can be formed inside most glasses in a multi-pulse laser regime [9]. These structures 

are subwavelength, periodic (typ. 200-300 nm), and birefringent. A key feature is that 

their amplitude and direction can be controlled respectively through pulse energy and 

light polarization direction. Therefore, Femtosecond Laser Direct Writing unfolds large 

perspectives to fabricate any optical component. It has been exploited to demonstrate 

fabrication of 3D space variant birefringent optics (vectors beams, microwaveplates 

arrays) as well as optical elements operating on 3D geometric phase (lens, grating) [2, 

10, 11]. In parallel, recent advances in flat optics have challenged the limitations of 

conventional optics. The phase profile of nearly any optical components including 

lenses, gratings, prism, vortex phase plates, as well as elements capable of bending 

light in unusual ways can be designed using the geometric-phase (Pancharatnam-Berry 

phase). Theoretically any phase pattern can be achieved by means of geometric-phase 

optics with efficiencies reaching up to 100%. In addition, the possibility to imprint 

spatially varying anisotropic phase (birefringence) response will enable the shaping of 

polarization structured (transversal and longitudinal) light beams like cylindrical vector 

beams or more generally Poincaré beams. However, and despite exciting achievements, 

their development is hindered by relatively low performances (> 10 h/cm2 writing 

speed, 70% transmission (can be improved within Type X regime [2], 0.25 rad/µm phase 

density [10] and 300 nm retardance per layer [12]) mostly resulting from the lack of 

control of the laser-matter interaction processes. As a result, this technology of 3D 

FLDW is well studied in the academic environment due to its unambiguous advantages 

but remains little exploited at an industrial level. 

In this context, understanding interaction of matter with femtosecond laser light will 

enable the evaluation of the industrial potential this new direct writing method has to 

offer. Some aspects of the light-matter interaction are fundamentally new. The 

underlying physics is the behavior of electron plasma in the presence of an ionic 

support and of a light wave. Here, solid and plasma states coexist for a fraction of 

picosecond. In addition, both, matter and light are in interaction to produce a 

structured organization of the plasma density. The fundamental problems are to 

accurately describe the structuration of the plasma of free electrons produced at the 

end of multiphoton ionization (transition through the gap of the transparent insulator). 

Here the solid intervenes as a source of electrons. Its microstructure organizes the 

plasma in coherence with that of the light beam. Then, after the pulse, this electron 

density distribution is "imprinted" by trapping electrons in the solid, and it can be used 

as a “source” by the next pulse thus ensuring a memory effect. In this operation, the 

solid is not destroyed; it remains below the vaporization threshold, it is restructured in 

the force field created by the laser. We can therefore imagine the orientation of the 
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material, imprinted oriented nano/microstructures like directionally solidified eutectics. 

This is a new physics. But for chemistry too, there are new aspects because the 

processes involve highly excited states, which are largely off equilibrium. It is therefore 

necessary to question some previous ideas. For example, the knowledge on the effect 

of impurities, defects states, or easily ionized states, remains highly limited. Force fields 

and not simply energy fields are also produced. Their control opens the door to a 

science of material modification by laser. This is the focus of the today work carried out 

by MAP group at ICMMO.  

In particular, one main discovery forms the basis of this PhD thesis. This is the discovery 

of self-organized nanogratings in SiO2 (200-400 nm periodicity persisting on mm range, 

including nanolayers as thin as 10-30 nm), which are in fact the smallest structures ever 

created by light [13, 14] [8]. From the authors, these nanogratings arise from 

modulation of the chemical composition (probably oxygen redistribution) and this 

would be related to stationary density waves in the plasma produced by the coupling 

between bulk plasmonic waves and light waves. In 2011, our group revealed that 

nanogratings are in fact an assembly of nanoporous layers due to oxide decomposition 

[15] that was suggested to come from a “tensile stress” assisted nanocavitation process 

[16, 17]. These structures, also called Type II modifications in the literature, are at the 

root of other experimental unusual phenomena like high linear birefringence response 

(up to -10-2), polarized luminescence, anisotropic light scattering, strong linear 

“dichroism”, negative index changes, chiral optical properties, and extraordinary good 

thermal stability (until a few 10’s hours at 1000°C) [18-20].  

These experimental observations left several opened questions that should be 

addressed to enable reliable applications. How to master such structures and the 

resulting properties, and consequently how to use them efficiently? The challenge of 

this PhD thesis was to improve our understanding of the interaction of femtosecond 

laser with optical glasses, in order to control the overall anisotropic optical properties 

(sign, amplitude, orientation, losses) in transparent solid materials using a high speed, 

low cost, ideally environmentally friendly, and sustainable technology for optical 

applications. As a result, the heart of this thesis work aims to characterize and 

understand the laser-induced transformations in a wide range of oxide glasses, their 

types and structural changes. One key interest is to better understand the mechanisms 

at the root of nanogratings formation and related anisotropic optical properties. 

Mastering this type of photosensitivity will allow us to correctly assess the potential of 

FLDW and to fully exploit the strengths of this interaction regime. This will unlock the 

industrial potential towards reliable applications based on anisotropic linear/circular 

optical properties. 

The first chapter provides a review of the basic knowledge necessary to fully 

understand this thesis. We will highlight the structure of silica-based oxide glasses, 

which is the principal material constituting our samples. We shall discuss ultrashort 

laser pulse propagation in glass as well. Therefore, we will summarize the different 
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processes of interaction leading to structural changes, associated with the formation 

of permanent changes in the glass optical properties. Finally, the last part of this 

chapter will focus on the anisotropic optical properties and nanogratings formation in 

glasses. In particular, these anisotropic optical properties will be measured and studies 

throughout this thesis.  

Chapter Ⅱ is dedicated to study the role of the glass composition on the formation of 

the NGs processing window in different oxide glasses using FLDW. The first part of this 

chapter depicts a published paper in Optical Materials in 2022 [16]. By the 

investigation of the NGs window in a pulse energy-repetition rate (Ep-RR) landscape 

inside five different oxide glasses, SiO2 (SuprasilCG), GeO2, free/low alkali 

aluminoborosilicate (Schott glasses AF32 and Borofloat33) and alkali borosilicate (BK7) 

using the similar laser parameters, we discuss the impact of glass viscosity on the 

formation of NGs using Rayleigh-plesset (R-P) equation, which is a key property to 

consider. The domain of the NGs existence is defined using a viscosity argument under 

thermal and pressure confinement conditions. The experimental windows agree with 

the arguments developed through this viscosity approach. The second part of this 

chapter is related to a paper published in Nanomaterials in 2022 [21]. The investigated 

glasses are extended to more glass including commercial ones:  aluminoborosilicates 

(Eagle XG and 7059), Soda-lime, titanium silicate (ULE), in addition to the previously 

investigated glasses. The Ep-RR landscapes or NGs windows inside these 9 glasses are 

summarized and compared. The retardance (R) of the NGs is measured by polarized 

microscopy. Scanning electron microscopy (SEM) is used to confirm the porous nature 

of the nanolayers composing the NGs.  Moreover, the quantitative birefringence values 

of the NGs can be determined with complementary information of the laser track 

length from SEM analysis. The alkali or alkali earth content effects on the NGs window 

and the performance were compared and rationalized. The viscosity approach applies 

well in this extended glass composition range, and theoretical NGs window is well 

correlated to the experimental one. The third part of this chapter depicts a published 

paper in Optics EXPRESS in 2023 [22]. We investigate the NGs formation in a series of 

aluminoborosilicate doped with alkali (Na+) and alkaline earth (Ca2+) element, named 

SAN, SAC, and SACN. The NGs possessing windows in the Ep and pulse duration (τp) 

landscape are assessed according to the (Na2O + CaO)/Al2O3 and B2O3/Al2O3 ratios. 

The effects of the glass chemical composition and its correlation to viscosity is 

discussed. The last part of this chapter summarizes in a published paper in Nanoscale 

Advances in 2024 [14]. We analyze the internal nanostructure of the NGs and its 

formation inside silica glass via SEM, scanning transmission electron microscopy 

(STEM), high-resolution transmission electron microscopy (HRTEM) and atomic force 

microscopy (AFM) techniques. Through NGs observation under different orientations, 

it is revealed that oblate nanopores compose the nanolayers, being discontinuous and 

of a wavy shape. The periodicity of the NGs is investigated, along with the effect of 

deposited pulse density on it. And based on the findings herein and literature, we 

discuss formation mechanisms of the NGs in a plasma-mediated nanocavitation 

process.   
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Chapter Ⅲ is dedicated the investigation of thermal stability for self-organized porous 

NGs imprinted by FLDW in transparent materials is useful for high temperature optical 

devices application, especially for the designers to predict their working conditions 

(upper temperature and time). Upon thermal annealing, R or linear birefringence is 

progressively erased, characteristic of NGs erasure. The first part of this chapter depicts 

a published paper in Applied optics in 2023 [19]. We study the thermal stability of NGs 

in 8 commercial oxide glasses (Schott BK7, Borofloat 33 and AF32, Corning ULE, Eagle 

XG and 7059, Heraeus Suprasil CG and Marienfield Superior soda lime, as listed in the 

second chapter) by monitoring R induced by the NGs and upon isochronal thermal 

annealing experiments (time step = 30 min). The upper temperature of NGs erasure 

can be recorded during the evolution of the R as the temperature increase. From the 

observations gained by annealing experiments, we demonstrate that the collapse of 

nanopores created during the laser irradiation is also strongly related to the 

temperature dependence of the glass viscosity. An upper temperature limit to the NGs 

survival can be deduced based on the thermal process considered (annealing, laser 

irradiation process etc.). The time and temperature couple must be considered in the 

erasure of NGs since it is a kinetics problem, and a relationship between the two in a 

NGs erasure context is established. The second part of this chapter is related to a paper 

published in Ceramics International in 2024 [23]. We propose a procedure to predict 

the lifespan of NGs composed of nanopores by two main approaches. First, a numerical 

modeling of optical retardance ageing using the Rayleigh-Plesset equation, and 

second, exploiting VAREPA (variable reaction pathways) framework feed by simulated 

ageing data. Finally, we rationalize the predictions in different commercial glasses, 

extending our work much beyond silica, and obtained theoretical results are then 

compared to experimental ones. The last part of this chapter depicts a paper 

submitted in May 2024 about a modeling NGs erasure at high repetition rate in 

commercial optical glasses. We exploit a heat diffusion model combined with Rayleigh-

Plesset equation to simulate the time-temperature evolution of nanopores along the 

laser heat cooling profile. Then to establish some objective criteria to determine the 

energy threshold that results in the collapse of the NGs processing window in the Ep-

RR landscapes. And we consider a multiple pulses approach to analyze the heat 

accumulation at steady state for various repetition rates. Finally, we simulate the 

maximum deposited energy that leads to the erasure of NGs along the laser cooling 

profile for a wide range of commercial optical glasses, in comparison to available 

experimental data.  

Chapter Ⅳ, we summarize the discovery of NGs in various chemical compositions of 

optical glasses, from silica and silicates to multicomponent glass compositions 

including alumino-silicates, heavy oxide glasses, sodium silicates or germanates, and 

commercial glasses. It depicts a published paper in Progress in Materials Science in 

early 2024 [9]. It includes findings from previous chapters of this dissertation. The 

optical properties of formed NGs (NGs energy window, R, birefringence) can vary in 

great proportion with respect to glass composition. The mechanisms NGs formation 

induced in transparent materials are extensively discussed, along with the effect of 
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glass composition on characteristic features such as periodicity, nanopore size, filling 

factors (FF) and correlated "technological performances" such as writing speed, optical 

losses, retardance amplitude, thermal stability or energy consumption according to 

oxide glass chemical composition.  

Finally, we provide the conclusion and perspective sections, which remind our overall 

investigations NGs formation within a wide range of optical glasses but mostly in oxide 

glasses. These results could provide a useful roadmap in the fabrication and design of 

optical glasses to induce NGs with targeted optical properties. These may find some 

suitable interests for the main identified applications such as birefringent or geometric 

phase optics, optical data storage, micro/nanofluidic devices and optical fiber sensors. 
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Chapter I. BACKGROUND AND STATE-OF-THE-ART OF 

FEMTOSECOND LASER DIRECT WRITING IN TRANSPARENT GLASSES 

I.1 INTRODUCTION 

First of all, this chapter is the basis background related to my work, which is useful to 

understand this dissertation. It is beginning with the silica glass, different component 

oxide glasses and their viscosity property. It is addressed how the femtosecond laser 

propagate in dielectric. It is presented that the interaction between femtosecond laser 

and glass, and the different modifications induced by laser in silica. The nanogratings, 

one of the functional modifications, and the related effects on its formation is 

addressed. The formation and erasure of the nanogratings and the relation with 

viscosity are throughout this dissertation.  

I.2 OXIDE GLASSES 

I.2.1 Silica glass 

Since the 1960s, the effects of electron bombardment on glasses have been studied 

with high-energy sources in the MeV range [24-26]. As early as the 1980s, some authors 

began to use less energetic electron beams (on the order of few keV) to probe the 

induced volume changes and optical modifications under irradiation [27-29]. 

Irrespective of the type of irradiation, these changes are based on structural changes 

induced by irradiation. Most commercial glasses are silica-based, with other 

conventional dopants or constituents including OH group. Pure silica glass is 

composed of an irregular 3D network consisting of disordered tetrahedral SiO4 units 

as shown in Fig. I - 1 using atomic resolution STM of silica bilayers [30], and as opposed 

to its crystalline counterpart.  

I.2.1.1 Silica glass structure 

There are various possibilities of assembling SiO4 tetrahedra in three dimensions (3D). 

However; the most stable configuration is the one for which the Si-Si distance is the 

longest, which is achieved through an assembly by the vertices. This configurational 

assembly is found in all forms of crystalline silica: quartz, trydimite, cristobalite and 

coesite. The intermediate bond angle of the Si-O-Si group gives an average value of 

145° [31], which admits a certain dispersion, corresponding to an Si-Si distance of 

approximately 3.12 Å. The Si-O interatomic distance varies between 1.62 Å and 1.77 Å, 

and the O-O one is typically  situated between 2.50 Å and 2.65 Å [32]. The complete 

assembly of all the tetrahedra in silica glass thus forms a 3D network presenting only a 

short-range order, but lacking long range order. This representation of the structure 

corresponds to the definition of the disordered or random network in the literature. 
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At a short distance, the order is governed by the coordination of silicon: a silicon atom 

is surrounded by 4 oxygen atoms forming a tetrahedron and, each oxygen is shared 

between 2 tetrahedra, to respect the SiO2 stoichiometry. Silica glass is a special case of 

disordered systems because it has a medium range order. The latter is due to molecular 

connectivity. There are always four tetrahedra surrounding a given tetrahedron. 

However, there is no Euclidean translational symmetry [33]. The correlation length is 

defined as the number of successive correctly ordered tetrahedra. The free space in the 

structure allows tetrahedra to rotate. In this case, the correlation length or the degree 

of polymerization of the glass may vary according to the method of preparation and 

especially the cooling rate and more generally the thermal history. The structure of a 

cooled glass is frozen from a so-called fictive temperature Tf as described in details in 

Ref. [34]. Silica has the same medium-range order as the crystalline form of tridymite 

and cristobalite. When silica is elaborated under high pressures [35], its specific volume 

is lower. It then adopts a denser structure, this new configuration approaching that of 

quartz or coesite. Silica subjected to a very high pressure can also adopt a rutile 

structure in the form of SiO6 octahedra, and so called stishovite [36]. Pure silica glass is 

composed of an irregular 3D network consisting of disordered tetrahedral SiO4 units 

as shown in Fig. I - 1 using atomic resolution STM of silica bilayers [30], and as opposed 

to its crystalline counterpart.  

 

Fig. I - 1 Atomically resolved scanning tunneling microscopy (STM) images of the thin 

silica bilayers: the crystal structure (a and b) and the disordered silica glass (c and d). 

Cite from [30].  

I.2.1.2 Point defects in silica glasses 

A glass can be subjected to a multitude of treatments such as heating, high pressure 

or laser irradiations and a combination thereof. These treatments will locally modify the 
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linkage sequence to form point defects. The definition of a defect in the glass is 

different from the definition given in a crystal. Indeed, in a crystal, any exception in 

translational symmetry is considered a defect. In a glass, this symmetry of translation 

does not exist and this definition cannot apply. The notion of defect is then based on 

the notion of chemical order. An idealized, i.e., perfect, silica glass network can be 

presented as a sequence of SiO4 tetrahedral interconnected by common oxygen atoms. 

Thus, each silicon atom is connected to four oxygen atoms and each oxygen atom must 

have two Si as nearest neighbors. Any exception in this sequence ≡Si-O-Si≡ can be 

considered as a defect. Each defect has a structure and properties (absorption, 

fluorescence, magnetism, etc ...) that are unique to it. In order to better understand and 

subsequently control the impact of point defects on the properties of silica, it is 

essential to know their atomic structure. This is usually determined by a combination 

of experimental techniques from spectroscopy and theoretical calculations of quantum 

chemistry. The experimental technique that quickly proved to be the most suitable for 

developing and confirming defect models was the RPE (Electronic Paramagnetic 

Resonance). Although the RPE is a priori only applicable to paramagnetic defects, the 

absence of RPE signal in the case of a diamagnetic defect can be important information 

in the search for models. A certain number of absorption bands have thus been 

identified. Begun several decades ago, the study of point defects is far from over. The 

structure of many defects, the absorption bands associated with them, or the 

mechanisms that lead to their appearance or disappearance, are still the subject of 

many disagreements. For more details on the properties of point defects, we can refer 

to the works of Griscom [37, 38], Garapon [39], Skuja [40, 41] and Trukhin [42]. 

I.2.2 Multicomponent oxide glasses   

Several models include most of the relevant aspects which are known to lead to glass 

formation. For example, Zachariasen-Warren network theory is based on coordination 

number [43, 44]. This theory is strictly applicable to oxide glasses only in its original 

form, sometimes referred to as the crystallochemical theory. The model known as the 

3-D continuous random network deduced from this theory. The basic postulates of this 

theoty are that i) interatomic forces similar in glass and corresponding crystal; ii) glass 

is in a slightly higher energy state; iii) nearest neighbor coordination polyhedra similar 

in glass and crystal; iv) nature of interatomic bonds similar in glass and corresponding 

crystal. Zachariasen’s rules for glass formation are as following: i) Each oxygen atom is 

linked (bonded) to no more than two glass-forming cations (e.g. Si4+); ii) Oxygen 

coordination number (CN) around glass-forming cation is small (3 or 4); iii) Cation 

polyhedra share corners, not edges or faces; iv) The polyhedral structural units form a 

3-D continuous random network in which every polyhedron shares at least 3 corners 

with its neighbors. A2O3, AO2, and A2O5 oxides meet the above rules and can be as the 

good glass former (e.g. Si, Ge, P, B, ect.). No glasses could be formed like A2O, AO, AO3, 

A2O7, etc., based on the above rules. These rules didn’t consider all modified oxides, 

non-oxide glasses (e.g. fluoride and metallic glasses) and chain-like glass structures 

(e.g. metaphosphate glasses). Some oxides were ruled out; such as Al-lime can form 
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glasses in fact. Network modifiers (alkali, alkaline-earth, transition elements) decrease 

the network connectivity by forming non-bridging oxygens (NBO), not bridging oxygen 

(BO), which have high coordination numbers and a random distribution in the glass 

interstices. As the model developed, cations in the glass were catagorized according to 

their role in the glass network. Network former can form a glass network alone by 

strong directional bonding (e.g. Si4+, B3+, P5+, Ge4+, As3+, Be2+, with CN of 3 or 4). 

Network modifier breaks the linkages between network formers in more ionic bonding 

(e.g. Na+, K+, Ca2+, Ba2+, with CN ≥ 6). Intermediates (conditional network former) may 

reinforce (CN = 4) or further loosen the network further (CN 6 to 8) and can substitute 

to a network former but cannot form a glass on their own (e.g. Al2O3, TiO2, Ga2O3, As2O3, 

Sb2O3, Bi2O3, TeO2, V2O5, MoO3, WO3).  

In the following chapters, we studied a series of aluminoborosilicate doped with Na+ 

and Ca2+, GeO2 and many commercial glasses including alkali aluminoborosilicate 

(Schott glasses AF32 and Borofloat33), borosilicate (BK7), aluminoborosilicates (Eagle 

XG and 7059), Soda-lime, titanium silicate (ULE).  

  

Fig. I - 2 Two-dimensional schematic of the structure of an invert glass. Cite from [45].  

