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Résumé: Les nanoréseaux sont les plus petites
structures « auto-organisées » jamais créées par la
lumiere dans le volume d'un matériau transparent. lls
ont été observés pour la premiere fois en 2003 a
I'intérieur d'un verre de silice, et induits au moyen
d'une irradiation par laser femtoseconde (fs). lls ont
suscité un grand intérét ces derniéres années en
raison de propriétés particulieres. Ills sont
biréfringents, avec un axe neutre orientable dans
I'espace grace a la polarisation du laser fs. lls peuvent
également induire une biréfringence circulaire et un
dichroisme, présentent une stabilité thermique
extraordinaire, et permettent une attaque chimique
hautement  sélective. En  conséquence, ces
nanostructures suscitent un intérét dans des
domaines tel quel le stockage optique de données,
les dispositifs optiques biréfringents 2D ou 3D, les
capteurs en  environnement  extréme, 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 lirradiation. En outre,
l'importance de comprendre les mécanismes de
formation réside dans la capacité de les produire de
maniere contrOlée, ainsi que d'acquérir une
compréhension fondamentale plus approfondie des
interactions complexes lumiére-matiére. Cette
compréhension permettrait une généralisation dans
tout type de verres optiques. Dans ce contexte,
I'objectif de cette thése est de mettre en évidence le
lien entre la composition chimique des verres et la
fenétre d'inscription des nanoréseaux. De plus, nous
sommes intéressés a mieux comprendre les
mécanismes de formation et d'effacement des
nanoréseaux pendant l'irradiation, afin de controler
les propriétés optiques anisotropes associées a ces

transformations (signe, amplitude, orientation,
pertes associées). Premierement, nous discutons de
I'impact de la viscosité du verre sur leur existence a
I'aide de I'équation de Rayleigh-Plesset. Il est établi
que la viscosité est une propriété clé a considérer,
et proposons un domaine d'existence des
nanoréseaux grace a une approche basée cette
derniére, en faisant une série d'hypothéses sur les
conditions de confinement thermique et de
pression pendant l'irradiation. L'étude de la fenétre
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 |'approche proposée, ou la
fenétre théorique est bien corrélée a son équivalent
expérimental.  Ensuite, nous analysons la
nanostructure interne des nanoréseaux par des
techniques d'imagerie en microscopie électronique
a haute résolution, rendant ainsi compte de leur
formation a [lintérieur de la silice. Ces
investigations a I'échelle nanométrique révélent
qgue leur structure intrinséque est composée de
nanopores aplatis, fagonnés en nanoplans,
réguliérement espacés et orientés
perpendiculairement a la polarisation du laser. Ces
couches nanoporeuses sont organisées par la
lumiere sous des effets thermomécaniques via un
processus de nanocavitation assisté par le plasma.
D'aprés les observations obtenues par des
expériences de recuit en conditions isochrones,
I'effacement des nanopores créés lors de
I'irradiation laser est également fortement lié a la
dépendance de la viscosité du verre a la
température. Finalement cet effacement peut étre
prédit pour un processus temps-température
guelconque. Ainsi, il devient possible de d'anticiper
la durée de vie des nanoréseaux dans différents
verres commerciaux, étendant ainsi notre travail
bien au-dela de la silice.
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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. 3
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 pm 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/um 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 SiO> (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 Il modifications in the literature, are at the
root of other experimental unusual phenomena like high linear birefringence response
(up to -1072), 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



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 1l 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, SiO> (SuprasilCG), GeO,, 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 (Ca®*) element, named
SAN, SAC, and SACN. The NGs possessing windows in the E, and pulse duration (tp)
landscape are assessed according to the (Na:O + CaO)/Al>O3 and B>O3/Al;03 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 111 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

.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.

1.2 OXIDE GLASSES
1.2.1  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. | - 1 using atomic resolution STM of silica bilayers [30], and as opposed
to its crystalline counterpart.

1.2.1.1  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 A. The Si-O interatomic distance varies between 1.62 A and 1.77 A,
and the O-O one is typically situated between 2.50 A and 2.65 A [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 SiO; 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 Tr 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 SiOs 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. | - 1 using atomic resolution STM of silica bilayers [30], and as opposed
to its crystalline counterpart.

Fig. | - 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].

1.2.1.2  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].

l.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. Si**); 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. A;03, AO2, and A2Os 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 A;O, AO, AO;3,
A0y, 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. Si**, B®*, P>*, Ge**, As>*, Be?*, with CN of 3 or 4).
Network modifier breaks the linkages between network formers in more ionic bonding
(e.g. Na*, K*, Ca?*, Ba®*, 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. Al203, TiO2, Gaz03, As2O3,
Sb,03, Bi203, TeOy, V205, MoOs, WO3).

In the following chapters, we studied a series of aluminoborosilicate doped with Na*
and Ca?*, GeO, and many commercial glasses including alkali aluminoborosilicate
(Schott glasses AF32 and Borofloat33), borosilicate (BK7), aluminoborosilicates (Eagle
XG and 7059), Soda-lime, titanium silicate (ULE).
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Fig. I - 2 Two-dimensional schematic of the structure of an invert glass. Cite from [45].

1.2.3  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 (n) 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 Sl unit for viscosity (n)
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. | - 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.

Strain point 10745 P

Annealing point 10'° P
12

Log,q 1 (poise) ————>
=
!

Softening point 1075 p

Working point 10* P -3

Melting

[ I 1 | \ \ |
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Temperature (°C)

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 (Eqg. 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.

n(T) = Aei_g (Eq. 1.1)

An empirical equation (Eq. 1.2) 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 To. 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(n) = A + % (Eqg. 1.2)

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.

B
Tsconf (T)

Inn(T) =A+ (Eqg. 1.3)

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

ACp(T-Ty)

Considering Sonr(T) = , where AC;, 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:

Inn(T) = A + 2.3(13.5 — 4) (T?g)a (Eq. 1.4)

where Ty is obtained from Inn(T,) = 12.5 Pa-s. Ais a constant, and a is the Avramov
fragility parameter. The higher a is, the less strong a fluid is. So the o 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.

1.3 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.
1.3.1  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]:

oL

v2E-LOE_ 2P (g 15)

where E means the electric field; p, is the magnetic permeability checking the

relationship, gy = ciz with c is the speed of light in the vacuum and ¢, is the vacuum

electric permittivity; P is the polarization. The polarization P induced by electric dipoles
is a non-linear function of the electric field E and can be developed in increasing
powers of the electric field [53] in the dipolar approximation as :

P = &o(y VE + yPE? + y®E3 +...) (Eq. 1.6)
P=PD 4 P@ 4 PO ... (Eq.17)
P=P,+Py, (Eq.l8)

where y@ is the susceptibility and P® 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 B, = P® and non-linear polarizationPy, = P® + p® 4 ...

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:

x® =0 (Eq.19)

By simplifying the expression of the polarization (Eq. 1.6) to the third order, we obtain
the expression in the case of an isotropic material:

P=¢e,7VE +e,x®E.E.E (Eq.110)
P = &(7® + y®E.E)E (Eq.111)

P=co(n—1+2SE[)E (Eq.112)

- 3)((3) -2 —
P=¢, [ng <1 + 2L |E| ) - 1] E (Eq.113)
0
P = gy(n% — 1)E (Eq.L14)
€Y

where n3 = Xefr T 1 is the linear refractive index of the medium and n = n, (1 +
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2
3Xeff|E| > is the refractive index of the medium. By carrying out the limited

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

NP

( 3) ®)
~ Xefs Xeff 3 Xefr g _
n~n0<1+——|E| ) 0+——|E| no 5ozl = Mo+l
(Eqg. 1.15)
o
=12, : .
Where I = eocn0|E| is the laser intensity and n, = . ecff is the non-linear refractive
0

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] :

0E iky d%E
TZ = aATE —70—2+ (TlZI)E (Eq |16)

5} 2T . .
> ) is an operator; ky = TO s the wave vector in the vacuum ;

0

where T = (1 +

ko 3
wy is the central pulsation of the wave; A, is the central wavelength and c is the light

2
speed in the vacuum ; Ay= (—+ ——) is the transverse Laplacian of the envelope of

2
the electric field in cylindrical coordinates; k, = % is the group velocity dispersion
Wo

(GVD);t=t— vi represents the delayed time; with LATE is the diffraction term in a
g

, . , o , iko 9%E
medium of index n, in cylindrical coordinates ; —*——

group velocity; i%(nZI)E is the term relating to the optical Kerr effect.
0

is the term of dispersion of the

1.3.2  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]:

_ 1(0,6110)2

P =
cr 8ngn

(Eq. 1.17)

where 4, is the wavelength of the laser in vacuum. In the case of our silica sample
2

irradiation experiments, we have: 1, = 1030nm ; n, = 3.2 X 10‘16%and Ng =

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 (wo) of the beam at the plane of
lens, both self-focusing and lens-focusing play a role. The calculations performed for fused silica at A= 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]:

kwo)?_(n)?
\@ = 0.852 + jo.ozw +0.1347 X (M) (Eq. 1.18)
e () 1

when near the boundary obtained for a given spot size wo 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. | - 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>
10P). 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> 100P).

[.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. | - 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).

1.4 FEMTOSECOND LASER-GLASS INTERACTION
[.4.1 lonization 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. | - 6.

Fig. | - 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 SiO,. 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 (Eqg. 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 | = 1-30T W/cm?), 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 SiO, 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.

[.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. | - 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. | - 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. | - 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. | - 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. | - 7 step 5).
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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/LSV/ Ecole polytechnique].

1.4.3 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. | - 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].

(a) Inscribing geometry (b} Resulting medifications in fused silica
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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].

Pulse energy

.44 Heat accumulation effects

The time required for the dissipation of the deposited energy out of the focal volume
(diffusion time tp) is given by 7, = :’—D", with wo the focal radius and D the diffusivity of

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

_ e
D = (Eq. 1.19)

with k the thermal conductivity, C, the specific heat and p 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 um, resulting in a diffusion time of about 1 ps. 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. | - 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 um 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), Schaffer 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 An 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.
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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 pw 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 SiO>. 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 SiO), 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 Schaffer 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. | - 9. For all heat affected zones a significant increase of
fictive temperature in contrast to the value for pristine glass of Tro= (940 £ 20) °C is
measured. Interestingly, Tr 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 SiO> glass as we reviewed according maser parameters
(NA, pulse duration, ..) in [20] :

e Below the first threshold, T1, (e.g. 0.085+0.015 pJ/pulse in pure silica, 800 nm,
160 fs, 0.5 NA, 100 kHz, 100 um/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.

e 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 3-6x1073 in fused silica
[102]. This is very large compared to UV laser-induced one which is limited to
3.10* using 157 nm or 193 nm excimer laser writing [103].

e Above the second damage threshold, T2, (e.g. 0.31+0.05 pJ/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" 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.

e Above the third damage threshold, T3 (e.g. 4 w/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. | - 10). But at longer pulses, the region Il narrows a lot which
make it difficult to realize Type | modifications in multipulses regime.

As shown in Fig. | - 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 um. 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.
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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 £ 0.05wJ. Laser writing parameters: 800nm; 160fs; 100kHz; 100m / s; parallel configuration; SiO».
Adapted from Ref. [20].

1.5.1  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:
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where I, is the intensity; At is the pulse duration; 4 is the wavelength; NA is the
numerical aperture of the focusing lens and P., is the critical power defined in the
relationship.

At low energy, an increase (from 10 up to 5.1073) 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™") 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 1073 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.
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Fig. I - 11 (a) Measurements of An 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 H>-loading. (c) Raman spectra of the pristine sample and of a waveguide (An = 3.1073, Type
I regime) photo-inscribed with the following conditions: 1.7 pJ (slit shaping conditions)- 100 pm/s with 8
passes [132].

Our team recently published a model of an original physico-chemical mechanism to
explain these observations for Type | modifications. We proposed that the first
threshold, named T1, is based on the modification of the fictive temperature Ts of the
glass when the duration of the heat pulse corresponding to the light energy is greater
than the glass relaxation time n(T)/G(T). This one depends on the viscosity n 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 GeO,-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. | - 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 65um from the surface with a linear polarization perpendicular (b, ¢)
and parallel (d) to the writing direction and azimuthal polarization (e). Laser parameters: 125fs, 0,65 NA,
0,3uJ, 100kHz, 30um/s. Images extracted from Ref. [133].

Y. Shimotsuma and P. Kazansky made this discovery in 2003. It remained to determine
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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. | - 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].
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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 SiO», revealing a high plasma
temperature Te (or density) that is higher than a “decomposition” limit. Graph extracted from Lancry et al.
[15].

1.5.3  Voids (Type Ill)

For even higher energy pulses giving rise to peak intensities greater than 10™ W/cm?,
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. | - 10. Such voids
can be exploited for 3D storage of information [108].
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1.6 Focus ON TYPE Il MODIFICATIONS AND NANOGRATINGS FORMATION
1.6.1  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]:

_ A
" 14sin6’

(Eq. 1.21)

where 8 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 (~2), and below single pulse
damage threshold — subwavelength ripples with periods down to 30 nm (1/10) [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 4 dependence on the laser wavelength A and refractive index of materials, n.
The gray-shaded region marks an expected (0.5 — 0.85). A span of 4 values for the absorbing (plasma) sur-
faces according to the SPP surface plasma wave mechanism. (b) Ripples of period A on surfaces irradiated
with wavelength A laser pulses at an incidence angle 6 = 0° (normal incidence): coarse, fine, normal (L),
anomalous and mixture, which occurs at 6 > 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; (i)
have spatial periods significantly smaller than the irradiation wavelength; (ii)) 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].

1.6.2  Physical and optical properties of nanogratings in silica glass

In 2003, a new type of self-organization was observed inside SiO: 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. | - 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 84Si02-16Sn0O2 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:
o [Eoxcos(wt —k,z— ¢,)

- Eyy cos(wt — k,z — ¢) (Eq. 1.22)

where ¢,, = anx,yl is the phase shift along the axis considered x or y. Bricchi [162]
theoretically shows that the refractive indices are of the form:

n2=— "M _ .2 (gq |23)

Z+(1-1)n?

ny =i + (1 — 1)ns = nj (Eq. 1.24)

ty

where T = est the fraction of the total volume occupied by the thin sections. We

1+t2
deduce the linear birefringence of the assembly shown in Fig. | - 16:

An =n, —n, =n, —n, <0 (Eq. 1.25)
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Fig. I - 16 Periodic assembly of parallel thin strips of index n; and thickness t; spaced by a distance t; in a
medium of index n,. Schemes are adapted from Refs. [162, 163].

Here the negative birefringence of An=-5.10-3 up to -10-%, and of the order comparable
to the natural birefringence of uniaxial crystals such as quartz (uniaxial positive 8x10"
3), ruby and sapphire, was reported.

1.6.3 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 A/n or A/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>10%' cm™). 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 (~10%°cm3) 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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Fig. I- 17 (a) Asymmetric field enhancement at two locations on a nanoplasma under the influence of the
laser electric field E [165]. (b to ) Evolution of nanoplasmas into nanoplanes. Randomly distributed under-
dense nanoplasma droplets (typ. a few nm- 10’snm) grow asymmetrically in the presence of the laser field
over hundreds of laser pulses to become ellipsoidal and finally flatten and merge to become micrometer-sized
nanoplanes. (Right side, [177, 178]) Panel A: schematic diagram of periodic A/2n-spaced planar structures.
When irradiated they form plasma planes (Ne > Ncr) that guide light to reinforce the growth of planes in the
bottom portion of the carrot structure. Panels B and C: cross-sectional SEM images of plane formation. Panel
B: 100 fs, 350 nJ and 1 mm/s scanning speed. Panel C: 150 fs, 300 nJ and scanning speed of 30pm/s.

=<1 when r<r_,

The most accepted model for nanogratings formation is thus based on a
nanoplasmonic process [165, 177, 178] as described in Fig. | - 17. More specifically, the
generation of “defects” (still to be identified) inside silica matrix is followed by the
formation of inhomogeneous plasma. Under the multipulse regime, the plasma
hotspots evolve into spherically shaped nanoplasma. But due to the local field
enhancement at the boundaries, the polarization sensitive growth of initially spherical
nanoplasma will occur. When the electron concentration is below the critical density,
the electric field is enhanced at the equator leading to nanoplanes formation in a
multipulses process. The final pattern leads to the period of 1/2n. However, if the
plasma density is too high, the dominant enhancement at poles would be initiated, and
nanogratings would not be produced. Recently, the nanoplasmonic model has been
improved by introducing randomly distributed inhomogeneities to seed the process in
fused silica [168]. When increasing the seed concentration, two types of nanoplanes
oriented perpendicular to the polarization were identified. For low concentration of
nanospheres, the low spatial frequency nanoplanes with the period of 1/n are formed,
and attributed to the interference between the incident wave and the inhomogeneity
scattered light waves (see Fig. | - 18 a, b, c). For high concentrations of nanospheres,
the mechanism changes as the mutual enhancement induced by the multiple scattering
from nanoplasmas becomes dominant. The nanoplasmas develop from random
inhomogeneities into the highly ordered high spatial frequency pattern, with the
characteristic period around 4/2n. In fact, as described in Fig. | - 18 b the periodicity
may decrease drastically with the further increase of inhomogeneities concentration
until the nanoplans merge i.e. generation of uniformly distributed plasma over the
irradiated region. Interestingly this model could be adapted explaining both volume
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nanogratings and surface ripples.
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Fig. I - 18 Electron density snapshots are calculated by coupled 2D-FDTD at the end of the pulse duration 6
=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. | - 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 SiO> decomposition into SiOzqx + x.02 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].

.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. | - 20.

1.7.1  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 Il regime in silica glasses is
shown in Fig. | - 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. | - 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
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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. | - 21 a).

Pulse duration: As it can be seen in see Fig. | - 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 Il regime in silica glasses. Extracted from PhD thesis of Ausra Cerkauskeité [59].
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Fig. I - 21(a) Nanogratings period dependence on the laser wavelength. Dash line is for the A/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. | - 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.
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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 pJ/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 10° per micron by adjusting the scanning speed. (b) Optical retardance in Type 11
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. | - 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”.
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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 pJ/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. | - 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.
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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. | - 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.

1.8 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. | - 19. Inside the focal volume
(here approximately 3 ym and 25 pm 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 um 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 SiO> 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], GeO; glass [193-195], SiO2-GeO: glasses [179, 180],
TiO2-SiO2 glasses ([185, 196], TeO: single crystal [197], sapphire [198], Al203-Dy.03
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 B-Gax03 [201, 202] and in the Ba>03-GeO,-Ga>03 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 B>O3, Na>O, 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% SiO, 27% B203, 4%
NaxO, and 1% Al>O3 [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.
> 10° 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 xNa.O—(100—x)SiO. 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 5Na>0-95GeO2 molar composition. Unlike in sodium silicate glasses,
an increasing NaxO 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
Na>O 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 Na.O content. The
formation of NGs in 22Na.0-78GeO; glass is accompanied with precipitation of
Na2Ge4Og 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], Al.O3
[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 33Li;O-
33Nb20s5-34Si0; glasses (LNS glass precipitating LiNbOs3, [200]), in (33Li20-33Nb20s3-
34-xSi07)-xB203 glasses (LNSB non-congruent glasses) [216], in 65A1,03-35Dy»03 glass
(congruent glass composition for Dy3AlsO12) [199], and in 20Na,0-80GeO: glasses
(congruent glass composition for Na:GesOg [211]). Obviously, the periodicity arises
from an interplay between multiphoton ionization and the glass constituents.

In the case of 20Na,0-80GeO; glasses, the crystallization occurs mainly around the
NGs and in the experimental conditions of the study. However, it is not the case for
65Al1,03-35Dy203 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 LiNbOs 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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1.9 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 Il. STUDY OF NANOGRATINGS FORMATION INDUCED BY
FLDW IN MULTIPLE OXIDE GLASSES

1.1 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 Il (NGs) window in a pulse energy-repetition
rate (Ep-RR) landscape inside five different oxide glasses, SiOx(SuprasilCG), GeO,
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 10%° Pa-s. The higher limit relates to the NGs erasure through
nanopore collapsing and is defined as the temperature at which the viscosity reaches
1039 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
(Ge0Oy), 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 (Ca®*) element, named SAN, SAC, and SACN.
The NGs possessing window is in the E, and pulse duration (tp) landscape and R is
measured via polarized optical microscopy. The NGs possessing windows are assessed
according to the (Na;O + CaO)/Al>03 and B>O3/Al>03 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.

11.2 APPLICATION AND VALIDATION OF A VISCOSITY APPROACH TO THE EXISTENCE
OF NANOGRATINGS IN OXIDE GLASSES
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ABSTRACT

Nanogratings are self-organized and sub-wavelength birefringent structures that are formed upon the action of high intensity ultrashort light pulses in the bulk of a
transparent material. They have found interest in optics/photonics, microfluidics, optical data storage or sensing applications. However, the ability to successfully
imprint 3-dimensional (3D) nanogratings in silicate glasses is a strong function of the glass composition. In this work, we investigate the role of glass viscosity on the
ability to induce these nanogratings. We first study the nanogratings formation window in an energy-repetition rate laser parameter landscape for five common oxide
glasses: 50, (Suprasil), GeO,, and Schott glasses AF32, Borofloat, and BK7. Secondly, and based on previous work, we define a domain of existence of the nano-
gratings using viscosity-based arguments. The lower limit corresponds to a temperature at which the viscosity is ~10%° Pa-s, where nanocavitation of the glass
oceurs, forming the nanopores that compose the nanogratings. An upper temperature limit, set for a viscosity value of ~10%° Pa-s, relates to either collapse or growth
of the nanopores, resulting in the erasure of the nanopores, hence the nanogratings. The experimental results agree with the predictions made by this viscosity
approach and literature data. This work opens the door to future glass viscosity engineering to maximize 3D nanogratings imprinting.

1. Introduction nanoplasma would experience an asymmetric growth oriented prefer-
entially in the direction perpendicular to the laser polarization, due to an

Nanogratings, also labeled as “Type II" transformations, were first asymmetric field enhancement. It would then move from a spherical to
observed in 2003 [1] after femtosecond (fs) laser irradiation inside silica an ellipsoidal shape, and ultimately to a disk-like shape, as more pulses
glass. These nanostructures exhibit the remarkable property of being are deposited inside the focal volume. Moreover, an exciton-polariton
birefringent with a slow/fast axis that can be spatially controlled model was thus proposed in 2012 [11], through the coupling of light
through light properties such as polarization. Original properties can with plasmons. Later results suggested that these nanogratings origi-

arise from these nanostructures, such as anisotropic light scattering, nated from nanometric or sub-nanometric heterogeneities initially pre-
linear dichroism, chiral optical properties, and high thermal stability [2, sent in the glass, leading to coherently interfering scattering wavelets,
3]. The ability to harvest these properties has therefore driven strong hence the formation of a standing wave (2014: [12], and 2016 [13]).Itis
interest for applications including 3D geometric phase optics and micro waorth pointing out that this process is reinforced by a pulse-to-pulse
optical polarization sensitive elements, 5D optical data storage, micro- effect, and both the dose and the pulse energy are key parameters in
fluidics, or temperature/pressure fiber-based sensors etc. [4-9]. the formation of nanogratings including their pseudo-periodicity.

In the pioneering work of Ref. [1], the authors proposed that the Finally, inside the plasma dense region, the formation of porous nano-
existence of these sub-wavelength and pseudo-organized structures, layers is observed in silica and silica-rich glasses [14]. The nanopores
yielding to birefringence, originated from the interference between the constituting these nanolayers typically show a size of few tens of nm. In
incident light field and the plasma induced by ultrashort laser pulses. 2013 the presence of free molecular O, was detected inside these
Electronic inhomogeneities were proposed as the triggering cause of this nanopores [15]. In the same work, the birth of these nanopores was
coupling mechanism. In 2008 a transient nanoplasmonics model was associated to a tensile stress-assisted nanocavitation and a “soft”
introduced [10], describing the appearance of spherical nanoplasma Coulomb force necessary to overcome the oxygen binding energy and to
preferentially located at the hot spots induced by localized multiphoton form nanopores by recombination (to form O) upon an intense stress
ionization at defects or color center locations. In this view, the field. A cavitation mechanism was also proposed in the formation of

* Corresponding author.
E-mail address: maxime.cavillon@universite-paris-saclay.fr (M. Cavillon).
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these nanopores, building on the theory developed by Grady on spall
fracture of matter [16-18].

A direct observation from the above introductory discussion is that
the electron plasma is self-organized in hot (dense) nanoplanes, and this
is a priori not composition limited, as it is the case for surface nano-
gratings (LIPSS, laser-induced periodic surface structures) [19]. While
the origin(s) of nanogratings formation has not been fully elucidated vyet,
these features have been observed in a variety of glasses, and most
specifically oxide and silica-based glasses. These include but are not
limited to silica [1,9,20], germanosilicates [21,22], sodium silicates
[23], germania [20,24], sodium germanates [25], alkali-free alumi-
noborosilicate (AF32 Schott) [26], alkali-containing borosilicate (BK7
Schott, Borofloat 33 Schott), and titanium silicate (ULE Corning) [20,
27]. However, it is worth pointing out that for some glasses such as SiOa,
GeO,, or Borofloat 33, the laser-processing window to form nano-
gratings is large. On the opposite, glasses such as AF32 or likely BK7
have shown a narrower window. For BK7, only a weak birefringence
response was shown, without laser-polarization dependence of the
slow/fast axis orientation nor supported by electron microscope tech-
niques demonstrating the presence of organized porous nanogratings.

In this context, this work provides insights on the relative difficulty
to form nanogratings in some of these glasses. The goal is to describe,
based on a viscosity approach, the ability for a glass to yield permanent
formation of nanogratings. First, five commercial glasses are selected,
namely BK7, AF32, Borofloat 33, GeOy, and 5i0 (Suprasil). In addition
to 8iO2 being the backbone material of many of today’'s photonic ap-
plications, all these glasses present interests for diverse applications.
These include, among others, mid-infrared optical devices (GeO3), sili-
con wafer assembly in semi-conductor industry and flat glass for display
(AF32), precision optics for space telescope substrates, or photovoltaic,
medical technologies (Borofloat 33), visible and near-infrared micro-
optic elements, prisms (BK7). The selected glasses are then irradiated by
a fs-laser and using similar conditions. This systematic work allows a
direct comparison between the glass samples and their respective
nanogratings processing windows. The observed differences are then
tentatively linked to viscosity-driven mechanisms, framing the existence
of the aforementioned nanogratings processing window. Consequently,
this work is expected to establish guidelines for future glass develop-
ment when nanogratings 3D structuring is required for a wide range of
applications.