I.2.3 Viscosity of glass   

Within the framework of this dissertation, glass viscosity, and its temperature 

dependency, is a key property to comprehend the mechanisms behind the formation, 

and erasure, of nanogratings.  Viscosity (η) is used to measure the inverse of fluidity. In 

fluid mechanics, viscosity is a measurement of the resistance to shear deformation / 

stress over time. On an atomic scale, it describes as the motion of atoms/molecules 

relative to their neighbors [46]. Stated otherwise, viscosity indicates opposition to the 

flow. It has the dimensions of a pressure multiplied by time. The SI unit for viscosity (η) 

is Pa·s. The most commonly used unit is also Poise (often abbreviated as “P”) or dPa·s 

in glass industry and 1 Pa·s =10 Poise [47]. Viscosity is a thermally active process, which 

can be modeled, to some extent, using a typical Arrhenius law. From standardized 
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experimental measurements and glass manufacturing, viscosity reference points have 

been defined and shown in Fig. I - 3. These are temperatures at which the viscosity has 

a specific value, which mark the temperature ranges (especially the so-called annealing 

point, softening point and working point). The location of these ranges on the 

temperature scale depends sensitively on the type of glass, such as silica glass, 

borosilicate glass, soda-lime glass or aluminosilicate glass. For quartz glass and 

borosilicate glass, the difference between the working point and the annealing point is 

usually higher (the so-called long glass), while for aluminosilicate glasses, it is usually 

small (the so-called short glasses). Soda-lime-silicate glass is usually between short 

glasses and long glasses.  

 

Fig. I - 3 Variation of the viscosity of a common soda lime silicate glass with temperature. Cite from [46]. 

Several models have been proposed to model the viscosity of glass. A simple 

exponential equation (Eq. I.1) with constant activation energy of viscosity was used as 

the basis for the Frenkel-Andrade model, which is the first known model about viscosity 

[48]. In this model, viscosity was not adequately described at intermediate 

temperatures between strain and melting points. Actually, the activation energy is 

distributed. 

𝜂(𝑇) = 𝐴𝑒
𝐸𝑎
𝑅𝑇  (Eq. I.1) 

An empirical equation (Eq. I.2) was introduced and proposed by Gordon S. Fulcher in 

1925 [49] based on analysis of viscosity data for various silicate glass forming systems, 

which revealed the temperature dependence of viscosity remarkably well with only 
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three fitting parameters: A, B, and T0. Its mathematical form was first proposed by Hans 

Vogel in 1921 [50] and subsequently followed by Tammann and Hesse in 1926 [51] in 

the context of organic liquids. It is widely known as the Vogel-Fulcher-Tammann (VFT) 

equation. The VFT equation provides a highly accurate description of viscosity data at 

intermediate temperatures over wide orders of magnitude. 

log(𝜂) = 𝐴 +
𝐵

𝑇−𝑇0
 (Eq. I.2) 

The Adam and Gibbs (AG) equation [52] (Eq. I.3) is derived on the assumption that 

molecules in a liquid, above the glass transition temperature can explore a wide range 

of configurational states over time, and when the temperature is raised, higher energy 

configurational states can be accessed. In contrast, a single configurational state is 

assumed to exist in glass below the glass transition temperature. Like the VFT equation, 

the configurational entropy model of AG fits a large number of viscosity data well 

within intermediate temperature, not accurately over the entire temperature range. 

When viscosity is high or low, it does not reflect experimental temperature dependence, 

so increasing deviations from experimental values occur. 

ln 𝜂(𝑇) = 𝐴 +
𝐵

𝑇𝑆𝑐𝑜𝑛𝑓(𝑇)
 (Eq. I.3) 

where A and B are adjustable constants, and Sconf(T) is the configurational entropy. 

Considering 𝑆𝑐𝑜𝑛𝑓(𝑇) =
Δ𝐶𝑃(𝑇−𝑇𝑉)

𝑇
, where ΔCp is the relaxational part of the specific heat, 

and TV is Vogel temperature. 

Viscosity is behaved differently with temperature since activation energy (Ea) of 

viscosity varies with temperatures in the Avramov and Milchev (AM) model. The AM 

model is based on the assumption that the height of activation energy barriers varies 

different in case of the the disordered nature of glass, so the distribution function of 

the height of activation energy barriers is determined by its entropy. In this respect, 

viscosity is proposed as a function of system entropy. The equation is: 

ln 𝜂(𝑇) = 𝐴 + 2.3(13.5 − 𝐴) (
𝑇𝑔

𝑇
)
𝛼

 (Eq. I.4) 

where Tg is obtained from 𝑙𝑛 𝜂(𝑇𝑔) = 12.5 𝑃𝑎 ∙ 𝑠. A is a constant, and α is the Avramov 

fragility parameter. The higher α is, the less strong a fluid is. So the α value of strong 

liquids is close to 1.  

In the following chapters, the viscosity is important to explain the effects on the 

formation and erasure of NGs in different glasses by FLDW.  

I.3 PROPAGATION OF ULTRASHORT LASER PULSES IN DIELECTRICS  

This section lays the foundation of laser pulses propagating inside a dielectric medium, 

and interacting with it, as well as the definition of the different concepts relating to 
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femtosecond laser pulses and employed in this thesis. 

I.3.1 Basic principles 

The equation of propagation of an electromagnetic wave in a dielectric medium is 

deduced from the Maxwell equations and is written in the following form [53]:  

∇2𝐸⃗ −
1

𝑐2

𝜕2𝐸⃗ 

𝜕𝑡2
= 𝜇0

𝜕2𝑃⃗ 

𝜕𝑡2
     (Eq. I.5) 

where 𝐸⃗  means the electric field; 𝜇0  is the magnetic permeability checking the 

relationship, 𝜀0𝜇0 =
1

𝑐2  with 𝑐 is the speed of light in the vacuum and 𝜀0 is the vacuum 

electric permittivity; 𝑃⃗  is the polarization. The polarization 𝑃⃗  induced by electric dipoles 

is a non-linear function of the electric field 𝐸⃗  and can be developed in increasing 

powers of the electric field [53] in the dipolar approximation as : 

𝑃⃗ = 𝜀0(𝜒
(1)𝐸⃗ + 𝜒(2)𝐸⃗ 2 + 𝜒(3)𝐸⃗ 3 + ⋯)  (Eq. I.6) 

𝑃⃗ = 𝑃⃗ (1) + 𝑃⃗ (2) + 𝑃⃗ (3) + ⋯   (Eq. I.7) 

𝑃⃗ = 𝑃⃗ 𝐿 + 𝑃⃗ 𝑁𝐿   (Eq. I.8) 

where 𝜒(𝑖) is the susceptibility and 𝑃⃗ (𝑖) is the polarization of order i where according to 

the classical description of non-linear optics [54-56], the vector polarization is the sum 

of linear polarization 𝑃⃗ 𝐿 = 𝑃⃗ (1) and non-linear polarization𝑃⃗ 𝑁𝐿 = 𝑃⃗ (2) + 𝑃⃗ (3) + ⋯ 

In a centrosymmetric medium such as silica glass, the second order susceptibility tensor 

is identically zero because of the inversion center [53-55, 57]. We thus have:  

𝜒(2) = 0  (Eq. I.9) 

By simplifying the expression of the polarization (Eq. I.6) to the third order, we obtain 

the expression in the case of an isotropic material: 

𝑃⃗ = 𝜀0𝜒̿
(1)𝐸⃗ + 𝜀0𝜒̿̿

(3)𝐸⃗ . 𝐸⃗ . 𝐸⃗   (Eq. I.10) 

𝑃⃗ = 𝜀0(𝜒̿
(1) + 𝜒̿̿(3)𝐸⃗ . 𝐸⃗ )𝐸⃗   (Eq. I.11) 

𝑃⃗ = 𝜀0 (𝑛0
2 − 1 +

3

4
𝜒𝑒𝑓𝑓

(3)
|𝐸⃗ |

2
) 𝐸⃗   (Eq. I.12) 

𝑃⃗ = 𝜀0 [𝑛0
2 (1 +

3

4

𝜒𝑒𝑓𝑓
(3)

𝑛0
2 |𝐸⃗ |

2
) − 1] 𝐸⃗   (Eq. I.13) 

𝑃⃗ = 𝜀0(𝑛
2 − 1)𝐸⃗  (Eq. I.14) 

where 𝑛0
2 = 𝜒𝑒𝑓𝑓

(1)
+ 1  is the linear refractive index of the medium and 𝑛 = 𝑛0 (1 +
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3

4

𝜒𝑒𝑓𝑓
(3)

𝑛0
2 |𝐸⃗ |

2
)

1

2

 is the refractive index of the medium. By carrying out the limited 

development of (1 + 𝑥)𝑎 at the first order, we get: 

𝑛 ≈ 𝑛0 (1 +
3

4

𝜒𝑒𝑓𝑓
(3)

𝑛0
2 |𝐸⃗ |

2
)

1

2

= 𝑛0 +
3

8

𝜒𝑒𝑓𝑓
(3)

𝑛0
|𝐸⃗ |

2
= 𝑛0 +

3

8

𝜒𝑒𝑓𝑓
(3)

𝜀0𝑐𝑛0
2 𝐼 = 𝑛0 + 𝑛2𝐼   

(Eq. I.15) 

Where 𝐼 = 𝜀0𝑐𝑛0|𝐸⃗ |
2
 is the laser intensity and 𝑛2 =

3

8

𝜒𝑒𝑓𝑓
(3)

𝜀0𝑐𝑛0
2 is the non-linear refractive 

index that leads to the optical Kerr effect developed in the next section. The equation 

of evolution of the envelope of the electric field is given by the relation [58] : 

𝑇
𝜕𝐸

𝜕𝑧
=

𝑖

2𝑘0
∆𝑇𝐸 −

𝑖𝑘0
"

2

𝜕2𝐸

𝜕𝜏2
+ 𝑖

𝑘0

𝑛0
(𝑛2𝐼)𝐸 (Eq. I.16) 

where 𝑇 = (1 +
𝑖

𝑘0𝑣𝑔

𝜕

𝜕𝜏
) is an operator; 𝑘0 =

𝜔0

𝑐
=

2𝜋

𝜆0
 is the wave vector in the vacuum ; 

𝜔0 is the central pulsation of the wave; 𝜆0 is the central wavelength and 𝑐 is the light 

speed in the vacuum ; ∆𝑇= (
𝜕2

𝜕𝑟2 +
1

𝑟

𝜕

𝜕𝑟
) is the transverse Laplacian of the envelope of 

the electric field in cylindrical coordinates; 𝑘0
" =

𝑑2𝑘

𝑑𝜔2|
𝜔0

 is the group velocity dispersion 

(GVD) ; 𝜏 = 𝑡 −
𝑧

𝑣𝑔
 represents the delayed time; with 

𝑖

2𝑘0
∆𝑇𝐸 is the diffraction term in a 

medium of index 𝑛0 in cylindrical coordinates ; 
𝑖𝑘0

"

2

𝜕2𝐸

𝜕𝜏2  is the term of dispersion of the 

group velocity; 𝑖
𝑘0

𝑛0
(𝑛2𝐼)𝐸 is the term relating to the optical Kerr effect. 

I.3.2 Self-focusing by Kerr effect 

The self-focusing of light is a process in which the intensity of the beam changes the 

optical properties of the material, in particular the refractive index. Due to the intensity 

spatial distribution (for a Gaussian profile), the laser beam induces a variation of index 

such that the index at the center of the beam is higher than at its periphery. Thus, the 

material acts as a lens with a positive focal length gradient, called the Kerr lens, causing 

the beam to converge in its focus.  This phenomenon occurs when the power of the 

laser beam is greater than or equal to the critical power defined by the relationship 

[53] : 

𝑃𝑐𝑟 =
𝜋(0,61𝜆0)

2

8𝑛0𝑛2
  (Eq. I.17) 

where 𝜆0 is the wavelength of the laser in vacuum. In the case of our silica sample 

irradiation experiments, we have: 𝜆0 = 1030 𝑛𝑚  ; 𝑛2 = 3.2 × 10−16  𝑐𝑚2

𝑊
𝑎𝑛𝑑  𝑛0 =

1.45 𝑎𝑡 1030𝑛𝑚. The critical power deduced is 3.3 MW.  
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Fig. I - 4 Self-focusing versus lens-focusing in a ratio of radiation by critical power -numerical aperture of 
the focusing lens graph. Close to the boundary obtained for a given spot size (𝜛0) of the beam at the plane of 
lens, both self-focusing and lens-focusing play a role. The calculations performed for fused silica at = 1030 
nm. Typically, the critical power in silica is around 3,3 MW. Figure extracted from PhD thesis of Ausra 
Cerkauskeité [59]. 

Self-focusing of a collimated Gaussian beam is observed if the radiation power is 

greater than the critical power. In such a situation the Kerr nonlinearity continuously 

dominates over the transverse diffraction. The situation may be different if the lens is 

used in the direct writing system as it is our case for laser writing. For tight focusing 

the lens-focusing is dominating and the Kerr nonlinearity could be neglected, and for 

loose focusing the self-focusing is dominating. The boundary between these two 

regimes can be determined by [54, 60]: 

√
𝑃𝑖𝑛

𝑃𝑐𝑟
= 0.852 + √0.0219 + 0.1347 × (

(
𝑘𝜛0

2
)
2
−(

𝑛

𝑁𝐴
)
2
+1

(
𝑛

𝑁𝐴
)
2
−1

) (Eq. I.18) 

when near the boundary obtained for a given spot size  of the collimated beam 

before the lens both self-focusing and lens-focusing play a role. For example, if 

numerical aperture of the focusing lens is less than 0.01, self-focusing is likely to occur 

at input powers close to critical (Fig. I - 4). If the numerical aperture is higher than 0.1, 

in order to get self-focusing the input power has to be much higher than critical (Pin  

10Pcr). However, the calculations do not account for plasma generation, and also loses 

its validity when the incident power is much larger than the critical power (Pin  100Pcr).  

I.3.3 Filamentation 

When there is a balance between the effect of self-focusing by Kerr effect, that of 

defocusing due to the formation of free electrons plasma excited the laser and the 

diffraction effect present during the entire propagation of the impulse even stronger 

that the size of the beam is small. The laser beam then propagates with a constant 

diameter: this is called filamentation (Fig. I - 5). 
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Fig. I - 5 Representation of focusing cycles (due to the Kerr effect) / defocusing (due to plasma formation) 
giving rise to the phenomenon of Filamentation (c). 

I.4 FEMTOSECOND LASER-GLASS INTERACTION  

I.4.1 Ionization and relaxation in intense field 

In order to introduce the interest of femtosecond lasers in the realm of studying laser-

matter interaction, this section briefly presents the mechanisms of interaction in glasses 

under the influence of an intense and ultrashort laser pulses. Numerous fundamental 

studies on the physical processes involved have been conducted, allowing significant 

progress in understanding these mechanisms and leading to a fairly clear vision of the 

interaction processes shown in Fig. I - 6.  

Fig. I - 6 shows the time scale of the interaction mechanisms that can be summarized 

in three steps: the electronic excitation [61], the thermalization, the different relaxation 

mechanisms and the permanent modifications. Part of the laser energy absorbed by 

the electrons is transferred to the network (i.e. to the phonons) over a period of about 

ten picoseconds in the silica. After a few nanoseconds, a shock wave is emitted. On the 

time scale from nanosecond to microsecond, heat propagates around the focal zone. 

For rates that are low enough to prevent heat accumulation build-up [62, 63], the 

material returns to ambient temperature within a few microseconds in SiO2. At 

sufficiently high energy, these processes can also cause non-thermal ionic motion and 

leave permanent structural changes such as inelastic deformation (densification or 

expansion depending on the irradiation conditions and the composition of the 

material), the appearance of an elastic response (stress) [64-68] in and around the 

irradiated area and the formation of point defects [69] that absorb in UV and VUV, etc ... 

These mechanisms are developed in the following references [70-74]. 
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Fig. I - 6 Schematics of main physical processes involved in the ultrashort laser processing of silica glass 
including temperature-dependent processes. Extracted from A. Rudenko et al. [75]. 

The solids we have studied in this thesis are dielectric materials with a wide bandgap, 

and with silica rich compositions. In these materials, the conduction band is empty and 

the highest populated electronic states are those at the top of the valence band. 

Between the two, the forbidden band is of the order of 9 eV, and is therefore much 

higher than the energy of the incident photons (Eq. 1.5 eV for the Ti-Sa laser emitting 

radiation at the wavelength 800 nm and 1.2 eV for 1030 nm laser). Electronic excitation 

from the valence band to the conduction band can only occur by a non-linear process 

such as the simultaneous absorption of several photons. This multi-photon ionization 

process can only be observed for high laser field amplitude. It has been shown that at 

these high intensities, there is also a phenomenon of "electron heating" within the 

conduction band, which continues to absorb a large number of photons after having 

crossed the forbidden band. Thus, by means of photoemission experiments, the 

measurement of the kinetic energy of the photoelectrons has made it possible to 

obtain the energy distribution of the electrons in the conduction band, which ranges 

between 10 and 40eV in the case of silica [76] and for irradiation conditions similar to 

the experiments we will performed within this PhD thesis.  

Some results obtained by our group and published in collaboration with Stéphane 

Guizard (LSI, CEA Saclay) on this point shows that in our experimental conditions (NA 

= 0.5 and I = 1-30T W/cm2), the main mechanism of ionization happens to be 

multiphoton ionization: 6 photons in silica and 5 photons in Germanium doped silica. 

It should be noted that under our experimental conditions, neither tunnel ionization 

nor the presence of avalanche ionization are detected for pulse durations below 200fs 

[61, 77]. More recently, it has been shown that in SiO2, it is possible, under specific 

conditions, to observe an increase in carrier ionization impact [78]. All these results 

demonstrate that the avalanche process, which is often invoked in the laser breakdown 

literature, does not play a dominant role in optical breakdown induced by short pulses. 

The relative importance of this phenomenon is always subject to intense discussion. It 
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is now widely accepted that this relative importance depends largely on the 

experimental parameters [73, 79-82]. In particular, it seems to depend on the pulse 

duration as well as its illumination or the width of the bandgap of the material. 

I.4.2 Relaxation mechanisms 

After this phase of electronic excitation, which takes place during the excitatory pulse, 

the photo-excited charge carriers are "out of equilibrium" and will thermalize with the 

solid by different mechanisms according to their kinetic energy. If the energy of the 

electrons is greater than the forbidden band, the inelastic collisions between electrons 

of the conduction band and the valence band, or the impact ionization, can occur at 

the attosecond scale (Fig. I - 7 step1). In this case, the electron loses a significant energy, 

at least equal to the forbidden band and we end up with two electrons of lower energy 

at the bottom of the conduction band. For time scales from femtosecond to 

picosecond (Fig. I - 7 step 2), lower energy electrons transfer their energy mainly via 

collisions with the lattice, by acoustic or optical phonon emission leading to heat effects 

leading permanents change like phase transition, photochemistry... In some materials, 

the electron-hole or exciton pairs induces local polarization and lattice deformation 

(Fig. I - 7 step 3). At this deformation or atomic displacement, defined in the following 

part, corresponds to the appearance of electronic levels in the forbidden band, on 

which the charge carriers will be able to locate (Fig. I - 7 step 4). We talk about trapped 

excitons (or self-trapped excitons noted STE) but also STH (self-trapped holes). This 

mechanism has a very short lifetime and occurs for a small percentage of charge 

carriers. STE has been studied in all alkali halides [83]. It has been demonstrated much 

more recently in silica and doped silica, and constitutes the intermediate step between 

electronic excitation and the formation of point defects, also known as "colored 

centers". Finally, non-trapped electrons will recombine with a hole in the valence band 

(Fig. I - 7 step 5). 

 

Fig. I - 7 Diagram showing the different elementary mechanisms involved during and after the interaction 
between a short pulse and a dielectric sample. 1: electronic excitation: either multiphoton (hv < Eg) or one 
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photon (hv > Eg); 2: electronic relaxation: process of inelastic electron-electron collisions or impact ioniza-
tion; 3: electronic relaxation, continued: thermalization via collisions with the network; 4: trapping and loca-
tion of charges (self-trapped excitons); 5: radiative recombination of excitons [extracted from HDR of S. 
Guizard, CEA/LSI/ Ecole polytechnique]. 

I.4.3 Material changes induced by femtosecond laser irradiation 

The structural modifications of the glass are, of course, dependent on the efficiency of 

transfer of light energy to the material. As we have said before, in the case of an 

ultrashort light pulse and sufficiently powerful, interband transitions by multiphoton 

absorption are possible. They lead to the creation of quasi-free electron plasma, which 

is followed by electronic relaxations (STE, point defects, network heating). In silica, three 

structural transformation regimes are observed and correspond to different kind of 

modifications as shown in Fig. I - 8: an isotropic modification of the refractive index of 

the medium [84], anisotropic modification of the refractive index mainly due to form 

birefringence according to the literature [13, 85, 86], and micro-explosions leading to 

nano/micro-voids formation [87]. These modification regimes depend not only on the 

laser parameters: energy, pulse duration, laser repetition rate, wavelength, polarization 

(state and orientation), numerical aperture, depth of focus, writing speed, etc [20] but 

also properties of the material: band gap, viscosity, density, heat capacity, thermal 

conductivity and their dependence with temperature [88-91]. 

 

Fig. I - 8 (a) Typical writing geometry for Femtosecond Laser Direct Writing (FLDW) and (b) Description 
of the three main kind of permanent modifications photo-induced in silica glass as review in Refs [20, 72, 
74]. 

I.4.4 Heat accumulation effects 

The time required for the dissipation of the deposited energy out of the focal volume 

(diffusion time tD) is given by 𝜏𝐷 =
𝜔0

2𝐷
, with ω0 the focal radius and D the diffusivity of 

the material [92]. The diffusivity is defined as:  

𝐷 =
𝜅

𝜌𝐶𝑃
  (Eq. I.19) 

with κ the thermal conductivity, Cp the specific heat and ρ the density of the material. 

For a focusing with a NA of about 0.5, the width of a single pulse modification in fused 
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silica is about 1 μm, resulting in a diffusion time of about 1 μs. If the time between two 

successive pulses is shorter that this heat diffusion time, the temperature inside the 

focal volume will increase stepwise by each pulse. This process is called heat 

accumulation [62, 63, 73]. Fig. I - 9 shows the calculated temperature rise for different 

repetition rates at fixed pulse energy of 200 nJ in fused silica in a distance of 2 μm from 

the focal center (pulse duration 450 fs, NA of 0.5). The model used to calculate the 

temperatures is based on Fourier equation with a Gaussian heat source along the radial 

axis and a Lorentzian distribution along the beam propagation.  

In irradiation regime with a large number of pulses at a low repetition rate (for example 

<200 kHz in silica), the material cools to room temperature between two successive 

pulses. Indeed the energy deposited by a pulse in the focal volume is “removed” by 

thermal diffusion in the mass of the material in about a microsecond in SiO2. No 

thermal accumulation mechanism is expected a priori, the modification of the material 

being carried out independently by each pulse. However, it is possible to observe 

incubation effects due to the large number of pulses. During strong focusing (NA = 

1.4), Schäffer et al. [93] do not observe any incubation effects: the size of the modified 

zone increases with energy but not with the number of pulses whereas the Δn increases 

with the number of pulses. On the other hand, at low focusing (typ. NA = 0.25), the 

incubation is responsible for the reduction of the damage threshold, as observed 

during surface experiments [94, 95]. In the latter case, it has been demonstrated in 

experiments [96] that the effect of the incubation is twofold: i) it modifies the 

absorption by accumulation of point defects ii) it introduces new possibilities of energy 

deposition in the network, in addition to the electron-phonon coupling. These 

possibilities are based on a coupling of electrons trapped in the network. The increase 

in the concentration of the defects is proportional to the initial concentration of defects, 

to the increment of the number of pulses, and also depends on the number of atomic 

sites likely to be affected during the accumulation process. Still in this low repetition 

rate regime (<200 kHz), Streltsov and Borelli [97] have shown in silica that the refractive 

index increase as a function of the laser energy seems to follow the temperature 

increase caused by a single pulse. On the other hand, since a high temperature (2500 °C) 

limits the refractive index increase, the effect of the temperature is not clearly 

established.  

 

Fig. I - 9 Results of the Raman measurements from our group’s previous work [98]. (a) D2 peak height (left 
axis) and corresponding fictive temperature (right axis) as function of the longitudinal cross section (inset 
shows an optical micrograph with indication of the measurement trace). (b) Microscopic optical image and 
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corresponding map of the fictive temperature for a laser-induced modification inscribed with 9.4 MHz, 150 
nJ and 1000 pulses per laser spot. The arrow indicates the propagation direction of the laser pulses. 

Recently Yoshino et al. have [99] measured the temperature inside glass during 

femtosecond laser microprocessing by time-resolved micro-Raman microscopy. They 

successfully obtained the time evolution of heat and its dependence on pulse energy, 

which were found be different for fused silica and Borofloat33. The maximum 

temperature was found to be as high as 5000 K in silica for 2 J whereas the 

temperature remains limited below 1500 K in Borofloat33, whereas their thermal 

properties are of the same magnitude. However the melting temperature and the 

viscosities are quite different since the viscosity of Borofloat33 is several orders of 

magnitude lower than SiO2. This indicates that the maximum temperature is relaxation 

time dependent and it seems limited by phase transformation like in Borofloat33. 

In the high repetition rate regime (> 0.5 MHz in SiO2), the period between two 

consecutive pulses is shorter than the thermal diffusion time out of the focal volume. 

The pulse train then gradually heats the material, this thermal accumulation leads to 

the permanent modification of a volume that is much greater than the focal volume 

[62]. In addition, the thermal diffusion is isotropic and the volume of the heated-

affected zone increases with the number of pulses. The main mechanism is based on a 

local melting, in agreement with the corresponding simulations [62]. When the 

irradiation is stopped, the material resolidifies with possible densification mechanisms 

for the silica (due to the existence of an "anomaly" between the density and the fictive 

temperature: the silica becomes denser at high fictive temperature unlike other 

vitreous materials). A study of the thermal contribution to the increase of the refractive 

index as a function of the laser rate is proposed by Eaton et al. [63], following the 

increase of the size of the modified zone with the repetition rate [100]. A thermal 

accumulation effect was demonstrated from 200 kHz in a borosilicate glass with a weak 

bandgap of 3.9 eV, in agreement with the experiments of Schäffer et al. [62]. In both 

cases, the diameter of the modified zone corresponds to the diameter calculated to be 

melted, when considering the thermal characteristics of the corresponding glass. 

Osellame et al. [101] show that thermal accumulation effects for the production of 

high-speed waveguides depend closely on the type of glass used. Recently our group 

report on the processing of silica-based glasses by ultrashort laser pulses at high 

repetition rates. Heat accumulation leads to strong local heating of the glass and the 

subsequent quenching results in a fictive temperature rise those scales with the 

repetition rate as shown in Fig. I - 9. For all heat affected zones a significant increase of 

fictive temperature in contrast to the value for pristine glass of Tf,0= (940 ± 20) °C is 

measured. Interestingly, Tf scales with the laser repetition rate and reaches values up 

to 1700 °C at 9.4 MHz for 150 nJ and 1000 pulses per laser spot [98]. 

I.5 DIFFERENT TYPE OF PERMANENT MODIFICATIONS AND THEIR THRESHOLDS  

Refractive index changes induced by femtosecond laser irradiation in silica have been 

reported in several papers. Authors investigated the magnitude, the kinetics, the 
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stability, the anisotropy according to the laser pulse energy, pulse duration, numerical 

aperture and writing velocity etc… From these results, it is possible to identify 4 regimes 

with 3 “damage” thresholds in SiO2 glass as we reviewed according maser parameters 

(NA, pulse duration, ..) in [20] : 

• Below the first threshold, T1, (e.g. 0.0850.015 µJ/pulse in pure silica, 800 nm, 

160 fs, 0.5 NA, 100 kHz, 100 m/s), the increase of the index relaxes following 

third order kinetics. The writing process is two-photon dependent when an 

absorption band exists at the relevant final energy. The index changes decays 

within a few seconds. 

• Between the two damage thresholds, the index change is permanent and nearly 

isotropic, the thermal stability is increased when compared to UV-induced 

changes but moderate. The maximum index change is 3-6×10-3 in fused silica 

[102]. This is very large compared to UV laser-induced one which is limited to 

3.10-4 using 157 nm or 193 nm excimer laser writing [103]. 

• Above the second damage threshold, T2, (e.g. 0.310.05 J/pulse in pure silica, 

800nm, 160fs, 0.5 NA, 100 kHz), the characteristics are quite different. The index 

change magnitude can be as large as -10-2 and resists to decay during at least 

two hours at 1000°C [104, 105]. The index change is highly anisotropic [85, 106, 

107] and this is the most striking feature. The principal axes are determined by 

the laser polarization [106]. This is attributed to the formation of self-organized 

nanogratings [13] made of nanoporous silica [15] as extensively described in the 

next section.  

• Above the third damage threshold, T3 (e.g. 4 J/pulse in pure silica, 800nm, 

160fs, 0.5 NA, 100 kHz), we can observe voids [105, 108]. 

These three regimes can be clearly distinguished employing laser pulses shorter than 

200 fs [82, 86, 109] (Fig. I - 10). But at longer pulses, the region II narrows a lot which 

make it difficult to realize Type I modifications in multipulses regime. 

As shown in Fig. I - 10, another important parameter for femtosecond laser direct 

writing is focusing conditions, which roughly can be arranged into three groups 

depending on the numerical aperture. The low NA regime is related to lenses with NA 

< 0.1, this gives a spot size of more than 10 μm. The femtosecond laser beam weakly 

focused into the bulk of transparent material turns into filament below damage 

threshold preventing single-shot permanent structural modification [110, 111]. As a 

result, low NA lenses are typically used for surface modification, where self-focusing is 

not playing a crucial role. The lenses with numerical aperture from 0.1 to 0.6 can already 

induce a confined permanent modification inside of transparent material. At these 

numerical apertures spherical aberration can strongly affect the laser beam 

propagation. The refractive index of fused silica is higher than air’s by roughly 0.45. The 

light is therefore non-uniformly refracted at the interface between the air and the 

material. As a result the adjacent part of the beam is focused deeper than the central, 

the waist is shifted and the focal spot is elongated in the propagation direction whereas 
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the lateral spot size remains the same [112]. The strength of this effect is increasing 

with numerical aperture. The refractive index mismatch can be compensated by using 

objectives with spherical aberration correction, immersion optics or adaptive optics 

methods [113, 114]. Even larger numerical apertures (NA>0.9) can be achieved with 

immersion oil lenses. The immersion optics not only tightly focuses the laser beam but 

also compensates refractive index mismatch at the surface of the sample. As a result, 

tightly focused femtosecond laser beam can modify material even at nanojoule energy 

level [115, 116], i.e. ultrashort pulse oscillator energy is sufficient to induce the 

permanent modifications. The characteristics of these different regimes and 

modifications are detailed below. 

 

Fig. I - 10 Diagram of the different types of damage according to the energy of the laser pulses and the 
numerical aperture (NA) of the focusing. MF: multi-filamentation; AF: Self-focusing; T1, T2 and T3: thresh-
olds of the different types of damage; * T2 (polarization perpendicular to the direction of laser writing) = 
0.17 ± 0.05J. Laser writing parameters: 800nm; 160fs; 100kHz; 100m / s; parallel configuration; SiO2. 
Adapted from Ref. [20]. 

I.5.1 Modifications of isotropic index changes (Type I) 

The first observation of a threshold that we can report under a sufficiently intense 

irradiation is the reduction of the optical transmission. It is observed over a wide range 

of wavelengths from infrared to blue [58, 117, 118]. This indicates that the glass is 

modified in its structure. The corresponding threshold energy has been tentatively 

defined by Schaffer et al. [73] taking into account the beam propagation effect. For 

diffraction-limited focusing and taking into account the presence of weak self-focusing, 

the energy required to reach the breakdown intensity is related to the NA by using the 

relation: 



 

30 

Eth =
IthΔtλ2

π(NA)2+Ith
λ2

Pcr

 (Eq. I.20) 

where 𝐼𝑡ℎ  is the intensity; Δ𝑡  is the pulse duration; 𝜆  is the wavelength; NA is the 

numerical aperture of the focusing lens and 𝑃𝑐𝑟  is the critical power defined in the 

relationship. 

At low energy, an increase (from 10-4 up to 5.10-3) of the refractive index is observed in 

the silica which is one order magnitude higher than with UV ns laser (193nm or 157nm) 

[103]. It is attributed to a permanent densification due to a rapid cooling of the initially 

very hot focal volume [119, 120]. In addition, the focusing of the femtosecond laser 

pulses gives rise to a constraint that plays a role in this densification under certain 

conditions [121]. Defects centers (also called color centers) induced by femtosecond 

laser irradiation may be responsible for a portion of the refractive index change 

through the Kramers-Kronig relationship (a change in absorption leads to a refractive 

index change since these two quantities are conjugate complexes of the dielectric 

constant) [122]. Although color centers induced in femtosecond laser irradiated glasses 

have been observed [97, 119], there has been no experimental evidence so far of a 

strong link between their formation and induced index change. Waveguides formed in 

silica with an infrared femtosecond laser [123] showed photo-induced absorption 

peaks at 213nm and 260nm corresponding to the respective center defects E 'and 

NBOHC. However, the two defects were completely erased after annealing at 400°C, 

although it retained its guiding properties up to 900°C. As a result, color centers are 

unlikely to have played a strong role in the refractive index change [123]. Other results 

lead to the conclusion that the thermal stability of the colored centers produced in 

borosilicate and silica glasses is not compatible with that of the change in refractive 

index [97]. It has recently been shown, in pure silica glasses for the realization of 

waveguides, that colored centers contribute to the refractive index changes for only 

20% [102] whereas the major part has been attributed to defects-assisted densification 

by the authors. 

In an extremely simplistic view of the free electron plasma relaxation created by laser 

irradiation, it can be said that the transfer of energy from free electrons to the glass 

network leads to very high local temperature. The temperature can reach several 

thousand degrees [63] at the focal point limited by thermal conduction [124] (and likely 

high pressures), up to the local melting of the glass, inducing densification (or 

expansion as a function of the relationship between the density and the cooling rate 

i.e. glass fictive temperature) after the fast cooling of the glass [125]. This results, for 

example, in a lower average Si-O-Si angle and thus some changes in some infrared 

bands (for example, the antisymmetric elongation vibration centered at 1120 cm-1) and 

a change in the D1 and D2 bands observed in Raman spectroscopy [125, 126], D1 and 

D2 being respectively associated with the vibrations of cycles with 4 and 3 tetrahedra. 

In silica, these structural modifications are correlated with an increase in the refractive 

index, of the order of a few 10-3 in writing conditions close to ours. The hypothesis of 
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local densification of glass as a contribution to the increase of the refractive index was 

already advanced during the first publications on this subject [84, 97, 122, 127-131] 

following atomic force microscopic or phase shift interferometer observation of the 

depression of the surface (i.e. a valley) by a few tens of nanometers at the level of the 

irradiated zone. 

 

Fig. I - 11 (a) Measurements of Δn waveguides in a Corning 7980 fused silica, adapted from Royon et al. 
[102]. The blue curve represents the change in index after femtosecond irradiation while the black curve 
shows the index change following hydrogen loading and complete desorption. (b) NBOHC PL emission that 
is bleached after H2-loading. (c) Raman spectra of the pristine sample and of a waveguide (Δn = 3.10-3, Type 
I regime) photo-inscribed with the following conditions: 1.7 μJ (slit shaping conditions)- 100 μm/s with 8 
passes [132]. 

Our team recently published a model of an original physico-chemical mechanism to 

explain these observations for Type I modifications. We proposed that the first 

threshold, named T1, is based on the modification of the fictive temperature Tf of the 

glass when the duration of the heat pulse corresponding to the light energy is greater 

than the glass relaxation time η(T)/G(T). This one depends on the viscosity η and the 

shear modulus G of the material, the lower the viscosity, the smaller the relaxation time 

and globally the larger the T, the smaller the relaxation time. If the increase of the 

temperature is long enough to transform the glass, this defines the first threshold 

noted T1. For that we have solved the Fourier equation and taken into account the 

variations of heat capacity, of thermal diffusion, of modulus of shear and viscosity with 

doping and temperature. The results show that the glass fictive temperature increases 

(several hundred degrees higher than the original temperature) and then does not 

change significantly. We have also described the dependence of photosensitivity on 

the chemical composition of glass in the germanium, phosphorus, F-doped silica family 

[124].  
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Fig. I - 12 This graph compares the glass relaxation time and the cooling profile after single pulse femtosec-
ond laser irradiation for pure and GeO2-doped silicaThe heat cooling profile is for pure silica only. Graph 
adapted from our group work in Ref. [124]. 

I.5.2 Modifications of anisotropic refractive index changes (Type II) 

For higher energy pulses, a second threshold is observed which is based on the 

appearance of nanostructures (see Fig. I - 13) caused for example by the interference 

between the laser field and the electron plasma wave (a bulk plasmon) according to 

the first model that was proposed in 2003 [13].  

 

Fig. I - 13 Nanogratings scheme within a laser track cross-section (a). Scanning electron microscopy (SEM) 
image of the nanogratings inscribed at 65µm from the surface with a linear polarization perpendicular (b, c) 
and parallel (d) to the writing direction and azimuthal polarization (e). Laser parameters: 125fs, 0,65 NA, 
0,3J, 100kHz, 30m/s. Images extracted from Ref. [133]. 

Y. Shimotsuma and P. Kazansky made this discovery in 2003. It remained to determine 

(b)  (a)  (c)  (d)  

(e)  
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the nature of these nanoplanes. Some saw fractures, others oxygen depletions [13]. In 

2011 we finally revealed that nanogratings are formed by a decomposition of silica 

(nanoporous silica formation [134]) as confirmed in 2013 [15] and shortly described in 

Fig. I - 14. This decomposition of silica into nanoporous layers can be done, contrary 

to the fictive temperature modification, only by a pulse-to-pulse accumulation. As the 

material cooled down completely between pulses, we initially proposed an 

accumulation of point defects. We then explain the variations with doping by 

production of defects that vary greatly. This production is favored by the addition of 

germanium or conversely, it can be inhibited to observe only isotropic index change 

by adding fluorine in silica, which provide interesting results depending on the type of 

application envisaged [124]. 

 

Fig. I - 14 Nonlinear picture of the plasma density wave. At the nanoscale the free-electron density (or elec-
tronic temperature) modulation is imprinted in the matter by decomposition of SiO2, revealing a high plasma 
temperature Te (or density) that is higher than a “decomposition” limit. Graph extracted from Lancry et al. 
[15]. 

I.5.3 Voids (Type III) 

For even higher energy pulses giving rise to peak intensities greater than 1014 W/cm2, 

holes in volume (so-called voids) are achievable by femtosecond laser irradiation. They 

are at the origin of a mechanism called the micro-explosion. A first model was 

proposed by Fleischer's team [135] and also reported later by Schaffer [136]. The 

mechanism at the base of void formation was initially suggested to be a Coulombian 

explosion i.e. when the density of excitations at a point in the material is very large, the 

Coulombian force between ions can overcome their binding energy. In this case, ions 

are also moved to interstitial positions around the starting point. However this is 

unlikely to happen in the mentioned irradiation conditions so the mechanism was then 

revisited as follows: the energy is absorbed in a small volume producing a pressure 

which subsequently drives a shock wave and stress exceeding the Young modulus of 

the material. The strong spherical shock wave starts to propagate outside the centre of 

symmetry of the absorbed energy region compressing the material [87, 137-140]. At 

the same time, a rarefaction wave propagates to the centre of symmetry decreasing 

the density in the area of the energy deposition. The shock wave stops when the 

pressure behind the shock front becomes comparable with the Young modulus. The 

corresponding threshold is noted T3 in our threshold diagram in Fig. I - 10. Such voids 

can be exploited for 3D storage of information [108]. 
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I.6 FOCUS ON TYPE II MODIFICATIONS AND NANOGRATINGS FORMATION 

I.6.1 From LIPSS to self-organized nanogratings in silica 

Laser induced periodic surface structures (LIPSS) are a universal phenomenon and can 

be generated on virtually any type of media including metals, semiconductors and 

dielectrics upon irradiation with linearly polarized light [141-144]. The ripples can be 

formed with wavelengths ranging from the mid-infrared to the blue end of the visible 

spectrum and at pulse durations from continuous wave operation to femtosecond laser 

systems [145, 146]. For normal incidence, the period of surface structures was known 

to be close to the wavelength of the light and oriented perpendicular to the laser beam 

polarization [147]. For oblique incidence and TM polarization (electric field is oriented 

parallel to the plane of incidence) the ripples occur with one of two possible periods 

[143]:  

Λ =
𝜆

1±sin𝜃′ (Eq. I.21) 

where 𝜃 is the angle of the incident of laser beam, and the negative or positive signs 

correspond to the forward and backward scattering, respectively. One interesting 

prospect from applications point of view is that when laser beam is moved with respect 

to the sample, the ripples can coherently extend over the scanned area.  