2. Experimental details

To investigate the effect of glass composition, hence viscosity, on the
ability to form nanogratings, a series of five bulk glasses was selected
based on literature results and viscosity profile (more information on
this later in the paper): BK7, AF32, Borofloat 33, GeOj, and SiO;
(Suprasil). Each glass sample, taking the form of a plate, was irradiated
in similar conditions using a femtosecond laser (Satsuma, Amplitude
Systeme, Bordeaux, France) having a central wavelength at 1030 nm
and a numerical aperture objective NA = 0.6, at a pulse duration 7, of
800 fs. In cartesian coordinates, z is the laser beam direction, and the
laser scanning irradiation was performed in the plane (x,y) perpendic-
ular to it. This pulse duration was chosen as it corresponds to a large
window of nanogratings formation in SiO», AF32, and Borofloat 33 [26].
In this work, the investigation of nanogratings existence was probed in a
pulse energy (E,, in pJ) — repetition rate (RR, in kHz) landscape. For all
the samples excepted the BK7 glass, a constant pulse density was used
(10® pulses/pm). Since the repetition rate is varied in this experiment,
the scanning speed was varied accordingly (e.g., 10 ym/s fora RR=10
kHz, 100 pym/s for a RR = 100 kHz, etc.). For BK7, a constant writing
speed of 1 pm/s was chosen in order to enable the formation of
nanogratings.

There exists a variety of possible laser-induced transformations in
oxide glasses, such as formation of defects, densification, nanogratings
and/or voids formation, elemental migration, partial crystallization, and
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appearance of a stress field [28-30]. Therefore, an experimental pro-
cedure must be employed to decipher if there is, or not, the presence of
nanogratings inside the laser track. First, each glass sample was irradi-
ated using two different laser writing configurations: laser writing po-
larization parallel (along y) and perpendicular (along x) to the scanning
direction (along y). Following this step, polarized optical microscopy
(Olympus BX51) was used to quantify the birefringence response, along
with its sensitivity (neutral axis orientation, amplitude) with respect to
light polarization orientation, characteristic of nanogratings. Addition-
ally, a complementary electron microscopy analysis (FEG-SEM Zeiss
Supra 55 VP) was performed on the laser track cross-sections (x,z plane)
to ensure the existence of porous nanolayers and nanopores, therefore
confirming the polarized optical microscopy results.

The data taken for all commercial glasses investigated were provided
by the glass suppliers (technical datasheets). Additionally, the temper-
ature dependence of the glass viscosities (y(T)) was fitted using the
Vogel-Fulcher-Tammann (VFT) equation. The viscosity data for GeOy
were taken from Refs. [31,32] while its other parameters were taken
from Refs. [33,34]. Most of the collected viscosity data points, in log(s,
in Pa-s), are comprised between 3 and 13. Outside this interval the value
of viscosity is less known.

3. Results and discussion
3.1. Domain of nanogratings existence

The formation of nanogratings in the E, - RR landscape was inves-
tigated for SiO, (Suprasil), GeOs, Borofloat 33, AF32, and BK7 glasses.
The domain of nanogratings existence for each glass is shown in Fig. |
(a). As can be observed, the glass material strongly influences the ability
to imprint nanogratings from the “self-organized” plasma. For BK7,
which presents the smallest nanogratings window, porous nanogratings
could be observed nevertheless, as shown in Fig. 1(b), but for very
specific conditions (<100 kHz, and for typ. 50,000 pulses/pm). Addi-
tionally, and for all glasses, an example of measured retardance values
(i.e., birefringence x nanogratings length along z axis) with respect to
energy and at a constant RR = 50 kHz is provided in Fig. 1(c). Each
measured retardance data point has a = 5 nm uncertainty. The nano-
gratings window is the largest for SiO», intermediate for GeOs, Borofloat
33, and AF32, and is extremely reduced for BK7 (an alkali “rich™ boro-
silicate). Correspondingly, much higher values of retardance are found
in silica glass compared to AF32 and BK7, which agree with the ten-
dency to form nanogratings more easily in SiOy or GeO; that are strong
network formers.

The principal aim of this paper is to highlight the link between
nanogratings window and glass viscosity, being temperature dependent.
Therefore, and to better appreciate the discussion in the next Section,
below is briefly discussed how the temperature elevation upon fs-laser
irradiation is impacted in an E, — RR landscape, as in Fig. 1(a). There
exist two principal situations when considering this landscape:

i) Low RR, increasing E,. From the heat equation (Fourier’s law), the
temperature profile distribution in space is unchanged, but the
deposited heat inside the material would increase. Consequently, the
maximal temperature increase (A T) at the center of the irradiated
area would also increase, following a general form of A
T ~ aEp/pCpV. Here ais the fraction of the pulse energy absorbed by
the material and effectively transmitted to the glass phonons, p and
Cy, respectively, are the glass density and heat capacity, and V the
volume within which the pulse energy is absorbed. It is worth
pointing out that a is a function of fluence (e.g., in silica glass [35]),
and such temperature rise has already been investigated for several
glass matrices including silica or Borofloat 33 [36,37]. As E, is
increased (and so A T), the spatial volume for which the temperature
is beyond a transformation temperature threshold (e.g., formation of
nanogratings) would be enlarged.
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Fig. 1. a) Determination of observed nanogratings in an energy-repetition rate landscape for five glasses: SiO, (Suprasil), GeO,, Borofloat 33, AF32, and BK7. b)
Nanogratings observed in BK7 using scanning electron microscopy analysis; conditions are: pulse duration = 800 fs, writing speed = 1 pm/s, RR = 25 kHz, E;, = 0.6
pJ, focal depth = 300 pm. ¢) Evolution of retardance as a function of pulse energy (800 fs, 50 kHz, NA = 0.6); each data point has a = 5 nm uncertainty.

ii) High RR, fixed E,. This condition is also called “heat accumulation
regime”. In this regime, the heat generated by a pulse in the irradi-
ated area does not have enough time to fully diffuse away before the
next pulse is delivered. This effect would typically result into an
increase of the average temperature, hence a decrease of the glass
viscosity, in the heat affected zone. The characteristic time to evac-
uate the heat can be estimated as ty, ~ w3/(Dy,), where Dy, = k/ (pCp)
is the diffusion coefficient,  is the thermal conductivity, and wg is the
characteristic length corresponding to the beam waist radius at an
intensity of 1/¢* (typ. 1.5 pm). As an example, this gives Dy, (Si03) =
8.9 x 107" m?/s and Dy, (BK7) = 5.2 x 1077 rnz/s, and consequently
T (8102) = 2.5 ps while 74, (BK7) = 4.3 ps Turning these values into
heat accumulation threshold frequencies, this gives fy, (5i02) =~ 400
kHz and fy, (BK7) = 230 kHz. Consequently, one would expect heat
accumulation to be more pronounced in BK7 with respect to SiOs.

From this short discussion and circling back to Fig. 1(a), one can note
that the narrowing of the nanogratings window typically comes from
both lower E, and RR values. Consequently, the “temperature sensi-
tivity” or “temperature interval” to make nanogratings appears reduced
in glasses such as BK7 with respect to SiOy. This reasoning is the starting
point of the next Section dedicated to establishing a rational approach
related to viscosity.

3.2. Rationale for a viscosity-based approach

Both the mechanisms of cavitation and erasure of the nanogratings
take their roots in the material ability to break and reform itself in a
time-temperature frame. In the following Section, the upper and lower
limits of nanogratings existence are discussed on a temperature depen-
dent viscosity basis.
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3.2.1. Minimum viscosity to induce cavitation

When ultrashort laser pulses are deposited inside a large bandgap
oxide glass as in our case, the pulse energy is absorbed by the glass
material mostly through nonlinear effects (multi-photon absorption and
tunnel ionization) and a significant part is subsequently transformed
into heat through electron-lattice energy transfer. This takes a maximum
of few 10s of picoseconds in most glasses [4,38], while the maximum
temperature increases, as already discussed in the previous Section,
reaching typical values of few thousands of degrees [36,37]. For
small-to-moderate pulse energy values, the generated heat cannot
escape the irradiated volume in the time of a pulse duration (typ.
100-1000 fs). This is the condition of so-called “thermal confinement™.
For such condition to be valid, the pulse duration r, must be shorter than
the thermal relaxation time 7, [39]. As calculated above, for silica 7, ==
2.5 ps and therefore 7, < 7, for fs or ps laser pulses. The criterion of
thermal confinement is thus satisfied. Additionally, if there are no sig-
nificant strain or volume changes of the medium during heating, we are
in the condition of so-called “stress confinement” [39]. For this second
condition to be valid, the required time for the pulse to heat the sample
must be shorter than the characteristic acoustic relaxation time g =
2w/ cs, with ¢; being the sound speed (= 6000 m/s for silica glass). This
gives 74 =~ 500 ps, whereas the electron-phonon coupling time is on the
order of 10 ps for silica and therefore the criterion of stress confinement
is also satisfied. Therefore, the experimental conditions are met to yield
nanocavitation in the glass samples.

Subsequently to this and following the wave equation from isotropic
solids, the maximum tensile stress internally developed can be approx-
imated as p =~ BPAT. Here B is the bulk modulus (36 GPa for silica), f is
the volumetric expansion coefficient (f ~ 3a =~ 3 x 5.5 x 107K ! for
silica), and AT is the temperature elevation following the pulse energy
deposition. Some caveats are worth pointing out: we use solid properties
for each material (bulk modulus, thermal expansion coefficient), and
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assume them constant with respect to temperature. Although this is
questionable, it provides a guideline for reasoning. Interestingly, it must
be pointed out that the resulting tensile stress is drastically different
depending on the glass material considered. Furthermore, at low pulse
densities, nanopores are initially formed but no nanogratings, close to
the so-called Type X regime [40,41]. Before the onset of this regime,
formed nanopores are dispersed, disordered, and quasi-spherical. The
asymmetry of the nanopores is progressively reinforced during the
self-organization and the formation of the nanogratings, mostly due to
the action of light (and its polarization orientation and state), but not a
stress field asymmetry. Additionally, the geometry of the heat affected
zone can impact the overall energy deposition volume, and conse-
quently temperature rise and stress distribution. However, here we
consider nanopores of the size of few 10s of nm, which is much smaller
than the irradiated volume (10s of umB). Therefore, it is quite reasonable
to consider as a first approximation that at some places inside the irra-
diated volume, the volume expansion and induced pressure are
isotropic, similar to a hydrostatic pressure.

For a moderate temperature increase (e.g., 1000 °C [37]), there is an
order of magnitude difference between p values for silica (= 60 MPa)
and BK7 (= 1160 MPa). Once the tensile stress is developed, a positive
pressure difference exists between the initiated pore and the surround-
ing material. Beyond a certain critical tension, the heated glass volume is
expected to experience cavitation [16,17]. For silica glass, Rudenko
et al. demonstrated that the minimal temperature for cavitation is set
when the viscosity is on the order of 10°Pa-s[17,18]. Such temperature
is very close to the softening point (T.s) of the material, i.e., 10”6 P or
10%6 Pa-s, 1873 K for Suprasil. This temperature of cavitation is calcu-
lated for a viscosity of 5j.q, = Bérs, = 10%% Pas for silica, using a strain
rate of ¢ =107 s7', so indeed close to the softening temperature as
previously stated. In this work we use & = p/(B x1,.) which falls within

the magnitude ofn_,, values provided by Rudenko et al. [17,18]. Written
only in terms of glass and laser parameters, this gives 1.4, =~ p ¥ (%) =

3 w3.30-B.AT-c,-p2.C2 F o 7
ars = %. Some key properties, from the above discussion,

th

are provided in Table 1. It is worth mentioning that for a constant p
value (e.g., 100 MPa), 17, is comprised between 10%! and 10%° Pa-s for
all glasses considered. The cavitation temperature (T.,,) in Table 1
deduced from the VFT fit performed for each glass is found close to Tys.

3.2.2. Maximum viscosity before growth instability or erasure of
nanogratings

Following the formation of nanopores beyond the cavitation tem-
perature, the stability of a cavitated pore, i.e., its ability to exist, must be
considered. From this view, one must investigate what are the key
mechanisms that drive the pore size evolution (either its growth or
collapse) once it is formed. This can be achieved through the analysis of
the non-dimensional Rayleigh-Plesset (R-P) equation, which takes the
following form [42]:
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whereR =R /ais a dimensionless radius near unity (ais a characteristic
length, typ. the initial pore radius in few or tens of nm), r is the char-
acteristic time of bubble evolution (typically ns to ps as per the thermal
diffusion timescale), p.. ns is the reference pressure taken far away from
the pore, py the pressure inside the pore (P s —pv =p as defined

above), and R and R are the first and second derivatives of the radius
with respect to time. In the above equation three characteristic times are

set originating from: pressure (rp = a\/g), viscosity (r‘, = fsz), and

surface tension (1'.'5: a\/gg] with ¢ being the surface tension, taken

constant with respect to temperature [42]. These characteristic times
can be plotted as a function of the pore radius, as shown in Fig. 2. At this
stage, few aspects on the R-P equation must be specified. First, the R-P
equation is employed here as a simple tool to investigate the relationship
between viscosity and nanogratings existence. In this work, the effect of
temperature is taken into account through the viscosity term. However,
during laser irradiation, temperature gradients are present, mostly due
to the laser intensity distributed profile, and consequently its associated
energy deposition and heat transfer. This can be a function of both laser
parameters (e.g., pulse energy and duration, repetition rate etc.) but also
material properties, including bandgap energy, photoionization rate,
nonlinear absorption coefficient, etc. Consequently, a reliable estimate
of temperature distribution within irradiated area remains quite diffi-
cult. Nevertheless, the R-P equation still provides interesting aspects of
reasoning with respect to temperature effects and enables qualitative
understanding of the main driven forces involved in the glasses during
nanogratings formation. For instance, this equation was successfully
applied to predict the erasure of nanopores during isochronal thermal
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Fig. 2. Evolution of characteristic times as a function of pore radius using the
non-dimensional Rayleigh-Plesset equation. The impact of pressure (set at Ap =
10, 100, 1000 MPa), surface tension (with ¢ = 0.3 J/m2), and viscosity can be
estimated (the contribution with the smallest characteristic time dominates).

Table 1
Typical values including cavitation and erasure criteria and temperatures for the glasses investigated.
Glass material p = B--AT*" (MPa) 73 Teay (Tso) CC) 108 (nay: Pa-s) = log(p-ty) Tona (2C) I I
10§ (1, Ps) ~ log (p-(2
a
$i0s (Suprasil) 60 5.9 1688 (1600) 22 2208 610
GeO; 440 71 838 (894) 33 1332 494
Borofloat 33 350 6.9 797 (821) 31 1254 457
AF32 550 71 937 (969) 32 1277 340
BK7 1160 7.6 675 (720) 37 906 231

* Given for a AT value of 1000 °C, and p is a tensile stress.

® Data for B and f (with § = 3a) can be found in the technical datasheet provided by the glass manufacturers, and in Refs. [33,34] for GeOs.
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annealing for a series of silicate glasses [43]. For completeness, we
pinpoint that cavitation could also originate from a nucleation and
liquid-vapor phase transformation. While the focus of this work essen-
tially emphasizes the link between viscosity and the existence of nano-
pores, other cavitation mechanisms than a spall-induced cavitation can
be envisioned.

Turning back to the characteristic times provided above and calcu-
lated in Fig. 2, the contribution holding the lowest characteristic time (i.
e., the slowest process) is the limiting (i.e., driving) factor in the evo-
lution of the nanopores. Typical values for silica at the softening point
(10%® Pa-s) fora 5 nm pore radius would give 7, = 107H g, ryand 7, =
107" 5. At the melting temperature (defined as 10' Pa-s) Ty 52 10_1g s,
which is still 4 orders of magnitude lower than 7,. It is indicative that the
dynamics of nanopore evolution (growth/collapse) is almost exclusively
driven by glass viscosity. For completeness, 7, is proportional to 1/7.
Consequently, if the experimental characteristic time is lower than r,,
the process would not depend on viscosity. In our situation, a realistic
nanopores erasure timescale would be in the ns to ps (as per typical
thermal diffusion times). Therefore, the viscosity is expected to pri-
marily drive the nanopores size evolution. This is reinforced as the
viscosity is increased, yielding to even lower values of r,.

Consequently, a criterion must be selected as an indication of pore
instability. The use of the dimensionless Peclet number (Pe) was pro-
posed to set the limit of “unstable” hydrodynamic growth of the nano-
pores [44]. The limit is set for Pe = % = 1, giving the criterion

Mmaxe ~ P % Tm. For silica glass it gives a value of ~10%2 Pa:s, corre-
sponding to a T ~2300 °C. The calculated 1,,,, for the glasses considered
in this study are reported in Table 1. The 5, value corresponds to the
maximal viscosity beyond which a viscous growth would prevent stable
nanopores to exist. All the glasses fall within a #,, interval of
10%2-10*7 Pa-s. Finally, it is worth pointing out that the stress induced
upon heating will ultimately relax, yielding to a drop in the initial tensile
pressure p. From this perspective and the above equation, one can notice
that #,,,, would be lower. Therefore, a potential collapse of the pore is
anticipated if the pressure contribution becomes less important than that
of the surface tension term [42,45]. This competing effect is exemplified
in Fig. 2, where low pressures such as 10 MPa would tend to promote
collapse (7, > 75), while higher pressures such as 1000 MPa would yield
to growth (7, < 75). In an intermediate regime, the pore could experience
either growth or collapse, and perhaps both within the laser track
location. This suggests that there may be a competing effect between
pore growth and collapse depending on the temperature/viscosity and

(a)

Si0, (Infrasil)
SiO, (Suprasil)
GeO,
Borofloat 33
— ULE

— AF32

Eagle XG
— BK7

Tmax ~ ! soft (OC)

Viscosity, log(Pa's)

Viscosity domain for nanogratings existence

500
Temperature (°C)

700

600

500

400 -

300 +
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conditions considered. However, beyond 17, the existence of nanopores
is expected to be compromised and this viscosity value is kept as the
upper bound of nanogratings existence.

3.3. Prediction of nanogratings imprinting in various glass systems

From the above discussion, it becomes clear that the temperature
difference between the Tp,, and T, reported in Table 1, must be
maximized for a glass in order to present a larger nanogratings window.
In Fig. 3(a) the viscosity as a function of temperature for multiple oxide
glasses (in addition to the ones discussed in this paper) is reported. An
estimated domain of nanogratings existence is provided in Fig. 3(b), by
taking the temperature difference between Timax (set as g = 1079 Pa-s)
and Tgop () = 10°6 Pa-s), respectively upper and lower bounds.

The predicted “effectiveness” to imprint “stable” nanogratings in the
selected glasses, in a sense that they can be observed after laser irradi-
ation, agrees with the results reported in Fig. 1, where BK7 presents the
lowest temperature interval and the narrowest nanogratings window,
while it is the opposite for silica. Moreover, these findings concur with
literature data. For example, in Ref. [26], for 800 fs pulse duration, the
nanogratings window was found larger for SiOy, the Borofloat 33, and
finally AF32, which is what is found and predicted herein (Figs. 1a and
3b). In GeO3 and GeOy-doped SiO; glasses, it was found relatively easy
to induce nanogratings with various sets of laser parameters and writing
conditions [20-22,24,25]. Moreover, the birefringence response
observed in Ref. [27] for BK7 was likely due to nanogratings. Indeed,
from this work we demonstrated the nanogratings imprinting in BK7
through SEM observations (Fig. 1(b)), while both the experimentally
and predicted narrow nanogratings windows agree with the difficulty in
this cited work to detect the nanopores/nanoplanes using scanning
electron microscopy.

Several other aspects are worth discussing. First, BK7 displays a
much lower bandgap energy compared to silica (~3.5 eV versus ~9 eV).
Consequently, even with a 3-photon nonlinear absorption (in our case A
= 1030 nm, i.e., 1.2 eV), the formation of bulk nanogratings is still
possible. Secondly, in some glasses such as alkali-rich glasses (e.g.,
Nay0-5i0z [23]) a large number of pulses (multi-pulse regime) is
required to trigger nanogratings (typ. > 10%or 10° pulses). Interestingly,
network modifiers are found to migrate outward of the irradiated vol-
ume [30]. A direct consequence, based on our work, could be a local
variation in the glass viscosity enabling not only the formation of
nanogratings at short timescale but also their survival to the

(b)

652
533

Fig. 3. a) Viscosity as a function of temperature for a variety of commercial and typical glasses, along with an estimated domain of nanogratings existence from Ty
= 10%° Pa. 5) t0 Trmax (7 = 167% Pa-s). b) Temperature difference (Tmax — Teop) as a function of glass composition. A larger value suggests a wider processing window

(with respect to temperature) to form nanogratings.
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heating-cooling processes during pulse deposition. Moreover, contrarily
to LIPSS, the formation of nanogratings still requires a multi-pulse
regime even for silica [23,28]. As mentioned earlier in this paper, at
low pulse energies or pulse densities, a regime (so-called Type X) was
identified where nanopores can exist, but the nanogratings are not
formed yet. At this stage of the process, the nanopores are not highly
elongated yet and self-organized into nanolayers [41,46]. Interestingly,
this regime suggests that the cavitation process can already take place
after the first few pulses are being deposited. In fact, this work antici-
pates cavitation after the very first pulses are deposited, and therefore
takes the Type X into account. Furthermore, the heat accumulation
process, as discussed in section II.1 and triggered by a multi-pulse
regime, may play a direct role in the formation and erasure of these
pores through an increase of temperature in the heat affected region. We
therefore expect that the minimum pulse density to induce nanogratings
would be a strong function of glass composition.

For completeness, several studies have highlighted, based on thermo-
mechanical arguments, strong evidence of a void-to-nanogratings tran-
sitioning upon progressive laser irradiation (e.g., Refs. [47,48]).
Although this requires a more in-depth analysis based on the proposed
approach, several aspects are anticipated herein. High tensile stress,
generated by high energy deposition and absorption, would favor voids
formation as the pressure contribution would overcome the surface
energy term (Fig. 3), yielding viscous growth of the nanopores. Addi-
tionally, the description of higher thermal gradients, associated with the
fastest growth of nanobubbles in the laser track head as described in
Ref. [48], is in agreement with our findings. While the topic of another
study, this approach could also frame the existence domain of voids-like
transformations.

Finally, no direct observation of porous bulk nanogratings has been
reported for other glass systems. However, recently sub-surface forma-
tion of nanopores revealed to be possible under specific conditions in
tellurite or chalcogenide glasses [49,50]. This might be because the
viscosity of these glasses strongly varies with respect to temperature
(short glasses). This would further narrow the nanogratings window and
compromise nanogratings formation, in agreement with the presently
advocated viscosity approach. For crystalline structures, such as in
Al,05 [51] or TeOy [52], the laser-induced modifications would depend
on the internal structure of the nanogratings (nanopores, nanoscale
phase separation, or local amorphization or recrystallization etc.).
Additionally, for crystals the viscosity would be abruptly reduced above
the melting temperature as the material transits from crystal to liquid
phase. This is much different from glasses, which exhibit a slow varying
decrease in viscosity as the temperature increases. Hence, at this step our
approach is restricted to nanogratings made of nanopores in oxide
glasses. Still, we expect that it can be broaden to other types of nano-
gratings, since chemical migration and crystallization kinetics partly are
viscosity-related phenomena.

4. Conclusion

Understanding the formation of nanogratings inside silicate and
germanate glasses is an aftractive research field, since these sub-
wavelength and self-organized structures enable miniaturized func-
tionalization and unique properties. In this context, this work addresses
the challenges to imprint, or not, nanogratings through a viscosity
approach. It is shown, building from previous work, that the nano-
gratings domain is bound between two limits: i) a low temperature one,
corresponding to a cavitation mechanism, and for which the viscosity is
situated at —10%® pas, and ii) a high temperature one for which the
pores experience either growth or collapse, this time for a viscosity value
typically around ~10>° Pas. These predictions are validated by
experimental work performed on five glasses, for which nanogratings
domains are either large (SiOy), intermediate (GeO,, AF32, Borofloat
33), and narrow (BK7). The results agree with the literature and the
proposed viscosity approach. A direct consequence of this work is to
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demonstrate that nanogratings can be achieved in most, if not any,
glasses. However, the processing windows can be drastically different,
and a systematic analysis must be undertaken to find the adequate
conditions for which nanogratings can survive the laser-irradiation
process.

Future work includes simulation of the temperature elevation during
the irradiation process for each glass composition. This will help to
target and anticipate in which conditions the temperature range, hence
viscosity range (see Fig. 3) corresponding to the formation of nano-
gratings, can be achieved.
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Abstract: Nanogratings (NGs) are self-assembled subwavelength and birefringent nanostructures
created by femtosecond laser direct writing (FLDW) in glass, which are of high interest for photonics,
sensing, five-dimensional (5D) optical data storage, or microfluidics applications. In this work, NG
formation windows were investigated in nine commercial glasses and as a function of glass viscosity
and chemical composition. The NG windows were studied in an energy—frequency laser parameter
landscape and characterized by polarizing optical microscopy and scanning electron microscopy
(SEM). Pure silica glass (Suprasil) exhibits the largest NG window, whereas alkali borosilicate glasses
(7059 and BK?7) present the smallest one. Moreover, the NG formation windows progressively reduced
in the following order: ULE, GeO,, B33, AF32, and Eagle XG. The NG formation window in glasses
was found to decrease with the increase of alkali and alkaline earth content and was correlated to
the temperature dependence of the viscosity in these glasses. This work provides guidelines to the
formation of NGs in commercial oxide glasses by FLDW.

Keywords: nanogratings; birefringence; femtosecond laser direct writing; alkali; viscosity

1. Introduction

Type Il modifications, generally characterized by the formation of self-assembled peri-
odical nanostructures known as nanogratings (NGs), were first shown and studied in silica
glass [1]. Such NGs, photo-induced in bulk glasses irradiated by femtosecond (fs) laser,
have attracted high interest in the past few years due to their peculiar properties such as
linear/ circular birefringence and dichroism, extraordinary thermal stability, selective chem-
ical etching, etc. These features have enabled applications such as 5D optical data storage,
2D and 3D space-variant birefringent devices, sensors in the harsh environment, microflu-
idic channels, etc. [2-7]. Femtosecond laser direct writing (FLDW) can create permanent
modifications strongly localized in 3D while focusing inside transparent materials, arising
from nonlinear absorption phenomena at the root of the laser-matter interaction process.

These nanostructures are made of porous nanolayers mostly observed in silica and
silica-rich glasses [8,9]. In our early work, the formation of these nanopores was associated
with a tensile stress-assisted oxide decomposition [10] that was recently revisited as a
nanocavitation mechanism [11,12]. However, until now, the influence of the glass physical
properties (melting temperature, thermal diffusivity, absorption) on the NG formation
process has been significantly investigated, but without rationalization yet. Such analysis
would enable the tailoring of the chemical composition and structure of glasses includ-
ing nanoporous silica to define the best laser conditions for a targeted application (e.g.,
reducing the required number of pulses for optical data storage or increasing the writing
speed for writing birefringent optics). As part of the task, different dopants of silica glass
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have been analyzed in the context of NG formation, namely, germanium, phosphorus,
fluorine, or chlorine [10,13-15]. During the last two decades, nanostructures have been
found inside a handful of materials: fused silica, GeO, [16-18], sapphire [19], tellurium
oxide [20], quartz [21], ULE glass [9,22], and even in some types of alumino-borosilicate
glasses [9,22,23]. The influence of alkali cations in a silicate matrix was also proven to
be detrimental on the formation of NGs [24,25]. Among this list, fused silica is the most
common material to induce NGs. These were also found in porous silica prepared from
phase-separated alkali-borosilicate glass by removing the borate phase in a hot acid so-
lution [3]. Even twin or single isolated nanoplanes can be induced by controlling laser
pulse energy [26], which could be used to write nanofluidic channels [3,27,28]. Silica pro-
vides a relatively large processing window in contrast to other materials. However, the
highest retardance was obtained in porous silica glass with a porosity size in the range of
2.5 to 5 nm, also providing Type II modifications with a limited amount of stress [29,30].
The NG formation is also expected to be enhanced in glasses with a high free volume or
with compositional fluctuations at the nanoscale, which could act as a precursor for the
nanostructure formation.

This work provides insights into the relative difficulty of forming NGs in a wide range
of common commercial oxide glasses. The main objective is to identify the so-called Type
IT windows (i.e., NGs windows) in them, and thus the ability for a glass to imprint NGs
but also to provide some indicative performances in terms of energy consumption, writing
speed, and birefringence amplitude. The selection of optical glasses investigated covered
Suprasil, ULE, B33, AF32, Eagle XG, 7059, BK7, soda-lime, and GeQ,, and for some of
them, preliminary results have been published in [12]. They all present interests in diverse
applications such as flat glass for display and silicon wafer assembly (Eagle XG, AF32), glass
substrate for electronic components (7059), infrared photonic devices (GeO,), precision
optics for medical technologies, photovoltaic or space telescope substrates (Borofloat33),
visible and near-infrared prisms and micro-optic elements (BK7). The chosen glasses were
then fs-irradiated using similar experimental conditions. This systematic study provides a
direct comparison between a wide range of multicomponent glasses and their respective
NG existence windows in the energy—repetition rate landscape. In addition to polarized
microscopy, complementary scanning electron microscope (SEM) analysis enables the
existence of NGs to be proven through the observation of nanopores organized into quasi-
periodic planes. Moreover, by determining the laser track length containing the nanopores,
the quantitative birefringence value of NGs can be determined. Then, the results in terms of
the alkali or alkaline earth cation content on the formation of NGs and related performances
were rationalized. Finally, our recent viscosity-based approach [12] was exploited and
interestingly revealed that the energy—repetition rate landscape is well-correlated to the
predicted NG existence domain.

2. Materials and Methods

All of the glass samples employed in this work were directly acquired from glass
makers, except for GeO,, which was prepared in the laboratory. For this purpose, a powder
mixture of 30 g per batch composed of GeO; (99.9%, Serlabo technologies, Entraigues-sur-
la-Sorgue, France) was placed inside a platinum crucible, dried at 200 °C for 2 h, and finally
melted at 1400 °C for 1 h using a heating rate of 10 °C/min. Finally, the molten mixture
was quenched between two metal plates preheated at around 350 °C. Glass samples were
selected, cut, and polished to an optical grade quality. All of the glass compositions are
reported in Table 1.

A commercial Yb-doped fiber amplifier femtosecond laser (Satsuma, Amplitude
Systemes Ltd., Pessac, France) was used to irradiate each sample, with a laser-operating
wavelength centered at 1030 nm and a fixed pulse duration of 800 fs. The laser beam
was focused using a 0.6 numerical aperture (NA) aspheric lens (estimated beam waist
wy ~1.5 um) at a depth of 300 um (in air). The sample was placed on an XYZ-motorized
translation stage, and the direction of the linear polarization was controlled using a A /2
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waveplate mounted on a rotation stage. The inscription patterns inscribed in the samples
were a series of rectangles, which were composed of a series of parallel lines or single
lines. For most glasses, a constant pulse density /v = 1000 pulses/pm was used, with
f being the pulse repetition rate (Hz, or pulses/s) and v is the scanning speed (um/s). f
was varied between 10 and 1000 kHz; therefore, the laser v was varied from 10 to 1000
um/s accordingly. The pulse energy E was varied from 25 nJ to 4 pJ, thus the different
modification thresholds were identified [13]. Two different laser polarization orientations
were used to write lines: perpendicular (called Xy) and parallel (called Xx) to the laser scan-
ning direction (X-axis). This was then used (1) to highlight the formation of polarization
dependent birefringence, which is a key characteristic feature of NG formation [31] and (2)
to investigate the nanostructures using SEM.

Table 1. Name, type, and chemical composition of all of the glasses investigated.

Commercial Glass Name Type Chemical Composition (mol%)
SuprasilCG Silica 100 SiO;
ULE Titanium silicate 94.25 Si0», 5.75 TiO5
B33 81 Si0,, 2 Al,O3, 13 B,03, 4 Na,O/K,0
. . o 66.43 5105, 11.28 A1, O3, 10.73 B,03, 5.30 Ca0, 4.63 MgO,
AF32 Free/low alkali aluminoborosilicate 1,36 BaO, others < 1
Bagle XG 65.71 5105, 11.10 Al Os, 11.65 B,O3, 8.64 CaO, 2.28 MgO,
others <1
7059 63 Si0,, 8.5 Al,O5, 16 BoO3, 12.5 BaO
BK7 AlkaliBorosilisate 69.13 5105, 10.75 B2O3, 3.07 BaO, 10.40 Na» O, 6.29 K> 0,
others < 1
. . . 72.6 5107, 13 NayO, 8.8 CaO, 4.3 MgO, 0.6 Al;03, 0.3 K;0,
Soda-lime Soda-lime silicate 0.250;,0.1 Fe,O;
GeO» Germania 100 GeO»

Optical retardance (R) of the laser-induced modifications, defined as the product of
linear birefringence (LB) by the thickness (I) of the birefringent object (i.e., R = LB x [) was
measured using an Olympus BX51 polarizing optical microscope equipped with a “de
Sénarmont” compensator. This compensator coupled a high-precision quarter waveplate
with a 180° rotating analyzer to provide retardation measurements in the visible range.
Such a setup had an accuracy that approached a few nm when used in our conditions.

In order to investigate the morphology and texturing of Type Il modifications, the
two different polarization laser modification lines were cleaved perpendicularly to their
writing direction, which allowed the laser track cross-sections to be observed by SEM
(Field-Emission Gun Scanning Electron Microscope, ZEISS SUPRA 55 VP, 1 kV accelerating
voltage). Depending on the laser polarization orientation (i.e., Xx or Xy configurations as
described above), the inside of the nanoplanes (Xx) or the periodicity of the nanoplanes
(Xy) could be observed.

3. Results and Discussion
3.1. Study of Type 11 Modifications Windows in the Different Glasses

Different types of modifications induced by fs-laser in glass, reported in the liter-
ature as IR-fs Type I, Type II and Type III, were observed in the irradiation landscape
(energy—repetition rate). Figure 1a,b shows these modifications in Borofloat33 (B33) glass
as an example, along with the corresponding laser parameters and optical microscopy char-
acterization. At very low energies (<0.10 yuJ), no permanent modifications were detected in
the glass. As the energy progressively increased (moving vertically up in Figure 1a), the
appearance of the Type I modification was identified. Type I corresponds to a permanent
isotropic refractive index change (either positive or negative depending on composition)
and is typically found at low fluence values. The corresponding optical microscope image
is shown in Figure 1b using a transmitted light observation configuration. As the energy is
increased, the Type II regime is established. The corresponding optical microscope image,
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(a)

Pulse energy (pJd)

taken under a first-order full waveplate placed at 45° of a crossed analyzer/polarizer,
allowed us to reveal the formation of polarization dependent linear birefringence (i.e., the
slow axis orientation rotates almost linearly with the laser polarization), a characteristic
feature of NGs. It is worth pointing out that the Type Il window becomes smaller at higher
repetition rates (f).
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Figure 1. (a) Processing windows for the different types of fs-laser modifications in Borofloat33 (B33)
glass. (b) Optical microscope images of the different types of modifications. (c) Retardance measured
within the Type II regime by the Sénarmont technique. Experimental conditions: 1030 nm, 800 fs,
0.6 NA, from 0.025 to 4 uJ, pulse density f /v = 10° pulse/um, Xx and Xy writing configurations.

By further looking at Figure 1a, the Type Ill regime appeared at higher energies, the
laser tracks looked inhomogeneous, and voids issued from the micro-explosions were
erratically induced inside the irradiated affected volume. As the repetition rate increased,
the Type III threshold and its processing window decreased. Finally, heat effects occurred
at a high repetition rate and energy, whose optical signature was mostly related to the
strong spatial extension of the laser tracks (beyond the light beam size itself) accompanied
by black areas, as reported in Figure 1b. This spatial broadening is related to the thermal
effects (i.e., thermal diffusion coefficient and related thermal diffusion time 7y,), but one
could find two different origins [32].

In the following, it was assumed that a temperature effect was at the origin of the
spatial broadening. At low repetition rates (typ. 1/f >> 71, with Ty, = wg?/(4Dy;,), where
wy is the diameter of the energy source at 1/e), the temperature elevation increases with the
deposited energy. Thus if one considers that line broadening is related to the overcoming
of a local temperature (let us say a “transformation temperature”), the increase in the
temperature with the deposited energy indeed progressively enlarges the spatial volume
of the transformation, corresponding here to a permanent refractive index change. On
the other hand, at high repetition rates and high energy, a well-known heat accumulation
progressively occurs [33], meeting the condition where the time between two consecutive
pulses is of the order of the thermal diffusion time, typ. 1/f < 771y, (corresponding here to a
10% increase in the average temperature [32]). In these conditions, the imprinted width
for a given temperature can overcome the light energy source size (w, and w,) and usually
scales up with the increasing repetition rate.

Figure 1c shows the optical retardance (R) writing energy dependence, measured
within the Type Il regime by the Sénarmont compensator technique for two writing polar-
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ization configurations. In B33, a larger R was found at 10 and 50 kHz. Usually, R increases
monotonously with the energy before 0.75 uJ and then exhibits a trend to saturation at
higher energies. The maximum R values at “saturation” decreased with an RR increase
except for 10 kHz. Finally, at higher energies, another regime was established and the
retardance dropped down. Note that the retardance of Xx was a little bit larger than for the
Xy writing configuration, a feature commonly observed in the literature.

Figure 2 shows a comparison of the Type Il modification windows for different com-
mercial oxide glasses for quite similar writing conditions. Here, the ratio between the
writing speed and repetition rate was kept fixed at f/v = 10° pulse/um for most glasses,
especially with the high silica content and GeO; glass. However, more pulses were needed
to imprint NGs in the alkali silicate glasses, namely 104 pulse/pm for soda-lime glass and
10° pulse/um for 7059 and BK?. This is the first report of the effective imprinting of NGs in
alkali-rich glasses such as BK7, Corning 7059, or soda-lime glasses.
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Figure 2. (a) Type Il modification windows in the Suprasil, ULE, GeO;, and soda-lime glasses.
(b) Type Il modifications windows in B33, AF32, Eagle XG, 7059, and BK7 alumino-borosilicate glass.
(Zoom x 5in the figure of 7059 and BK7 samples). Experimental conditions: 1030 nm, 800 fs, 0.6 NA,
pulses densities f/v = 10° pulse/um (Suprasil, GeO,, AF32, B33, Eagle XG), f /v = 10* pulse/um
(soda-lime), f/v = 10° pulse/um (7059 and BK7), Xx writing configuration.

From Figure 2a, it can be noticed that the pure silica glass (Suprasil) had the largest
window related to the existence of NGs, whereas it was the opposite for the borosilicate
(BK?) glass; this is likely to be due to its high alkali content but also its high B,O3 content.
Additionally, only the high silica content glasses (Suprasil, ULE, B33) and GeO; glasses
showed the NG formation above 250 kHz. Then, by comparing the alkali free or low alkali
content alumino-borosilicate (AF32, B33 and Eagle XG) glasses with the alkali borosilicate
(7059 and BK?) or soda-lime glasses, larger Type Il windows were found for the former. In
contrast, it was very difficult to imprint NGs in the 7059 and BK7 glasses; a large number
of pulses, typ. > 10° pulse/um, needs to be cumulated, in agreement with previous reports
in the literature concerning Na;O-5iO; [25] or Na,O-GeO; [10] glasses.
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3.2. Study of Type I Modifications Origin in the Different Glasses

In this section, the presence of Type Il nanostructures was investigated by SEM imag-
ing. A micrograph with both parallel and perpendicular writing polarization conditions is
provided for each sample in Figure 3, showing the NG structures present in each investi-
gated commercial glass. Our observation technique, based on cleaving the sample, is likely
to not be the best way to preserve NGs, but it allows one to easily see the nanopores (in
the Xx configuration). First, the nanolayers were found to be quasi-periodic and oriented
along the laser polarization direction in agreement with the overall literature. Second,
all of them appeared to be nanoporous, thus revealing that a glass oxide decomposition
process occurred in all of these compositions, highlighting in such a way that this is a
general mechanism. It is worth noting that the nanolayers appeared quite “disrupted”
in our conditions. However, based on the literature, a high pulse number or large pulse
density [34] will increase the uniformity of the NGs. This needs a low writing speed rather
than a high repetition rate to avoid a too high temperature. It is also known that high pulse
energy will lead to disrupted NG formation [9], whereas long pulse duration (typ. around
800 fs) [35] makes the NGs more uniform. Key applications where homogenous NGs
are needed are micro-optics and optics such as 3D geometric phase optics and 3D space
variant birefringent devices, whereas sensing applications and optical data storage do not
necessarily require homogeneous NGs. In addition, recent work has indicated that using a
Type X regime (individual elongated nanopores) [36] in a multilayer strategy looks to be a
promising approach to develop optics and optical storage with much lower optical losses.

e 2
Tum 4=244nm

Figure 3. The SEM secondary electron micrographs of laser track cross-sections written in different
oxide glasses (Suprasil, ULE, GeO,, B33, AF32, Eagle XG, 7059, BK7, and soda-lime). The polarization
direction (E) was perpendicular or parallel (insert) to the writing direction. Experimental conditions:
1030 nm, 800 fs, 0.6 NA, pulses densities f /v = 10° pulse/um (ULE, GeO,, AF32, B33), f /v = 10*
pulse/pum (soda-lime, Eagle XG), f/v = 10° pulse/pum (50 kHz for 7059 and 25 kHz for BK7), 250 s,
f/v =500 pulse/um (Suprasil), Xx writing configuration. The pulse energy was chosen to fall within
the Type Il regime.
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From the SEM micrographs, the thickness Ly trace Of each laser track was measured
for both writing configurations. More specifically, the length over which porous NGs
were observed along the laser propagation direction, Luanogratings, was determined. From
these values, the birefringence LB was calculated using the retardance values using the
following expression R = LB X Lyaogratings- This is exemplified in the inset of Figure 4a. The
modified NG structure is clearly visible, and the period (A) is much smaller than the laser
wavelength (see the insets in Figures 3 and 4b).
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Figure 4. (a) The measured optical retardance R and (b) corresponding birefringence
(B = R/Lyanogratings) of different glasses (insets are the SEM images of BK7, 7059, and ULE). Ex-
perimental conditions: 1030 nm, 800 fs, 0.6 NA, pulses densities f /v = 10% pulse/um (ULE, GeOs,
AF32, B33), f/v = 10* pulse/um (soda-lime, Eagle XG), f /v = 10° pulse/ um (50 kHz for 7059 and
25 kHz for BK7), 250 fs, f /v = 500 pulse/um (Suprasil), Xx writing configuration.

In this view, the retardance writing kinetics of all these samples were thus measured
according to the pulse energy and in similar writing conditions (1030 nm, 800 fs, 0.6 NA,
50 kHz). From Figure 4, it can be assessed that the glasses with a strong 3D network (e.g.,
tectosilicates), namely, ULE, Suprasil, and GeO,, displayed a larger retardance. However,
the corresponding birefringence was smaller since they had a quite long nanolayer zone,
typ. up to 70 um at high energy. In contrast, the alumino-borosilicate glasses (B33, AF32,
Eagle XG, BK7, and 7059) showed smaller retardance at low energy and a shorter nanolayer
zone length, but the related birefringence was relatively larger. This indicates that the NGs
had a strong refractive index in contrast to these glasses, which might reveal not only the
nanopore formation, but also the nanoscale phase separation. Among all of the commercial
glasses, soda-lime possessed similar retardance values at low energy compared to silica
(Suprasil), but exhibited the largest birefringence.

3.3. Influence of Alkali Content on NG Windows in Different Glasses

The presence of alkali and alkaline earth cations can affect the NG formation [24,25,37,38].
From Figure 5a, it can be clearly seen that NG window at 50 kHz of the alkali silicate samples
consistently decreased as the [alkali and alkaline earth] /[Si] cationic ratio progressively
increased, with the exception of the soda-lime glass. One can note that the onset of the
NG formation remained quite similar for all of the investigated glasses, whereas the upper
boundary in terms of energy decreased when increasing the [alkali and alkaline earth]/[Si]
cationic ratio.

Then, in order to tentatively summarize the relative performances of all of these
glasses and understand who was the “best performer”, three parameters, as a function of
the [alkali and alkaline earth]/[Si] cationic ratio, were reported within a single graph (see
Figure 5b): (i) the writing speed, which represents the potential for writing a high amount
of optical components; (ii) the maximum retardance (a key parameter for birefringent
applications); and (iii) the energy consumption in uJ /nm (laser energy uJ used to write
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one unit of retardance expressed in nm). In this graph, Suprasil was found to reach
the highest R value (252 nm) with the highest speed (1 mm/s) and the lowest energy
consumption (0.6 yuJ/nm). In the Suprasil, ULE, and GeO> glasses, the formation of NGs
was more likely to occur with higher R and speeds (ULE: 232 nm, 0.1 mm/s; GeOs: 292 nm,
0.05 mm/s) and lower energy consumption (ULE: 6.9 pyJ /nm; GeO,: 1.79 puJ/nm). BK7
and 7059 possessed the lowest R values (BK7: 96.16 nm; 7059: 94.34 nm) and required low
writing speeds (0.001 mm/s), along with a high energy consumption (BK7: 28598 uJ/nm;
7059: 251.75 uJ/nm). Finally, B33, AF32, and Eagle XG exhibited relatively high R-values
at moderate speeds and energy consumption (B33: 190 nm, 0.05 mm /s, 8.41 pJ /nm; AF32:
99 nm, 0.01 mm/s, 16.08 1] /nm; Eagle XG: 135 nm, 0.01 mm/s, 25.93 uJ/nm). This trend is
in agreement with the NG formation window. Other samples reported in the literature have
been added in Figure 5b. The 15Na;O-85Si0; [25], 30Dy,05-70A1L,05 [39], and 6Na,O-
94GeO; [40] samples exhibited a quite useful R, but had the highest energy consumption
and low writing speeds. Then, even if the speed was quite high for 805i0,-20A1,05 and
40Si0,-60A1,03 [41], they exhibited low R with a quite high energy consumption while
there were no alkali and alkaline earth cations. Although 805i0,-20A1,03, 40S5i0,-60A1,03,
30Dy>03-70Al,03 and 6Na;O-94Ge; possessed lower alkali and alkaline earth cation
contents, more energy consumption was required. This is again a clue that viscosity should
be the key factor here. The BaO-Ga;03-GeO; (BGG) glass [42,43] exhibited a higher R and
speed, but lower energy consumption. When the content of the alkali and alkaline earth
cations increases, much more energy consumption is required for the formation of NGs.
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Figure 5. (a) NG processing windows at 50 kHz of alkali silicate glass samples and (b) bubble graph
of the maximum retardance with increasing [alkali + alkaline earth]/[Si] or [Ge] cationic mol%. The
Nay0-5i0; and Na,0-GeO, samples were extracted from [25] and [10], respectively.

4. Discussion on Nanopores Formation and Erasure

While this paper mostly focused on Type II, and an extensive discussion of all types of
transformation was out of the scope of this work, some explanations on the mechanism
that drives the NG formation are emphasized below.

At first, some fluctuations of the dielectric constant at the nm scale were proposed to
trigger the process. In this transient nanoplasmonic model [7], this led to the formation
of spherical nanoplasma hot spots induced by localized multiphoton ionization initiated
by some seeds. The latter can either be defect centers, or glass free volume and voids
initiated by the first pulse(s). In this model, these nanoplasma hot spots would experience
an asymmetric growth oriented preferentially in the direction perpendicular to the laser
polarization, provided that the sub-critical plasma density is reached.
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Then, there is a sub-wavelength structuration of the plasma, creating an interference-
like pattern or self-organized mechanism with a pseudo-regular array of high-density
plasma nanolayers. The latest modeling works suggested that this “self-organization”
originated from the above-mentioned heterogeneities of the dielectric constant initially
present in the glass (or initiated by the first pulse), leading to multiple scattered wave
interference, and hence the formation of a standing wave [44]. In this model, subsequently
refined by Rudenko et al. [45], the grating formation process is reinforced by a pulse-to-
pulse effect, resulting in a decrease in the NG pseudo-periodicity much lower than A/2n,
which scales with the increase in the concentration of the heterogeneities.

Finally, inside the plasma dense nanolayers, the formation of nanopores was observed
in most oxide glasses, as widely described in this work. In our early work [10], the birth of
these nanopores was associated with a tensile stress-assisted decomposition and a “soft”
Coulomb force necessary to overcome the oxygen binding energy and to form nanopores
upon an intense stress field. This was recently revisited as a tensile stress assisted nanocavi-
tation process [11,12]. However, this is a plasma-mediated nanocavitation occurring within
both thermal and stress “confinement conditions”, which can thus imprint nanopores at the
“image” of the plasma spatial nanostructuration. This explains the formation of polarization
dependent nanopores (i.e., spherical when using circular polarization but ellipsoidal when
using linearly polarized light) [36].

The above results provide additional clues that the formation of NGs is also highly
impacted by glass viscosity, as suggested in a previous work [11,46]. According to the
aforementioned cited references, the domain of existence of the nanopores (and thus NGs)
was predicted using a simple approach following viscosity-based arguments [12]. The
viscosity profile as a function of temperature for all of the oxide glasses investigated in
this work, together with the estimated domain of NG existence, are reported in Figure 6a.
The domain of NG existence was predicted by taking into account two boundaries in
terms of viscosity, which can be then translated in terms of two limiting temperatures.
The lower limit corresponds to the temperature, Tsoﬂ' at which nanocavitation in the
glass can occur and for which the viscosity value () is situated at around ~10°° Pa-s,
forming nanopores that compose the NGs. The upper temperature limit, Ty, relates to
either the collapse or unstable hydrodynamic growth of the nanopores, resulting in the
disappearance of the nanopores, hence the NGs. This corresponds to a viscosity value
typically around ~103? Pa-s, and was determined using the Peclet number (ratio between
the viscous deformation and diffusion rates) as a local indicator for nanopore erasure [12].
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Figure 6. (a) Viscosity as a function of temperature for a variety of commercial and typical glasses,
along with an estimated domain of NG existence from Ty (17 = 1056 Pa-s) to Ty (7 = 1030 Pas).
(b) Normalized NG window as a function of the temperature interval (AT) corresponding to the
previously mentioned viscosity interval.
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The domain of the NG existence was thus predicted by taking into account the tem-
perature difference between the Ty and T4, respectively, the upper and lower limits,
and then compared to the experimental data in the energy—repetition rate landscape. In
this view, the “normalized NGs experimental window” was used, that is defined as the
integrated area of the Type II domain in Figure 3 divided by the one of 5i0O; taken as the
reference. Figure 6b shows a marked reduction in the normalized NG experimental window
(normalized window area from Figure 2) as a function of the predicted temperature interval
AT =T e~ Sof,) between the two above-mentioned viscosity values. A strong link was
found here and supports the previously reported work and the above-reported results.

5. Conclusions

In this work, the NG formation windows in a wide range of commercial oxide glasses
were addressed in an energy—repetition rate laser parameter landscape and thoroughly
characterized by polarizing optical microscopy and SEM analysis. The pure silica glass
(Suprasil) and the alkali-rich borosilicate glasses (7059 and BK7) showed the largest and
the smallest NG formation windows, respectively. The NG formation windows of the ULE,
Ge0,, B33, AF32, and Eagle XG lay between these two limits and progressively exhibited
decreasing values. In agreement with the literature, the alkali and alkaline earth contents,
closely connected to the glass viscosity, were proven to play a key role in the formation of
NGs. The NG formation window decreased with the increase in the alkali and alkaline earth
contents, which appeared to be correlated to the reduction in the predicted temperature
difference determined from the “allowed viscosity interval”. The results agree with the
literature and the proposed viscosity approach based on a nanocavitation process [12].
Although the soda-lime, BK7, and B33 glasses exhibited higher birefringence, the pure
silica glass remained the “best performer” (high writing speed, low energy consumption,
high retardance) compared to other oxide glasses. Future work includes the simulation
of the temperature elevation during the irradiation process for each glass composition in
order to predict the processing windows and exploitation of the Rayleigh-Plesset model to
predict the lifetime of the NGs.
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Abstract: Self-assembled nanogratings, inscribed by femtosecond laser writing in volume,
are demonstrated in multicomponent alkali and alkaline earth containing alumino-borosilicate
glasses. The laser beam pulse duration, pulse energy, and polarization, were varied to probe
the nanogratings existence as a function of laser parameters. Moreover, laser-polarization
dependent form birefringence, characteristic of nanogratings, was monitored through retardance
measurements using polarized light microscopy. Glass composition was found to drastically
impact the formation of nanogratings. For a sodium alumino-borosilicate glass, a maximum
retardance of 168 nm (at 800 fs and 1000 nJ) could be measured. The effect of composition
is discussed based on SiO> content, B203/Al;0;3 ratio, and the Type II processing window
is found to decrease as both (NayO + Ca0O)/Al,O3 and B,03/Al,0; ratios increase. Finally,
an interpretation in the ability to form nanogratings from a glass viscosity viewpoint, and
its dependency with respect to the temperature, is demonstrated. This work is brought into
comparison with previously published data on commercial glasses, which further indicates the
strong link between nanogratings formation, glass chemistry, and viscosity.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, femtosecond (fs) laser direct writing (FLDW) has been a tool of choice to inscribe
photo-induced transformations inside or at the surface of transparent media, including glass [1-3].
By enabling light intensities of several TW/cm? at the laser focal point, permanent and localized
modifications within a few pm? of the material are possible. They are a function of both glass
composition and laser parameters and have commonly been observed in silicate glasses. These
include refractive index changes, micro-voids, or laser polarization dependent birefringence
[4-6]. This birefringence originates from the formation of nanogratings (NGs) [7], which are
made of self-aligned porous nanolayers.

Several mechanisms of the NGs formation have been proposed [7-10]. Most recently, the
formation of the nanopores composing the NGs has been suggested to come from a tensile
stress-assisted nano-cavitation, building on the theory developed by Grady on spall fracture
of matter [11,12]. While investigating the underlying mechanisms is still an active research
field, several intriguing properties arising from these structures have already been demonstrated,
including, but not limited to, anisotropic light scattering [13], highly selective chemical etching
[3], and form birefringence with extraordinary thermal stability [14]. In terms of applications,
fabrication of polarization sensitive optical elements has been demonstrated [6], along with

#488249 https//doi.org/10.1364/0E.488249
Journal © 2023 Received 20 Feb 2023; revised 6 Apr 2023; accepted 10 Apr 2023; published 24 Apr 2023
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ultra-stable 5-dimensional (5D) optical memory [15,16], micro/nanofluidics [3] or 3D space
variant birefringent optical devices. Until now, these NGs, induced by fs-laser in volume, have
been observed in various glasses and crystals including SiO; (by far the most studied), GeO; glass,
TeO; single crystal, sapphire, Al O3-Dy>03 binary glass, lithium niobium silicate glass [17-23],
titanium silicate glasses (ULE, Corning) [24], and even in multicomponent alumino-borosilicate
glasses (Borofloat 33, Schott) [24], or barium gallo-germanate (BGG) glasses [6]. It must be
pointed out that there exist multiple types of NGs, including porous NGs, crystal/glass phase
separated NGs, or crack-like nanostructures. While in this work we focus on the porous NGs
typically encountered in silicate or silica-rich glasses. an interested reader can find more details
on the various NG types, and associated references, in [25].