Lately, ultrashort laser pulses were observed to induce two types of periodic surface 

structures depending on the period of the structure [148]: above single pulse damage 

threshold – ripples with a period close to the wavelength (~𝜆), and below single pulse 

damage threshold – subwavelength ripples with periods down to 30 nm (𝜆/10) [142, 

149]. Here, the period was found to be dependent on the number of pulses and the 

subsequent carrier density [142, 150, 151], where the final subwavelength structure is 

formed only after tens or even thousands of pulses. 

In general, the understanding of formation of LIPSS is a challenging task as this involves 

a complex sequence of inter- and intra-pulse physical processes as review in [152, 153]. 

It is generally accepted that low-spatial frequency LIPSS (LSFL), are generated by the 

interference of the incident laser beam with an electromagnetic wave scattered at the 

rough structure and may involve the excitation of surface plasmon-polaritons (SPPs), 

particularly important when irradiating with femtosecond laser pulses [146, 151, 154, 

155]. The surface wave driven periodic modulation of the electromagnetic field along 

the laser polarization gives anisotropy in the following modification processes. It is 

assumed that the further steps are governed by the fast (non-thermal) and slow 

(thermal) phase transitions [156]. Interestingly, the early stage ripples upon a 

subsequent pulse irradiation modulates the light-matter interaction and reduces the 

periodicity of the pattern. 
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Fig. I - 15 (a) Fine ripple period Λ dependence on the laser wavelength λ and refractive index of materials, n. 
The gray-shaded region marks an expected (0.5 − 0.85). λ span of Λ values for the absorbing (plasma) sur-
faces according to the SPP surface plasma wave mechanism. (b) Ripples of period Λ on surfaces irradiated 
with wavelength λ laser pulses at an incidence angle θ = 0° (normal incidence): coarse, fine, normal (⊥), 
anomalous and mixture, which occurs at θ > 0°. Graphs extracted from Ref. [153] 

In contrast, the high-spatial frequency LIPSS (HSFL) exhibit several features: (i) are 

formed at fluencies very close to the damage threshold of the irradiated material; (ii) 

have spatial periods significantly smaller than the irradiation wavelength; (iii) are 

usually observed for irradiation with ultrashort laser pulses (iv) mostly for excitation of 

transparent materials with a photon energy below the bandgap and (v) hundreds to 

thousands of laser pulses per irradiation spot. Within the interpretations proposed in 

previous studies, the early stage laser induced unstable nanostructures, during the 

relaxation of a highly non-equilibrium surface, tend to self-organize into HSFL patterns. 

However, the origin of the HSFL is still under debate [152, 153]. 

I.6.2 Physical and optical properties of nanogratings in silica glass 

In 2003, a new type of self-organization was observed inside SiO2 glass after irradiation 

with an ultrafast laser [13], which was found to be responsible for femtosecond pulse 

induced anisotropy [85, 106, 107] and the propeller shape of light scattering reported 

earlier in 1999 [157]. Under certain irradiation conditions, the interaction of 

femtosecond pulses with silica is known to induce highly ordered sub-wavelength 

structures with lamellae-like nanoporous regions oriented perpendicular to the 

incident beam polarization [15], as sketched in Fig. I - 16. At that early time, linear 

birefringence and related original structures such as self-organized nanogratings and 

chiral mechanical structures [68, 158] are spectacular but they appear to be only in 

specific materials (namely fused silica and Ge-doped silica). For instance, in BK7, no 

such structure is detected, although strong damage occurs [159]. In 84SiO2-16SnO2 no 

birefringence is detected and, in addition, the index change is positive in contrast to 

pure silica [159].   

Among the first discovered properties, Bricchi et al. [106] demonstrated that such 

nanostructures due to the sub-wavelength periodicity behave as a uniaxial linear 

birefringent material where the optical axis is parallel to the orientation of the laser 

polarization and the slow axis is perpendicular to the writing laser polarization. The 

effect of form birefringence, unlike intrinsic birefringence, which is due to the 
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anisotropy of oriented molecules, manifests itself due to the alignment of 

submicroscopic rodlets or platelets. The light polarized parallel to the interfaces 

experiences a larger refractive index and as a result a phase difference for two 

perpendicular polarizations is acquired. The strength of the form birefringence can be 

controlled by periodicity and material composition of the microstructure. Under a linear 

approximation, refractive indices of nanogratings for ordinary no and extraordinary ne 

waves can be extracted [106, 160, 161]. Let's determine the theoretical linear 

birefringence. We consider a wave of the form: 

𝐸⃗ = [
𝐸𝑂,𝑥 cos(𝜔𝑡 − 𝑘𝑧𝑧 − 𝜙𝑥)

𝐸𝑂,𝑦 cos(𝜔𝑡 − 𝑘𝑧𝑧 − 𝜙𝑦)
] (Eq. I.22) 

where 𝜙𝑥,𝑦 =
2𝜋

𝜆
𝑛𝑥,𝑦𝑙 is the phase shift along the axis considered x or y. Bricchi [162] 

theoretically shows that the refractive indices are of the form: 

𝑛𝑥
2 =

𝑛1
2𝑛2

2

𝜏𝑛2
2+(1−𝜏)𝑛1

2 = 𝑛𝑒
2 (Eq. I.23) 

𝑛𝑦
2 = 𝜏𝑛1

2 + (1 − 𝜏)𝑛2
2 = 𝑛𝑜

2 (Eq. I.24) 

where 𝜏 =
𝑡1

𝑡1+𝑡2
 est the fraction of the total volume occupied by the thin sections. We 

deduce the linear birefringence of the assembly shown in Fig. I - 16: 

∆𝑛 = 𝑛𝑥 − 𝑛𝑦 = 𝑛𝑒 − 𝑛𝑜 ≤ 0 (Eq. I.25) 

 

Fig. I - 16 Periodic assembly of parallel thin strips of index n1 and thickness t1 spaced by a distance t2 in a 
medium of index n2. Schemes are adapted from Refs. [162, 163]. 

Here the negative birefringence of Δ𝑛≈-5.10-3 up to -10-2, and of the order comparable 

to the natural birefringence of uniaxial crystals such as quartz (uniaxial positive 8×10-

3), ruby and sapphire, was reported. 

I.6.3 Tentative mechanisms for nanogratings formation 

The formation of the periodic nanostructures in transparent dielectrics remains under 

debate. However, most of the studies agree that the seeding processes governed by 
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some kind of randomly distributed inhomogeneity are taking place [13, 164-169] but 

this is still not clear if whether these are point defects, glass free volume, nano-

agregates already present or initiate by the first pulse like nanovoids for example in 

some recent suggestions. For example, the single isolated nanoplane was achieved in 

porous silica prepared from the phase-separated alkali-borosilicate glass [170-172]; 

and combining the experimental results with the concept of the surface plasma wave 

excitation, the significance of the seed structure was proposed. In addition, the 

constructive interference of scattered light was considered to explain the extreme 

reduction down to sub-100 nm of the nanogratings period, which breaks the limits of 

some models like n or /2n. This correlates very well with the formation of surface 

ripple, when experimentally is proven that the period depends on the number of pulses 

[142]. 

One of the first models for nanogratings formation was proposed by P. Kazansky and 

based on the interference of the bulk electron plasma longitudinal wave propagating 

in the plane of light polarization with the incident light [13]. The early stage coupling 

is triggered by inhomogeneities induced along with the motion of free carriers. The 

periodic structure results due to the interference, enhances the coupling and generates 

a periodic modulation of the plasma concentration (Ne1021
 cm-3). As a result, this 

modulation is further frozen into a material structural change. Conversely, the model 

does not work in the case of subcritical plasma concentrations. Further, this model was 

adjusted by assuming a two-plasmons decay [173]. The two-plasmons decay is the 

parametric process in which the incident photon is separated into two plasmons, i.e. 

two electron plasma waves. The interference between two plasmons of the same 

frequency propagating in opposite directions produces periodic sub-wavelength 

modulations (Cherenkov mechanism of momentum conservation). The characteristic 

generation of the 3/2 harmonic may be observed due to the decay process. Although 

the model is valid for plasma concentrations (1020
 cm-3) lower than the critical density 

Ncr, this was never confirmed experimentally by independent research groups.  

The model based on attractive interaction and self-trapping of exciton–polaritons was 

suggested to explain the periodicity of nanogratings in the direction of light 

propagation [167]. The two dispersion branches of exciton–polaritons are excited 

simultaneously by multi-photon absorption. As a result, the interference of 

propagating exciton–polaritons results in the polarization grating. After the relaxation 

process ( ps) to indirect states decoupled from light, the excitons can be trapped 

freezing the grating pattern formed by the exciton-polariton interaction with light [174]. 

The process is followed by the generation of molecular oxygen [15, 175] and 

nanoporous structure [15, 176] that originate the formation of nanogratings. 
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Fi g. I - 1 7   ( a) A s y m m etri c fi el d e n h a n c e m e nt at t w o l o c ati o ns o n a n a n o pl as m a u n d er t h e i nfl u e n c e of t h e 
l as er el e ctri c fi el d E [ 1 6 5]. ( b t o e) E v ol uti o n of n a n o pl as m as i nt o n a n o pl a n es. R a n d o ml y distri b ut e d u n d er-
d e ns e n a n o pl as m a dr o pl ets (t y p. a f e w n m - 1 0’s n m) gr o w as y m m etri c all y i n t h e pr es e n c e of t h e l as er fi el d 
o v er h u n dr e ds of l as er p uls es t o b e c o m e elli ps oi d al a n d fi n all y fl att e n a n d m er g e t o b e c o m e mi cr o m et er -si z e d 
n a n o pl a n es. ( Ri g ht si d e, [ 1 7 7, 1 7 8]) P a n el A: s c h e m ati c di a gr a m of p eri o di c λ/ 2 n -s p a c e d pl a n ar str u ct ur es. 
W h e n irr a di at e d t h e y f or m pl as m a pl a n es ( N e > N cr) t h at g ui d e li g ht t o r ei nf or c e t h e gr o wt h of pl a n es i n t h e 
b ott o m p orti o n of t h e c arr ot str u ct ur e. P a n els B a n d C: cr oss -s e cti o n al S E M  i m a g es of pl a n e f or m ati o n. P a n el 
B: 1 0 0 fs, 3 5 0 nJ a n d 1 m m/s s c a n ni n g s p e e d. P a n el C: 1 5 0 fs, 3 0 0 nJ a n d s c a n ni n g s p e e d of 3 0 μ m/s.  

T h e m o st a c c e pt e d m o d el f or n a n o gr ati n g s f or m ati o n i s t h u s b a s e d o n a 

n a n o pl a s m o ni c pr o c e s s [ 1 6 5, 1 7 7, 1 7 8] a s d e s cri b e d i n Fi g. I -  1 7 . M or e s p e cifi c all y, t h e 

g e n er ati o n of “ d ef e ct s” ( still t o b e i d e ntifi e d) i n si d e sili c a m atri x i s f oll o w e d b y t h e 

f or m ati o n of i n h o m o g e n e o u s pl a s m a. U n d er t h e m ulti p ul s e r e gi m e, t h e pl a s m a 

h ot s p ot s e v ol v e i nt o s p h eri c all y s h a p e d n a n o pl a s m a. B ut d u e t o t h e l o c al fi el d 

e n h a n c e m e nt at t h e b o u n d ari e s, t h e p ol ari z ati o n s e n siti v e gr o wt h of i niti all y s p h eri c al 

n a n o pl a s m a will o c c ur. W h e n t h e el e ctr o n c o n c e ntr ati o n i s b el o w t h e criti c al d e n sit y, 

t h e el e ctri c fi el d i s e n h a n c e d at t h e e q u at or l e a di n g t o n a n o pl a n e s f o r m ati o n i n a 

m ulti p ul s e s pr o c e s s. T h e fi n al p att er n l e a d s t o t h e p eri o d of 𝜆 / 2 n . H o w e v er, if t h e 

pl a s m a d e n sit y i s t o o hi g h, t h e d o mi n a nt e n h a n c e m e nt at p ol e s w o ul d b e i niti at e d, a n d 

n a n o gr ati n g s w o ul d n ot b e pr o d u c e d. R e c e ntl y, t h e n a n o pl a s m o ni c m o d el h a s b e e n 

i m pr o v e d b y i ntr o d u ci n g r a n d o ml y di stri b ut e d i n h o m o g e n eiti e s t o s e e d t h e pr o c e s s i n 

f u s e d sili c a [ 1 6 8]. W h e n i n cr e a si n g t h e s e e d c o n c e ntr ati o n, t w o t y p e s of n a n o pl a n e s 

ori e nt e d p er p e n di c ul ar t o t h e p ol ari z ati o n w er e i d e ntifi e d. F or l o w c o n c e ntr ati o n of 

n a n o s p h er e s, t h e l o w s p ati al fr e q u e n c y n a n o pl a n e s wit h t h e p eri o d of 𝜆 / 𝑛  ar e f or m e d, 

a n d attri b ut e d t o t h e i nt erf er e n c e b et w e e n t h e i n ci d e nt w a v e a n d t h e i n h o m o g e n eit y 

s c att er e d li g ht w a v e s ( s e e Fi g. I -  1 8  a, b, c). F or hi g h c o n c e ntr ati o n s of n a n o s p h er e s, 

t h e m e c h a ni s m c h a n g e s a s t h e m ut u al e n h a n c e m e nt i n d u c e d b y t h e m ulti pl e s c att eri n g 

fr o m n a n o pl a s m a s b e c o m e s d o mi n a nt. T h e n a n o pl a s m a s d e v el o p fr o m r a n d o m 

i n h o m o g e n eiti e s i nt o t h e hi g hl y or d er e d hi g h s p ati al fr e q u e n c y p att er n, wit h t h e 

c h ar a ct eri sti c p eri o d ar o u n d 𝜆 / 2 𝑛 . I n f a ct, a s d e s cri b e d i n Fi g. I -  1 8  b t h e p eri o di cit y 

m a y d e cr e a s e dr a sti c all y wit h t h e f urt h er i n cr e a s e of i n h o m o g e n eiti e s c o n c e ntr ati o n 

u ntil t h e n a n o pl a n s m er g e i. e. g e n er ati o n of u nif or ml y di stri b ut e d pl a s m a o v er t h e 

irr a di at e d r e gi o n. I nt er e sti n gl y t hi s m o d el c o ul d b e a d a pt e d e x pl ai ni ng b ot h v ol u m e  

e < 1  w h e n r < r crit  B h a r dw aj et al. P h y s.  R e v. L ett. 9 6 ( 20 0 6 ) R. T a yl or, L a s e r & P h ot o n R e v 2 
( 20 0 8 )  
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nanogratings and surface ripples.  

Fig. I - 18 Electron density snapshots are calculated by coupled 2D-FDTD at the end of the pulse duration θ 
= 240 fs (FWHM) for different initial concentration of randomly distributed (a) Ci = 0.1%, (b) Ci = 1%, and 
(c) Ci = 3%. The pulse energy is fixed to E = 500 nJ. The irradiation wavelength is 800 nm. (d) Period 
dependence on the number of pulses from experimental data comparing with the dependence on the concen-
tration of inhomogeneities from numerical modeling. Extracted from Ref. [168]. 

It remained to determine the nature of these nanoplanes. Some saw fractures, others 

oxygen depletions [13]. Our recent studies using both SEM and TEM (never published) 

indicate that nanogratings are formed by the alternation of “uniform” and porous glass 

layers [15, 134, 176]  (see Fig. I - 19 below). The interior of the nanogratings was 

examined by cleaving the sample after laser irradiation. If the nanograting planes were 

parallel to the cleavage the interior structure could be observed with field emission 

electron microscope, which could reveal small features otherwise covered by 

conductive coating. The areas appearing white are areas that, although having been 

irradiated, have remained dense, while the parts that are nanoporous are the 

nanoplanes that have been cleaved in their plane. The formation of nanopores was 

attributed to SiO2 decomposition into SiO2(1-x) + x.O2 due to an electronic heating 

leading to an expulsion of ionized oxygen atoms [15] with a tensile stress mechanism 

[179] that was recently revisited as a nanocavitation process [75]. The oxygen atoms 

are thus found in the interstitial position and recombine to form oxygen bubbles as 

confirmed by Raman spectroscopy. The typical diameter of nanopores ranges from 10 

to 30 nm. Small angle X-ray scattering measurements further confirmed nanoporous 

structure of the nanogratings interior [176, 180, 181].  
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Fig. I - 19 SEM images of laser tracks cross-section. With the laser polarization parallel (a) to the scanning 
direction. (b) and (c) show close-ups of the nanoporous regions. Images extracted from Lancry et al. [15]. 

I.7 NANOGRATINGS DEPENDENCY ON LASER PARAMETERS  

The ultimate goal is to produce a 3D printable anisotropic material, combining the 

benefits of durability and polarization sensitivity. In this section, the range of different 

parameters was discussed in order to gain the basic understanding how to control the 

ultrafast laser engineered birefringent structure. The main processing parameters are 

roughly summarized in Fig. I - 20. 

I.7.1 Laser parameters (pulse duration, pulse energy, etc.) 

Experimental observations suggest that the stationary printing and scanned 

modification require different parameters to obtain uniform nanostructures towards 

practical applications. If the target is high retardance, the pulse energy and pulse 

duration have to be increased, reducing the quality of the structure. If the target is 

uniform modification in scanning regime, sufficient pulse energy and repetition rate 

have to be chosen. Therefore, the best trade-off between all the parameters and the 

nanostructure should be achieved. A summary of the main experimental results and 

typical trends related to retardance formation within Type II regime in silica glasses is 

shown in Fig. I - 20. This summary was extracted from the PhD thesis of Ausra 

Cerkauskeité [59]. 

Wavelength: Decrease in wavelength leads to lower pulse energy required to obtain 

the modifications with the same level of retardance and a short period (see Fig. I - 21 

a). It has been also demonstrated that shorter wavelength provides lower modification 

threshold but at the expense of higher losses in the UV-Vis range [182]. This is 

promising in terms of high density printing for 3D geometric phase optics but also 

optical data storage (energy reduction). However, the systematic investigation of the 



 

41 

quality of the structure and processing parameters should be done in order to optimize 

the writing system. 

Pulse number: Currently a few pulses are required to induce self-organized 

nanostructure i.e. to create orientable linear birefringence. Retardance tends to 

saturate within at least tens of pulses delivered to the same spot. Period is decreasing 

with increasing pulses (see Fig. I - 21 a). 

Pulse duration: As it can be seen in see Fig. I - 22, with the increase of pulse duration 

and pulse energy, the increase of retardance is observed leading to more rough 

structure [20, 86, 109, 183]. This suggests working close to the modification threshold, 

as in general smooth modification produces less scattering and allows recording 

information with the distance of the modification spot leading to high-density data 

storage. Strongest retardance is observed in the 500-2000 fs range. 
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Fig. I - 20 Summary of the main experimental results and typical trends related to retardance formation within 
Type II regime in silica glasses. Extracted from PhD thesis of Ausra Cerkauskeité [59]. 

Fig. I - 21(a) Nanogratings period dependence on the laser wavelength. Dash line is for the /2n theoretical 
limit predicted by the nanoplasmonic model and considering material dispersion. (b) Nanogratings period 
dependence with the number of pulses. Laser parameters: 515 nm, 450 fs, 500 kHz, 190 nJ/pulse. Data ex-
tracted from Ref. [184]. 

Repetition rate: The nanogratings formation is very sensitive to the laser processing 

conditions and usually is affected by other effects such as heat accumulation and 

further local temperature increase. Although the periodic structure is formed within 

hundreds of picosecond after the irradiation, under high local temperatures the self-

organized nanostructure can relax to its initial state before the resolidification takes 

place leading to the erasure of nanogratings [75, 98, 185]. So with the increase of 

repetition rate up to the tested region of 10 MHz, retardance decreases [184] as shown 

in Fig. I - 23 a. However, the nanogratings induced with 5 MHz still could be exploited 

for fast data printing, high-speed writing of space variant birefringent optics, 5D optical 

data storage [59] or polarization maintaining waveguides. 

Fig. I - 22 False-color map of the optical retardance within Type II regime (nanogratings) in dependence of 
pulse energy and pulse duration, extracted from Ref. [175]. (b) Typical SEM images are shown for 0,4 ps and 
1,9 ps pulse durations (1030 nm, 0,55 NA, 1,5 J/pulse). (c) Threshold pule energies for the different regimes 
in silica glass according to the laser pulse duration, from Ref. [86]. 
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Fig. I - 23(a) Fast color map of the retardance as function of repetition rate and pulse energy. White lines 
correspond to constant average power in Watts. Laser parameters: 515 nm, 450 fs, 0,55 NA and the pulse 
number was kept fixed at 103 per micron by adjusting the scanning speed. (b) Optical retardance in Type II 
regime for different objectives NA and according to the laser pulse energy. Dashed lines represent a guide-
to-the eye. Laser parameters: 1030 nm, 450 fs, 200 kHz, 103 pulses per micron. Graphs are extracted from 
Ref. [175].  