Within the above list, the alumino-borosilicate glass family is particularly attractive for its
excellent chemical durability, high thermal shock resistance, and low coefficient of thermal
expansion. Those properties are of interest in multiple industrial applications such as liquid
crystal display substrates [26] and glass fiber-reinforced polymer matrix composites [27].
Complementarily, and with respect to the present work, calcium aluminosilicate (CAS) glasses
with large transmission in infrared (IR) are also of interest for a wide variety of applications,
ranging from IR domes to laser windows or optical glasses [28=30]. From the discussion above,
the ability to master photo-induced transformations in these glass families would therefore be a
key asset in developing photonic-based devices.

In this paper, the NGs formation in a series of alumino-borosilicate doped with alkali (Na™)
and alkaline earth (Ca®*) elements, respectively SAN and SAC families, is investigated. More
specifically, the study focuses on the effect of composition and glass properties, such as viscosity,
which can affect the overall formation of NGs. In order to tackle the latter aspects, NGs were
inscribed in alumino-borosilicate glasses by varying a set of laser parameters (pulse duration
and energy). Measurements of retardance (R) (see Section 2.2) and polarization dependent
birefringence were performed using polarized optical microscopy, as these features indicate the
presence of NGs in the glasses. The NGs processing window, defined as the ability to form NGs
in a pulse energy - duration landscape, was studied according to the (Na,O + Ca0)/Al,O5 and
B> 03/Al,05 ratios. The results are then discussed on the basis of previous work revealing the
key role of viscosity (1) in the formation of NGs inside several commercial glasses [11,12].

2. Experimental section
2.1. Glass synthesis and characterization

All glasses were fabricated by melting the appropriate quantities of batch precursor powders,
i.e., AlO3, CaCO3, B203, Na;CO3 and SiO;. For example, a mixture of CaCO3-Al,03-B>03-
NaCO5-58i0, was crushed and homogenized for 1 h in alcohol using an agate mortar. Following
this, the mixture was heated up slowly and progressively to decompose the carbonates, and up to
the melting point. This heating process was repeated 3 times to ensure a good glass homogeneity.
The studied glass compositions are presented in Table 1. Glasses are labeled according to
their chemical compositions, and as follows: SAN x-y-z, with x =8i0,, y = AbO3, z=Na,O
and B,0O3 =100 - (x +y +z); SAC x-y-z with x =810y, y=Al03, z=Ca0 and B,0; = 100
- (x+y+2z); SACN x-y-z-w with x=5i0;, y=AL03, z=Ca0, w=Na;O and B,03 =100 -
(x+y+z+w). Itis worthwhile highlighting that x, y, z and w refer only to the integer part of
the compositions in mol%. Additional typical values of the fabricated glasses, including glass
annealing temperature (7, ), density, refractive index, and oxide/element ratios, are also provided
in Table 1. The density values were obtained from the average of more than 20 measurements
per sample using Archimedes’ method by immerging a glass chunk in diethyl phthalate at room
temperature on a Precisa XT220A weighing scale. The refractive index (ny, at 532 nm) values
were determined by the Brewster angle method.
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Table 1. Label and batch composition of the alumino-borosilicate glasses employed in this study,
along with typical physical characteristics and composition ratios.

Sample Composition (in mol%}) Density T, (°C) ns3p N____a:\:):—](_‘a{) %(()T;
(glem?) (£0.005) 23 A7
SAN 75-0-12 758103 - 1258503 - 12.5Nay0 2313 570.6 1487 No Al No Al
SAN 75-3-12 758107 - 3.125A1,05 -9.375B205 - 12.5Nax0 2354 913 1.493 4 3
SAN 75.6-12 758105 - 625AL, 05 - 625B,05 - 125N2,0 2370 6184 1492 2 1
SAN 75-9-12 758107 -9375A1203 - 3.125B203 - 12.5Naz0  2.386 658.2 1.491 1.33 0.33
SAN 75-12-12 7558102 - 12.5A103 - 12.5Nax0 2.391 849.8 1.487 1 0
SAC 50-25-25 508i0; - 25A1,04 - 25Ca0 2624 4.7 1.566 1 0
SAC 50-12-25 508i07 - 12.5A1:03 - 12.5B203 - 25Ca0 2.575 700.8 1.570 2 1
SAC 50-18-25 508i0; - 18.75AL,0; - 6.25B,05 - 25Ca0 2.566 6519 1559 1.33 0.33
SACN 50-6-25-5 508i03 - 6A1203 - 14B203 - 25Ca0 - 5Na; 0 2610 667.8 1.581 5 2:33
SACN 50-12-25-5  508i03 - 12A1,05 - 88503 - 25Ca0 - SNy O 2.600 689.7  1.569 25 0.67

2.2. Fs-laser irradiation and characterization of laser-induced modified regions

Each sample was double side polished to an optical grade prior to being irradiated by fs laser
(Satsuma, Amplitude Systémes Ltd. Pessac, France). The latter delivers pulses centered at a
wavelength of 1030 nm, with a repetition rate set at 100 kHz and with varied pulse durations
7 from 250 to 1500 fs. The beam was focused 500 pm below the surface (in air) using a 0.6
numerical aperture (NA) aspheric lens. The beam waist radius was estimated to be around wyg
~1.5 um. The selected irradiation patterns in all samples were rectangular shapes of 10 x 100
um’ dimensions. In fact, each rectangle is composed of a set of 10 lines spaced out by Ay = 1 um,
to get a homogenous irradiated area and avoid any diffraction effect. To favor NGs formation a
writing speed of 10 um/s was used, therefore translating into a pulse density of 10,000 pulses/um
(at 100 kHz), which is a typical value to induce NGs [31]. Moreover, the pulse energy E, was
varied from 0.025 to 3 pJ and two laser polarization configurations were tested, namely “Xx” and
“Xy” (X being the laser writing orientation and x, y the laser polarization orientation at 0 and 90°
relative to X, respectively) [32]. After fs laser irradiation, the inscribed samples were observed
using a polarizing optical microscope (Olympus BX60, Tokyo, Japan) equipped with a high
precision quarter waveplate coupled to a rotating analyzer providing a quantitative measurement
of R [32]. The R is defined by R =B x [, where B is linear birefringence and / the thickness of
the birefringent layer. Such R measurements coupled to slow axis measurements enable one to
elucidate the formation of NGs since these structures are both birefringent and oriented by the
writing laser polarization.

3. Results

3.1. Optical modifications in the pulse energy - pulse duration landscape

It has been reported that the R detection threshold (characteristic of NGs formation) strongly
depends on the laser light intensity for all alkali-free alumino-borosilicate (AF32), multicomponent
borosilicate (Borofloat33) and silica glasses [33]. Such threshold is thus a function of the ratio of
pulse energy to the pulse duration. The threshold was found to be slightly above 1 TW/cm? for
AF32 and silica glasses [33,34]. Therefore, the pulse energy - duration landscape is a key point to
evaluate the formation of NGs, and therefore was chosen herein. On other hand, the dependence
of colouration and scattering to “Type II-like” on the pulse duration has been reported in [13,35].
While probing this landscape, several types of transformations, typically found in most oxide
glasses, are revealed. The observed permanent modifications are classified as Type 1, Type
I, and what we have called “spatial broadening regime”. Type I corresponds to an isotropic
refractive index change leading to a permanent contrast in non-polarized optical microscopy
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which can be further quantified in optical phase microscopy. Type 1l corresponds to the NGs
regime and is identified as the observation of a birefringence response from the irradiated area
whose orientation depends on the writing laser polarization. This is usually identified as form
birefringence due to NGs formation [6] and can be observed with polarized light microscopy
equipped with a full retardation waveplate. A last type of modification appearing at high laser
intensities can be finally defined. Often imprecisely called “heat accumulation regime” in the
literature, this modification corresponds to a smooth and homogeneous variation of the refractive
index with a tendency of laser tracks to become much larger than the laser beam size. This
spatially broadened “Type I-like” modification will therefore be referred to as “spatial broadening
regime”, which describes more accurately this phenomenon [4].

In the following we will study 3 glass families, namely SAN, SAC and SACN, which exhibit
different chemical composition and stoichiometry. At first SAC 50-25-25 glass was selected since
its composition contains both no boron and the highest amount of Al; O3, which is equal to the
amount of Ca0, and with the minimum ratio of (NaO + CaO)/Al,O3. Figure | summarizes the
three different fs laser-induced transformations for such SAC 50-25-25 glass at a fixed repetition
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x| (g »
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Fig. 1. Laser-induced modifications in pulse energy - duration landscape. Transformation
regimes encountered in the experimental conditions: Type I, Type II and spatial broadening
regime. The selected sample is SAC 50-25-25 with Xx (a) and Xy (b) writing polarization
configurations, respectively. (c) Sketch of two configurations of fs laser induced NGs with
the corresponding orientations of slow axis indicated in bulk glass. Inset shows the polarized
optical microscope image (bottom light illumination) with crossed polarizers and a full
waveplate inserted at 45°. E: laser polarization direction, K: laser beam propagation direction
and S: laser scanning direction. Laser parameters: 1030 nm, 0.6 NA, 100 kHz, 10 um/s.
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rate of 100 kHz and is intended to illustrate the observed features, which are common to all
investigated glasses, although in varying proportions.

As shown in Fig. 1(a) and (b), our results indicate that SAC 50-25-25 glass irradiated with
both Xx and Xy configurations [32] possesses broad energy windows both for Type I (from 25 to
1400 nJ) and spatial broadening regime (from 1600 up to 3000 nJ). Furthermore, there are no
NGs detected at 250 fs inside SAC 50-25-25 glass, confirming that shorter pulse durations are
disadvantageous for the NGs formation in agreement with the literature [33,34,36,37], which
may be related to a limitation in terms of plasma density that is not high enough to initiate
the nanopores formation. Then for pulse durations above 500 fs, a Type II processing window
appears as revealed by comparing Xx and Xy writing configurations. The typical sketch of these
two configurations including nanolayers and the formed O>-contaning nanopores (usually seen by
Raman spectroscopy), is illustrated in Fig. 1(c). in which a polarized optical microscope image
with a first order full waveplate inserted is provided. This enables the identification of the slow
axis (indicated in Fig. 1(c)) of the laser tracks and its 90° rotation when switching the polarization
from x to y in the reference frame, indicative of the existence of Type II modifications. Finally, a
slight increase of Type II window width for longer pulse durations was observed, in agreement
with Ref. [6]. This is likely related to a lower peak power leading to a less efficient overall
absorption by the free electron plasma in relatively long pulse duration, in agreement with recent
results reported for silica glass [38], e.g. the absorbed energy was 95 nJ for 300 fs at pulse energy
of 690 nJ, while the absorbed energy was 17 nJ for 500 fs at the equivalent pulse energy.

Interestingly, the Type I regime, as previously described, is found to reappear as the energy
is progressively increased and while the Type Il window collapses. This feature suggests that
there is likely a combination / overlap of Type I and Type Il domains, which can imply several
hypotheses such as i) the material in-between the porous nanolayers is likely a kind of Type I
modification and ii) at high energies the nanopores are likely erased after the energy deposition
and during the resulting heating-cooling process [31].

3.2. Effect of the chemical composition on the optical retardance and Type Il energy
window

It has previously been established that the deposited energy, pulse duration, and writing
configurations are key parameters that impact on the formation of NGs in oxide glasses [6,38].
To study such effects, the dependence of the optical retardance, R, on these factors has been
quantitatively investigated. Firstly, quantitative R results obtained in the SAC 50-25-25 glass
at different pulse durations are highlighted in Fig. 2(a), as it serves, as before, as an exemplar
throughout this work. Above a threshold of around 100-150 nJ, the overall R increases up to
a maximum, and then strongly decreases as the energy is continuously increased. The latter
part corresponds to the formation of inhomogeneous and disrupted NGs that can be assigned
to a significant temperature increase at higher pulse energies [39,40]. Finally, no polarization
dependent birefringence, required to confirm the presence of NGs, could be observed above a
certain energy value.

Secondly, it was also found that for a given glass the maximum R tends to saturate for all
investigated pulse durations (and for both Xx and Xy configurations). It is then followed by a
decrease for longer pulse durations (e.g., 1500 fs in Xx configuration). This quantitative increase
of R can be simply explained by an elongated focal spot yielding to longer laser tracks. In contrast,
the decrease for longer pulse duration might be related to some thermal effects in the picosecond
regime that affect the nanopores size and filling factor [41], due to the lower melting point of
alumino-borosilicate glasses.

Finally, higher R values are measured in Xx configuration compared to the Xy one, as shown in
Fig. 2(a) and (b), due to the combined effect of stress-induced birefringence around nano-lamellae,
as previously reported [42]. This is particularly visible in the SAC 50-25-25 glass case at 800
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Fig. 2. Mean retardance, R, of laser-written structures as a function of pulse energy for
(a) SAC 50-25-25 glass with pulse durations of 500, 800, 1000 and 1500 fs, using Xx and
Xy configurations, (b) a series of SAN glasses at 800 s using Xx and Xy configurations,
(c) SAC 50-25-25, SAC 50-18-25, SAC 50-12-25 and SACN 50-6-25-5 glasses at 800 fs
using Xx configuration.

and 1000 fs, for which the maximum R (i.e., 97 nm at 800 fs and 136 nm at 1000 fs) of Xx
configuration was 2.5 and 3.4 times higher than that of Xy configuration at 800 fs (i.e., 39 nm)
and 1000 fs (i.e., 40 nm), respectively.

To continue investigating the NGs processing windows and the effect of boron/aluminum
oxides in the presence of alkali, the results of the SAN glass series were investigated. The R
values, for a fixed 800 fs laser pulse duration, and for varying pulse energy values, are shown in
Fig. 2(b). These alkali-containing glasses showed a wide range of R values, strongly dependent
on glass composition, pulse energy, and polarization (Xx and Xy configuration). In the SAN
family glasses, the maximum R (168 nm) was measured in the SAN 75-9-12 glass sample having
an Xx writing configuration and at 1000 nJ, where the ratio BoO3/Al Os is equal to 0.33 (see
Table 1).

As previously investigated and stated, both Xx configuration and 800 fs pulse duration were
found to be optimized parameters, within the context of this study, to imprint high R NGs (Fig. 2(a)
and (b)). Therefore, the calcium-containing glass series was investigated by keeping these two
parameters fixed, and the results of R as a function of pulse energy are reported in Fig. 2(c). SAC
50-25-25 glass (i.e., B, Os-free glass) is first compared to the two SAC glasses, where B,0; is
added. Then, the three aforementioned glasses are compared to the SACN 50-6-25-5 glass, which
contains both alkali (Na*) and alkaline earth (Ca**) cations (as opposed to only Ca’* cations).
It is found that the minimum pulse energy required to induce detectable R was in the range
of 100-150 nJ and it increased slightly when increasing the B203/A1,03 ratio. Overall, SAC
50-18-25 glass, which owns the lowest B,03/Al,05 ratio of 0.33, showed a maximum R value
of 110nm at 250 nJ. It can be explained that the viscosity (impacted by chemical composition)
and created free plasma density are in optimized state to obtain the maximum optical retardance.
This needs further investigations. Interestingly, higher R values were measured in SAN 75-9-12
and SAN 75-12-12 glasses compared to the calcium containing glasses, as shown in (b). In
addition, the R decreased as the alkali metal (Na™) content increased, e.g., SACN 50-6-25-5
glass (see Fig. 2(c)). In short, the effect of sodium seems drastic probably due to Na™ chemical
migration, and the results obtained on the B/Al mixture in SACs are in the same direction as the
results for SANs. While this effect requires further investigations to be clarified, this agrees with
the literature, which reported on the detrimental effect of Na,O for NGs formation in SiO,-Na,O
[43] and GeO1-NayO [44] glasses.
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4. Discussion and rationalization

4.1.  Key role played by the viscosily on Type Il energy window

The domain of existence of the nanopores (and thus NGs) can be anticipated by using a simple
approach following viscosity-based arguments [11,12]. In order to investigate this aspect, the
viscosity profiles as a function of temperature and the estimated domain of NGs existence are
reported in Fig. 3(a) for all the oxide glasses investigated in this work. Here the investigated
glass viscosities were modeled using SciGlass software and the obtained data as a function of
temperature were subsequently fitted using the Vogel-Fulcher—-Tammann (VFT) equation [45].
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Fig. 3. (a) Viscosity as a function of temperature for a variety of alumino-borosilicate
and SiO, (Suprasil CG, taken as a reference) glasses, along with an estimated domain of
NGs existence from T,;, (7= 1056 Pa-s, i_e., softening temperature) to Ty (= 1030 pas,
working temperature). (b) Normalized Type II energy window vs. temperature interval
(AT = Tynax - Tonin) for a variety of alumino-borosilicate and commercial glasses. The x axis
presents the predicted results of temperature interval from (a) and the y axis presents the
experimental results.

The domain of NGs existence was predicted by considering two boundaries [11] in terms of
viscosity, which can then be translated into two limiting temperatures. The lower limit corresponds
to the temperature, T,,,;, = T, i.€., softening temperature, at which nanocavitation in the glass
can occur and for which the viscosity value (17) is situated at around ~10%° Pa-s, forming nanopores
that compose the NGs. The upper temperature limit, Tyuax = Tyorking. i-€., working temperature,
relates to either the collapse or unstable hydrodynamic growth of the nanopores, resulting in the
disappearance of the nanopores, hence the NGs structuring. This corresponds to a viscosity value
typically around ~ 103 Pas, i.e., the so-called working temperature of glass, and was determined
using the Peclet number (ratio between the viscous deformation and thermal diffusion rate) as
a local indicator for nanopores erasure [46]. The broadness of NGs existence window (i.e. its
extent in terms of pulse energy), was then estimated by considering the temperature interval (A7)
between 7,4, and Ty, as previously defined. The upper and lower boundaries of the viscosity
corresponding to the Ty, / Tinay interval, are provided in Fig. 3(a). Note thatn = 10129 Pa-s, also
reported in the figure, corresponds to the annealing temperature and is given for completeness.
The temperature interval (47) was calculated for each glass and reported on the x-axis of Fig. 3(b).
On the y-axis is reported the Type Il energy window, calculated by taking the extent of the Type 11
window in the pulse energy - duration landscape, and subsequently normalized relatively to SiO,
(setas 1),i.e. (Enax(glass) — Emin(glass))/(Emax = Emin) Where Eax(glassy and E,yp(glass) Present the
energies to NGs collapsed and formed for the corresponding glass studied, respectively. The
Epay and E,,,;, are respectively energies of SiO2 glass. AT is progressively enlarging for glasses
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in the following order: SAN 75-12-12 > SAN 75-6-12 > SAC 50-25-25 > SAC 50-12-25 > SAN
75-0-12 = SAN 75-3-12 > SACN 50-12-25-5. On average, the normalized Type II window extent
(normalized with respect to silica) monotonously increased with A7 at a slope of 0.0015 °C~!
for the alumino-borosilicate glasses and the commercial glasses apart from SiO» (Suprasil CG),
which exhibited the broadest Type II window and a higher slope of 0.025 °C~! (the slope from
GeO; to Si02). The viscosity modeling results were basically in agreement with experimental
data, further supporting and confirming the viscosity (1) role on the NGs formation, recently
suggested [11]. As a general view, glasses with low Si and high (alkali + alkaline earth) content
possess low network connectivity and relatively abundant non-bridging oxygens (NBOs) [47,48].
This will further lead to lower viscosity of the glass, e.g., the viscosity of SAN 75-12-12 is higher
than that of SAC 50-12-25 (low Si and high (alkali + alkaline earth) content).

4.2. Influence of the chemical composition on the Type Il energy window

Type Il energy window can also be studied with respect to glass composition, and more specifically
relative to ratios such as (NaxO + Ca0)/Al,03 or B2O3/Al,O3. The results are displayed in
Fig. 4(a) and (b). The first, i.e., (Na;O + CaO) to Al, O; ratio, distinguishes the glass compositions
between peralkaline [(NayO + CaO) > Al O:] (like SAC, SACN family samples), metaluminous
(like most SAN samples) and peraluminous [Al; O3 > (NapO + CaO)], and is a prime factor
controlling the formation of NGs. The addition of alkali and alkaline earth elements in glasses
can provide strong structural changes due to the role of network modifiers, such as bond breaking
and even forming some “channels™ as reported for Na,O glasses [49]. In a simple view, alkali and
alkaline earth atoms play the role of depolymerizing cations (i.e., behaving as a modifying cation,
breaking T-O-T linkages (T = Si, Al) and forming nonbridging =Si-O- bonds [50], lowering the
degree of polymerization of the main structural groups and consequently decreasing the viscosity
of glass (a key factor in NGs formation/erasure mechanisms [11]. Indeed, Liu er al. [51] reported
that flow could involve the relative motion of large molecular units (e.g., chains or sheets) due to
depolymerized networks. Therefore, with the decrease of the (Na;O + CaO)/Al;O5 ratio, the
network structure of glass is more rigid and connected, which might favor the formation of NGs
[11]. From Fig. 4(a), the increase in (NaxO + CaQO)/Al> O3 ratio is indeed accompanied with
a decrease of the Type II window (materialized by the green area and bounded by lower and
upper energy limits yielding to the observation of NGs). Fernandez er al. [47] also reported
that (alkali + alkaline earth)/Al, O3 ratio directly affected the viscosity, and the viscosity was at
its maximum when the (alkali + alkaline earth)/Al, O3 ratio was 1, where in other words there
was a kind of balance between Al and charge compensating modifiers. This is the case for SAN
75-12-12 glass, which correspondingly owns the largest processing window. Since Na is always
more mobile than Ca, one could imagine that Ca compensates and Na makes non-bridging oxygen
which could explain the behavior of Na-containing glasses (e.g. SACN).

Interestingly, although exhibiting the same (NayO + CaQO)/Al; O3 ratio equal to 2, the two
peralkaline glasses SAC 50-12-25 and SAN 75-6-12 revealed significantly different Type II
windows. Na-containing alumino-borosilicate glass (SAN 75-6-12) showed a roughly 2 times
broader Type Il window with respect to the Ca-containing one (SAC 50-12-25). At a first sight,
one could think that the higher SiO, content should rather lead to the opposite observation since
(Naz0 + Ca0)/Si0; ratio is much lower for SAN 75-6-12 glass (i.e., 12.5/75) compared to SAC
50-12-25 glass (i.e., 25/50). However, it appears clearly from the glass annealing temperatures,
T4, and the viscosity curves (see Fig. 3(a) and Table 1) that SAC 50-12-25 glass owns a higher
viscosity revealing in a more rigid network structure or increased network connectivity compared
to SAN 75-6-12 glass. It appears again here that the main driver for NGs formation is not simply
the viscosity, but it is rather the temperature dependence of viscosity and especially its slope in the
range between n = 108 Pa-s (softening point) and i = 10*°Pa-s (working point) [11]. However, it
is worthwhile noting that the chemical composition is one of the causes which indirectly decides
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the amplitude of viscosity of the glass. The viscosity is impacted by the network structure and, in
parallel, network structure is determined by the chemical composition.

Finally, the width of the type II windows has been reported in Fig. 4(b) as a function of
B>03/AlL O35 ratio (in mol. ratio). As a general trend, the Type Il window decreased while
increasing the B,03/Al,05 ratio or along B/Al mixture. Here, the substitution of Al,O3 by B, O3
leads to a strong viscosity declining as a function of temperature, as visible from Fig. 3(a) when
considering the SAN glass series. More specifically, the viscosity curves become steeper, in the
1066 - 1030 Pa-s viscosity range of interest, when increasing B,03/Al, 03 ratio, which turns out
to be detrimental for NGs formation in the framework of our model. In addition, by comparing
the two glasses SAN 75-12-12 and SAC 50-25-25, which both have no Boron oxide and the same
(Nap0 +Ca0)/Al, O3 ratio, it is worthwhile noting that SAN 75-12-12 owns a much wider Type
IT processing window. This has been attributed to the different (Na; O + Ca0)/Si0; ratio, namely
12.5/75 for SAN 75-12-12 glass against the much higher value of 25/50 exhibited by the SAC
50-25-25 glass. Again, one can clearly see in Fig. 3(a) that the SAN 75-12-12 appears to be a
“long glass™ [11] compared to SAC 50-25-25, for which the viscosity drastically reduces at high
temperature. The corresponding temperature intervals AT = T4y - T are thus estimated to be
425 °C for SAN 75-12-12 and 350 °C for SAC 50-25-25 glasses.

5. Conclusion

In summary, (alkali, alkaline earth)-doped alumino-borosilicate glasses revealed the formation of
NGs by irradiation through fs laser. The upper limit of existence of NGs occurred at relatively
high pulse energies (i.e., 600 nJ for SAC 50-25-25 glass), while Type I modification was
observed again surpassing this energy. The maximum retardance of 168 nm was exhibited
by SAN 75-9-12 glass at 800 fs and 1000 nJ, revealing that the B,O3/Al;,0; molar ratio and
relatively high SiO; content are of primary importance in the formation of NGs. Moreover,
an interpretation from the viscosity point of view is demonstrated and the normalized Type 11
processing windows of a series of alumino-borosilicate glasses along with the current commercial
glasses vs. temperature interval are exhibited, in turn basically confirming the consistence
between viscosity modeling results and experimental data. Furthermore, Type Il window was
found to be gradually narrower while increasing (alkali + alkaline earth)/Al,O3 and B203/Al, 03
molar ratios due to the depolymerizing network of alkali plus alkaline earth metal elements, the
increased connectivity of SiO» network and the glass “fragility” induced by B»03 doping further
indicate the dependence of Type II processing window on the chemical composition.
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Femtosecond (fs) laser irradiation inside transparent materials has drawn considerable interest over the past
two decades. More specifically, self-assembled nancgratings, induced by fs laser direct writing (FLDW)
inside glass, enable a broad range of potential applications in optics, photonics, or microfluidics. In this
work, a comprehensive study of nanogratings formed inside fused silica by FLDW is presented based on
high-resolution electron microscopy imaging technigues. These nanoscale investigations reveal that the
intrinsic structure of nanogratings is composed of oblate nanopores, shaped into nanoplanes, regularly

spaced and oriented perpendicularly to the laser polarization. These nanoporous layers are forced-
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Accepted 18th November 2023 organized by light, resulting in a pseudo-organized spacing at the sub-wavelength scale, and observed in
a wide range of optical glasses. In light of the current state of the art, we discuss the imprinting of
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Introduction

When a femtosecond (fs) laser beam is focused inside a glass
material such as silica, the light is nonlinearly absorbed
through multiphoton, tunneling and avalanche ionization
mechanisms. These complex light/matter interactions lead to
the formation of permanent modifications inside, and some-
times around, the irradiated volume. The transformations,
while being a function of both glass composition and laser
parameters, yield typical transformations -classified into
regimes, including (i) positive or negative refractive index
modifications (commonly called type I),' (ii) formation of
volume nanogratings (NGs) (at the root of form birefringence
and labeled type II),>* and (iii) nanovoid-like structures.* The
NGs are believed to be the smallest self-organized structures
ever created by light in the volume of a transparent material.
The focus of this work is on NGs, which have found use in
various fields and applications such as health,’ optical data
storage,”® optofluidics,*® sensors in harsh environments'"*?
and a wide range of optical components like 3D optical wave-
guides, 3D geometric phase optics,"* and polarizing optical
devices.""** Porous NGs and related strong birefringence are
a spectacular manifestation of a light controlled glass decom-
position, and have been primarily reported in pure silica'® and
slightly doped silica glasses.””'® Unlike surface ripples,'® NGs
were initially found only in a handful of materials: fused silica,

Institut de Chimie Moléculaire et des Matériaux d'Orsay, CNRS-Université Paris Sud,
Université Paris Saclay, Bat. 410, 91405 Orsay, France. E-mail: matthiewlancry@
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sapphire, tellurium oxide, ULE glass and alkali-free alumi-
noborosilicate glasses.*™** From this list, silica is the material of
choice to induce NGs. It brings a wide range of optical func-
tionalities, coupled with high thermal and chemical stability,
ease of nanoplasma initiation,”?* and its ability to form
nanopores (high viscosity values over a wide temperature range
ie. a so-called “long glass”), as opposed to other optical
glasses,” thereby offering significant industrial potential as the
backbone of many today's photonics applications. Several
studies on NG formation were conducted on multicomponent
silicate glasses doped with germanium, phosphorus or tita-
nium.* NGs were also found in porous silica prepared from
phase-separated alkali-borosilicate glass by removing the borate
phase in a hot acid solution.*”

The importance of understanding NG formation mechanisms
lies in the ability to reliably reproduce and potentially scale up
the production of NGs, as well as to gain a deeper fundamental
understanding of the complex light-matter interactions
involved. Numerous research groups have investigated mecha-
nisms behind the formation of self-organized nanogratings,
providing valuable frameworks for advancing related scientific
inquiries. At the nanoscale, Shimotsuma et al*® showed contrast
NGs (around 20 nm width and periodicity from 140 to 320 nm) in
back-scattered electron imaging corresponding to atomic density
contrast. Chemical analysis by Auger spectroscopy revealed that
these variations could correspond to oxygen depletion and
related density modulation.*® Hnatovsky et al**** reported the
presence of nano-cracks and raised questions about whether
these NGs can best be described as highly modified regions of
differing materials (e.g. through bond breaking accumulation) or
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as some nanovoids. Regardless of the precise mechanistic
explanation of nanoplanes (nanoplasma,” photon-plasmons
interference,®  plasmon-polaritons® or complex self-
organization similar to a Turing structure), Lancry et al
observed that nanoplanes undergo a glass decomposition
coupled with oxygen release.*® Asai et al. observed a similar
feature in GeO, glass® reinforcing the theory of the suggested
decomposition process in these oxide glasses. This nanoporosity
has been confirmed recently by Richter et al. using small angle X-
ray scattering,” revealing the formation of elongated nanopores.
In 2014 * and 2018,'°%*% the self-organization process was sug-
gested to be seeded by nanoscale inhomogeneities such as voids
and a nanocavitation mechanism was proposed. In 2013, the
formation of SiO,_, nanocrystals within nanoplanes was re-
ported,™ which could be in agreement with oxide decomposi-
tion.” In a second publication, the same group did not report
nanocrystals but instead revealed that damaged nanoplanes
contain randomly dispersed nanopores with a bimodal size
distribution.** However, it appears that the use of HF etching
degrades the quality of the observations and there are still no
reliable nanoscale observations of NGs.

In this paper, we analyze NGs and related nanopore forma-
tion inside silica glass using transmission electron microscopy
imaging and atomic force microscopy (AFM) techniques. We
explored various geometries to probe not only the assembly of
nanolayers but also their internal nanostructures. Through
high-resolution imaging, we observed a nanoscale assembly of
oblate nanopores constituting the nanolayers. Their long axis is
found perpendicular to the light polarization while the average
periodicity is decreased with the pulse number. These results
are then discussed within the framework of a plasma-mediated
nanocavitation process and generalized to a wide range of
optical glasses.

Laser Beam: 1030 nm,
250 fs, 100 kHz

0.6 NA

" g
"

Cleave in YZ face

In Z direction In Y direction
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Experimental details

The imprinting of NGs in the bulk of fused silica (Suprasil type-
1) was performed using a 1030 nm mode locked Yb*" doped fiber
laser system (Satsuma, Amplitude Systemes Ltd.). The emitting
laser delivered pulses of 250 fs at 100 kHz. Additionally, an
aspheric lens (numerical aperture NA = 0.6) was used to focus
the laser beam below the sample surface. Due to the minimi-
zation of spherical aberration, a laser track was inscribed at
a depth of 200 pum. When the laser is translating along X and the
linear polarization lying along x, we define it as “Xx writing” (or
“Xy writing” for a polarization along the y axis). Then by moving
the sample along the +X-axis with a scanning speed of 100 pm
s~ ', a series of adjacent lines being 5 mm long were inscribed.
The pulse energy was fixed to either 0.5 pJ or 1 pJ, that is, above
the NG formation threshold.* Under these conditions, a strong
form birefringence appears due to the presence of porous NGs.
For completeness, the optical retardance was measured using
a quarter waveplate technique and found to be on the order of
200 nm.*®

To observe the NG nanostructure, each irradiated sample
was cleaved using a diamond pen as shown in Fig. 1. Following
this, the laser track cross-sections were analyzed by field emis-
sion gun scanning electron microscopy (FEG-SEM ZEISS SUPRA
55 VP) for studying the surface morphology. Furthermore, thin
samples were prepared using a focus ion beam (FIB) instrument
(Zeiss Neon 60, current 50 pA, accelerating voltage 30 kV) to
extract slices of NG regions embedded in fused silica glass with
a thickness under 50 nm. Here, we used a commercial TOPCON
002B electron microscope (200 kV with a resolution of 0.18 nm).
Note that various geometries were employed as sketched in
Fig. 1 ie., through transversal (XY plane) and longitudinal (XZ
plane) views.

SEM observation by YZ face

'!

1
!

Left rotate 90° and FIB

-> '!

V'

FIB milling one
laser track for

to one laser track
STEM or TEM H
. A
= - “‘\
<4 S &=
il - -
-
= .

Fig.1 Scheme of FLDW and sample cleaving orientation for subsequent electronic microscopy (SEM, STEM, and TEM) analyses.
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Finally, scanning transmission electron microscopy (STEM)
and high-resolution transmission electron microscopy (HR-
TEM) were employed to analyze the internal nanostructures
of NGs.

Results

After the FLDW step and before being sliced using the FIB
technique, the cleaved samples were observed under a SEM. The
resulting cross-sections are shown in Fig. 2 for both Xx and Xy
writing configurations. The darker regions correspond to the
nanopores (see Fig. 2(a)) and nanoplanes (see Fig. 2(b)). The
gray and white parts correspond to the materials between
nanoplanes and nanopores.* Fig. 2(a) corresponds to the inside
of the nanoplanes that reveal a nanoporous material due to
ultrafast oxide decomposition.*® In addition, Fig. 2(b) exhibits
the sub-wavelength periodicity of the nanoplanes (around A/2n
with 4 and n being the laser wavelength and the glass refractive
index, respectively) along the laser track cross-section and
oriented perpendicularly to the laser polarization orientation Y.
The non-uniformity of the nanoplanes visible from Fig. 2(b) is
detailed and discussed in the later analysis of TEM and STEM
imaging.

To observe the NGs in the transverse view (ie., in the XY
plane as indicated by the blue rectangles from Fig. 2), the
samples were prepared using a FIB milling process as already
described. The resulting morphology of the nanoplanes within
the XY plane is shown in Fig. 3, with Fig. 3(a) serving as a guide
for the reader. In these TEM micrographs, the bright regions are
attributed to the fluctuations of the effective electronic thick-
ness of laser-irradiated SiO,. The bright lines are thinner
regions and likely correspond to the nanoplanes and nano-
pores. The dark regions correspond to the material situated
between nanoplanes. From E or v (X) direction, the nanoplanes
exhibit an average period, labeled A, of 297 + 14 nm (Fig. 3(c)

L s

EHT = 1.00 kW WD = 36mm SE2 2.78e-004 Pa

View Article Online
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and (d)). We observe that the nanoplanes are not perfectly
aligned perpendicular to v or E and can present some tilt or
wavy appearance. The white porous parts of the nanolayers
appear to be several hundred nm long, discontinuous but
connected by lamellas of weaker density along Y (perpendicu-
larly to the polarization direction). In Fig. 3(e)-(g), the nano-
structures are displayed with higher magnification. Nanopores
clearly appear as the brightest part of the nanoplanes. They are
aligned along each other but quite distributed in size and
merging into some whiter matter lamellae like in Fig. 3(e).
Based on TEM micrographs of Fig. 3(e)-(g), the nanoporous
layer thickness exhibits variable values, averaged to 18 =12 nm.
The size variation of the nanopores along the Y direction ranges
from 36 to 56 nm. These observations are consistent with SEM
observations in Fig. 2(a), and in agreement with the literature.*

In the aforementioned representation where E is parallel to
v, the nanoplanes are thus aligned along k(Z) and Y directions in
SEM or TEM observations. Now by selecting an additional slice
by FIB milling identified by the red selection in Fig. 2(a),
observations in the longitudinal view (i.e., XZ plane) become
possible. Corresponding micrographs are provided in
Fig. 4(b)-(d). Fig. 4(a) serves as a guide for the reader. Along the
X direction, which corresponds to either the E or v direction, the
measured period /1 and thickness of the observed nanoplanes
are around 296 £+ 20 nm and 14 + 2 nm, respectively. The
observed nanoplanes showed discontinuities such as partially
formed in the k(Z) direction and it appears pseudo-periodic as
first observed in Fig. 2(b). Additionally, from Fig. 4(d) one can
observe that both the shape and contrast of the nanoplanes are
not homogeneous. The brighter parts correspond to more
nanopores superimposed, or larger nanopores, and this is
schematically visualized in Fig. 4(a). These overall nanoscale
observations align with SEM images in Fig. 2(b), which contain
nanopores and with a periodicity along Z. This process was
attributed to an exciton-polariton-mediated light-organization
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Fig. 2 SEM micrographs of (a) nanopores (Xx writing) and (b) nanoplanes (Xy writing). The red arrows in the Y direction and blue ones in the Z

direction are the directions of FIB milling for TEM sample preparation
correspond to the 3 slices extracted by FIB and subsequently observed.
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(typical slice thicknesses are smaller than 50 nm). The numbers 1-3
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Fig. 3 (a) Geometry of the XY slice extracted by the FIB milling process. (b—g) TEM micrographs from Fig. 2(a) in blue arrows and XY plane
observation with different size magnifications. The writing configuration is Xx.

200 nm

Fig. 4 (a) Schematic of the FIB milling process for extracting the XZ slice (see red arrows in Fig. 2(a)). (b and ¢) STEM and (d) TEM micrographs. The
writing configuration is Xx.

Nanoscale Adv. © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) The schematic of the FIB milling process. (b) STEM and (c and d) TEM micrographs from Fig. 2(b) (nanoplanes) in blue arrows in XY plane

observation. The writing configuration is Xy.

effect in glass similar to the exciton pattern formation effect
observed in cold exciton gases.?!

Now, changing again our point of view, the results in Fig. 5
represent the XY face by taking a sample slice along the blue
arrows as sketched in Fig. 2(b). In this configuration, the
nanoplanes are aligned along k(Z) and v(X) directions. In the
E(Y) direction, the period and thickness of the nanoplanes are
respectively 181 = 4 nm and 13 + 4 nm. The assembly of sub-
wavelength nanolayers has a shorter period than for Xx
configuration in agreement with the literature.”” However, the
dimensions of the nanopores are similar to the one observed for
the Xx configuration. The nanoplanes exhibit a wavy shape
along the v(X) direction as observed in Fig. 3 and 4.

To investigate NG formation in a multipulse regime, we
investigated by SEM the step-by-step nanoscale modifications
when pulse density is progressively varied from 1 to 2 x 10°
pulses per pm. The resulting SEM micrographs are provided in
Fig. 6 and highlight the transformation morphology occurring
for a perpendicular writing configuration (ie., Xy). The pulse
energy was fixed to 0.5 pJ. At a pulse density of 1 pulse per um,
only isotropic index changes are detected by optical microscopy
and SEM reveals no specific nanostructure other than a slight
contrast related to volume change. At lower pulse densities,
between 2 and 10 pulses per pm, we detect a topographic
contrast and interestingly some kind of nanopores that evolve
into elongated ones (1-2 pum in length and 180-220 nm wide) as
pulse density increases. The upper part of Fig. 6 shows atomic
force microscopy (AFM) images obtained using intermittent

@ 2023 The Author(s). Published by the Royal Society of Chemistry

contact mode. Besides the conventional surface topography
image (left inset), the cantilever is driven close to a system
resonance, to give reasonable amplitude for the oscillation and
also to provide phase information, as shown in the right inset of
Fig. 6. In particular the phase signal is sensitive to properties of
the tip-sample interaction, and may reveal “mechanical infor-
mation” about the surface such as elasticity, viscosity or adhe-
sion. The observations reveal that the single elongated
nanolayer seen below on the SEM micrograph is effectively
made of an assembly of nanopores.

At higher pulse densities, these nanopores merge, thus
creating some apparently long and thin (typ. 20-30 nm) nano-
layers in agreement with the above HR-TEM results. Finally, as
the number of nanolayers increases, their average spacing I
decreases for pulse densities higher than 100 pulses per pm and
reaching up to 2 x 10° pulses per pm in agreement with the
literature.”® Such quantitative evolution measured in SiO, is
shown in the inset of Fig. 7.

Discussion

From the above HR-TEM and STEM imaging analysis, we can
probe the 3D nanostructure of fs-imprinted NGs in silica. We
can observe an array of oblate nanopores, which have a long axis
oriented both along k and perpendicularly to E. The thickness
of the nanolayers ranges from 6 to 30 nm and their extension
perpendicularly to the laser polarization could reach a few pm
or more. As shown in Fig. 6, under a multipulse regime, these
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Fig.6 AFM intermittent contact mode and SEM secondary electron images of laser track cross-section according to pulse density expressed in
pulses per pm. The laser parameters were: 0.5 pJ per pulse, 1030 nm, 300 fs, 0.6 NA, 100 kHz and Xy configuration.

nanolayers are made of oblate nanopores that obviously “self-
align” along each other to create these nanoplanes over quite
long distances, as observed in the literature over the last two
decades.® We can also observe a subwavelength ordering
resulting in an average periodicity, perpendicular to E, on the
order of 290-390 nm depending on the writing configuration.

Based on these results and on the reported mechanisms of
the NG formation in the overall literature, we suggest that NGs
are imprinted through a plasma-mediated nanocavitation
process with a spatial ordering due to scattered wave interfer-
ence,** which is described below.

Nanoscale Adv.

The first step would be that some inhomogeneities of
dielectric constant seed the process. These inhomogeneities (or
seeds) could either be already present in the pristine glass or be
photo-induced by the first pulse(s). Following these first
instants, a spherical nanoplasma forms, stimulated by plasma
density or temperature and evolves into an oblate-shaped
nanoplasma over several pulses. This plasma-mediated
process has been suggested in the literature. For example,
Taylor R. et al.*® suggested in 2008 that the presence of defects
or color centers might seed the plasma, creating locally and
easily ionized “nanospots” creating high plasma density. In the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Normalized period A/4 of the overall investigated glasses in the
literature including commercial glasses vs. refractive index, n,
measured at 550 nm. The laser wavelength A used in the various

experiments was typically between 515 and 1030 nm. Data were
extracted from the following ref. 17, 20, 23-26, 45, 48 and 54-67.

model developed by Bhardwaj et al.,** the period A of nano-
gratings was assumed to remain between A/m and A/2n and
a period initially to be independent of pulse energy. However,
the period was shown to decrease continuously with the
number of laser pulses™* but also when playing with the
chemical composition such as doped SiO, (ref. 26) or in
multicomponent glasses.*** This is clearly illustrated in Fig. 7
where we summarized the normalized period /4 vs. refractive
index reported in the overall literature including a wide range of
commercial glasses.

In 2014 Buschlinger R. et al.*® conducted finite-difference
time-domain (FDTD) modeling of plasma spatial structuration
to investigate the periodicity of the NGs. These originated from
the randomly distributed nanometer-size inhomogeneity that
seeded the plasma structure. Due to the interference between
scattered and incident light, the plasma owns a spatial struc-
turation and grows against the direction of the light polariza-
tion. In 2016 A. Rudenko et al.*® developed a numerical model to
explain the formation of periodic volume NGs from random
inhomogeneities with varying concentration and laser param-
eters. The contribution of an interplay of the physical processes
(e.g., the interference between the incident and the scattered
waves, multiple scatterings, local field enhancement, and
accumulation processes driven by multiphoton ionization)
reinforced in the formation of NGs. Importantly, the period of
NGs was found to scale down with growing pulse number,
which in turn relies on scattering originating from nanoscale
inhomogeneities. Following the above views, we suggest that
nanogratings are not self-organized or self-assembled through
diffusion-reaction mechanisms like Turing structures but
rather “forced aligned” by the light pattern itself. In addition,
the authors suggested the presence of some kinds of nanovoids,
0.6 nm average diameter, that are initiating the process.
However, what seeds the process is not yet fully elucidated. It

@ 2023 The Author(s). Published by the Royal Society of Chemistry
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could be point defects (like self-trapped excitons (STEs) or self-
trapped holes (STHs)), where the valence band possesses high
energy and can easily be excited, some voids generated by the
first pulse or even some glass-free volume that is already
“available” in the pristine glass. Moreover, it exhibits a quite
regular structure in the short range, with some n-membered
rings creating well-known porosity at the sub-nm scale.® This is
even reinforced in nanoporous sol-gel silica where the pulse
number needed to imprint NGs was observed to be smaller,”
when increasing the glass free volume.

From Fig. 3(c) and 4(c), we can observe some short (typ. <50 nm)
but always oblate nanopores (with a long axis along k and
perpendicular to E) with a thickness much smaller than 5 nm.
They appear to be dispersedly distributed, but sometimes start
to align along each other. When increasing the number of
pulses, we can expect having more seeds (e.g., some first
nanopores or some STH) generated by the first pulses. This, in
turn, leads to additional scattering centers resulting in a smaller
periodicity based on the scattered wave interference model
suggested by A. Rudenko et al® and in agreement with F.
Zimmermann et al.*®* who reported a decrease in NG period. It's
worth mentioning that there are many “small size nanopores”
between the long and well-arranged ones revealing the emer-
gence, and growth, of new nanolayers like in Fig. 3(c) and 4(c).
These are some kinds of “seeds” that will grow and merge (see
Fig. 6) with neighboring nanopores to become a new porous
nanolayer when increasing the number of pulses. According to
the suggested “memory effects” involved in the mechanism of
nonlinear ionization, new inhomogeneities are generated from
pulse to pulse resulting in additional multiple scattering thus
organizing the plasma distribution. It assumes that the pulse
density is proportional to the concentration of the inhomoge-
neity.*® As the pulse density increases, new plasma nanoplanes
are generated “here and there” between the pre-existing ones
following the light pattern. The imprinted nanolayers are
initially made of elongated nanopores that grow from pulse-to-
pulse and merge resulting in new nanolayers. Finally, from
pulse to pulse, this will lead to a reduction of the average
spacing A of the nanogratings as observed in the inset of Fig. 7.

The second step would be plasma formation and the local
field enhancement resulting in ellipsoid (oblate) nanoplasma
hot spot (high electron plasma density or energy) formation.
Indeed, and even for a single pulse, the disordered spherical
nanoplasma would evolve into an ellipsoidal shape and become
oblate perpendicularly to the laser linear polarization. This
occurs because the laser electric field triggers an asymmetric
growth of the nanoplasma.” In contrast, for a circular polari-
zation the nanoplasma hot spots should remain symmetric,
resulting in spherical nanopores as has been observed in the
type X regime.*® Then in a multipulse view, there is an evolution
of the oblate nanoplasmas into nanoplanes as shown in “post-
mortem” experiments in Fig. 6. The lengths of the oblate
voids, whose direction is perpendicular to E, increase as the
pulse number increases in agreement also with observations
made in the type X regime." From Fig. 4 one can also notice that
such step by step nanopore growth also creates a longitudinal
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component since nanopores are also “elongated” along the
laser beam direction (k) and self-aligned to form nanoplanes.

The third step would be the energy transter between elec-
trons and phonons resulting in localized heat distribution at
the nanoscale. Indeed, the modification of transparent glasses
with wide bandgap dielectrics is induced rapidly by fs laser
pulses through a multiphoton ionization (MPI) within a few
femtoseconds. The electron plasma produced by MPI heats the
media by electron-lattice coupling. Here we first assume no
heat accumulation either considering a single pulse or multiple
pulses in this process. The low heat capacity of electrons allows
them to be easily heated to extremely high temperatures, but
the glass matrix (the lattice) initially remains “cold” due to the
relatively long electron-phonon relaxation time, typically 10 ps
in Si0,. After this time, the lattice will finally heat up, by a few
1000s of °C but this is a local effect. Indeed, after the free
electron plasma energy is transferred to the lattice, the spatial
distribution of the temperature is quite the same as the one of
the plasmas because the timescale (<1 nanosecond) is too short
to have some significant heat diffusion (on the order of the ps).
In that sense, this is a plasma-mediated process, and the
temperature distribution is the image of plasma 3D nano-
structuration or the plasma “map”.*

The fourth step would be the strain creation due to the
temperature difference, between the nanoplasma hot spot and
the background, resulting in a local thermal expansion. While
the heat diffuses inside the material, the silicon-oxygen bonds
would elongate and the glass specific volume expand within
a time scale shorter than the characteristic acoustic relaxation
time (typ. 500 ps in silica glass)® thus creating a moderate
shock wave. So at a short time scale, there exists a localized
nanostrain, which distributes ellipsoidally as a mirror image of
the temperature map. This in turn will initiate the nano-
cavitation process at these specific locations. Indeed, a decrease
of the local pressure would be created due to the formation of
a rarefaction zone behind the “shock wave”. Once this “negative
pressure” difference develops between the “pore nuclei” and
surrounding materials,* nanopores are imprinted at the image
of the plasma ellipsoidal nanostructuration where the nano-
cavitation process starts. Finally, the formation of nanopores
was observed in most oxide glasses®***>#3:6671-% thus revealing
that the glass oxide decomposition process occurred in all these
compositions, highlighting in such a way that this is a general
mechanism.

In this process it seems that nanopores may not have the
chance to grow from a spherical shape but rather ellipsoid like
the nanoplasma distribution itself for a linear polarization
whereas a circular polarization would induce substantially
spherical nanopores and thus no/low birefringence.™ Following
this view, type X is in fact the early birth of nanograting
formation mostly observed for a low number of pulses and low
energy. These type X modifications refer to oblate (for linear or
elliptical polarization) nanopores with low birefringence and
ultralow optical losses.” In this mechanism, the small nano-
pore diameters that are quite randomly arranged result in
a decrease of the Rayleigh scattering and thus low optical losses
offering exciting prospects for applications. For example, these
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type X modifications were exploited for achieving a 5D optical
storage with high data capacity and long lifetime in fused
silica’ or to imprint ultralow loss 3D geometric phase optics.”

Conclusions

We investigated some nanoscale aspects of the formation of
self-assembled porous nanogratings in oxide glasses. 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 multi-
pulse regime, resulting in a pulse-to-pulse decrease of the
average periodicity much below A/2n as reviewed in this paper.
The plasma-mediated nanocavitation model discussed the
formation of these “light forced-organized” (rather than self-
organized) sub-wavelength NGs in a multipulse view. Our
tentative interpretation supported by HR-TEM and STEM
investigations proposes an overall framework for NG formation.
This mechanism is useful to guide future experiments to
explore the interaction between laser and optical materials,
along with enabling one to better control NG formation and its
generalization in any kind of optical glasses.
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11.6 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 ~108° Pa's, corresponding
to a cavitation mechanism, ii) a high temperature one the viscosity value typically
around ~103° 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 A/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 lll. STUDY OF THE ERASURE OF THE NANOGRATINGS BY
THERMAL PROCESS

111.1 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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111.2 UPPER TEMPERATURE LIMIT FOR NANOGRATING SURVIVAL IN OXIDE GLASSES
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Abstract: The thermal stability of self-assembled porous nanogratings inscribed by infrared
femtosecond (fs) laser in 5 commercial glasses (BK7, Sodalime, 7059, AF32, and Eagle XG)
is monitored using step isochronal annealing experiments. Their erasure, ascertained by
retardance measurements and attributed to the collapse of nanopores, is well predicted from
the Rayleigh-Plesset equation. This finding is thus employed to theoretically predict the
erasure of nanogratings in a context of any time-temperature process (e.g., thermal annealing,
laser irradiation process). For example, in silica glass (Suprasil CG) and using a simplified
form of the Rayleigh-Plesset equation, nanogratings with pores being 50 nm in size will erase
within ~ 30 mins, ~ 1 ps, and ~ 30 ns at temperatures of ~ 1250 °C, 2675°C, and 3100 °C
respectively. Such conclusions are expected to provide guidelines for imprinting nanogratings
in oxide glasses, for instance in the choice of laser parameters, or to design appropriate
thermal annealing protocols for temperature sensing.

1. Introduction

Self-assembled nanogratings (NGs), fabricated inside transparent materials such as glasses,
have found interest in many fields of optics, including optical data storage, harsh environment
temperature and pressure sensing, structural health monitoring, 3D space variant birefringent
devices, optofluidics, optomechanics, or integrated optics [1-5]. These NGs, also labeled
Type II regime in the literature, are typically made of pseudo-periodic porous nanolayers
containing nanopores, or nanocavities. The latter can also be formed at low fluence and under
few pulses, and are labeled Type X [6]. While other types of nanogratings exist, including
crystal/glass phase-separated gratings [7-9], we focus our attention on porous NGs, and their
use for high temperature (HT) applications.

A key asset for designers of HT NGs-based optical devices would be to anticipate the
working conditions (maximum time and temperature) at which the devices can operate. This
allows one to set an upper limit for the user, and to design protocols to erase the unstable
parts of an evolving quantity (e.g., yielding to drift in optical sensors [10]). From this view, a
convenient way to study the NGs evolution as a function of time / temperature is to monitor
the retardance (R) amplitude, which is a characteristic signature of the NGs, due to their
birefringent nature [11,12]. R corresponds to an optical phase shift between two polarization
direction. Typically, as the temperature is progressively increased, R usually decreases, and
the laser-written tracks fully erase (no contrast can be detected by optical microscopy).
Following work from Ref. [13,14], we have recently outlined the relationship between the
thermal stability of the NGs and the glass viscosity (1), using the Rayleigh-Plesset (R-P)
equation [15].