Focusing conditions: Using tight focusing, the shorter structure is induced providing 

the lower value of retardance [12, 20, 110, 186] as illustrated in Fig. I - 23 b. Nonetheless, 

the use of nanogratings for multidimensional data storage lies behind relative high and 

low levels of retardance, and not behind absolute values. Thus, even with high 

numerical aperture objective the additional dimension can be explored. Apart from that, 

using tight focusing, it is expected to have smaller structure leading to higher spatial 

density of “printed data”.  

Fig. I - 24(a) Retardance within Type II regime for laser tracks written with bursts of different pulse numbers 
within each burst and with continuous pulses (dash line). (b) SEM images for nanogratings written with 
continuous pulses and burst mode. Laser parameters: 515nm, 450 fs, 1 MHz, 0,55 NA and 0,15 J/pulse. 
Extracted from PhD thesis of F. Zimmermann [175]. 

Formation timescales: The ultrashort pump pulses will be used to seed electrons and 

defects to facilitate nanogratings formation [184, 187, 188]. The ability to control self-

assembly processes by ultrashort laser pulses (seeding and efficient energy deposition) 

will allow to induce nanostructures with several pulses (burst of pulses) increasing 

writing speed by multiple orders of magnitude. For example, when the number of 

pulses within a pulse is between 2 and 4, a much higher retardance is measured (See 

Fig. I - 24 a). The short time (typ. 100ns) between pulses within a burst promotes a 

more efficient absorption due to laser-induced transient defects from previous pulse. 



 

44 

In particular the relaxation of excited electrons involves the formation of STE [77, 189], 

which decays at least several hundred ps into point defects. Thus it seems that transient 

defects facilitates the formation of nanostructures [167, 187] as shown in Fig. I - 24 b. 

Structure quality: Optical scattering is one of the key factors limiting the technology 

for multiple layer printing. Because of imperfections of induced nanostructures, like 

stress, cracks, melting, typically as much as 10-50% of the incident light is scattered in 

visible spectral range [182]. Also, for most optical components the slow-axis and 

retardance uniformity have to be achieved. As it was shown in[59], the uniformity of 

nanogratings can be realized working close to modification threshold but also using 

nanoporous silica materials [190]. 

Future work: It is technologically attractive to use the ultrafast laser direct writing, 

which offers manufacturability and rapid prototyping of optical elements at reduced 

costs. However, the mechanisms, which lead to the induced modification in the bulk 

material, are still not well understood. It is known that the process is strongly 

compromised by plasma scattering and self-focusing, which clamps laser intensity. The 

lack of control over these processes leads to slow writing speed and uneven 

nanostructures resulting in excessive scattering in the fabricated optical elements. 

Therefore, the key challenges towards the practical use of the technology have to be 

considered and explored in the future work including this PhD thesis.  

As an intermediate conclusion, the observation of femtosecond laser-induced 

nanogratings structures in transparent medium has opened an avenue to a new 

research topic in the field of laser-matter interaction. The self-assembly periodic 

structures of nanogratings not only imply new mechanisms of the ultrafast laser-matter 

interaction process under extreme physical conditions but also exhibit favorable 

properties that are promising in developing micro-optical elements and new 

micromachining technologies. Therefore, it will continue to be a hot research topic in 

future time. Through years of study, the details of the nanogratings formation process 

have been constantly revealed, leading to new theories and improvement in previous 

models. However, there are still plenty of contradictory results between physical 

models and experimental results, since none of the existing theories can completely 

explain all the formation mechanisms of nanogratings induced in different mediums. 

And even the existence of a universal theory still remains controversial. Much more 

fundamental research is needed in the future to fully understand the whole process. 

Concerning practical application, great progress has been gained in recent years and 

some research groups have demonstrated several impressive integrated optical 

elements in labs. Despite all these achievements, the regularity of nanogratings 

prepared by existing process is yet far from commercialization and the available 

materials for practical nanogratings fabrication are still very limited. This is because that 

the mechanism of nanogratings formation in many materials is not very clear yet. 

Namely, the exact relationship between processing conditions and final dimension of 

nanogratings in difference materials has not been fully established. Besides, due to the 
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limit of the size of tightly focused light spot, the efficiency of inducing nanogratings is 

also not high enough for large-scale fabrication. Hence, further investigation is 

necessary in expanding available materials, refining quality and improving efficiency. 

In recent years, we witnessed a quick development of various advanced ultrafast laser 

related techniques such as time-resolved femtosecond laser technique, real-time 

femtosecond imaging, femtosecond pulse shaping, multi-beam interference and phase 

control of ultrafast light field, etc. We believe these technological advances will 

definitely contribute a lot to help researchers to understand the dynamics of ultrafast 

laser-matter interaction and will lead to a much more precise control of optical 

properties of the nanogratings. 

I.8 CHEMICAL COMPOSITION EFFECT ON THE FORMATION OF NANOGRATINGS 

One of the most spectacular effects of the interaction of tightly focused femtosecond 

(fs) laser pulses inside or at the sur-face of materials is the production of a special 

nanostructure called nanogratings (NG) or “Type II” modification regime. One example, 

inscribed in silica (SiO2) glass, is provided above in Fig. I - 19. Inside the focal volume 

(here approximately 3 µm and 25 µm in width and length, respectively), the observed 

contrast takes the shape of dashes or lamellae, which are parallel to each other and 

perpendicular to the laser polarization orientation. After the discovery of these 

structures inside silica glass in 2003 [13], the substructure was found to be similar to 

an assembly of disks being a few µm in diameter [191]. 

This exemplar of NGs is the conventional view, since most of the work has been carried 

out in silica glass. But they have also been observed and reported in many other solid 

compounds. Overall, NGs can be sorted into several categories. The most popular, as 

mentioned above, is the one primarily revealed in SiO2 with an arrangement of porous 

nanoplanes containing spherical nanopores of 10–20 nm diameter in size [13]. It is 

produced by oxide decomposition due to local temperature increase [192], sensitive to 

the laser polarization, and giving rise to form birefringence with a large retardance 

amplitude as a resulting property. This type of NGs induced in volume and by 

femtosecond (fs) laser were observed in several glasses or crystals, including doped 

silica with F, P, Ge, Cl, OH [124], GeO2 glass [193-195], SiO2-GeO2 glasses [179, 180], 

TiO2-SiO2 glasses ([185, 196], TeO2 single crystal [197], sapphire [198], Al2O3-Dy2O3 

binary glass [199], lithium niobium silicate [200], or titanium silicate glasses (ULE, 

Corning) [196] and even in multicomponent aluminoborosilicate glasses (Borofloat 33, 

Schott) [196]. In β-Ga2O3 [201, 202] and in the Ba2O3-GeO2-Ga2O3 glass family (BGG) 

doped with Na, K, or La, there is no laser irradiation conditions pointing out NG 

formation, although doping with Ta, Gd, or Zn showed otherwise [21, 203]. This is an 

example to highlight that a small addition of dopants can significantly impact the 

dynamics of NGs formation. 

To continue the above list, NGs were obtained in alumino-silicate families [21, 204, 205], 

i.e., alumino-silicate glasses including B2O3, Na2O, and/or CaO that can vary in a large 
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proportion. NGs are also found in crystals with small forbidden gaps such as Si, GaP, 

4H-SiC, GaN, or GaS [206]. In recent work, the possibility to inscribe NGs was shown in 

sodium borosilicate glass (SBS) with the molar composition of 68% SiO2, 27% B2O3, 4% 

Na2O, and 1% Al2O3 [207]. This composition lies in the range of metastable liquation, 

which makes it possible to form a phase-separated structure in it by means of thermal 

treatment. Microregions with polarization-sensitive birefringence are formed when typ. 

≥ 105 fs laser pulses are deposited inside the glass. The laser pulse energy range 

enabling the formation of nanogratings and the phase shift obtained in the birefringent 

regions increase with the increasing number of writing pulses, and the formation of 

nanogratings is accompanied by the migration of sodium cations outside the laser-

modified region. 

Additionally, nanogratings inscription was demonstrated in nanoporous silica (sol-gel, 

Vycor) [190] and in binary sodium silicate glasses xNa2O—(100—x)SiO2 with x = 5 and 

15. It revealed the effect of nano-periodical chemical differentiation inside NGs in the 

x = 15 glass composition, with the Na concentrated near the nanoplanes [208, 209]. 

Very recently, J. Wang et al. [210] showed the formation of NGs in sodium germanate 

(SG) glass with a 5Na2O-95GeO2 molar composition. Unlike in sodium silicate glasses, 

an increasing Na2O content to 10 mol% was reported to prevent NG formation in these 

compositions. 

In Ref. [211], the authors also investigated the formation of NGs in SG glasses, but for 

Na2O contents ranging from 3 to 22 mol.%. They revealed aspects of their inscription 

drastically different from those in fused silica, although their structure is shown to have 

much in common. This is another exemplar that the glass composition has a critical 

effect on the NG writing conditions. Moreover, a minimal number of pulses required 

to induce form birefringence grows exponentially with the Na2O content. The 

formation of NGs in 22Na2O·78GeO2 glass is accompanied with precipitation of 

Na2Ge4O9 crystals inside and around them. For completeness, it must be pointed out 

that a form of birefringent nanostructure, appearing at a low pulse energy regime, has 

been recently observed by Sakakura et al. [2] (labeled Type “X”, as opposed to “Type II” 

for NGs). It is a homogeneous production of asymmetric nanopores, oblate in the 

direction parallel to the laser polarization. One possible explanation is the 

destabilization of the oxide [15] or nanocavitation [16, 212] by multiphoton ionization 

on lattice irregularities. The effect of nanopores flattening is attributed to near field 

enhancement with linear polarization [213]. For larger pulse energies (i.e., larger 

intensities), the induced plasma is observed to reorganize in arrays as predicted for 

higher energies [167, 214] and drag the nanopores into nanoplanes. 

A second type on NGs is found in oxide crystals and semiconductors (TeO2 [197], Al2O3 

[198], and Si [206]), where mostly arrangements of cracks, perpendicular to laser 

polarization, reveal the nanogratings. A third kind of NG is found in quartz crystal by 

periodic amorphization likely due to local fluctuations of thermal effect induced by the 

electron plasma structure [215]. Finally, a fourth kind of NG appears to be a partially 
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crystalline nano-periodic structures. They were observed, for example, in 33Li2O-

33Nb2O5-34SiO2 glasses (LNS glass precipitating LiNbO3, [200]), in (33Li2O-33Nb2O3-

34-xSiO2)-xB2O3 glasses (LNSB non-congruent glasses) [216], in 65Al2O3-35Dy2O3 glass 

(congruent glass composition for Dy3Al5O12) [199], and in 20Na2O-80GeO2 glasses 

(congruent glass composition for Na2Ge4O9 [211]). Obviously, the periodicity arises 

from an interplay between multiphoton ionization and the glass constituents. 

In the case of 20Na2O-80GeO2 glasses, the crystallization occurs mainly around the 

NGs and in the experimental conditions of the study. However, it is not the case for 

65Al2O3-35Dy2O3 glasses, for which crystallization is inside the NG region, but the 

experimental resolution cannot bring up information on its distribution. As for LNS, the 

only noncongruent glass studied, the NGs are produced through an allotropic phase 

separation (SiO2 lamellas and LiNbO3 in between) [200]. A thorough study of this 

irradiated glass in Ref. [217] demonstrated that the spatial periodicity of the phase 

separation is influenced by the induced plasma. Indeed, it is much larger than the 

spontaneous one, i.e., simply induced by a temperature elevation. However, for NGs 

composed of nanopores or cracks such as in silica, there is no periodic chemical 

migration. Moreover, in all models describing the mechanisms on NG formation, there 

is no feature that can explain a phase separation, because the material is always 

considered homogeneous; just some defects can play a role in the mechanism by 

seeding a hot spot of nanoplasma [213] and triggering a local thermal effect. The 

distribution difference between positive and negative charges is not taken into account 

and cannot explain the influence of light on the phase separation [39]. For that purpose, 

in a recent paper from our group, B. Poumellec et al. [218] consider the charge 

distribution induced upon light irradiation, analyzing more deeply compared to our 

previous publication and showing semi-quantitatively that the quasi-free electron 

plasma arrangement may interact with the phase separation, opening a way to its 

engineering. 
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I.9 CONCLUSION 

This chapter introduces the background of this thesis. The necessary information is 

summarized in this chapter.  

First, the structures and the point defects of the silica and multicomponent oxide 

glasses are illustrated briefly, and they affect the optical, mechanical, and thermal 

properties. One important thermal property, the viscosity of the glass and the 

equations of the viscosity versus temperature is introduced. The viscosity of the glass 

versus temperature plays an essential role in the formation and erasure of NGs induced 

by FLDW. There are few reports about the viscosity effect on the formation of NGs.  

Second, we briefly introduce the propagation of ultrashort laser pulse in a dielectrics 

medium, including the related definitions of femtosecond laser pulses, the interaction 

between laser and glasses, and the related effects in the process. FLDW is a powerful 

tool to create both local and volumetric modifications in transparent materials, such as 

optical glasses. The different types of modifications, especially Type Ⅱ (NGs), and their 

properties and tentative formation mechanisms, are reviewed. NGs are the most 

exciting modifications imprinted inside most oxide glasses. The orientation of NGs can 

be controlled by light polarization, and they behave as negative uniaxial birefringent 

material. NGs have drawn attention to applications/fields, including birefringent optical 

devices, 3D geometric phase optics, optical data storage, microfluidic, structural health 

monitoring, and high-temperature sensing. We focus on the Type Ⅱ (NGs) in this thesis. 

Meanwhile, our objective is to study the mechanism of the equilibrium between the 

NGs’ formation and erasure.  

Finally, the chemical compositions of glass significantly influence the nanostructuring, 

properties, and morphologies of the formation of NGs. The different chemical 

composition effects on the formation of NGs is introduced in short at the end of this 

chapter. However, a comprehensive understanding of the reasons behind the various 

discrepancies observed is still lacking. 

So, how do the glass's chemical compositions and viscosity affect the NGs’ 

formation/erasure? The following chapters give some proposals about it.    
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Chapter II. STUDY OF NANOGRATINGS FORMATION INDUCED BY 

FLDW IN MULTIPLE OXIDE GLASSES   

II.1 INTRODUCTION 

Nanogratings (NGs) imprinted by femtosecond laser direct writing (FLDW) inside 

glasses are extraordinary nanostructures with application fields such as optics, 

microfluidics, optical data storage, sensors etc. Based on previous chapter, the origin 

of NGs based on state-of-the-art results, has been discussed. In this chapter, we focus 

on studying the role of glass composition on their formation, by investigating FLDW in 

multiple oxide glasses.  

In the first part, we investigate the Type II (NGs) window in a pulse energy-repetition 

rate (Ep-RR) landscape inside five different oxide glasses, SiO2(SuprasilCG), GeO2, 

free/low alkali aluminoborosilicate (Schott glasses AF32 and Borofloat33) and alkali 

borosilicate (BK7) using the similar laser parameters. Following this, we discuss the 

impact of glass viscosity on the formation of NGs, which is a key property to consider. 

The domain of the NGs existence is defined using a viscosity argument under thermal 

and pressure confinement conditions. The lower limit corresponds to the NGs 

formation or nanocavitation and is defined as the temperature(T) for which the glass 

viscosity reaches around 106.6 Pa∙s. The higher limit relates to the NGs erasure through 

nanopore collapsing and is defined as the temperature at which the viscosity reaches 

103.0 Pa∙s. The experimental windows agree with the arguments developed through this 

viscosity approach.  

In the second part, the investigated glasses are extended to more glass including 

commercial ones:  aluminoborosilicates (Eagle XG and 7059), Soda-lime, titanium 

silicate (ULE), in addition to the previously investigated glasses. They all exhibit interests 

in different applications such as flat glass for display and silicon wafer assembly (Eagle 

XG, AF32), glass substrate for electronic components (7059), infrared photonic devices 

(GeO2), precision optics for medical technologies, photovoltaic or space telescope 

substrates (Borofloat33), visible and near-infrared prisms and micro-optic elements 

(BK7). The Ep-RR landscapes or NGs windows inside these 9 commercial glasses are 

summarized and compared. The retardance (R) of the NGs is measured by polarized 

microscopy. Scanning electron microscopy (SEM) is used to confirm the porous nature 

of the nanolayers composing the NGs.  Moreover, the quantitative birefringence values 

of the NGs can be determined with complementary information of the laser track 

length from SEM analysis. The alkali or alkali earth content effects on the NGs window 

and the performance were compared and rationalized. The viscosity approach applies 

well in this extended glass composition range, and theoretical NGs window is well 

correlated to the experimental one.  

In the third part, we investigate the NGs formation in a series of aluminoborosilicate 
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doped with alkali (Na+) and alkaline earth (Ca2+) element, named SAN, SAC, and SACN. 

The NGs possessing window is in the Ep and pulse duration (tp) landscape and R is 

measured via polarized optical microscopy. The NGs possessing windows are assessed 

according to the (Na2O + CaO)/Al2O3 and B2O3/Al2O3 ratios. The effects of the glass 

chemical composition and its correlation to viscosity is discussed.  

In the last part of this chapter, we analyze the internal nanostructure of the NGs and 

its formation inside silica glass via SEM, scanning transmission electron microscopy 

(STEM), high-resolution transmission electron microscopy (HRTEM) and atomic force 

microscopy (AFM) techniques. Through NG observation under different orientations, it 

is revealed that oblate nanopores compose the nanolayers, being discontinuous and 

of a wavy shape. The periodicity of the NGs is investigated, along with the effect of 

deposited pulse density on it. Based on the findings herein and literature, we discuss 

formation mechanisms of the NGs in a plasma-mediated nanocavitation process.   

II.2 APPLICATION AND VALIDATION OF A VISCOSITY APPROACH TO THE EXISTENCE 

OF NANOGRATINGS IN OXIDE GLASSES 
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II.3 ON THE FORMATION OF NANOGRATINGS IN COMMERCIAL OXIDE GLASSES BY 

FEMTOSECOND LASER DIRECT WRITING 
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II.4 VOLUME NANOGRATINGS INSCRIBED BY ULTRAFAST IR LASER IN ALUMINO-

BOROSILICATE GLASSES 
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II.5 NANOSCALE INVESTIGATIONS OF FEMTOSECOND LASER INDUCED 

NANOGRATINGS IN OPTICAL GLASSES   
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II.6 CONCLUSION 

This chapter provides insights on the effect of viscosity on the existence of NGs during 

FLDW, supported by experimental evidences and theoretical ones (Rayleigh-plesset (R-

P) equation), applied to predict the NGs possessing window. The pressure and thermal 

confinement conditions are considered in this approach. The NGs domain is bound 

between two limits: i) a low temperature one, the viscosity at ~106.6 Pa∙s, corresponding 

to a cavitation mechanism, ii) a high temperature one the viscosity value typically 

around ~103.0 Pa∙s, for which the pores experience either growth or collapse, leading 

to a disappearance of the NG structure. There is a high correlation between the 

temperature interval from the viscosity curve and the NGs processing window 

landscape in different commercial glasses and a series of alumino-borosilicate glasses. 

The viscosity plays a key role in the formation of NGs window. 

Secondly, the NGs window in the Ep-RR landscapes among 9 different oxide 

commercial glasses and in the pulse energy and pulse duration landscapes among a 

series of alumino-borosilicate glasses, shows narrow when the alkali and alkali earth 

elements / glass network formers (Si, Al or Ge element) ratio increase.  And the B / Al 

ratio has effects on the NGs window in negative correlation. The doping of alkali and 

alkali earth elements in silicate glasses decrease the NGs window because the fast 

mobility during the laser processing, and is closely related to the glass viscosity.  