In this work, we first provide compelling evidence to the aforementioned work, through
the monitoring of femtosecond (fs) laser induced NGs erasure in 5 commercial glasses
(Schott BK7 and AF32, Corning Eagle XG and 7059, and Marienfeld Superior Sodalime)
upon isochronal thermal annealing experiments (time step = 30 mins), setting an upper
temperature of NGs erasure in such conditions. This is completed by 3 commercial glasses
from previous work (Corning ULE, Heraeus Suprasil CG, and Schott Borofloat 33). All 8
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glasses are chosen since 1) they are commercially available, spanning a large range of
applications including optics, micro-optics, and substrate / display applications in visible or
near-IR wavelength windows, 11) their compositions, and thermal / mechanical properties are
provided, ii1) they exhibit different proportion of network modifiers and formers, strongly
affecting their temperature - viscosity curve, and iii) adequate conditions to form NGs have

already been found in such glasses [16—18].

Secondly, we observe that, for some glasses, bubbles can be formed after NGs are erased.
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. Since the thermal diffusion timescale of the irradiation
process is much shorter than the annealing experiments (us or less), a different upper
temperature limit to the NG survival can be found. In fact, the erasure of NG is a kinetics
problem, for which both time and temperature must be considered. This link is clearly
established at the end of the article, providing a useful framework for Engineers to the design
of high temperature operating devices involving NGs in oxide glasses.

2. Experimental details

The investigated glasses, along with their molar composition and laser parameters used to
imprint NGs, are provided in Table 1. The additional three glass compositions already
investigated in previous work (ULE, Suprasil CG, and Borofloat 33) are provided for sake of
comparison with respect to the investigated glass. In all these glasses, NGs, inscribed by
femtosecond laser (Satsuma, Amplitude, France) have been identified through both optical
and electron microscopy techniques, and adequate references to these works are provided in
caption of Table 1. Note that the laser parameter conditions to make NGs can significantly
vary from one glass to another, this being a prerequisite to obtain NGs in all the investigated
glasses. For completeness, the nanopore morphologies for all the glass samples investigated
can be found in Figure 3 of Ref. [17]. From electron microscope imaging, the initial averaged
pore size can be estimated. Additionally, in the same reference, the NGs formation window in
an Energy — Repetition Rate (RR) landscape was investigated.

Table 1. Glass samples and irradiated conditions used in the study, along with viscosity parameters (fit)

Glass i ab Viscosity parameters (A: B; Ty)
il Molar composition Laser parameters
69.13 Si0,, 10.75 B,0;, 3.07 BaO, 10.40
Nax0, 6.29 K50, 0.36 As,0; SR S 05
BK7 & m’sxfoglg M (24754677 5278)
others < | M H
72.6 Si0,, 13 Na,O, 8.8 CaO, 4.3 MgO,
. 0.6 Al,0s, 0.3 K;0, 80015,021t00.45 pl, 10 pmys, 100 : :
Sodalime KHz, 500 pm, 10x4500 prrt? (-1.741 ;4309 537.7)
02505 0.1 Fe,05
Borofloat : 25015,2 uJ, 100 p/s, 100 kHz, 200 ) ]
3 81 8i0,,2 ALO;, 13 B05, 4 Na,O/K,0 um, 100x100 un# (-1.681; 6578; 384.8)
: 800 15,045 uJ, | um/s, 50 kHz, 300 ‘ )
7059 63 Si0-, 8.5 AlLO;, 16 B0, 12.5 BaO i, 553500 (-19.81; 34510 ;-140)
66.43 Si0,, 11.28 Al,Os, 10.73 B,0;,
. 5.30 Ca0, 4.63 MgO, 800 15,025 to 3 puJ, 50 um/s, 50 kHz, | )
AF32 300 um, 1054500 pm? (-4.062 ;, 8876 :480.8)
1.36 BaO, others < 1
65.71 S10,, 11.10 AL Os, 11.65 B,0O;,
. 8.64 Ca0, 2.28 MgO, 800 f5,0.9 pJ, 10 umvs, 100 kHz, 500 ! :
Eagle XG um, 700x700 (-6.584,13170,3194)
others< 1
ULE 9425 Si0,, 5.75 TIO, 250 15,2 uJ, 100 pnvs, 100 kHz, 200 (-21.47 ;90920 ;-1365)
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um, 100x100 un?®

Suprasil
CG

250 15,2 puJ, 100 pnvs, 100 kHz, 200 (9534200 -127)

10350 um, 100x100 um?

aCommon laser parameters: wavelength () = 1030 nm, numerical aperture (NA) = 0.6; other parameters
provided are pulse duration (fs), pulse energy (E,, wJ), writing speed (um/s), repetition rate (RR, kHz), focusing
depth (in air, pm), and size/shape of the irradiated regions (pm?).

®More information on each glass can be found in Refs. [16,17], and for Borofloat 33, ULE and Suprasil in
Refs. [18].

Subsequently to the laser inscription, the NGs were annealed through isochronal annealing
with a At = 30 min time step and the evolution of R was monitored, similarly as in
Refs [12,19]. Typical temperature steps of 50 °C were chosen and reduced down to 25°C or
12°C when requested to accurately monitor the R decay over the temperature increase. For
completeness, we note that in order for each data point to be independent to the other, the
AT

criterion from Ref [20] as (At-ko)_(m) <« Imust be fulfilled. In this criterion, kg is
estimated to be comprised typically between between 5.10° to 5:107 s7! for NGs erasure in
silica [21], AT is the temperature step and T, the maximum temperature achieved during
the isochronal annealing. In our case, the criterion value is not fully met at high temperature
1.e., the datapoint are not fully independent so we slightly underestimate the etfective thermal
stability at high temperatures. Nevertheless, the above annealing parameters were chosen
since they enable to capture to progressive monitoring of R over temperature and time, as
shown in previous works cited above, and this while considering all glasses investigated.

The global evolution of the R (t,T) can take various forms, discussed elsewhere [19],
arising from contributions of stress relaxation, densification, bleaching of defects, and
nanopore erasure. However, herein we concentrate our attention on the last portion of the R
decay, corresponding to the erasure of the nanopores composing the NGs [15,22]. The
decrease of the nanopore diameter as a function of annealing temperature has been
investigated in both Suprasil CG and Infrasil glasses [15,23]. It shows that both the average
pore diameter and the filling factor progressively decrease as a function of heat treatment. It
must be specified here that the full erasure of nanopore is attributed to the decrease of the
initial value of R towards zero, corresponding to a nanopore diameter decrease of 99%. This
will be the criterion to consider NG full erasure. Additionally, the R values measured during
annealing are normalized with respect to the as irradiated R value. One must bear in mind that
R is not linearly dependent on the pore diameter, and a slight variation of the latter can
drastically impact R. For instance, a decrease of a pore diameter from 30 nm to 20 nm leads
to a decrease of 92% of R (estimated using expressions from Ref. [15]).

The R-P equation is then used to simulate the evolution of the nanopore diameter
following the same time-temperature annealing conditions used experimentally. To compare
the simulated data with the experimental ones, the R-P results are converted into a normalized
retardance as well. The set of equations are clearly described in Ref. [15] for an interested
reader. In short, the pore diameter directly impacts the refractive index of the porous
nanolayers composing the NGs structure. This index modification induces a variation of the
NG birefringence (B) value, which translates into a change in the retardance, through the
relationship R = B-L, with L being the length of the birefringence object (e.g., the laser track).
Finally, since the viscosity plays a key role here, we added in Table 1 the values of the
coefficients used to calculate the glass viscosity (1) as a function of temperature from Vogel—
Fulcher-Tammann (VFT) equation taking the form log(n) = A + B/(T-T,), where A, B, T, are
constants. The latter are given for each glass in Table 1. Note that these coefficients are given
for a viscosity in Poise. Additionally, it must be stressed that these fits are performed based
on data provided by the glass manufacturers, typically in the 10° to 102 Pas range.
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Consequently, significant deviation from experimental data can arise when expending these
fits outside the aforementioned viscosity interval.

3. Results and discussion

3.1 Comparison between experimental and simulated erasure of nanogratings upon
annealing

The experimental evolution of retardance as a function of isochronal annealing (time step At
= 30 min.), are provided in Fig. la using the solid lines, for BK7, AF32, and Suprasil CG
(from Ref. [18]) glass samples. They serve as examples of the typical trends observed. We
compared the experimental values with simulated ones using the Rayleigh-Plesset (R-P)
equation, replicating the experimental thermal treatment (time — temperature couple). Details
on the simulation conditions, similar to the ones employed here, can be found in Ref. [15].
The simulated results are reported in Fig. la using the dashed lines. Furthermore, an initial
pore diameter of must be chosen. Previous analysis performed by electron microscopy, in
Ref. [17], enabled the calculation of an averaged pore size for the irradiated glass under
same or nearly similar investigation conditions (see Table 1): BK7 (57 £ 14 nm); Sodalime
(44 £2 nm and 59 = 6 nm at 0.2 and 0.45 pJ, respectively); 7059 (54 = 7 nm), AF32 (50 + 2
nm at 0.25 pJ); Eagle XG (47 £ 4 nm at 0.3 pJ), SuprasilCG (30 £ 1 nm at 0.5 pJ and 2 pJ),
ULE (48 £ 1 nm and 36 = 2 nm at 0.4 and 2 pJ), Borofloat 33 (55 nm £+ 0.5 nm at 1 plJ).
These diameters were employed as initial pore diameters to perform the simulation (for
Sodalime a value of 44 nm was selected). However, the effect of pore diameter remains rather
limited. For example, in Suprasil CG and as shown in Ref. [15], going from 30 nm to 50 nm
as initial pore size only shifts the erasure temperature by few tens of °C.

1.2
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Fig. 1. a) Experimental (exp.) and simulated (sim.) evolution of retardance as a function of
annealing temperature for BK7, AF32, and silica (Suprasil CG) glasses. b) Predicted erasure
temperature of irradiated glasses using the Rayleigh-Plesset equation versus experimental
values, for 8 glasses under isochronal annealing heat treatment (At = 30 min). Laser
parameters, along with appropriate references, are provided in Table 1. The error bars for
AF32 and Sodalime glasses correspond to varying erasure temperature due to multiple pulse
energies investigated (Table 1).

Since in this work we are principally interested in the temperature limit at which the
nanogratings fully erase, we compare the predicted (simulated) versus experimental results
for all glass samples listed in Table 1. For this, the full erasure from the predicted results
using the R-P equation set the vertical axis of Fig. 1b, while the experimental erasure
temperature, for which the measured R value first drops to zero, sets the horizontal axis of
Fig. 1b.
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As one can observe, there is an excellent agreement between experimental and predicted
erasure temperatures, as they do not differ by more than 50 °C for all glasses investigated.
However, discrepancies can arise from several combined effects including 1) temperature
dependence viscosity fit uncertainties, i1) averaged initial pore size chosen (and not taking a
real size distribution instead), 111) glass composition assumed constant while chemical
migration can occur during irradiation process, hence significantly impacting the
viscosity [24], iv) constant surface tension (o) of the bubble used in the R-P equation (0.3
J/m?), and v) assuming spherical pore shapes although they are ellipsoidal or oblate. Future
improvements require, among others, high temperature viscosity measurements of the pristine
glass samples, probing the chemical composition as a function of annealing conditions to take
into account glass composition variation.

Nevertheless, this analysis validates the approach proposed in Ref. [15] to predict the
erasure of the NGs in silicate glasses from the R-P equation. We must pinpoint that annealing
experiments including two polarization conditions (parallel and perpendicular to the writing
speed) were performed, and the erasure temperature was essentially the same for both
configurations.

3.2 Formation of bubbles during annealing

During the annealing and in some glasses including BK7, Sodalime, and Eagle XG, we
observe the formation of bubbles . They form once the temperature is above the NGs erasure
temperature (defined from Fig. 1) These bubbles must be distinguished from the nanopores
composing the NGs that yield to smooth birefringent lines as displayed in Fig. 2a with using
polarized optical microscope illumination. The blue and yellow colors arise from the
birefringent nature of the NGs when a full retardation waveplate is inserted at 45° from the
crossed polarizers. Not shown here but the bubbles are preferentially formed for the highest
energies investigated. For example, in Sodalime, the 0.2 pJ lines (with E || to v), fully erased
during annealing and as in agreement with the R-P simulation, but the 0.45 pJ (E || and Lto v)
revealed formation of many micrometer size bubbles at 725 °C, i.e., above the erasure
temperature of ~600 °C (see Fig. 2b for an example, and caption of Fig. 2 for definition of E
and v).
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(a) Before annealj ig [(b) After annealing~
F (725 oc) ”"‘-“.

0.45 pJ

Fig. 2. a) Optical image under polarized light and using a full waveplate revealing oriented
NGs before annealing, and b) formation of bubbles at high temperatures above the
nanogratings erasure temperature in Sodalime glass. ¢ and d) Electron microscope micrographs
of the glass for 2 energies (0.2 and 0.45 plJ), revealing the presence of nanopores inside the
nanogratings. E, v. and k are respectively the laser polarization orientation, the scanning
direction, and the beam propagation direction

Scanning electron microscopy (SEM) performed on the as irradiated regions (E || to v
configuration) revealed the presence of nanopores for both 0.2 and 0.45 pJ, as shown in Fig,
2b and 2¢. An averaged pore diameter of ~45 nm and ~60 nm was measured from the SEM
micrographs for 0.2 and 0.45 pJ, respectively. Additionally, the irradiated region of the 0.45
uJ presents a greater number of cracks, holes, and irregularities compared to the 0.2 uJ
irradiation. We expect this “chaotic™ structure to favor nucleating sites and promote formation
of bubbles during the heat treatments. Finally, the presence of volatile species such as alkali,
B,0;, SO;5 or As,O; (from glass formulations, Table 1) might be responsible of bubble
nucleation and growth in these few glasses, although this aspect requires complementary
investigation and is outside the scope of this work. It must be specitied that a nucleation
process necessitates some incubation time, similarly to crystal nucleation observed in lithium
niobium silicate glasses [25], which may explain why they are not observed post irradiation
but only post heat treatment.. Finally, the observed bubbles are exclusively located in the
laser irradiated area, and not in the bulk (pristine glass), clearly suggesting a heterogeneous
nucleation mechanism. This aspect of bubble nucleation can be proved detrimental over long-
term use of devices in a high temperature environment and must therefore be anticipated
through adequate glass formulation.

3.3 Erasure of nanopores during the irradiation process: An upper limit
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Nanopores composing NGs and micrometer scale bubbles are therefore distinct
modifications, and in our experimental conditions only nanopores are observed post-
irradiation. As shown earlier, they typically erase within 30 min at ~1.1T, where T, stands for
the glass annealing temperature, for which the viscosity is log(n, Pa.s) = 12. Therefore, one
may wonder how these nanopores can survive an ultrafast laser induced process when
temperatures can easily exceed 1000 °C in glass [26-28]. For this purpose, let us consider the
situation of fs-laser inscription from which porous NGs are produced. Once the nanopores are
created (or re-created) just after the end of a pulse (at the maximum temperature), they erase
until the next pulse through which they can be regenerated. As the gaussian beam is moving
away and the maximum temperature is decreasing, the nanopores will remain if the conditions
are suitable. This last cooling curve is driven by thermal diffusion and the nanopores must
survive it. For this purpose, we take the situation of a 50 nm cavity (the pore) surrounded by
a molten glass at atmospheric pressure. This view is reasonable since the stress relaxation will
be achieved in only few 100s of ps after a laser pulse is absorbed [16]. With this in mind, and
using the full R-P equation again, we can compute the time required to erase such a nanopore
at a given temperature. The results are summarized in Fig. 3a for both Sodalime and silica
(Suprasil CG). As previously mentioned, here we keep ¢ term constant, which is a reasonable
assumption for this work [29].

The intuitive trend that the pore will collapse faster when brought to higher temperature is
verified. Additionally, the glass viscosity, n(T), is found to perfectly correlate with the erasure
time (right vertical axis of Fig. 3), demonstrating that the latter is proportional to viscosity
within our experimental conditions.

Now, let us consider the thermal cooling of a pulse in silica glass. Laser processing
conditions, and temperature-dependent glass properties such as thermal diffusion coeflicient
(Dg) can play a role, but this is out of the scope of this work. Here we simply take initial
temperature values of the cooling profile and solve the classical heat equation while taking
materials properties constant. Typical equations can be found for instance in
Refs. [24,28,30]. The cooling profiles for silica are reported in Fig. 3b. For all glasses
investigated, although the value of Dy, can be slightly different, the reasoning remains the
same. From Fig. 3b, we can define a characteristic erasure time by setting the time at which
the cooling curve touches the erasure one. In fact, the thermal cooling curves are just shifted
to high temperatures while preserving their shape. The characteristic time interval is
materialized by the blue band in the figure, and corresponds to typ. ~ 30 ns, hence a viscosity
“limit” of log(n, Pa.s) ~ -0.75. In fact, this time is much smaller than a typical diffusion time
(~ 1 ps). The difference arises from the cooling temperature profile where the temperature
drastically decreases within the first instant of the cooling, and the viscosity varies in a log
scale with respect to temperature. With such a characteristic time, it is shown that
temperatures around 2450 °C and 3100°C are required to collapse the pore for Sodalime and
Suprasil CG, respectively. If another characteristic timescale is considered, the upper
temperature of nanopore erasure will be shifted accordingly. For example, | ps characteristic
time yields to an erasure temperature of 2675 °C in silica. Consequently, provided the
characteristic time-temperature couple in the irradiation process is known and the
assumptions implied by the proposed model hold true, an upper limit temperature can be
anticipated. It must be stressed that such calculations imply low viscosity values (i.e., high
temperatures), which are determined using viscosity fits, and therefore one must bear in mind
that uncertainties can be quite large (typ. Alog(n, Pa.s)+ 1.5).
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Fig. 3. a) Erasure time for a nanocavity in glass (left axis), and glass viscosity (right axis) as a
function of temperature, modeled using the R-P equation for a 50 nm pore diameter in both
Sodalime and Suprasil CG. b) Simulated thermal cooling profiles for a pulse in silica glass,

showing that the characteristic time of erasure 1s situated in the 10s of nm range.

Therefore, when viscosity for any glass reaches log (n, Pa.s) ~-0.75, a 50 nm nanopore
cannot survive the laser process if we consider 30 ns as a relevant characteristic time. This
value is several orders of magnitude lower to what was found in Ref. [16] based on viscous
flow arguments using the Peclet number, and one can set this value as the upper temperature
limit for nanopore survival during laser irradiation process. Again, this viscosity value can be
varied if another characteristic time is chosen. For completeness, Fig. 3a also illustrates that
nanopores, hence NGs, do erase within 30 minutes once the glass viscosity reaches log(n,
Pa.s) ~ 10.1, as expected and in agreement from Fig. 1.

From the above findings, we compare the temperature of NGs erasure for the series
of glasses listed in Table 1, as a function of NGs processing window. The latter, normalized
with respect to silica, can be found in Ref. [17], and corresponds to observation of NGs in a
E,-RR landscape. The results are displayed in Fig. 4. However, in this case, we chose log(n,
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Pa.s) ~ | as a viscosity criterion, corresponding to a erasure time of 1 ps, since for all glasses
the viscosity fits do not allow reasonable estimations beyond this viscosity value. The
survival of NGs appears to be strongly correlated a defined upper temperature limit of NGs
erasure which increases with both Ep and RR. When considering glasses with low erasure
temperature, such as BK7 or 7059, a careful choice of laser parameters must then be
employed in order to form stable NGs (i.e., that can withstand the irradiation process).
Typically, strategies can consist of increasing the pulse density (pulses / um) to locally
change the glass viscosity through ionic migration, or remain in a low deposited power
regime, through reduction of Ep and RR. Note that the laser processing window can be very
small for some glasses (Fig. 4). Moreover, the nanograting will survive if a single nanopore
does. Hence, this approach can potentially be generalized and inspire other works related to
the field, for e.g., when dealing with a single pore like voids (Type III) and microvoid-based
Fiber Bragg Gratings (FBG), holes and 3D assembly of them as seeds, or nanopores (Type
X) [6,31-33].
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Fig. 4. Erasure temperature defined as log(n, Pa.s) = | as an example, versus laser processing

window (in a E,-RR landscape) related to NGs (from Ref. [17]) and normalized with respect

to silica (Suprasil CG). Error bars arise from uncertainties in the viscosity fits using Vogel-
Fulcher-Tammann (VFT) equation.

Although a scenario of pore collapsing is envisioned, along with the corresponding
decrease in optical properties such as R or effective refractive index for optical components,
several contributions can modify the so defined NGs upper temperature limit, For this
purpose, we can discuss the contribution to the R-P equation but neglecting the inertia
contribution since we are interested in the long-time limit of the pore evolution. This view is
particularly important in sensing applications. This gives:
dR _ R(px—pPs) O (a
ac . 4 2n )

With (%-‘;) being the rate of pore radius variation, R the pore radius, Py and pe the

pressures inside the pore and in the surrounding medium, o the surface tension and 7 the
viscosity. The pore will grow or collapse when the first or second term of the right-hand side
of Eq. 1 dominates, respectively. In our situation, only collapse is expected since the second
term is several orders of magnitude higher than the first one. Additionally, this collapse is
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reinforced when the pore size becomes smaller (small pores erase faster than large ones).
From Eq. | we can express the minimum time (t.) requested to erase the pore as:
1o =20 Rint "‘;Rini -2 10[*‘“”:40)1 Rini (2)

Here R,,; is the initial pore radius, and glass viscosity can be substituted using a law (e.g.,
VFT) and taking the form log(n) = A + B/(T-T) as described in the experimental section.
From this expression, we therefore link the erasure time and the viscosity in a context of pore
erasure. This opens the door to thermal stabilization of optical components for instance using
the VAREPA formalism based on activation energy distribution [20]. For completeness, a
different mechanism yielding to growth rather than collapse can be anticipated when 1) large
pressure difference (Px — Pwo) is achieved either through high pressure (gas) inside the pore
(formation of a bubble), pressure decrease in the medium, or a combination thereof ii) the
surface tension is decreased, and ii1) to pore radius increases. Considering large bubbles as in

Ref. [34], some conditions can be met where growth over collapse can exist. Overall, (%)

scales with 1/n, and either growth / collapse of a pore / bubble would ultimately be a function
of the glass viscosity.

Although this work sets an upper temperature limit for NGs modifications survival during
laser irradiation process, the temperature distribution in the laser track cross section, and its
evolution over time, can be challenging to estimate or measure. Additionally, the laser
parameter — temperature profile relationships are far from trivial, as many combined effects
come into play (e.g., spatio-temporal electron excitation and clamping, plasma absorption and
reflection, heat accumulation, temperature dependent glass properties, etc.). Each individual
laser parameter (e.g., pulse duration, pulse energy, NA, repetition rate) or a combination
thereof must be considered, and ongoing work is underway to tackle these aspects.

From a technological standpoint, we clearly demonstrate that porous NGs are intimately
related to viscosity. To overcome this limitation, especially for HT sensing applications,
specific types of laser-induced structures can be used, including 1) voids like structures (so
called Type III), as we shown that larger pores are more stable than small ones, or ii)
thermally stable crystalline phases, as it may be the case in highly some Al,0;-Si0, glasses
with formation of Mullite [5,35].

Finally, an “erasure temperature” relates to a kinetics problem (time-temperature
couple) [22]. We can thus define different “high temperature limits” depending on the
operating conditions: i) short times (minutes, seconds) in fire alarms and some kind of
structural health monitoring, ii) long times (years timescale) for sodium cooled nuclear
reactors, metal recycling, airplanes or process monitoring, and iii) laser writing timescale in
either repetitive or cumulative regimes, for which either average temperature and cooling
profiles are dissimilar. This is exemplified if Fig. 5 using Eq. 2 for all glasses investigated
herein. It is worth pointing out that the results previously found in Fig. 3 are retrieved with
this simplified version of the Rayleigh-Plesset equation and can therefore be a useful tool to
predict the survival of NGs with respect to a given thermal process.
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Fig. 5. Erasure time versus temperature for all glasses investigated in this work calculated from
Eq. 2. for an initial pore diameter of 50 nm. The fit parameters for the viscosity curves are
provided in Table |

4. Conclusion

This paper provides compelling evidence that the erasure of nanogratings in glass is
intimately related to viscosity, and these 8 glasses with erasure temperature spanning from
600 °C to 1200 °C under isochronal annealing experiments (30 min time step). The results
provide useful information of optical component designers to select an adequate glass (and its
viscosity profile) when considering high temperature operations, or simply thermal ageing
considerations. Moreover, the approach is then used to consider the erasure of nanopores
during the irradiation process, i.e., what is the maximum temperature a nanopore can survive
upon laser cooling timescale? We found that the upper limit in the irradiation conditions
corresponds to a temperature for which the glass viscosity value is log (1, Pa.s) ~-0.75 in the
hypothesis where we consider a characteristic time of 30 ns, or log (1, Pas) ~ | for a
timescale of 1 us, corresponding to a typical diffusion time. However, this temperature limit
is lowered for much longer processes like isothermal / isochronal annealing where log(m,
Pa.s) ~ 10.1. The relationship between the process time (irradiation, annealing, “any thermal
treatment”™) and the temperature (or viscosity) is established in Eq. 2. Therefore, an adequate
knowledge of the time-temperature couple of a given thermal process, either through thermal
annealing of laser irradiation, will inevitably impact the thermal stability of the NGs.
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Volume nanogratings imprinted by infrared femtosecond laser in oxide glasses exhibit a characteristic bire-
fringent signature, which translates into measurable retardance. Upon thermal annealing, such signature is
progressively erased, typical of nanograting erasure. In this work, we propose a procedure to predict the lifespan
of nanogratings by two main approaches: 1/ numerical modeling of optical retardance ageing using the Rayleigh-
Plesset equation, and 2/exploiting VAREPA (VAriable REaction PAthways) framework fed by simulated ageing
data. By considering experimental time — temperature annealing conditions, the modeled retardance is gathered
as a function of demarcation energy to build a so-called Master Curve and then compared to accelerated ageing
experiments. The erasure constant rate k) can be determined for 8 commercial optical glasses. Based on a
distributed Rayleigh-Plesset model, ky and activation energy distribution are linked to glass viscosity and its
temperature dependency. Finally, we discussed the restrictions on VAREPA application for an accurate lifetime
prediction. This work provides guidelines for the future development of nanogratings based devices and appli-
cations, including optical data storage, birefringent devices, and optical sensors, through a judicious choice of

glass composition and associated properties.

1. Introduction

Femtosecond laser direct writing (FLDW) enables both local and
volumetric transformations of transparent materials, such as optical
glasses [1]. Among the possible modifications to be imprinted inside
glass, volume nanogratings (NGs), also labelled Type I in the literature,
are of prime interest [2,3]. These structures are composed of
self-organized pseudo-periodic nanolayers, and their orientation can be
controlled by light polarization [2]. In oxide glasses, they generally take
the form of porous nanolayers [4] composed of nanopores (typ. few tens
of nm in size), but other NGs can be composed of alternate layers of
crystalline and amorphous phases [5]. Porous NGs lamellar structuring
induces a strong birefringence optical response from negative index
variation [6], and can even lead to optical chirality [7]. Consequently,
they have drawn attention for applications/fields including birefringent
optical devices [8], 3D geometric phase optics [9], optical data storage
[10,11], microfluidic [12], structural health monitoring and
high-temperature sensing [13-15].

From a practical standpoint, the lifespan of a given device composed
of NGs must be anticipated, principally considering a time - temperature
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couple. Expected lifespans can be very different depending on the
application, for example i) 25 years at 50 °C for telecommunication [16,
171 ii), few years at 400 °C-600 °C for the oil or gas drilling industry
[18], or 600 °C-800 °C in new nuclear reactors generation cooled with
liquid sodium [19] and Tokamak [20], iii) higher temperatures for
aeronautics instruments of aircraft engines (typ. 800-1600 °C) [21-24],
and iv) 600 °C-1100 °C for the recycling of precious metals or
metal-based manufacturing processes [13,25-28]. In all these applica-
tions, it is mandatory to have temperature and/or strain sensors that
ideally must be stabilized (i.e., without unpredicted drifts of their
monitored response) [14]. This requires the predictions of the correct
stabilization conditions for related components. However, when
considering glass as the device material, difficulties arise from its
intrinsic disordered and amorphous nature. Therefore, to model the
relaxation process(es) in disordered media, several approaches have
been proposed, where an extended report can be found in Ref. [29]. This
disorder impacts the various steps of a given physicochemical reaction
leading to a progressive relaxation of the observed quantity (e.g., laser
induced refractive index modification [30,31]). For instance, if atomic
hopping is involved in a reaction where a given modification is erased to
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return to an “initial state”, the disorder will factor into the hopping
distance or frequency. Hence, the resulting activation energy of the
given reaction will be distributed due to the multiplicity of transition
state configurations. While the approach is based on several previous
works in glasses, e.g., Kohlrausch in 1847 for the residual electric
discharge in Leyde bottle [32], W.A. Yager in 1936 for the relaxation
function in dielectrics [33], V. Vand (1943) [34] or W. Primak (1955)
[35], the aforementioned aspects were first introduced in optical fibers
by Lemaire et al., in 1984 [36] to predict hydrogen-induced loss. Then
Erdogan et al. developed in 1994 a comprehensive formalism on thermal
decay of UV-induced fiber Bragg gratings [30]. Later in 1997, Kannan
et al. [37] refined this framework to improve the reliability of fiber
gratings lifetime predictions. In 1998 and based on these previous
works, Poumellec generalized the approach by introducing the VAREPA
(VAriable REaction PAthways) framework, [38,39]. Under conditions
that must be validated beforehand, it becomes possible to predict the
lifespan of optical components which are based on a property variation,
including the ubiquitous refractive index changes [16,39], or retardance
(proportional to birefringence), characteristic of nanogratings imprinted
in silica, or silicate glasses [40].

In this paper, we investigate the applicability of VAREPA to predict
the lifespan of nanogratings inscribed by femtosecond laser inside a
wide variety of oxide glasses. First, we remind the key hypotheses of
VAREPA and its experimental applicably for the prediction of nano-
grating erasure at high temperature in silica. Second, a model of nano-
gratings aging considering the evolution of nanopores as a function of
temperature is considered using the Rayleigh-Plesset equation [41,42].
Third, based on a distributed Rayleigh-Plesset model, we rationalize the
applicability of VAREPA using modeled thermal ageing data. Then, we
compare experimental data to the simulated Master Curves (MC) and
related activation energies in 8 commercial glasses, extending our work
much beyond silica. Finally, we exploited these results by comparing
lifetime predictions at high temperature using both approaches namely
VAREPA and based on the Rayleigh-Plesset equation.

2. Preliminary hypotheses and experimental details

Preliminary hypothesis on the investigation of nanograting thermal sta-
bility: In most applications, the exploited property of NGs is their form
birefringence, resulting to an optical retardance that can be optically
measured. Form birefringence is the dominating factor to the overall
birefringence response [7,43], and in this work, we solely focus on this
contribution. It is worth mentioning that other contributions can arise
from point defects, stress fields, interlayers densification, or any kind of
birefringent contribution [43], but this aspect goes beyond the frame-
work of this study that is focused on the “ultimate” thermal stability of
nanogratings [43]. Especially, we work on “burnt-in” samples from
which defects [43], silicon [44] and residual stress have been erased.
Our previous work done in a multitude of glass compositions [45] re-
veals that it is experimentally relevant to assume that linear birefrin-
gence LB (t, T) is solely related to the kinetics of nanopores erasure at
high temperatures (T > 0.9 Tq, Ta being the glass annealing tempera-
ture). In addition, we assume also that retardance erasure is mainly due
to nanopores erasure and not to any laser track length variation, nano-
plane distortion, dispersion of the nanopores, or any other change.
Alternatively, the presence of refractory oxide nanocrystals will be
instead something that could likely leads to some deviation from this
model like quartz formation in silica [40]. However, for all the chosen
compositions in this paper, we did not find any nanocrystals formation
(including post laser irradiation and thermal treatments) and such
behavior has neither been reported as well in the literature contrarily to
what could happen in SiO;-Nay0 [46], GeQy-Nay0 [47], Dy;03-Al,05
[48], Si02-Al;04 [49]or LNS glasses [50] in specific laser conditions.

Accelerated ageing data: To investigate the lifespan of NGs in oxide
glasses, optical retardance (R) is monitored both experimentally and
theoretically/numerically. In both cases, R is defined as the product of
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the linear birefringence (LB) with the thickness (I) of the birefringent
object. From an experimental point of view, R is monitored by optical
microscopy using the Sénarmont method after isochronal thermal
annealing for NGs with a time step At = 30 min [45].

Relationship between nanogratings and the modeled optical properties: To
numerically compute the optical retardance R from the NGs structure (i.
e., arising from its form birefringence), a series of expressions, given in
Ref. [51], and also provided in the Appendix, are employed. In short,
NGs in the investigated glasses are all composed of a subwavelength
assembly of porous nanolayers with a significant refractive index
contrast [4]. The LB can be calculated from knowing this opto-geometric
morphology, along with the refractive indices of the porous nanolayers
and in between those layers (e.g., considering pristine glass) [6,52].

3. Analysis of the experimental retardance data with VAREPA
framework

From both modeled or experimental accelerated ageing data (e.g.,
using isothermal or isochronal annealing experiments), the VAREPA
framework can be applied to predict the lifetime of an optical property
[38] as it was extensively done in the literature for UV written fiber
Bragg gratings [31,53,54], providing that several assumptions are ful-
filled. This allows to find the distribution function of the activation
energy by providing only one constant: the erasure rate kj of the main
erasure reaction, that is assumed to be the nanopores erasure. In simple
cases, this is determined by a simple variable change from (¢, T) to an
activation energy, noted E4. Then one can use this distribution function
to predict the lifetime at any temperature and it is also possible deter-
mine some suitable annealing conditions for extending a lifetime [38].
In this work, we focus on the evolution of Rnerm (t, T). There are two
groups of assumptions that should be validated in order to use this
framework.

3.1. First group of assumptions (on the reaction)

a) Only one elementary reaction is involved in the process. The reaction
pathway is symbolically written as B — A, and B and A are respec-
tively attached to some configurations in the nanostructured and
rejuvenated glass. In our case, we will assume that the measured or
simulated Rorm is originated from a single type of contribution
through the form birefringence, e.g., the change of nanopores radius
in the porous nanolayers. We will thus neglect others processes such
as Si formation or point defects as mentioned above if a suitable
annealing (burnt-in) erased them.

b) The process is an Arrhenius based process with a reaction constant k

(E, T) that is thermally activated. k(E,T) = kgef% where kg is
Boltzman constant (eV/K), ko is a pre-exponential factor (s_l), E, the
activation energy (eV), and T the temperature (K).

¢) E, is distributed here (not a single value) in the case of nanopores
erasure, arising from the disordered nature of glass as it is the case for
radiation-induced loss, recovery of photo- or radio-darkening [55],
stress relaxation [56,57], viscosity [58] or UV-induced refractive
index changes [38].

3.2. Second group of assumptions (on the process)

We assume that Rpor, is formed by the superposition of elementary
retardance contributions that we call Rypr,. We consider that the erasure
mechanism of the elementary reaction with activation energy E, follows
a first order reaction kinetics, and this in all investigated oxide glasses.
As a result, ‘J—lelﬂ = —k(E, T)Rejem and so we assume that Ry, (¢, T) can

_ By
be written as follow: Repen (Ey, t, T) = e kete " Then, with the
assumption of additivity of the elementary contributions, we get
Ruom (1, T) = [5° Relem (Ea, t, T)g(E.)dE, where g(E,) is the distribution
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of the activation energy ([;’ g(E.)dE. = 1). This integral is solvable
assuming that Rgjq (E,,t,T) can be assimilated to a rapid varying
function at a specific energy called demarcation energy, E; =
kgTIn(kot), associated to any given T and t couple (a Vand cutting en-
ergy [34,59]), and corresponds to the boundary between an achieved
and a non-achieved reaction. The consequence of this last assumption is
that Ryorm (t, T) becomes Ryom (Ey) =
whatever T or t [40,57] provided the distribution is independent on
temperature or time. With a proper choice of kg, isotherms or isochrons
can be collapsed into a unique curve, the so-called Master Curve (MC),
here describing Rpom (Eg). Note that the shape of the distribution
function g(E) can be obtained from the differentiation of the MC against
E,. It is important to note that several reasons may lead to the impos-
sibility to find a MC, e.g., if there are multiple reactions with additional
rate constants or distributions associated. Finally, on the premise of
meeting a single function gathering all isotherms, the master curve plot
(i.e., the lifetime function) can be used to predict the NGs lifetime at
various temperatures.

To summarize, in the following we suppose that the measured optical
retardance Ryom(t T) of nanogratings during an annealing treatment is
mostly proportional to one “chemical species” B included in the nano-
gratings namely the population of nanopores. In this Arrhenius first
order erasure reaction (e.g., nanopores erasure in ta viscous fluid), the
activation energy will be distributed, as it is the case for viscoelastic
relaxation or stress relaxation mechanisms in glasses. This overall
approach was succesfully applied in silica to a many isochronal data
made by Wang et al. [40] proving that VAREPA can be exploited for
porous nanogratings. In the next sections after introducing
Rayleigh-Plesset equation and developping a new distributed
Rayleigh-Plesset model, we will investigate if VAREPA can be reliably
applied on a set of data obtained using Rayleigh-Plesset and which are
the restrictions on its application for an accurate lifetime prediction.

(f“ 2(E,)dE, only dependent on E4

4. Rayleigh-Plesset modelling of nanopores erasure kinetics

In the following calculations of the optical retardance as a function of
annealing conditions in a context of thermal ageing, the Rayleigh-Plesset
(R-P) equation is employed as initially suggested by Rudenko [60]. The
Rayleigh-Plesset (R-P) equation was used to accurately simulate the
evolution of nanopores erasure Rpor(t,T) over time (f) and temperature
(T), and then compared to isochronal annealing experiments. This
equation describes the evolution of a spherical bubble inside an
incompressible Newtonian fluid, and it can be expressed as follows:

AP dRppre 3 (AR’
_=Rpm‘e Z‘ Fi = -+
7 dr 2\ dt

Here, AP is the pressure difference (in Pa) between the inside of the
nanopore (supposed spherical) and far away from it; p is the glass den-
sity (in kg m™3); Rpore the radius (in m) of the spherical nanopore; t is the
time (in s); #(T) is the glass viscosity (in Paes), and oc is the surface en-
ergy (around 0.3 J m~2 for silica [61], whose temperature dependence
remains within <5% and does not change lifetime prediction signifi-
cantly). Note that the non-sphericity of the nanopores, which are oblate
[62], does not change the physical observation and thus that nanopores
are considered spherical. Initial conditions are Rpr, (at t = 0) = Rjp; i.e.

4]T(T) dRpme + 20
p Rpare dt ,l) R.Por‘e

the initial nanopore size and ""” =0att=0.

In the R-P equation, the secoru:l derivative and the square of the first
derivative have very small contributions numerically in our conditions
and are therefore neglected, i.e., slow dynamics so no inertial pressure.
AP is small enough and thus set to be null in the erasure case. As the glass
viscosity n(T) is the main driven force in this process, this gives a

Rpore __ d(Rpore—Rimi) __ Rpor (t.T)
St =g = —gnItleadsto gk

sunphhed R-P equation: R (020°C) =

1-55% R which can be also deduced from Ref [45].
Then, and as described in Appendix, by using the effective medium

Ceramics International 50 (2024) 20303-20312

theory using the Maxwell-Garnet equation [63], an average refractive
index of the porous nanolayer can be calculated based on nanopore
radius Rpore(t,T) introduced in a volumic filling factor (FF), i.e., the
volume fraction occupied by the nanopores inside the nanolayers. We
assume also that non-sphericity contribution to the birefringence is
negligible. Finally, LB can be calculated using the so-called form bire-
fringence model [51,52]. In these calculations, Rygrm(t, T) or LBorm(t, T)
are normalized by the initial value before annealing Rnom(0,T) and

LBpom(0,T) respectively. In other words, Rugm (tt T)=f (1724(%);”)

with f(t=0,VT) =1 and f(t> %), T) = 0. Recently, the thermal
stability of form birefringence was quantitatively correlated to the one
of nanograting’s porosity-filling factor, which has been demonstrated
recently in various oxide glasses including the ones of this study [45,51].
Their erasure kinetic, ascertained by isochronal retardance measure-
ments and attributed to the collapse of nanopores, was well predicted
from the Rayleigh-Plesset equation.

5. A distributed Rayleigh-Plesset model and its impact in the
erasure process

In the following we will now develop a “distributed Rayleigh-Ples-
set” model by considering elasticity that is usually not negligible in the
solids. At the beginning of the discussion, the variation of the apparent
activation energy of the dynamical viscosity (macroscopic) with the
temperature arises from a distribution of activation energy (E;) at the
microscopic level. The relevant elementary process is the change of
distance () between two groups of atoms under a stress ¢ that is partly

considered in the R-P model, it is the deformation: ¢ = In (1%)! lp is the

distance at rest. Due to the large number of structural configurations in
the glass, the way to respond to the stress solicitation leads to consider a
distribution of the activation energy according to a distribution function
g(E;) normalized on all possible values (ca. 0 to co). Usually, one can
simply use Maxwell viscoelastic model that works well for soft solids (e.
g., in the vicinity of softening temperature) but here we used Kelvin-
Voigt visco-elastic model allowing for example to model creep and
deformation behavior at low loading. So, the relation between the stress
and the deformation takes the following form:

@ =G. &(E., 1, T) + y(E;, T) L&D E tT) and y(E;, T) = 1. exp(k T)‘ where
G is the shear modulus. This gives:

dei(Eit,T) G ) @
i = 717(E,:T)‘£’(E“t‘ T)+W(E,7T)

As tisindependent of T and E;, the differential equation can be solved
when considering a constant stress ¢ suddenly applied and we obtain:

' 2ol Bl 5
&(Eit, T)—G+ (e‘ G)exp( iy(E,,T)r)

We note that when G is small in front of @, &(Ent, T) =&+ WTE%I
Also note that for a solid, G is never null. For obtaining the macroscopic
value considering the glass disorder, we must make the sum over all
configurations, on all values of E;. We get:

i (B | Tl 2 | s B
s(t‘,T)—L‘ (&1 G)exp{ noexp( kBT)]g(E,)dE,+G

The first term of this solution can be treated as in the frame of
VAREPA as the double exponential function can be assimilated to a
Heaviside function of E;. The cutting energy defines a demarcation en-
ergy. Eq = kpTln(kot) with ky = ”Qo Note this is also the constant rate, ko,
we obtained using a simple Maxwell model when considering that G is
small enough (e.g., in the vicinity of melting temperature). This part will

be just a function of E,4 after expressing t into E. Note that ﬁ =[5

qloexp( = 5—}) g(E;)dE:. This defines the “average viscosity”.
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Fig. 1. (a) Plotting of dx/dt versus x, (b) plotting of x versus effective time, t., for various values of the shear stress G (G = 0 is for a liquid); for G<ec/2R;,; we have
a monotonous behavior. The situation described here corresponds to high temperatures much beyond T, when G decreases strongly.

Let us now make the remark that the nanopore radius and their
eventual deformation (non-sphericity mentioned above) are quantities
of the same nature and thus similar law can be applied. Now, we
consider thus just one nanopore and let us apply what we showed above.
Following the R-P equation and its simplification, the elementary re-
action including now a visco-elastic term by taking into account that

Ri(E; t.T)
&(E,t,T) =In (%) and g; - ZRE(E.E.T)’

the orientation convention at the interface) and o the surface tension, we
get:

the interfacial term (with

dRi(E;,1,T) G . Ri(Ei,1,T) @R(Ei,1,T)
P - VI(E,., T)ui(E,'- t; T)h’l( R, W(EH T) =
G. Ri(E;,1,T) c
~qE,T) FEst T ( R ) TME.T)

Without ¢, the differential equation is solvable but not with it. What we
must know is if the solution is a rapid varying function with E; or not. We

< : ; : Ri(ELtT
can rewrite the equation as the following posing x;(E;,t,T) = %
dxi(Et,T) G. o
et P AEs t, T)ln x,(E; 8, T) — ————
dr nE, 1) Bt DInx(E i T) =5

A plot of dx/dt versus x reveals a monotonous behavior according to
time and the ratio as shown in Fig. 1. When 2GR;;/es < 1 there is a
monotonous behavior (as for G = 0, for a liquid). However, when
2GRjpi/ec > 1, the nanopores do not disappear and can even grow before
to be erased. This gives an aspect of the nanopore resistance, i.e., it is
necessary to heat above the glass-transition temperature Tg and then the
viscosity determines the temporal behavior. Note the interfacial energy
is not obviously increasing on heating. At high temperatures, there is no
simple solution for x, but assuming G small enough in front of e5/2Rjn;,
we can write:

G 0 xin(x)
H(Ei, T) Jyoy dx/dt

ot _
21(E;, T)Ri

x,(E,»,t, T) =1—

The numerical analysis shows that this expression leads to a rapid
varying function of x;(E;. t, T) with the energy E; when G is large enough in
front of T although smaller than eo/2R;;. In that case, the average
variation of normalized nanopore radius that is obtained by summation on
activation energy is x(t,T) = [ xi(E;, t, T)g(E:)dE; = [; g(E;)dE; with a
demarcation energy conventionally taken for x; = 0.5, this a good

approximation and the resulting distribution is not dependent of ¢ or T.
Note that when G decreases strongly much beyond Tg, the approximation
is worse. So, the pseudo demarcation energy obtained in the frame of the
conventional definition is E4(t, T) = kBTln[

ot
2noRini

= ko, that is also the reaction rate constant we can obtain using

] . Here we can state
ZW:R.m
Maxwell model if G is large enough in front of 3£ (e.g. in the vicinity of

Tp). As the normalized retardance is obtained by x(t,T)%, the same
conclusion applied and the expressions of the pseudo-distributions are:

For isochrones Raom(Ea; 1) (1)
' T oE,
Binl0
0, kote Ea/ks In(kot) =T -
= BInl0
Binl0 —_—
—_ 5 E,/kg In(kyt) — T
6BIn10 l—e Ed/ky If'!(kgt) _ TO] kote d/ B ( ) f\mherwise
kg In(kyt) (Ea/kp In(kot) — To)~
0 oS S |
a‘Rnw‘m (Ed: T) nes ik
For Ij‘()lhel‘mS,T= 6 £y g\ Es_pwio ?
d o (1 — e"s_f_m) T -0 otherwise

A priori, we have thus to make the difference between kg isotherms and
ko isochrones: The plot of these T dependent distribution functions in the
case of SuprasilCG is shown in Fig. 2. We note that the energy range is
similar and some variation with either the isochronal time or the
isothermal temperature but if the variations are moderate and thus are
weakly detectable on the experimental data. This dispersion arises from
the dispersion of activation energy on the viscosity in the model. The
relations between the position of the maximum and the viscosity at the
same T can be obtained. Through derivation of the viscosity law as a

. . P P : PP kg T2BIn10
function of T, the activation energy in the viscosity is E,i, = fmn'ﬁz d
For isotherms: Ez,r = ’%;"0'“7 1.8k T. As seen in Fig. 2b, the shift re-

mains quite small, 0.1-0.2 eV with respect to the 6 eV. So, the position of
the pseudo master curve at R, = 0.5 is almost coincident with the
activation energy of the viscosity at the operating T. So, from that point,
the VAREPA framework can now be tentatively applied to data obtained
through Rayleigh-Plesset data thus we can make the link not only between
the matter and ko but also between the distribution and the temperature
dependence of viscosity.
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Fig. 2. Plotting of the T dependent distribution functions for SuprasilCG silica. (a) is for isochronal experiments, while (b) is for isothermal ones.

6. Applying VAREPA approach to data provided by Rayleigh-
Plesset model

6.1. Building the master curve from Rayleigh-Plesset simulated Rnom
values

Normalized retardance values, Rpom(t,T), were calculated based on
the Rayleigh-Plesset equation (see Section 4), for a serie of isothermal
annealing conditions. Fig. 3 shows such predicted Rnorm values in the
case of SuprasilCG silica for several temperatures ranging from 1100 °C
to 1350 °C for a total time duration of 24 h (plotted according to log time
in Fig. 3a), and according to an activation energy defined as kgTIn(t) in
Fig. 3b. It is worth pointing out that during the numerical simulation,
the effect of temperature was introduced by varying the viscosity »(T).
The viscosity was calculated using Vogel-Fulcher-Tammann (VFT) law
taking the form log(n,Paes) =A —1 + T—L}h , and all parameters (A, B
and Ty) are available in Ref. [45]. Here, the initial pore size was set to 30
nm for SuprasilCG, which is a typical value that was obtained from
electron microscopy imaging analysis from Ref. [45]. As expected,
Rnorm(t, T) decreases faster for the highest temperatures, for which the
viscosity is lower. Indeed, a lower viscosity facilitates the collapse of the
nanopores, hence the decrease of Ryore and FF, and ultimately Rporm. If all
the curves follow the same trend, they appear shifted when plotted as a
function of kgTIn(t) as seen in Fig. 3b. The shift is kgTIn(ky) and one can
tentatively try to gather the isotherms into a single curve by identifying
the ko value. To do this, the kq value is progressively varied using least
squares optimization until the Xz value reaches a minimum. Here, the
optimal/best curves overlapping is found for kg = 7.45 x 10'® s7!
(In ko = 38.85 where xz is minimized). The results are provided in Fig. 4,
with the merged curve identified as a Master Curve, and the

optimization shown in the inset. From the inset, the uncertainty on ko
can be calculated in the range of In ko = 38.8 + 0.8 with a 90% confi-
dence interval. So, from that point, it appears that VAREPA framework may
be applied on Rayleigh-Plesset data but one must keep in mind the restrictions
mentioned above, in particular the T dependence of the distribution.

6.2. Comparing the modeled master curve to experimental ageing data

VAREPA framework was now applied for 8 oxide glasses namely
Schott Borofloat 33, BK7 and AF32, Corning ULE, EagleXG and 7059,
Sodalime, and Heraeus Suprasil CG whose viscosity laws and composi-
tions can be found in Ref. [45]. Here we have fixed the nanopores radius
(Rini = 30-50 nm) [2,3] and the surface tension (6 = 0.3 J m™) for all
glasses and we have simply adjusted 5(T). Following this procedure, it
was possible to simulate thermal aging data using Rayleigh-Plesset
model to feed coherently VAREPA, so we obtain a Master Curve and
the corresponding ko for all investigated glasses. A set of specific ex-
amples is shown in Fig. 3a with Borofloat 33, ULE and SurprasilCG.
Following this work, and to validate these predicted lifetime curves, step
isochronal annealing experiments were performed to verify if the
datapoint would align on Master Curve. Since the experimental data
were obtained from step isochronal annealing, one must first evaluate if
the isochronal datapoints are independent. The achieved condition for

independency of the datapoints is (At e ko)’(ﬁ)«l [54], where At is
the time step (30 min) of the isochronal annealing experiment; AT is the
temperature step separating two datapoints; Tmax is the maximum
temperature during the isochronal experiment. In this work, this crite-
rion is mostly satisfied for all data.

In Fig. 5a, the experimental Ry (At = 30 min, T) resulting from
step-isochronal annealing as a function of E; are drawn and compared to

(a) 101 (b}, 4
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Fig. 3. (a) Calculated Rp,m as a function of time for a series of isotherms. (b) Identical R,,,rm data but plotted as a function of kzTIn(t). Data were calculated for
SuprasilCG silica glass with an initial pore diameter R;,; of 30 nm and ¢ = 0.3 J m?2
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Fig. 5. (a) The MC curves of Borofloat 33, ULE, and Suprasil CG glasses, along with experimental data obtained from step isochronal thermal annealing. (b) The
predicted erasure E,4 values of different oxide glasses as a function of experimental one taken at Rpormm = 0.5. The error bar is from the confidence interval of k.

the theoretical master curves within the whole Eg interval for those three
glasses. It appears there that experimental results are matching the
predicted master curves deduced from the Rayleigh-Plesset modeling
within the error bar from the confidence interval of ky. To generalize the
comparison between predicted and the experimental master curve for all
glasses, we tentatively compared the E4 values (predicted and experi-
mental ones) for multiple degrees of erasure. As an example, in Fig. 5b
the predicted versus experimental E; values for 8 oxide glasses are dis-
played, taking Rpom = 0.5 (corresponding to 50% erasure). As can be
shown in the figure, experimental and simulated results are in excellent
agreement. Note that this degree of erasure was validated from 20% up

to 99% (not presented here), strengthening our approach. The quite
good agreement between model and experimental data may suggest that
the glass viscosity n(T) has not been impacted significantly by the laser
writing process and the formation of nanogratings while Frenkel defects
and eventually Si formation happen at the nanopores interface due to
the SiO, reduction as discussed in section 5.