Finally, the formation of the ‘’self-organized’’ pores NGs in oxide glasses was 

investigated by SEM, HR-TEM and STEM to the intrinsic nanostructure. From the 

images, the oblate nanopores populate some array of non-continuous nanoplanes, 

which grow perpendicularly to the laser polarization direction and along the laser 

propagation direction. Some tiny elongated nanopores were also found between the 

long and fully-grown nanoplanes. These nanopores will grow and merge in a 

multipulse regime, resulting in a pulse-to-pulse decrease of the averaged periodicity 

much below λ/2n as reviewed. The plasma-mediated nanocavitation model discussed 

the formation of these “light forced-organized” (rather than self-organized) sub-

wavelength NGs in a multipulse view. 
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Chapter III. STUDY OF THE ERASURE OF THE NANOGRATINGS BY 

THERMAL PROCESS  

III.1 INTRODUCTION 

The investigation of thermal stability for self-organized porous NGs imprinted by FLDW 

in transparent materials is useful for high temperature optical devices application, 

especially for the designers to predict their working conditions (upper temperature and 

time). Upon thermal annealing, the retardance (R) or linear birefringence is 

progressively erased, characteristic of NGs erasure. 

In the first part of the chapter, we study the thermal stability of NGs in 8 commercial 

oxide glasses (Schott BK7, Borofloat 33 and AF32, Corning ULE, Eagle XG and 7059, 

Heraeus Suprasil CG and Marienfield Superior soda lime, as listed in the second chapter) 

by monitoring R induced by the NGs and upon isochronal thermal annealing 

experiments (time step = 30 min). The upper temperature of NGs erasure can be 

recorded during the evolution of the R as the temperature increase. From the 

observations gained by annealing experiments, we demonstrate that the collapse of 

nanopores created during the laser irradiation is also strongly related to the 

temperature dependence of the glass viscosity. An upper temperature limit to the NGs 

survival can be deduced based on the thermal process considered (annealing, laser 

irradiation process etc.). The time and temperature couple must be considered in the 

erasure of NGs since it is a kinetics problem, and a relationship between the two in a 

NGs erasure context is established. 

In the second part, we exploit and adapt the VAREPA (variable reaction pathways) 

framework to predict the lifespan of NGs inscribed by FLDW inside 8 commercial oxide 

glasses. First, a model of NGs aging taking into account the evolution of nanopores as 

a function of temperature is considered using the Rayleigh-Plesset (R-P) equation. 

Second, we exploited the modeled thermal ageing data using the master curve 

approach. Finally, we rationalize the predictions in different commercial glasses, 

extending our work much beyond silica, and obtained theoretical results are then 

compared to experimental ones. 

In the last part of this chapter, we develop a heat diffusion model combined with 

Rayleigh-Plesset equation to simulate the time-temperature evolution of nanopores 

along the laser heat cooling profile. And we define a criterion to determine the energy 

threshold that results in the collapse of the NGs processing window in the Ep-RR 

landscapes. Then we consider a multiple pulses approach to analyze the heat 

accumulation at steady state for various repetition rates. we simulate the maximum 

deposited energy that leads to the erasure of NGs along the laser cooling profile for a 

wide range of commercial optical glasses compared to available experimental data. 
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III.2 UPPER TEMPERATURE LIMIT FOR NANOGRATING SURVIVAL IN OXIDE GLASSES 
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III.3 LIFESPAN PREDICTION PROCEDURE OF VOLUME NANOGRATINGS IMPRINTED BY 

FEMTOSECOND LASER IN OPTICAL GLASSES  
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III.4 MODELING NANOGRATINGS ERASURE AT HIGH REPETITION RATE IN 

COMMERCIAL OPTICAL GLASSES 
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III.5 CONCLUSION 

This chapter presents the thermal stability of self-organized pores NGs imprinted by 

FLDW in 8 commercial glasses by isochronal annealing experiments. The erasure of 

NGs is attributed to the collapse of the nanopores and monitored by R measurements. 

The evolution of the R during isochronal annealing can theoretically predicted through 

the R-P equation. There is an excellent agreement between the experimental and 

predicted erasing temperatures, with discrepancies not more than typ. 50C for all 

glasses investigated. The erasure of NGs in glass is intimately related to viscosity and 

the equation of the erasure time has been established using simplified R-P equation. It 

is used to theoretically predict the erasure of NGs in the context of any time–

temperature process (e.g., thermal annealing, laser irradiation process, “any thermal 

treatment”). We found that the upper temperature limit under irradiation conditions 

corresponds to a temperature for which the glass viscosity value is log (η, Pa∙s) ~ -0.75 

in the hypothesis where we consider a characteristic time of 30 ns, or log (η, Pa∙s) ~ 1 

for a timescale of 1 µs, corresponding to a typical diffusion time. However, this 

temperature limit is lowered for much longer processes like isothermal / isochronal 

annealing where log (η, Pa∙s) ~ 10.1.     

By using the R-P equation and the VAREPA framework, we propose to predict the 

lifespan of nanogratings by coupling numerical modeling of optical retardance through 

accelerating thermal ageing. To build a so-called Master Curve, the modeled 

retardance is gathered based on the time-temperature annealing conditions. The 

erasure reaction constant rate k0 of different oxide glasses can be deduced in 

simulation. The experimental data also can valid the master curve and the prediction is 

excellent at 50% erasure ratio. The physical interpretation of the k0 and activation 

energy distribution has been provided, which is strongly related to the glass viscosity 

and its temperature dependence. And the log of the erasure constant rate, ln(k0), was 

shown to linearly scale up together with the Angell’s glass fragility, m.  

Using a Fourier heat diffusion model combined with R-P equation, we simulate the 

nanopores time-temperature evolution undergone along the laser cooling profile. We 

show the curves of modeled Ep versus RR at steady state in 8 commercial oxide glasses. 

Here the full erasure of nanopores is defined by the “touching point” between the T(t) 

cooling curve and characteristic erasure time deduced from R-P. Also, we note that the 

temporal shape of the cooling curves of the last pulse at a steady state depends on 

repetition rate, which due to heat accumulation. For a fixed absorption coefficient, as 

pulse number increase, the modeled curves of Ep versus repetition rate are closer to 

experimental data. Following the experimental curve of ωth-Ep, we adjusted ωth values 

used in the thermal model at the steady state, to model the nanopores erasure energy, 

which provides a quite good agreement with the experimental measurements. Finally, 

considering a steady state regime for various repetition rates, and adjusting the energy 

deposition (absorption coefficient or beam waist) as a function of the pulse energy, the 

NGs existence window can perfectly match the experimental values. 
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Chapter IV. THE LINK OF NGS FORMATION WITH THE CHEMICAL 

COMPOSITION OF OPTICAL GLASSES 

IV.1 INTRODUCTION 

Volume NGs have been observed inside many transparent materials, especially glasses. 

NGs in SiO2 glass can be created by partial oxide decomposition through a plasma-

meditated nanocavitation process, and exhibit fascinating properties, including 

anisotropic light scattering and highly selective chemical etching. NGs formed by 

nanoporous self-organized structures were thought to be only observed in a handful 

of materials (mostly SiO2-rich oxide glasses). Numerous results have already been 

reported on NGs in multicomponent glasses. But recent studies have revealed that 

glass chemical properties play a key role in the formation process of NGs. There are 

other kinds of nanogratings aside from porous NGs, which are composed of a partially 

crystalline nano-periodic structure. These structures are of interest for nonlinear optics 

related devices. 

This chapter summarize the discovery of NGs in various chemical compositions of 

optical glasses, from silica and silicates to multicomponent glass compositions 

including alumino-silicates, heavy oxide glasses, sodium silicates or germanates, and 

commercial glasses. This work includes findings from previous chapters of this 

dissertation. The optical properties of formed NGs (NGs energy window, retardance, 

birefringence) can vary in great proportion with respect to glass composition. The 

mechanisms NGs formation induced in transparent materials are discussed, along with 

the effect of glass composition on characteristic features such as periodicity, nanopore 

size, filling factors (FF) and correlated "technological performances" according to 

chemical compositions. This chapter includes a paper published in Progress in Materials 

Science (IF=37.4), and I am the 2nd author and the corresponding author.  

IV.2 MATERIALS ROADMAP FOR INSCRIPTION OF NANOGRATINGS INSIDE 

TRANSPARENT DIELECTRICS USING ULTRAFAST LASERS  

 



 

135 



 

136 



 

137 



 

138 



 

139 



 

140 



 

141 



 

142 



 

143 



 

144 



 

145 



 

146 



 

147 



 

148 



 

149 



 

150 



 

151 



 

152 



 

153 



 

154 



 

155 



 

156 



 

157 



 

158 



 

159 



 

160 

 

IV.3 CONCLUSION 

This chapter reviews the impact of chemical composition on nanogratings and their 

characteristics to their internal structures including normalized periodicity, nanopore 

size and filling factor. Useful performance-related optical properties of these 

nanogratings, such as their energy processing window, maximum retardance and 

birefringence as well as correlated “technological performances” including energy 

consumption (μJ/nm), laser scanning speed, and thermal stability. This collection of 

experimental work provides a materials roadmap to stimulate the development and 

selection of glass materials for nanogratings imprinting, depending on the final 

application, and intends to comprehensively pinpoint the differences existing between 

glasses.  
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GENERAL CONCLUSION 

Today’s advanced femtosecond laser systems offer a myriad of material interactions in 

glass and glass-containing media, with perhaps the most striking effect being related 

to 3D refractive index complex tuning (positive or negative index changes; isotropic or 

anisotropic) depending on both the laser parameters [20] and the material chemical 

composition [9]. Over last decade, other properties induced by laser irradiation in glass 

have also been unveiled, like chirality [219, 220], non-reciprocal writing [68, 158, 221, 

222], oxidation-reduction and cluster structuring [223, 224], and chemical  

rearrangement with a sub-wavelength resolution [9, 13]. Furthermore, 3D internal 

structuring in transparent glasses by fs-laser brings unprecedented functionalities, 

attracting remarkable interest from many sectors of both the scientific and industrial 

communities including working on ultrafast light-matter interactions, micromachining, 

and micro- and integrated optics. The technology allows fabricating any tailored 

optical element with sub-µm thicknesses, while being printed in a single step 

procedure. Therefore, no molding nor polishing are required, as opposed to optical 

elements fabricated by conventional means. The manufacturing does not need 

expensive clean rooms in contrast to lithography, which also is limited to 2D 

transformations. The same technology can be exploited for planar waveguide or fiber-

based optics, free space optics and micro-optics fabrication. The high-performance 

birefringent and geometric phase elements imprinted in silica-based glasses by FLDW 

have demonstrated the potential of this technique for designing functional devices that 

can be integrated into complex photonic systems such as optical data storage, high-

power lasers, high resolution microscopy, optical communication systems, polarization 

sensitive imaging, optofluidic platforms, optomechanical devices, optical sensors and 

even consumer electronics. This framework was the basis of this dissertation work. 

This PhD project started with the study of 3D photo-imprinting of anisotropic optical 

properties in transparent inorganic glasses using femtosecond laser light. In the first 

stage, we shed light on the importance of glass composition under laser irradiation, 

along with laser parameters associated. Among the findings to highlight, we 

established what laser parameter values are the most adequate to induce nanogratings 

in both commercial and “laboratory-made” glasses in collaboration with academic 

partners. Then, in the second stage of this work, we studied fs-laser irradiation on 

several commercial optical glasses and focused on investigating anisotropies in the 

optical properties namely the linear birefringence and its thermal stability. One 

objective was to provide a roadmap to produce optical sensors in a high-temperature 

regime by mastering NGs formation, their thermal stability and lifetime in operating 

conditions. The central idea of this PhD was to comprehend the interplay between the 

chemical composition (e.g., introduction of TiO2, B2O3 or Al2O3 inside a silica glass 

together with charges compensators such as Na, K or Ca) and the nanostructure itself 

(periodicity, nanopores size and filling factor, …). In fact, this work systematically studies, 

through several approaches, the writing and erasing mechanisms of nanogratings as a 
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function of pulse energy, repetition rate, polarization orientation, and oxide glasses 

chemical composition. 

Key results are summarized as follow: 

1) We investigated areas of glass compositions based on the presence of SiO2, GeO2, 

B2O3, TiO2, Al2O3, CaO and Na2O. The nanogratings existence is evaluated through their 

polarization dependent birefringence, along with the laser pulse energy-repetition rate 

(Ep-RR) landscape. The processing window of NGs is narrow when the alkali and alkali 

earth and boron elements amount with respect to glass network formers (Si, Al or Ge 

element) content increases.  

2) We demonstrated the effect of laser writing parameters (repetition rate, energy, 

writing speed and polarization orientation) on the NG properties (periodicity, porosity 

size and filling factor) in a wide range of commercial oxide glasses.  

3) We investigated and discussed the underlying mechanisms at the origin of 

nanogratings formation in glasses. The formation of the ‘’self-organized’’ porous NGs 

in oxide glasses was investigated by SEM, HR-TEM and STEM. From this in depth 

electron microscopy analysis, oblate nanopores were found to populate some array of 

non-continuous nanoplanes, which grow perpendicularly to the laser polarization 

direction and along the laser propagation direction. Some tiny elongated nanopores 

were also found between the long and fully-grown nanoplanes. These nanopores will 

grow and merge in a multipulse regime, resulting in a pulse-to-pulse decrease of the 

averaged periodicity much below λ/2n as reviewed. The plasma-mediated 

nanocavitation model discussed the formation of these “light forced-organized” (rather 

than self-organized) sub-wavelength NGs in a multipulse view. 

4) The form birefringence, due to the self-organization of nanopores in a layered 

nanostructure, is found to play a key role in the ultimate thermal stability of the fs laser-

induced nanogratings. For all glass compositions, the viscosity and glass annealing 

temperature (Ta) appears strongly related to the “ultimate” thermal stability of the 

birefringence i.e., the higher viscosity the higher full erasure temperature. We provide 

insights on the effect of viscosity on the existence of NGs, supported by experimental 

evidences and theoretical ones (Rayleigh-plesset (R-P) equation), applied to predict the 

NGs possessing window. The pressure and thermal confinement conditions are 

considered in this approach. The NGs domain is bound between two limits: i) a low 

temperature one, the viscosity at ~106.6 Pa∙s, corresponding to a cavitation mechanism, 

ii) a high temperature one the viscosity value typically around ~103.0 Pa∙s, for which the 

pores experience either growth or collapse, leading to a disappearance of the NG 

structure. There is a high correlation between the temperature interval from the 

viscosity curve and the NGs processing window landscape in different commercial 

glasses and a series of alumino-borosilicate glasses.  

5) We exploit the Rayleigh–Plesset (R–P) equation to simulate, and compared to 
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experimental results, the thermal stability of nanopores and resulting form 

birefringence. This provides insights into the temperature range at which the 

nanopores would ultimately collapse and simulate the erasure process of the 

nanopores/nanogratings during the thermal annealing.  

6) By coupling Rayleigh–Plesset (R–P) equation and a model of laser-induced heat 

effects, we can tentatively mimic and explain the erasure kinetic of nanogratings 

according to laser parameters (repetition rate and energy). There is a close dependence 

between the material parameters, and in particular the T dependence of the viscosity 

and the formation of nanogratings, hence associated anisotropic optical properties. 

The equation of the erasure time has been established using simplified R-P equation. 

It is used to theoretically predict the erasure of NGs in the context of any time–

temperature process (e.g., thermal annealing, laser irradiation process, “any thermal 

treatment”). We found that the upper temperature limit under irradiation conditions 

corresponds to a temperature for which the glass viscosity value is log (η, Pa∙s) ~ -0.75 

in the hypothesis where we consider a characteristic time of 30 ns, or log (η, Pa∙s) ~ 1 

for a timescale of 1 µs, corresponding to a typical diffusion time. However, this 

temperature limit is lowered for much longer processes like isothermal / isochronal 

annealing where log (η, Pa∙s) ~ 10.1.   

7) Finally, a framework is developed for lifetime and passivation determination of 

birefringence (or average index changes) associated to nanogratings. This framework 

is based on demarcation energy approximation and the existence of a master curve. 

The theoretical master curve is then validated using accelerated aging experiments 

under specific conditions. Then due to the distributed nature of activation energies, it 

is possible to increase the nanogratings stability by erasing the less stable part to 

extend the lifetime i.e., a so-called passivation process.  

With these in hands, we can envision to develop optical glasses (bulk or fiber 

geometries) or select commercial ones dedicated to the creation of anisotropic optical 

properties in various spectral ranges, from UV to mid-IR but also for applications in a 

high-temperature regime where lifetime control and is mandatory. 

FUTURE WORK AND PERSPECTIVES 

Towards a new paradigm – To go beyond a simple energy deposition mechanism 

to develop forces 

Understanding how a material behaves at the nanoscale under intense laser exci-

tation is crucial for advancing future laser processing technologies. Mechanical, ther-

mal, optical, structural and compositional properties of materials could be tailored for 

optical data storage, micro/nano fluidic devices, novel alloy formation, catalytic, sensor 

applications, etc. Light polarization is an effective parameter for controlling energy de-

livery in laser structuring of surfaces and volumes. However, it is possible to go far 
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beyond a simple deposition of laser energy in the matter. A classical effect of a light 

beam is a thermal effect (laser cutting, melting) instead of developing forces after non-

linear energetic excitation of the transparent matter by intense laser light. Deeper in-

vestigations of NG structural changes and mechanisms using nanoscale techniques 

such as nano IR and nano Raman to investigate structural changes at a 10 nm scale 

using vibrational spectroscopy, nano XPEEM (X-ray photoelectron emission micros-

copy), elemental analysis using HR-TEM EELS (Electron Energy Loss Spectroscopy), EFM 

to check the presence of space charge field, especially at short time scales (ps-ns). From 

an engineering point of view, temporal shaping, such as few pulses and GHz burst 

machining for enhancing NGs linear writing speed combined with the control of na-

noscale porosity in glasses to favour their formation, while spatial shaping, such as 

extended or multi-focus can be used for enhancing writing speed in volume. Combin-

ing with spatial pulse shaping (e.g. truncated Airy, truncated Bessel beams etc.) should 

enhance the spatial uniformity of NGs and reduce overall optical losses. In addition, 

one should develop a few-cycle ultrafast pulses processing that may result in an “ava-

lanche-free mode for a more efficient and highly localized energy deposition, a more 

efficient manipulation of spatial-temporal coupling and a better control of NGs seeding 

process. 

What one can imagine with a sub-picosecond laser nowadays can also be realized 

more clearly with a truly femtosecond one appearing on the market in the next few 

years. The time for a half period in the IR at a wavelength of 1 µm is 1.7fs! In that case, 

opposite charges can be more easily separated. Ultimately, we will pave the way to 

materials science by sub-cycle laser pulses. In the future, we will use them to show that 

it is a general possibility in transparent materials. We intend to challenge the proposed 

theory by simulation work, i.e., to show that the forces and torques are large enough 

to compute the electric field and the induced mechanical field, to show we can imprint 

twisted NGs and figure out the appropriate laser parameters to use. These future works 

will increase our knowledge of non-linear action involving the interaction of intense 

and ultrashort laser light with matter. This new knowledge will apply to any structu-

ration of optical functionalization of dielectric materials in adjacent fields of integrated 

optics and solid-state chemistry. 

 

Exploring vectorial aspects of light matter interaction process 

The experimental results reported bring evidence of a polarization-affected light-

matter interaction process. One fascinating prospect is to combine the time and spatial 

distribution of the light's polarization, intensity, and phase inside a dielectric material. 

By doing so, it will become possible to efficiently control the non-linear force distribu-

tion and orientation in the excited solid state (e.g., the induced plasma) and, thus, the 

final effect in the matter, exerting mechanical actions in the matter in addition to the 

thermal effect. This is possible only for significant intensity and short pulse durations 

when electrons can be excited in delocalized states independently of the ionic motion. 

The proposed ideas boil down to the following sentence: match the processing 

tool (i.e. laser and its spatial-temporal shaping) to a given task. For instance, an exciting 
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result would be creating complex NGs by combining several laser beams. Laser beams, 

i.e., circularly polarized or optical vortices, carry the spin and orbital angular momen-

tum (SAM and OAM). These experiments help answer the starting question of whether 

SAM and OAM are equivalent concerning light absorption. Another example is Bessel 

beams, which allow the fabrication of high aspect ratio structures. Indeed, NG imprint-

ing can be explored to generate known laser beams such as Bessel, Hermite-Gaussian, 

and Laguerre-Gaussian modes and to enable engineering of both the intensity and the 

polarization distribution at the focus of the beam. Among particular vector beams are 

a class of solutions to the vector wave equation defined by a spatially varying direction 

of polarization. Cylindrical vector beams obey axial symmetry, such as radial and azi-

muthal polarization. Vector beams are of interest because of their unique focusing 

properties, which allow a significant amount of control over the electric field shape near 

the focus, including the potential for tighter focusing than regular beams. We will de-

velop novel birefringent optical elements and expand our knowledge on ultrafast laser 

beam focus control under tight focusing. For instance, a radially polarized laser beam 

focused with a high NA objective will exhibit a solid longitudinal electric field, which 

could even accelerate charged particles. These possibilities of focal spot polarization 

engineering can benefit both anisotropic circulars and nonlinear effects imprinting in 

glasses. 

 

Exploring other glass systems – oriented crystallization 

NGs are composed of nanopores or nanocrystals and amorphous phase separa-

tion. Compared to nanopores, nanocrystals process more properties, e.g., photolumi-

nescence, high thermal stability, and second harmonic generation (SHG). For instance, 

the photoluminescence property of nanocrystals is useful in multi-dimentional infor-

mation encoding and as microscale LEDs inside glass or solid. We also expect to point 

out that crystallographic structure is controllable by playing with the electromagnetic 

field's morphology in the beam's focal volume focused inside a transparent glass. For 

instance, concerning the precipitation of chiral crystals from suitable glasses, we expect 

to get racemic nanocrystal assemblies when the beam is axis-symmetric while getting 

enantiomeric excesses when the beam is not axis-symmetric. The latter may lead to the 

controlled generation of circular optical properties. At the same time, we expect the 

orientation of the induced optical properties to be controllable with the orientation of 

the vector properties of light (polarization, gradients of intensity and phase). Results in 

this direction will represent a step forward in understanding the non-linear interaction 

of light with glasses. In that way, we will abandon the classical view in elaboration 

chemistry that the laser is only an energy source for a new paradigm in which light can 

shape matter at the microscopic level in many ways. 

 

Towards applications 

Besides the fundamental interest in these NGs, the ability to control the birefrin-

gence slow/fast axis and even to induce circular optical properties lead to the engi-

neering of unique integrated optical devices with 3D spatially varying birefringence 
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and refractive index changes. NGs have drawn attention to applications/fields, includ-

ing birefringent optical devices, 3D geometric phase optics, optical data storage, mi-

crofluidic, structural health monitoring, and high-temperature sensing.  

However, intrinsic parameters (period, rotation in 3D, nanoporosity) of femtosec-

ond laser-induced NGs are still not fully controlled. We are convinced that those spa-

tiotemporal beam distortions are new parameters in this process. An ongoing major 

problem is to quantitatively establish the role played by each one of the laser parame-

ters. In addition, the light scattering losses and stress accumulation must be reduced. 

The ability to manipulate them would open possibilities for engineering the optical 

properties of a given material. As a result, we will be able to develop birefringent-based 

devices operating in a broad spectral range, including super-achromatic components, 

which are very important for applications ranging from polarimetry, spectroscopy, at-

tosecond pulse generation, THz, military and domotics applications. Furthermore, this 

will allow us to control the phase and polarization of the light locally and effectively 

replace costly equipment such as spatial light modulators. 

From one perspective, we propose to specifically apply this 3D manufacturing 

technique for the fabrication of compact and low-cost optical components in Vis and 

near-IR transparent materials like SiO2 glasses. Additionally, we plan to extend our re-

sults in the UV range and towards the IR, i.e. mid-IR, using heavy oxide glass materials 

and later in the far IR using non-oxide glasses like fluorides and chalcogenides. NG 

formation inside polymers is another exciting area that has yet to be explored. Indeed, 

in mid and far-IR instrumentation, there is a need for miniaturized, weight and low-

cost optical systems for civil (domotics, smartphone, automobile) but also security and 

military applications (vehicle steering, survey, weapons guidance, unmasking, counter-

measure identification). The constraints on the size and weight of optical systems are 

so demanding that traditional optical systems with a single optical axis are reaching 

their limits. Therefore, breakthroughs in optical design have been proposed to develop 

bio-inspired multichannel architectures and integrate optical functions using planar 

optical components. In addition, the possibility of making 3D direct shaping using 

femtosecond lasers enlarges the panel of optical functions we could encode into a 

small device.  

 

From Industry perspective 

From the very beginning, the industrial community working in FLDW has strongly 

been influenced by the development of ultrafast laser systems, which are, in fact, the 

critical part of the ultrafast laser direct writing setup. For example, the initial demon-

stration of waveguide writing was implemented after introducing Ti: Sapphire laser sys-

tems with high operation stability. Thus, future trends in this field should also be de-

termined by the evolution of femtosecond laser systems. We can already see that high 

average power femtosecond laser systems operating at more than 100 W reached in-

dustrial-scale applications, where requirements are raised for quality and to increase 

the processing speed. Several commercial systems based on compact and reliable fibre 
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lasers were introduced for two-photon polymerization and glass processing. The flexi-

bility of this technique in terms of materials and its ability to implement 3D geometries 

with subwavelength precision turned it into an ideal low-cost platform for rapid pro-

totyping, which was explored in the fields of microfluidics and quantum optics. How-

ever, for industrial applications, implementing parallel processing or at least increasing 

the volumetric writing speed in ultrafast laser direct writing is crucial. Commonly, even 

nJ laser pulses can modify the material; however, conventional focusing techniques do 

not allow exploration of the whole power capacity of a laser system. Adding adaptive 

optics elements into the laser direct writing system has already demonstrated the po-

tential of process parallelization, increasing writing speed (lineic, surface and volumet-

ric), and reducing production cost.  

We also propose to investigate the ability to induce high retardance of up l/2 at 5 

mm but also writing NGs at high speeds (Typ. >10cm/s) to unlock the industrial poten-

tial of this direct writing technique. Recently, 'Type X', spherical or flattened nanopores 

NGs, can be imprinted in silica with high speed and ultralow loss in high transmission, 

promising for the polarization multiplexed data storage with high capacity and ultra-

long lifetime even at high temperature. For instance, 735 GB per 127 mm disk data 

capacity can be in 72 kB/s writing speed. This writing speed can be achieved as several 

MB/s using a multi-channel experimental setup.   
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APPENDIX – EXPERIMENTAL DETAILS 

Appendix 1- Femtosecond laser direct writing (FLDW) system 

We mostly used a femtosecond fibre laser writing system for the work described in this 

thesis. The femtosecond fibre laser system used for the fabrication of our samples in 

bulk fused silica consists of a directly diode-pumped Ytterbium fibre laser (Satsuma HP 

from Amplitude Systèmes), with a centre wavelength of 1030 nm and variable 

repetition rates from 10 kHz to 2 MHz. The key characteristics of this system are 

summarized in Fig. A - 1. It is equipped with a pulse picker (acoustic-optic modulator), 

which reduces the repetition rate to a single pulse if needed. The average power is 

fixed to 10 W, which allows reaching up to 73 to 25 J/pulse at 400 kHz or 10 J/pulse at 

1 MHz.   

 

Fig. A - 1 Certificate of Conformance (CoC) of the Satsuma HP Laser used in this PhD work. Graph adapted 
from our group work in thesis [225].  

After amplification and compression, the pulse width is typ. 250 fs full width at half 

maximum (FWHM). Note that the intra-cavity distance between the chirped gratings is 

adjustable using a motorized translation stage to optimize the compression of the 

pulses according to the repetition rate provided by the laser. An example of an 

autocorrelation function measurement performed on typical 1030nm output pulses is 

shown in Fig. A - 2, where the experimental data was fitted to a Lorentzian function in 

order to determine an autocorrelation FWHM value of 341 fs. This value corresponds 

to an absolute pulse width of 221 fs in optimal conditions and before the focusing lens. 

The spatial chirp (wavelength vs position) was measured around 0.54nm/mm along the 

x-axis and 0.02 nm/mm along the y-axis. 
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Fig. A - 2 Measurements of the laser temporal pulse profile using an optical autocorrelator (x axis is expressed 
in ps, y axis is a power in arbitrary units). Graph adapted from our group work in thesis [225].  

The laser is linearly polarized horizontally (parallel to the optical table) and 

perpendicular to the z-axis (Fig. A - 3). The computer-controlled half waveplate 

(Newport SR50CC rotation stage) and the Glan-Laser polarizer provide a way of tuning 

the beam power while guaranteeing the linear polarization of the laser, which is fixed 

horizontally at this point (along the x-axis and thus parallel the ideal plane of the laser 

compressor). The laser path can then be selected between two alternatives, the 

acoustic-optic modulator (AOM) path and the non-AOM path. 

The AOM is also computer-controlled by a digital RF driver signal and is optimized to 

create one first-order diffraction beam with an adjustable diffraction efficiency from 0 

up to 100% of the total power of the input beam. In some cases, this configuration 

serves as a fast on/off switch for the laser beam and can reliably operate at frequencies 

up to 2 MHz with the current setup. At this point in the fabrication setup of Fig. A - 3, 

the laser wavelength is 1030 nm, and the pulse width is typ. 250 fs with a variable 

repetition rate ranging from 10 kHz to 2 MHz and the possibility of AOM modulation 

(typ. 100 kHz and down to single pulse) and an additional shutter for synchronization.  
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Fig. A - 3 Schematic diagram of the femtosecond laser direct writing (FLDW) setup used at ICMMO labor-
atory. Graph adapted from our group work in thesis [225].  

The laser beam is then aligned inside the target delivery system described in  

Fig. A - 4 and focused into the silica glass sample that is mounted in the computer-

controlled motion XY-stages (one-XY200HA from Newport) having a minimum resolu-

tion of 50 nm, a bidirectional repeatability of 90 nm and a speed up to 200mm/s. The 

computer-controlled Zstage (Newport UTS100CC) positions the laser spot typically at 

300 μm below the surface of the glass substrate. Aspheric lenses with numerical aper-

tures (NAs) ranging from 0.16 NA to 0.65 NA were used to create spot sizes with diam-

eters ranging from 4.5 μm to 1.1 μm (e.g. 1.3 μm for 0.55 NA). The diameter is calcu-

lated at 1/e2 of the maximum intensity 𝜔0 =
𝑀2𝜆

𝜋𝑁𝐴
, where ω0 is the spot radius for the 

infrared 1030 nm wavelength, considering a typical beam quality of M2<1.1, and as-

suming a Gaussian distribution. 

The additional motorized half-waveplate pictured in the diagram of  

Fig. A - 4 further permits the control of any linear polarization state in between at the 

sample position. This waveplate is mounted on a fast belt-driven rotation stage (New-

port URB100CC) with a typical speed of 720°/s. Using this freedom to control the laser 

polarization and the laser power together with the XYZ motion control, it is possible to 

have the polarization of the laser beam oriented parallel or perpendicular, or even ori-

ented at an arbitrary azimuth with the laser scanning direction in the glass sample. 

 

Fig. A - 4 illustrates that the laser is focused into a fused silica sample, and a laser-

written line is formed by scanning the sample through the laser spot. The geometry 

shown in  
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Fig. A - 4 also illustrates the orientation of the birefringence proper polarization axis of 

the waveguide modes, which are formed by the orthogonal directions: Vertical, V, and 

Horizontal, H, defined with respect to the optical table. 

 

Fig. A - 4 Schematic diagram of the laser lines (waveguide like) fabrication where Epar and Eper represent the 
parallel and perpendicular polarizations of the writing laser. The scanning direction was fixed along Y-axis. 
For Epar (Yy writing configuration), we have the nanogratings form birefringence optical fast axis along y 
whereas slow axis is along x. For Eper case (Yx writing configuration), we have optical fast axis along x 
whereas slow axis is along y. Graph adapted from Ref. [226]. 

All motorized components are connected to a computer via an XPS - 8-axis controller 

from Newport. The control interface is made from the GOL3D software, the schematic 

description of which is shown in Fig. A - 5. This software is designed to centralize the 

control of the assembly elements and control the translation plates where the sample 

is positioned. This makes it possible to perform complex writing paths at a constant 

speed, such as a spiral or sets of objects in 3D. The write speed is an important param-

eter to consider because it influences the pulse accumulation on the laser trace. It is, 

therefore, necessary to remain identical throughout the trajectory by optimizing the 

writing algorithm and the writing synchronization with the shutter. 
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Fig. A - 5 Schematic diagram of the hardware configuration related to our direct writing software 

“GOL3D”.  Graph adapted from our group work in thesis [225]. 

Appendix 2- The de Sénarmont Compensator 

This compensator coupled a high-precision quarter waveplate with a 180 rotating 

analyzer to provide retardation measurements in the visible range. As described by the 

Olympus resource centres (Polarized Light Microscopy - The de Sénarmont 

Compensator | Olympus LS (olympus-lifescience.com)), the principle behind the “de 

Sénarmont” compensation technique rests on the fact that the elliptically (or circularly) 

polarized light electric vector emerging from the specimen is superimposed upon the 

circular polarization vector introduced by the quarter waveplate to yield plane (linearly) 

polarized light having a vibration azimuth different from that of the polarizer. The effect 

occurs because the quarter waveplate produces linearly polarized light from elliptically 

or circularly polarized light that is incident on the crystal surface. The azimuth of the 

linear polarized light emerging from the compensator is a direct function of the optical 

path difference induced by the specimen. By rotating the analyzer until the specimen 

is extinct (dark), the azimuth of the vibration produced by the compensator can be 

ascertained along with the optical path difference introduced by the specimen. The 

rotation angle of the analyzer at extinction is equal to one-half of the full phase shift 

between the orthogonal (ordinary and extraordinary) wavefronts passing through the 

specimen. Therefore, the relative retardation (in nm) is described by the following 

equation (for monochromatic light at 546 nm): R = (546×θ)/180, where θ is the rotation 

angle of the analyzer and R is the relative retardation or optical path difference. 

Appendix 3- The datasheet of the commercial glasses  

7059: 7059 / 7059F | Low alkali barium-borosilicate glass (pgo-online.com)  

https://www.olympus-lifescience.com/en/microscope-resource/primer/techniques/polarized/desenarmontcompensator/
https://www.olympus-lifescience.com/en/microscope-resource/primer/techniques/polarized/desenarmontcompensator/
https://www.pgo-online.com/intl/7059.html
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AF32: &AF 32®  eco | Alkali-free glass for semiconductor & MEMS (pgo-online.com) 

BK7: N-BK7 | Optical borosilicate-crown glass from SCHOTT | BK 7 (pgo-online.com) 

ULE : ULE®  Ultra Low Expansion Titanium Silicate glass (pgo-online.com) 

Eagle XG : EAGLE XG®  | Alkali-free boro-alumino-silicate glass (pgo-online.com) 

Borofloat 33 : BOROFLOAT®  33 | Borosilicate glass from SCHOTT (pgo-online.com) 

Sodalime (Microscope slide) :Technical Information - Paul Marienfeld (marienfeld-

superior.com) 

Suprasil CG : Heraeus Conamic | Heraeus Conamic - Suprasil®  (heraeus-conamic.com) 
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SYNTHESE EN FRANÇAIS 

La photonique subit actuellement une transition vers une plus grande intégration 

de composants optiques ainsi qu'une transition exploitant des techniques d’écriture 

directe avec des faisceaux structurés [1]. Des composants compacts et légers sont 

nécessaires pour les applications de soins de santé, de transport d’information ou 

encore les applications spatiales. Simultanément, la mise en forme complexe de 

l'amplitude, de la phase et de la polarisation des faisceaux est cruciale pour un nombre 

croissant d'applications et en sciences fondamentales (optique quantique, 

biophotonique, impulsions attosecondes, traitement des matériaux par laser). Par 

conséquent, la photonique de nouvelle génération a besoin d’une technique de 

fabrication pour imprimer « à la demande » des composants optiques arbitraires pour 

la mise en forme des faisceaux. Idéalement, ces optiques seraient plates, fines, 

présentant de faibles pertes optiques, un seuil de dommage élevé et un faible coût. Les 

outils conventionnels de mise en forme de la lumière ont des capacités limitées : les 

modulateurs spatiaux de lumière sont volumineux, coûteux, offrent un changement de 

phase limité (typiquement 3π à 800 nm) et exploitent un axe de polarisation unique. 

Les éléments optiques diffractifs ne peuvent pas offrir une mise en forme de 

polarisation. Les métasurfaces spatiales [2]permettent un contrôle total du champ 

lumineux de sortie, mais les processus lithographiques sont longs, en plusieurs étapes, 

nécessitent des processus coûteux et polluants tandis que la couche finale nm est 

fragile. 

Les méthodes d'écriture directe 3D pour la photonique : des publications récentes 

sur la fabrication 3D d'optiques démontrent l'attrait de ce sujet dans le monde entier. 

De nombreuses méthodes rappelées dans la Réf. [3]permettent la fabrication 3D 

d’éléments optiques. Parmi ces différentes techniques on retrouve les techniques de 

dépôt, l'impression jet d'encre, la stéréolithographie et la polymérisation 2 photons 

(2PP) par laser femtoseconde. Cependant, les optiques réalisées par ces procédés ont 

une résolution modérée (jusqu'à 0,1 μm en 2PP) et avec des rugosités de surface 

diverses (pouvant descendre jusqu'à 10 nm en 2PP ou en jet d'encre). Parmi ces 

méthodes, l’impression 2PP ou le jet d’encre peut être utilisée pour produire des 

optiques de qualité suffisamment élevée pour l’imagerie. Cependant, ces technologies 

en sont encore à leurs débuts et le plus souvent portées par quelques startups 

(PRINTOPTIX, Vadient Optics, Luxexcel, ADDOPTICS). Une des limites de ces 

technologies est le domaine spectral d'application qui est souvent limité au domaine 

visible. Des stratégies d'impression 3D avec des verres infrarouges au chalcogénure 

sont étudiées dans le contexte académique [4, 5] mais le niveau de rugosité est 

actuellement proche des techniques de dépôt de polymères, si bien que cette 

approche permet de réaliser par moulage des préformes utilisées pour l'optique finale. 

De plus, aucune de ces techniques n’est capable de contrôler la polarisation de la 

lumière. 
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L’écriture directe par laser femtoseconde: Même si l'approche de texturation et de 

structuration 3D par un laser femtoseconde ne peut être considérée à strictement 

parler comme un procédé de fabrication 3D d'optiques, la possibilité d'agir dans le 

volume d'un substrat optique (de forme quelconque) permet envisager de fabriquer 

des fonctions optiques dans un domaine inaccessible aux concepteurs optiques. C'est 

une méthode polyvalente compatible avec une large gamme de matériaux (oxydes, 

fluorures, chalcogénures) et donc dans plusieurs bandes spectrales, notamment du 

visible jusqu'à l'infrarouge thermique. Il permet à la fois une modification des 

propriétés optiques du matériau en volume et une structuration en surface. Cette 

méthode permet également d'envisager des matériaux optiques présentant de très 

bonnes propriétés mécaniques qui ne sont ni usinables par diamant ni moulables. Cette 

méthode est bien établie dans le domaine académique [6-8]. D'un intérêt particulier, 

les nanoréseaux photo-induits par laser fs peuvent être utilisés pour former, en principe, 

n'importe quelle optique.  

Les optiques plates imprimées par laser fs est une solution de grande envergure. 

Avec des impulsions laser fs, des nanoréseaux peuvent être formés à l'intérieur de la 

plupart des verres dans un régime laser multi-impulsions [9]. Ces structures sont sub-

longueur d'onde, périodiques (typiquement 100-300 nm) et fortement biréfringentes. 

Une caractéristique clé est que leur amplitude et leur direction peuvent être contrôlées 

respectivement par le dépôt d'énergie et la direction de polarisation de la lumière. Par 

conséquent, l’écriture directe au laser femtoseconde ouvre de grandes perspectives 

pour fabriquer n’importe quel composant optique. Il a été exploité pour démontrer la 

fabrication d'optiques biréfringentes variantes spatiales 3D (faisceaux vectoriels, 

réseaux de plaques micro-ondes) ainsi que d'éléments optiques fonctionnant sur une 

phase géométrique 3D (lentille, réseau) [2, 10, 11]. En parallèle, les progrès récents dans 

le domaine de l’optique planaire ont remis en question les limites de l’optique 

conventionnelle. Le profil de phase de presque tous les composants optiques, y 

compris les lentilles, les réseaux, les prismes, les lames de phase à vortex, ainsi que les 

éléments capables de courber la lumière de manière inhabituelle, peuvent être conçus 

à l'aide d’une phase géométrique 3D i.e. une phase dite de Pancharatnam-Berry. 

Théoriquement, n'importe quel motif de phase peut être obtenu au moyen d'une 

optique à phase géométrique avec des rendements atteignant jusqu'à 100 %. De plus, 

la possibilité d'imprimer une réponse de phase anisotrope (biréfringence) variant 

spatialement permettra la mise en forme de faisceaux lumineux structurés en 

polarisation (transversale et longitudinale) comme des faisceaux vectoriels cylindriques 

ou plus généralement des faisceaux de Poincaré. Cependant, et malgré des réalisations 

passionnantes, leur développement est freiné par des performances relativement 

faibles (vitesse d'écriture > 10 h/cm2, transmission de 70 % (peut être améliorée dans 

le cadre du régime de type X [2], densité de phase de 0,25 rad/µm [10] et une 

retardance limitée à qq 100’s nm par couche [12]) résultant principalement du manque 

de contrôle des processus d'interaction laser-matière. De ce fait, cette technologie 

d’écriture directe est bien étudiée dans le milieu académique en raison de ses 

avantages incontestables mais reste peu exploitée à l'heure actuelle au niveau 
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industriel. 

Dans ce contexte, comprendre l’interaction de la matière avec les impulsions laser 

femtoseconde permettra d’évaluer le potentiel industriel qu’offre cette nouvelle 

méthode d’écriture directe. Certains aspects de l’interaction lumière-matière sont 

fondamentalement nouveaux. La physique sous-jacente est le comportement du 

plasma électronique en présence d'un support ionique et d'une onde lumineuse. Ici, 

les états solide et plasma coexistent pendant une fraction de picoseconde. De plus, la 

matière et la lumière interagissent pour produire une organisation structurée de la 

densité du plasma. Les problèmes fondamentaux sont de décrire avec précision la 

structuration du plasma d'électrons libres produit à la fin de l'ionisation 

multiphotonique (transition à travers le gap de l'isolant transparent). Ici le solide 

intervient comme source d’électrons. Sa microstructure organise le plasma en 

cohérence avec celle du faisceau lumineux. Puis, après l'impulsion, cette distribution de 

densité électronique est « imprimée » en piégeant les électrons dans le solide, et elle 

peut être utilisée comme « source » par l'impulsion suivante assurant ainsi un effet 

mémoire. Dans cette opération, le solide n'est pas détruit ; il reste en dessous du seuil 

de vaporisation, il se restructure dans le champ de force créé par le laser. On peut donc 

imaginer l'orientation du matériau, d’imprimer des nano/microstructures orientées 

comme des eutectiques directionnellement solidifiés. C'est une nouvelle physique. 

Mais pour la chimie aussi, il y a de nouveaux aspects car les processus impliquent des 

états très excités, qui sont en grande partie hors équilibre. Il est donc nécessaire de 

remettre en question certaines idées précédentes. Par exemple, les connaissances sur 

l’effet des impuretés, des défauts ponctuels ou des états facilement ionisables restent 

très limitées. Des champs de force et pas seulement des champs d'énergie sont 

également produits. Leur maîtrise ouvre la porte à une science de modification des 

matériaux par laser. C’est l’objet des travaux menés aujourd’hui par le groupe MAP de 

l’ICMMO et dans le cadre de cette thèse. 

En particulier, une découverte principale constitue la base de cette thèse de doctorat. 

Il s'agit de la découverte de nanoréseaux auto-organisés dans SiO2 (périodicité de 100 

à 400 nm persistant sur la plage du mm, y compris des nanocouches aussi fines que 10 

à 30 nm), qui sont en fait les plus petites structures jamais créées par la lumière  [13, 

14]. Selon les auteurs, ces nanoréseaux résulteraient d'une modulation de la 

composition chimique (probablement la redistribution de l'oxygène) et cela serait lié 

aux ondes de densité stationnaires dans le plasma produites par l’interférence entre 

des ondes diffusées par des fluctuations de la constante diélectrique à l’échelle 

nanométrique. Notre groupe a révélé que les nanoréseaux sont en fait un assemblage 

de couches nanoporeuses dû à la décomposition d'oxydes  [15] qui aurait été suggéré 

comme provenant d'un processus de nanocavitation assisté par contrainte [16, 17]. Ces 

structures, également appelées modifications de type II dans la littérature, sont à 

l'origine d'autres phénomènes expérimentaux inhabituels comme une réponse de 

biréfringence linéaire élevée (jusqu'à -10-2), une luminescence polarisée, une diffusion 

anisotrope de la lumière, un fort « dichroïsme » linéaire, un changement d’indice 
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négatif, des propriétés optiques chirales et une stabilité thermique extraordinaire 

(jusqu'à 150 heures à 1000°C) [18-20]. 

Ces observations expérimentales laissent plusieurs questions ouvertes qui devraient 

être abordées pour permettre des applications fiables. Comment maîtriser de telles 

structures et les propriétés qui en résultent, et par conséquent comment les utiliser 

efficacement ? Le défi de cette thèse était d'améliorer notre compréhension de 

l'interaction du laser femtoseconde avec les verres optiques, afin de contrôler les 

propriétés optiques anisotropes globales (signe, amplitude, orientation, pertes) dans 

des matériaux solides transparents à l'aide d'un procédé à grande vitesse et à faible 

coût ainsi qu’une technologie idéalement respectueuse de l’environnement et durable 

pour les applications optiques. En conséquence, le cœur de ce travail de thèse vise à 

caractériser et comprendre les transformations induites par laser dans une large 

gamme de verres d'oxydes, leurs types et changements structurels. Un intérêt clé est 

de mieux comprendre les mécanismes à l’origine de la formation des nanoréseaux et 

les propriétés optiques anisotropes associées. La maîtrise de ce type de 

photosensibilité permettra d’évaluer correctement le potentiel de cette technique 

d’écriture directe et d’exploiter pleinement les atouts de ce régime d’interaction. Cela 

libérera le potentiel industriel vers des applications fiables basées sur des propriétés 

optiques anisotropes linéaires et/ou circulaires. 

Les nanoréseaux (NG) imprimés par écriture directe au laser femtoseconde à 

l'intérieur des verres sont donc des nanostructures extraordinaires avec des domaines 

d'application tels que l'optique, la microfluidique, le stockage de données optiques, les 

capteurs, etc. Sur la base du cette thèse, l'origine des NG et l'état des connaissances 

associé ont été largement discuté dans le premier et le dernier chapitre. Dans cette 

thèse, nous nous concentrons ensuite sur l'étude du rôle de la composition du verre 

sur leur formation. Nous étudions la fenêtre de type II (NG) dans un paysage de taux 

de répétition d'énergie d'impulsion (Ep-RR) à l'intérieur de 9 verres d'oxyde 

commerciaux, SiO2 (SuprasilCG), GeO2, silicate de titane (ULE), aluminoborosilicate 

alcalin libre/faible (verres Schott AF32 et Borofloat33), aluminoborosilicates (Eagle XG 

et 7059), borosilicate alcalin (BK7) et un verre sodocalcique en utilisant des paramètres 

laser similaires. Le retardance des NG est mesurée par microscopie optique en lumière 

polarisée. La microscopie électronique à balayage est utilisée pour confirmer la nature 

poreuse des nanocouches composant les NG. Nous discutons ensuite de l’impact de la 

viscosité du verre sur la formation de NG, propriété clé à prendre en compte. Le 

domaine d'existence des NG est défini à l'aide d'un modèle de viscosité dans des 

conditions de confinement thermique et de pression, étayé par des preuves 

expérimentales et théoriques (équation de Rayleigh-plesset (R-P)), puis appliqué afin 

de prédire la fenêtre d’existence des NG. La limite inférieure correspond à la formation 

de NG par nanocavitation et est définie comme la température pour laquelle la 

viscosité du verre atteint environ 106,6 Pa∙s. La limite supérieure concerne l'effacement 

des NG par « l'effondrement » des nanopores et est définie comme la température à 

laquelle la viscosité atteint 103,0 Pa∙s. Les fenêtres expérimentales sont en accord avec 
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les hypothèses développés à travers cette approche basée sur la viscosité des verres. 

Lorsque le rapport éléments alcalins et alcalino-terreux / formateurs de réseau vitreux 

(élément Si, Al ou Ge) augmente, la fenêtre des NG se rétrécit. Le dopage des éléments 

alcalins et alcalino-terreux dans les verres silicatés diminue la fenêtre des NG car la 

présence d’éléments mobiles comme le sodium ou encore la présence de 

compensateur de charge (e.g. dans les verres SiO2-Al2O3) sont étroitement liés à la 

viscosité du verre. Ensuite, nous analysons la nanostructure interne des NG et leur 

formation à l'intérieur du verre de silice via des techniques SEM, microscopie 

électronique à transmission par balayage (STEM), microscopie électronique à 

transmission à haute résolution (HRTEM) et microscopie à force atomique (AFM). À 

partir des images, il apparait que des nanopores de forme oblate peuplent un 

ensemble de nanoplans non continus, qui se développent perpendiculairement à la 

direction de polarisation du laser et le long de la direction de propagation du laser. De 

minuscules nanopores allongés ont également été découverts entre les nanoplans 

longs et pleinement développés. Ces nanopores se développeront et fusionneront 

dans un régime multi-impulsions, ce qui entraînera une diminution d'impulsion en 

impulsion de la périodicité moyenne bien inférieure à λ/2n. Le modèle de 

« nanocavitation médiée par le plasma » est discuté afin d’expliquer la formation de 

ces NG sub-longueur d'onde qui sont «organisés de manière forcée par la lumière» 

(plutôt qu'auto-organisés) dans un régime multi-impulsionnel. 

L'étude de la stabilité thermique des nanoréseaux est utile pour les applications de 

dispositifs optiques à haute température, en particulier pour les concepteurs afin de 

prédire l’évolution dans leurs conditions de travail (température et durée). Lors des 

recuits thermiques, le retardance ou biréfringence linéaire sont progressivement 

effacées, caractéristique de l'effacement des NG. Nous étudions la stabilité thermique 

des NG dans 8 verres d'oxyde commerciaux (Schott BK7, Borofloat 33, AF32, Corning 

ULE, Eagle XG, 7059, Heraeus Suprasil CG et un verre sodo-calcique) lors d'expériences 

de recuits thermiques isochrones (pas de temps = 30 min). La température supérieure 

d’effacement des NG peut être enregistrée au cours de l’évolution du R à mesure que 

la température augmente. L'évolution du R au cours du recuit isochrone peut 

théoriquement être prédite grâce à l'équation Rayleigh-Plesset. Il existe un excellent 

accord entre les températures d'effacement expérimentales et prévues, avec des écarts 

ne dépassant pas 50°C pour tous les verres étudiés. L'effacement des NG dans le verre 

est intimement lié à la viscosité et l’expression du temps caractéristique d'effacement 

a été établie à l'aide de l'équation R-P simplifiée. Il est utilisé pour prédire 

théoriquement l’effacement des NG dans le contexte de tout processus temps-

température (par exemple, recuit thermique, processus d’irradiation laser, « tout 

traitement thermique »). Nous avons constaté que la limite supérieure de température 

dans les conditions d'irradiation correspond à une température pour laquelle la valeur 

de la viscosité du verre est log (η, Pa∙s) ~ -0,75 dans l'hypothèse où l'on considère un 

temps caractéristique de 30 ns, soit log (η, Pa∙s) ~ 1 pour une échelle de temps de 1 µs, 

correspondant au temps typique de diffusion de la chaleur. Cependant, cette limite de 

température est abaissée pour des processus beaucoup plus longs comme le recuit 
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isotherme/isochrone où log (η, Pa∙s) ~ 10. Le couple temps et température doit être 

pris en compte dans l'effacement des NG puisqu'il s'agit d'un problème de cinétique, 

et une relation entre les deux dans un contexte d'effacement des NG est ainsi établie. 

Ensuite, nous exploitons et adaptons le formalisme VAREPA pour prédire la durée de 

vie des NG dans ces 8 verres d'oxydes commerciaux. En utilisant l'équation de Rayleigh-

Plesset et VAREPA, nous proposons de prédire la durée de vie des NG. Pour construire 

ce que l'on appelle la « courbe maitresse », le retard modélisé est collecté en fonction 

des conditions de recuit temps-température. La constante de vitesse de la réaction 

d'effacement, k0, de différents verres d'oxyde peut ainsi être déduite en simulation. Les 

données expérimentales peuvent également valider l’existence d’une courbe maitresse 

et la prédiction est excellente avec un taux d'effacement donné. L'interprétation 

physique du k0 et de la distribution de l'énergie d'activation sous-jacente a été 

développé, montrant un lien direct avec la viscosité du verre et sa dépendance à la 

température. Enfin il a été démontré que le ln(k0), augmentait linéairement avec la 

fragilité du verre d’Angell, m.  

Ensuite nous développons un modèle de diffusion de chaleur combiné à l'équation 

R-P pour simuler l'évolution temps-température des nanopores le long du profil de 

refroidissement thermique du laser. Nous montrons les courbes de Ep versus RR 

modélisées à l'état stationnaire dans 8 verres d'oxyde commerciaux. Ici, l’effacement 

complet des nanopores est défini par le « point de contact » entre la courbe de 

refroidissement T(t) et le temps d’effacement caractéristique des nanopores déduit de 

R-P. Nous notons également que la forme temporelle des courbes de refroidissement 

de la dernière impulsion à l’état stationnaire dépend du taux de répétition, dû à 

l’accumulation de chaleur qui intervient à haute cadence. Pour un coefficient 

d'absorption fixe, à mesure que le nombre d'impulsions augmente, les courbes 

modélisées Ep en fonction du taux de répétition se rapprochent des données 

expérimentales. Cependant, pour obtenir une correspondance parfaite avec les 

données expérimentales, le dépôt d’énergie a été ajusté en fonction du RR, ce qui a 

été fait en prenant en compte l’évolution du waist du faisceau laser qui augmente avec 

l’énergie. 

Enfin nous examinons l'impact de la composition chimique sur les nanoréseaux et 

leurs caractéristiques sur leurs structures internes, notamment la périodicité, la taille 

des nanopores et le facteur de remplissage des nanoplans poreux. Les propriétés 

optiques utiles sont ensuite étudiées et comparées, telles que leur fenêtre de 

traitement énergétique, leur retardance et leur biréfringence maximale, ainsi que les « 

performances technologiques » corrélées, notamment la consommation d'énergie 

(μJ/nm), la vitesse de balayage laser et la stabilité thermique. Cette collection de 

travaux expérimentaux fournit une feuille de route des matériaux pour stimuler le 

développement et la sélection de matériaux pour l'impression des nanoréseaux, en 

fonction de l'application finale, et vise à identifier de manière exhaustive les différences 

existantes entre ces verres. 



 

196 

En termes de perspectives, il sera crucial de continuer à comprendre comment ces 

matériaux se comportent à l’échelle nanométrique sous une intense excitation laser 

pour faire progresser les futures technologies de traitement par laser. Les propriétés 

mécaniques, thermiques, optiques, structurelles et compositionnelles des matériaux 

pourraient être adaptées au stockage de données optiques, aux dispositifs micro/nano 

fluidiques, à la formation de nouveaux alliages, aux applications catalytiques, aux 

capteurs, etc. La polarisation de la lumière est un paramètre efficace pour contrôler 

l'apport d'énergie dans la structuration laser des surfaces et des volumes. Il est 

cependant possible d’aller bien au-delà d’un simple dépôt d’énergie laser dans la 

matière conduisant à des effets thermiques conventionnels (découpe laser, fusion) 

mais il est possible de développer des forces après une excitation énergétique non 

linéaire. Des recherches plus approfondies sur les changements structurels et les 

mécanismes du NG à l'aide de techniques à l'échelle nanométrique telles que le nano 

IR et le nano Raman pour étudier les changements structurels à l'échelle de 10 nm à 

l'aide de la spectroscopie vibrationnelle, du nano XPEEM (microscopie à émission 

photoélectronique à rayons X), de l'analyse élémentaire à l'aide de HR-TEM EELS 

(Electron Energy Loss Spectroscopy), EFM pour vérifier la présence d'un champ de 

charge d'espace, en particulier à des échelles de temps courtes (ps-ns). D'un point de 

vue technique, la mise en forme temporelle, telle que quelques impulsions et l'usinage 

en rafale de GHz pour améliorer la vitesse d'écriture linéaire des NG, combinée au 

contrôle de la porosité à l'échelle nanométrique des verres pour favoriser leur 

formation, tandis que la mise en forme spatiale, telle qu'une mise au point étendue ou 

multifocale, peut être utilisé pour améliorer la vitesse d’écriture en volume. La 

combinaison avec la mise en forme d'impulsions spatiales (par exemple, faisceaux 

d'Airy tronqués, de Bessel tronqués, etc.) devrait améliorer l'uniformité spatiale des NG 

et réduire les pertes optiques globales. De plus, il faudrait développer un traitement 

d'impulsions ultrarapides en quelques cycles qui pourrait aboutir à un « mode sans 

avalanche pour un dépôt d'énergie plus efficace et hautement localisé, une 

manipulation plus efficace du couplage spatio-temporel et un meilleur contrôle du 

processus d'ensemencement des NG ». 

Ce que l'on peut imaginer aujourd'hui avec un laser subpicoseconde peut également 

être réalisé plus clairement avec un laser « véritablement femtoseconde » qui 

apparaîtra sur le marché dans les prochaines années. Le temps nécessaire pour une 

demi-période dans l'IR à une longueur d'onde de 1 µm est de 1,7 fs ! Dans ce cas, les 

charges opposées peuvent être plus facilement séparées. A terme, nous ouvrirons la 

voie à la science des matériaux grâce aux impulsions laser sous-cycle. À l’avenir, nous 

les utiliserons pour montrer que c’est une possibilité générale dans les matériaux 

transparents. Nous avons l'intention de remettre en question la théorie proposée par 

des travaux de simulation, c'est-à-dire de montrer que les forces et les couples sont 

suffisamment importants pour calculer le champ électrique et le champ mécanique 

induit, de montrer que nous pouvons imprimer des NG « tordus » et déterminer les 

paramètres laser appropriés à utiliser. Ces futurs travaux augmenteront nos 

connaissances sur l’action non linéaire impliquant l’interaction d’une lumière laser 
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intense et ultracourte avec la matière. Ces nouvelles connaissances s'appliqueront à 

toute structuration de fonctionnalisation optique de matériaux diélectriques dans les 

domaines adjacents de l'optique intégrée et de la chimie du solide. Les résultats 

expérimentaux rapportés mettent en évidence un processus d’interaction lumière-

matière affecté par la polarisation. Une perspective fascinante consiste à combiner la 

distribution temporelle et spatiale de la polarisation, de l'intensité et de la phase de la 

lumière à l'intérieur d'un matériau diélectrique. Ce faisant, il deviendra possible de 

contrôler efficacement la distribution et l'orientation des forces non linéaires dans l'état 

solide excité (par exemple le plasma induit) et, ainsi, l'effet final dans la matière, en 

exerçant en plus des actions mécaniques dans la matière en plus des effets thermiques. 

Ceci n'est possible que pour des intensités significatives et des durées d'impulsion 

ultracourtes, lorsque les électrons peuvent être excités dans des états délocalisés 

indépendamment du mouvement ionique. 

Les idées proposées se résument à la phrase suivante : adapter l'outil de traitement 

(c'est-à-dire le laser et sa mise en forme spatio-temporelle) à une tâche donnée. Par 

exemple, un résultat passionnant serait de créer des NG complexes en combinant 

plusieurs faisceaux laser. Les faisceaux laser, c'est-à-dire les vortex optiques ou à 

polarisation circulaire, transportent le spin et le moment cinétique orbital (SAM et 

OAM). Ces expériences aident à répondre à une question de départ de savoir si SAM 

et OAM sont équivalents en ce qui concerne l'absorption de la lumière. Un autre 

exemple est celui des faisceaux de Bessel, qui permettent la fabrication de structures 

« très allongées ». En effet, l’empreinte NG peut être explorée pour générer des 

faisceaux laser connus tels que les modes Bessel, Hermite-Gaussien et Laguerre-

Gaussien et pour permettre l’ingénierie de l’intensité et de la distribution de 

polarisation au foyer du faisceau. Parmi les faisceaux vectoriels particuliers, on trouve 

une classe de solutions à l'équation des ondes vectorielles définie par une direction de 

polarisation variable dans l'espace. Les faisceaux vectoriels cylindriques obéissent à une 

symétrie axiale, telle que la polarisation radiale et azimutale. Les faisceaux vectoriels 

sont intéressants en raison de leurs propriétés de focalisation uniques, qui permettent 

un contrôle important sur la forme du champ électrique à proximité du foyer, y compris 

la possibilité d'une focalisation plus précise que les faisceaux ordinaires. Nous 

développerons de nouveaux éléments optiques biréfringents et élargirons nos 

connaissances sur le contrôle ultrarapide de la focalisation du faisceau laser sous 

focalisation étroite. Par exemple, un faisceau laser polarisé radialement focalisé avec 

un objectif à NA élevée présentera un champ électrique longitudinal solide, qui pourrait 

même accélérer des particules chargées. Ces possibilités d'ingénierie de polarisation 

de point focal peuvent bénéficier à la fois à l'impression d'effets circulaires anisotropes 

et non linéaires dans les verres. 
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