7. Lifetime prediction

Using VAREPA framework, we show above that R,,m(t, T) can be
expressed as a function of the unique variable called demarcation energy
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Eq. The curve Rporm(Eq) is called Master Curve. In simple cases, it is
unique whatever the (¢, T) couple may be but here we show that the
distribution is T or t dependent. So, we can note that T is not equivalent
to In(t) in E4 expression and thus isochronal ageing data are not equiv-
alent to isothermal ageing data for establishing MC. Anyway, for specific
using conditions (tyse, Tyse), We can determine ky values for any glasses
and thus the corresponding E; limit. Then the MC plot allows the user to
predict the optical component lifetime, providing that the anticipated
conditions of use Eq = f (tuse, Tuse) correspond to a point on the MC that
has been actually sampled during the annealing experiments. Let us go
on further to exemplify such prediction in all investigated optical
glasses. There are two solutions: one is to fit the Master Curve with a
polynomial function and the second one is to fit a known expression.
Since the life function is now available, it is possible to calculate the
lifetime for either isothermal or isochronal working conditions, e.g. T =
600 °C and 30 years, by using the optimized ko value (determined
following the above procedure) As a results, for predictions shown in
Fig. 6, Ryorm Will decrease to 0.95 at 600 °C for AF32 glass and 30 years’
duration or 42% erasure in Eagle XG glass while there is no significant
erasure for silica in these conditions. Among the investigated glasses,
Suprasil silica glass (above hundred million years) has the longest life-
time, whereas BK7 (around 10 min) holds the shortest one. In addition, it
is also possible to increase the lifetime of these components eventually.
The principle is based on the distribution of activation energies and thus
nanopores stability at various sites. A burning step during the process
suppresses the less stable sites, which cannot be achieved with a simple
exponential kinetic. This widespread method has been proven to be
effective for enhancing the stability of index changes in UV written Fiber
Bragg Gratings [39] but also in fs-laser induced FBG [40]. Of interest,
our approach based on nanopores erasure kinetics is quite general and
one can predict others optical properties related to nanopores by linking
the adequate optical model to the nanopores population. For example,
one can predict not only nanopores birefringence or nanogratings form
birefringence but also light scattering or anisotropic light scattering
dependence on time and temperature. Another possibility would be to
predict refractive index changes using effective medium theory or
eventually more complex objects such as the spectral properties of FBG
for various sensing applications.
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Fig. 6. The predicted lifetime of normalized retardance for isothermal
annealing at 600 °C in all investigated glasses. Dots are for predictions made
with VAREPA approach whereas full lines are for predictions made using the
Rayleigh-Plesset equation.
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8. Discussion

Within this work, a distributed Rayleigh-Plesset model was devel-
oped to make the link with VAREPA framework and then to obtain
master curves using a database made on simulated R-P data. The val-
idity of the approach was further confirmed using step isochronal
annealing experiments. From that point we performed some examples of
lifetime prediction according to (tus, Tus.) based on a rationale extrap-
olation made within VAREPA that was successfully compared to
Rayleigh-Plesset predictions.

The main driving force is the interfacial force, but the viscosity is the
limiting process. It is commonly assumed that shear viscosity is a ther-
mally activated process. Viscous flow follows an Arrhenius law in the
high and low (typ. below the strain point) temperature limit regimes
with constant activation energy in a Frenkel-Andrade model [64].
However, between high and low temperature regimes, the activation
energy of flow changes and the viscosity cannot be described simply
using the Arrhenius-type behavior. For example, the activation energy of
viscosity varies with temperature [65-68] and there is a need to intro-
duce a distribution of activation energy [58,69-71]. More specifically,
in the intermediate T range between strain and melting points, the VFT
model [72,73] is commonly used especially in the industry, which is
derivate from free volume theory, and can be written as log(i,Pa e s) =
A-1+ T—LTo , where A and B are temperature independent and Ty is the
extrapolated temperature where viscosity tends to infinity. This empir-

ical equation of viscosity converts to n(T) = r]oeglj‘_%s where 7, = 1041,
Developing the distributed Rayleigh-Plesset model, we have identified
above that k, takes the following form ko = Z%LR.,,, and we have extracted

the expression of the master curve and its differentiation (i.e., the dis-
tribution) that is not solely proportional to E4 but also to the working
temperature (for isotherms). The origin of this T dependence is simply
related to the chosen expression of the glass viscosity #(T) and inherent
to its non-Arrhenius behavior. In addition, in the literature, the apparent
activation energy that can be derived from Iny vs 1/T can be found
around 4.0 eV for T > 2000 °C (up to 2400 °C for Ref. [68]) and around
8.1 eV for T = 1400 °C [67,74-76] for silica. This agrees with recent
results from Shao et al. in the 1000-1200 °C temperature range [65]. For
sodalime silicate, the apparent activation energy lied around 4-6 eV for
temperatures within T, - 1.4T, [77]. These values agree with activation
energies deduced within our framework, which originated from the
viscosity. Note that the irradiated glass structure is slightly different
with Frenkel defects, silicon formation [78] at the interfaces due to the
SiO, reduction and a larger fictive temperature after a first pulse
resulting in a smaller viscosity with different 1o and activation energy.
However, within the logic of the prediction procedure, there is no
importance excepted that the proof of the model is more difficult.

In the intermediate temperature range (between strain and meting
temperatures), Adam-Gibbs (AG) [79] and Avramov and Milchev (AM)
[70] developed viscosity models based on a different theory which fits
well viscosity measurements like the VFT model (relative to an Arrhe-
nius law). Of interest here, AM viscosity model assumes that the
magnitude of activation energy varies due to the disordered nature of
glass. Consequently, the distribution function of the activation energy is
determined by its configurational entropy Scons(T) [58]. The viscosity

a
can be written as Iny(T) =Aam+2,3(12,5 — Aapn) (TT") where the

glass-transition temperature (Ty) is defined as In #(T),Paes=12.5 and
« is the Avramov fragility parameter, that is related to the distribution
width. In this model the resulting activation energy distribution is thus a
T dependent function as we discussed above. However, if the working
conditions (tyse, Tyse) fall down within a reasonable temperature range, e.
g., below or around the strain point, the viscosity can thus be approxi-
mated by an Arrhenius law (i.e. the Frenkel-Andrade model [64]). As a
result, the Master Curve and the underlying distribution g(Eq) will be
independent of the temperature within this restricted range of
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Fig. 7. Relationship between Inky and Angell glass fragility m in the investi-
gated glasses. k, values were determined by feeding VAREEPA framework using
simulated RP data and confirmed through step isochronal annealing
experiments.

temperatures.

Trying to bring some roadmap for engineers, one can compare ko
values (obtained using VAREPA being fed by Rayleigh-Plesset data) to
the Angell fragility, m, deduces from the slope of the glass viscosity-
temperature curve when T approach T, thus defined as m=

%HZTB [80]. It reflects the strong or fragile behavior of the glass

material. From the AM expression we obtain
m= a(12.5—Aam), Wwhere Aay = In(1pp) which is thus link with the
above-suggested expression of kg = ﬁ. llustrating this purpose,

Fig. 7 shows In(kg) as a function of the fragility m revealing a linear
correlation for all investigated oxide glasses. Note that here we assume
surface tension ¢ remains similar (around 0.3 J m~2 for all glasses) and
the same initial pore size (around 30 nm) in all investigated oxide
glasses. As a guideline, the erasure constant rate kp is much smaller for
“strong glasses™ like SuprasilCG and ULE whereas kg own higher values
(faster nanopores erasure) for “fragile glasses” such as BK7 and
Soda-lime glass while alumino-borosilicate remain in the intermediate
range.

9. Conclusion

In conclusion, the VAREPA framework was applied to determine the
lifetime of IR-fs Type II modifications (i.e., nanogratings) written in 8

Appendix
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commercial optical glasses. Providing several assumptions are fulfilled,
this Master Curve could effectively be obtained in all investigated oxide
glasses and was shown to originate from the distribution of the glass
viscosity thanks to a distributed Rayleigh-Plesset model. The approach
was further strengthened by comparing the Master Curves to accelerated
aging experiments through the monitoring of nanogratings birefrin-
gence signature. In addition, the log of the erasure constant rate, In(kg),
was shown to linearly scale up together with the Angell’s glass fragility.
These conclusions are expected to provide guidelines for the future
exploitation of nanogratings [2,3] and related devices such optical data
storage, birefringent devices or sensors written in wide range of oxide
glasses.
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The form birefringence related to the so-called nanogratings is quantitatively correlated to the porosity-filling factor of these nanostructures has
been demonstrated by our group recently [51]. The nanopore size diameter from the R-P equation needs to be converted into a normalized retardance
(R) value. In the first step, the Maxwell-Garnet equation is first used to calculate the average refractive index of the porous nanolayer (1;):

2 (+2FF) (2 2
ng +=—3 (”pm*”(;)

5 o (OFR {5 i)
ng+— (nm.zfnG)

- 2
= | %

G

(A1)

ng is the glass refractive index (taken as ng = 1.4599, index of silica at 551 nm), ny,r is the nanopore refractive index (taken equal to 1). Another
important factor is the filling factor (FF) which is defined as the proportion of the nanopores’ volume taken in a unit volume of porous nanolayer (V), so
it is obviously related to the number of nanopores (N) with an averaged nanopore radius (Rpore) and can be calculated using:

4aR,,.
FF=N—P2*
3v

(A2)

The birefringence LB can be determined by the difference between the refractive indices of the ordinary axis (n,) and the extraordinary axis (n,).

The following equation illustrates the detail:
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iy [1 fé]n%ﬁ»—nz — (A3)

ng represents the refractive index between the porous nanolayers, A is the average spacing between nanolayers, & is the porous nanolayer thickness,
and (A - §) is the interlayer thickness. With the birefringence LB calculated, the retardance R can be worked out by the expression R = LB x [, where LB
is the birefringence and [ is the length of the birefringent object being measured. We assume the Rnom(t,T) and LBporm(t, T) are normalized by the initial
value Rnorm(0,T) and LByerm(0, T) respectively. They change square of FF and the sixth power of Ryore.
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Abstract: Volume nanogratings (NGs) imprinted by infrared femtosecond laser in commercial optical glasses take the form of
orientable subwavelength birefringent nanostructures, being composed of an assembly of nanopores. The existence of NGs
strongly depends on the laser parameters and glass composition. Therefore, in this work, we tentatively model the erasure
threshold of NGs in a pulse energy - repetition rate processing window. For this purpose, we combine i) a heat diffusion model to
simulate the thermal treatment experienced by the glass upon laser irradiation, and ii) the Rayleigh-Plesset equation to take into
account the evolution of a nanopore size during laser processing. We first determine a criterion for nanopores erasure, falling
within a typical characteristic time of few tens of ns, in which the cooling of the last laser pulse absorbed by the material is
progressively cooled. Then, considering a multiple pulse regime and the dependence of the deposited pulse numbers on the
thermal treatment, the modeled NGs erasure threshold follows the experimental trend. 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.

Keywords:  Nanogratings; Nanopores; Erasure; Commercial glasses; energy deposition.

1. Introduction assists this nanocavitation process to imprint NGs. This
results in boundaries defining the existence of NGs under
specific pulse energy, duration or repetition rate irradiation
conditions [9].

Transparent materials, such as optical glasses, can undergo
localized and in volume modifications using femtosecond
laser direct writing (FLDW). Volume nanogratings (NGs),

also referred to as Type Il modifications in the literature [1], In the literature, it was clearly reported in Ref. [10-12]
are one of the most interesting transformations one can that heat accumulation, arising when inter-pulse period is too
imprint inside most oxide glasses. The arrangement of these short to remove the heat from the previously deposited pulses
subwavelength nanostructures can be controlled by light (1e., at high repetition rate), limits or even hinders the
polarization state and orientation [2], yielding to a pseudo- formation of this nanoporous phase and thus nanogratings in
periodic array of nanolayers. In most oxide glasses like various oxide glasses such as SiO,, GeO,, or B33 (Borofloat
ubiquitous Si0z or GeO,, they usually take the form of glass). In Ref. [12], it was found that above a fixed apparent
porous nanolayers made of oblate nanopores whose sizes power of 0.23 W, nanogratings cannot be observed. Later on,
typically range within a few tens of nanometers. However, Rudenko et. al defined a NG formation threshold using a
other types of NGs can be induced, made of alternating cavitation approach (T..=2000 K) in fused silica [13].
layers of crystalline and amorphous phases [3]. The porous However the upper temperature also limits the NGs survival
NGs possess a significant birefringent optical response due in oxide glasses [14]. If the temperature is too high,
to 1) strong refractive index contrast from the nanolayers, and mechanisms including boiling, rapid nucleation and growth,
il) associated significant stress [4], and can even result to or spinodal decomposition, may occur. Based on Rudenko
optical chirality [5]. Consequently, these developments have et. al [13], when the Péclet number is above 1, typically
gained interest in several applied areas such as birefringent corresponding to temperature higher than 3000 K for SiO», a
optical devices, optics based on 3D geometric phase, reliable rapid viscous growth rate condition yields to “unstable”
storage of optical data, microfluidics, structural health nanopores. This approach was recently generalized to a wide
monitoring, or sensing at high temperatures [6, 7]. range of oxide glasses. In a first approximation the estimated

window of NGs existence within a pulse energy (E,) —
Repetition Rate (RR) landscape was defined between Tmax (1
=103 Pa-s, the working point of the glass) and Tson (n =106
Pa-s, the softening point of the glass) [15]. The upper
temperature limit of the NGs survival intimately relates to
the temperature dependent glass viscosity. However, this is
in fact a time dependent problem and this upper temperature
depends on the heating conditions and the heating cooling
profile [14].

The formation of porous NGs by FLDW is suggested to
originate through a plasma-mediated nanocavitation process,
a “light-forced organization” [8]. Starting from some
nanoscale inhomogeneities seeding the process at the
femtosecond timescale, nanoplasma hot spots are formed,
followed by a localized heat distribution due to electron-
phonon energy transfers. Along the formation and erasure of
NGs, the heat cooling profile (a temperature-time couple)
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In this paper, we first exploit a heat diffusion model
combined with Rayleigh-Plesset (R-P) equation to simulate
the evolution of nanopores compositing the NGs over time
and temperature during a given laser cooling profile. We
establish some objective criteria to determine the energy
threshold corresponding to the collapse of the NGs
processing window. Then, we consider a multipulse
approach and the dependence of the heat accumulation at
steady state for various repetition rates in the erasure of
nanopores. We finally simulate the maximum deposited
energy beyond which NGs erasure along the laser cooling
profile for a wide range of commercial optical glasses in
comparison to available experimental data.

2. Combines modeling approach
2.1 Modeling the temperature profile T(r,1)

The classical heat diffusion model is taken from [16, 17].
First, the heat deposited locally by the laser inside materials
follows Fourier’s law. As a first approximation we did not
consider the geometrical changes of the focal zone (beam
waist) by the pulse energy, for instance arising from self-
focusing and electron plasma defocusing. Considering the
spatial temperature distribution induced by fs laser

irradiation in a static configuration (i.e., no beam scanning),
aT(r,t)
ot Dy -

AT(r; ) = Qp%) (Eq. 1). Here p is density, C, is specific

the equation takes the following form:

heat capacity, k is the heat diffusivity and the thermal
diffusivity can be written as Dy, = p%. Furthermore, r and t
P

are the radial distance away from the focus center, and the
laboratory time, respectively.

About the heat source Q(r, t), we suppose the laser beam

takes up a Gaussian shape as: Q(r,t) = Af” - f()
nZw?

(Eq. 2). Then we can use a Dirac comb to define f(t) =

3’"’ 6(t — Np - 7p) and to consider the multipulse regime at

i 333 1
various repetition rates RR. Here we define 7, = Pt the

pulse period, N, is the number of the light pulse, E, is the
pulse energy. Finally, 4 is the absorbed fraction of the pulse
energy, which was taken as independent of E, and RR as a
first hypothesis, but will be adjusted later on.

Therefore, the temperature rise can be expressed as
i r2

1 ——s
T(r,0)— Tosom = Efputse Q(T, tldt= Ty-e o?

where T, ismaximum temperature at the focus region center,

=y After

3
m2pCpw?
hundreds of fs (i.e., the pulse duration), the heat source is
null, and one can use the following expression demonstrated

2

- e_(w2+4Dm~t)z +
(w2+4Dpt)2
Troom (Eq. 3). This equation describes the temperature

follow

which can be simply written as Ty =

in Ref [16]: T(r,t) =T,
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distribution after one pulse irradiation. Tyon is the ambient
temperature taken herein as 20 °C. In this equation, w® =
Win? | 0z
2

laser propagation, z, taken as 30 pm based on

experiments. w,, is the beam waist defined as w, =
:?TZ; A is the wavelength of the laser pulses (1030 nm);
numerical aperture (Ny) is 0.6 for the laser beam; n is the
refractive index of each oxide glass, taken at 20°C since it

is weakly dependenton T.

where w: is the typical beam length along the

2.2 Mutipulse approach and steady state condition

In the case of the absorption of N pulses by the glass
material, we easily obtain the evolution of the distribution
considering the linearity of the differential equation and
making up the sum of the solution for one impulsion but
shifted in time 7p, the inter-pulse period [16]. In some
conditions, this can result in a pulse-to-pulse heat
accumulation, especially at high RR. It is thus necessary to
define the steady state where the temperature distribution
reaches saturation and this is related to the ratio R, =

:—Z between 1, and the thermal diffusion time noted 74 =
i
4D¢p
RR, less N, are needed to reach a steady state. The
contribution of an increase of temperature induced by
consecutive pulses overlapping in time (heat accumulation)
is weak or even neglectable whenR, > 10 [16]. However,
considering high RR values (low R;), this pulse-to-pulse
temperature increase is significant, and accompanied by a
larger N, to reach steady state. Within our conditions for RR
ranging from 1 to 10 000 kHz, we can estimate that the
steady state can be effectively reach for N, = 10 000 pulses
for all investigated glasses [16].

16]. When R values are large, corresponding to low

2.3 Modeling nanopores erasure using Rayleigh-Plesset
equation

Using the heat diffusion model, one can deduce the
temperature profile T(r,t) of the last pulse for a given set
of laser parameters (E, and RR). In the following, the
temperature distribution T(r,t) is taken at r =0 um, that is,
at the center of the beam, where the temperature is the
highest [17]. From that point, we combine such heat cooling
profile T(0,t) with the well-known Rayleigh-Plesset (R-P)
equation to simulate the evolution of nanopores (their
erasure), that are composing the NGs [18]. The R-P equation
was initially suggested and employed by Rudenko et al. to
model the evolution of a spherical bubble inside an
incompressible Newtonian fluid, [19], and is expressed as:

AP 2
i o

Here, AP is the pressure difference (in Pa) between the
inside of the nanopore (supposed spherical) and far away

from it; p isthe glass density (in kg'm™); Ry the radius (in
m) of'the spherical nanopore; ¢ 1s the cooling time (in s); 5(7)

dRpore
dt

d%Rpore .3
pore g2 ',

4n(T) dR 20
n(T) pore+ (Eq 4)
PRpore dt PRpore




is the glass viscosity (in Pas), and ¢ is the surface energy
(0.3 J mfor silica over a wide temperature range [20]). Note
that the non-sphericity of the experimentally observed
nanopores, which are oblate [8], does not change the physical
interpretation and thus that nanopores are considered
spherical. The viscosity and its dependence with respect to
temperature can be taken into account in the model by using
a Vogel-Tammann-Fulcher (VTF) law in the form

log(n,Pa-s)=A—-1+ %, Initial conditions are Ry (at
—lo
t=0) = R, that is, the initial nanopore size before any heat
d
treatment and % =0 ms'att=0s.

In our conditions, the second derivative and the square of
the first derivative from the R-P equation have very small
contributions numerically in our conditions and can be
therefore neglected i.e., slow dynamics so no inertial
pressure. AP is small enough and thus set to be null in the
erasure case (taking the situation of an empty nanopore). As
the glass viscosity n(T) and surface tension dictate the
dynamics of the process, this gives the simplified R-P

dRpore _ d(Rpore—Rini) a
[14]: PoTeé = 2 = —;(Eq 5).

dt dt

To illustrate this purpose, we can observe in Fig. 1 a
typical heating-cooling profile for a single pulse modeled in
SiOz (black symbols) and the related nanopore erasure Rpore
(t) for different values of R;. First, the equivalence of the
two equations is demonstrated in Fig.1, showing a similar
nanopore erasure rate using either Eq. 4 or Eq. 5. Secondly,
the nanopore size diminution is the same considering

equation form

different initial nanopore radius thus leading here to a full
erasure of small nanopores while big ones are partially

erased.
1E-4 T T T T == - 100
d(nm r:r;/ [ 90
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—~ 1E-64 ——30 Ees %
2z —10 o
g " Lso S
E 8
- 1E-7 H d(nm il/ E 40 g
— — Q.
. k3o 2
=
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Fig. 1 Different nanopores diameters erased by the same heat cooling
curve T'(0,t) inSuprasilCG glass using both the R-P equation (in solid
line) and the simplified one (in circle symbol). The corresponding
parametersin heatdiffusion modelare: wwm=1.58 pm; Np=1;A=0.25;
Ep=1yJ; SiOz glass.

3. Experimental data base and simulated

We use several commercial oxide glasses (Schott BK7,
Borofloat 33 and AF32, Corning ULE, Eagle XG and 7059,
Heraeus Suprasil CG and Marienfield Superior soda lime) to
perform both experiments and the numerical simulations.

Table 1 Glass samples, molar composition, density, heat capacity, refractive index at 1030nm, diffusivity and viscosity parameters [14].

Glass - Density Heatcapacity Refractive Diffusity Viscosity Parameters
samples _Molar Composition p (kg/m3) Cp(/(<gK)) _indexn __ Dth(107) (A;B;To)
Yty 69.13 Si0z 10.75 B:03, 307 Ba0, oo - - 5 IP2eoaara ARl R
10.40 Naz0, 6.29 K20, others < 1 " .
1.741; 4309; 537.
72.6 5i02, 13 Naz0, 88 Ca0, FLPAESSET)
Sodalime 4.3 MgO, 0.6 Al203, 0.3 K20, 2500 750 152 5.33
0.2 SO3,0.1 Fez03
Borofloat 81 Si0z 2 ALOs, (-1.681; 6578; 384.8)
5 13 B0 4 Ny /RaD 2230 830 14714 6.48
7059 63 Si02,85Ab0s, 16 B,05,125Ba0 2760 750 1534 483 FRELEARE)
4.062; 8876;480.8
66.43 Si02, 11.28 Al203,10.73 B203, ( _
AF32 530 Ca0, 463 MgO, 1.36 BaO, 2430 800 15099 597
others<1
-6.584: 13170;319.4
EaglexG 0571502 1110 AlOs 1165 B205,  pa0) - p— _— Feseh a0
8.64 Ca0, 2.28 Mg0, others < 1 d .
ULE 94.25 Si0z, 5.75 TiOz 2210 767 14828 7.14 (-21.47; 90920;-1365)
2‘&9‘““ 100 Si0, 2200 703 1444 892 (-9.5;34200;-127)

aThese parameters provides a value of log(n)with 5 inP (dPa.s),and Tin Kelvin.
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The thermal properties of the glasses are provided from the
glass manufacturers and summarized in Table 1.
Additionally, the viscosity parameters for VTF fit, namely
(A, B and To) are also available in Table 1. After laser writing
experiments described in Ref [11], we have quantified the
optical retardance (proportional to the birefringence). The
presence of nanogratings was ascertained through
polarization dependent form birefringence measurements
and by direct observations using scanning electron
microscopy in all glasses, which further allow to determine
the typical pore size for each glass composition [21]. From
that point, their NGs (Type II) processing window in a Ep-
RR landscape have been reported in our previous work [11].

In the following, we first determine the criterion for
determining the nanogratings erasure from the thermal
modeling point of view. Then, we model nanopores erasure
according to absorbed pulse energy at different RR. For each
glass, we will first model the heating-cooling profile for a
fixed absorption coefficient, and we consider various pulses
numbers up to reaching the steady state. Finally in a second
attempt, we introduce an adjustment within the model
considering the absorption coefficient being function of the
pulse number and thus on RR within our experimental
conditions.

4. Results and discussion

Nanopores composing NGs are the key point here since
they are at the origin of the ultimate nanogratings thermal
stability. It is worth mentioning that other contributions can
arise from point defects, stress fields, interlayers
densification, or any kind of birefringent contribution [22],
but this aspect goes beyond the framework of this study that
is focused on the “ultimate”™ erasure of nanopores. As shown
in the literature, nanopores typically erase within 30 min at
~1.1T, where T, stands for the glass annealing temperature
(when log(n, Pa.s) = 12). However, we are willing to model
to which extent these nanopores can survive to fs-laser direct
writing in a E,-RR landscape where temperatures exceed
2000°C [13].

4.1 Case of when R; > 10

Letus first consider the case of most oxide glasses within which porous
NGs (excluding partly crystallized ones) are imprinted. Once the oxide
glass has been decomposed through a plasma-mediated
nanocavitation process [8, 13], one can observe the nanopores few
100’s of ps after the end of a pulse. From that point, there is a
thermalization of the glass network, and nanopores can be partly
erased along the subsequent heat cooling profile, until the next pulse
through which they can be eventually regenerated, reshaped or even
erased. Following this view, in a first example (Fig. 2) we will only
consider the last pulse, ie., the last cooling curve in our model, which
corresponds to experimental conditions where R; is big enough
(typ. >10) in such that there is no appreciable heat accumulation (e.g.
R; = 140 at10kHzin SiO2). In Fig. 3 we will consider the multipulse
regime that may lead to a heat accumulation thus affecting both the
shape of the spatial heat distribution (that becomes Lorentzian [16]

and the cooling curve T(t) as well). Note thatfor all glasses investigated,
although the value of Du (hence Rq), can be slightly different, the
reasoning remains the same.

0.1y
Erasure time: Heat cooling curves of one pulse:
0014 ——100% ——4.3x10° Jiem®
—80% ——5.3x10% Jiem®
0.0014 0%
1E-4 4 10%
1%
1E-5 o
2L 1E6] Minimum absorbed
o energy to fully erase
E 1E-7 A nano
= pores
1E-8
/V
1E-9 Minimum absorbed energy
to start nanopore erasure
1E-10
1E-11 4
1E-12

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Temperature (°C)

Fig. 2 The curves of the erasure time with different erasure percentage
(nanopore diameter is 50 nm as an example) versus the heat cooling
curves of one pulse with variable RR from 10 kHz to 1000 kHz for 1%
and 100% erasure of the nanopore in SuprasilCG glass. The
corresponding parameter in heat diffusion model: wm =1.58 pum; Np
=1;,A=0.05
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However here, one first need to define an erasure
criterion to compare modeling and experiments. So, we
choose that the observable measurand, namely the optical
retardance R, is no more measurable below our detection
limit and estimated to 1 nm. Then we translate this criterion
in term of nanopores size by means of the form birefringence
model which makes the link between nanopores size, filling
factor and the birefringence or retardance amplitude. So we
define the P factor, P = Rpore(t,T)/Rini, corresponding to the
fraction of nanopore erasure, and expressed in percent.
Typically, 80% erasure of the nanopore diameters
corresponds to 99.99% erasure of the related optical
retardance R.

In the following part, we take the situation of a 50 nm
nanopore. Then using the simplified R-P equation, we can
compute the time required to partly or fully erase such a
nanopore along a given temperature profile T(r,t) taken at the
center of the pulse, r = 0 um. On the one hand, the erasure
time of different P values can be calculated by the equation

A—1+%
2NRinP _ 2X10 OXRiniXP

T =~ . [14].
mentioned, here we keep o term constant, which is a
reasonable assumption for this work [30].

As previously

The results for various P values from 1 to 100% are
summarized in Fig. 2 for silica (Suprasil CG). Whatever the
chosen fraction P, the intuitive trend that the pore will
collapse faster when brought to higher temperature is
verified. Now, let us see on the graph the thermal cooling for
a single pulse in silica glass which corresponds to the case



where R, is big enough so no heat accumulation is present
(e.g. R, =14 for SuprasilCG at 100 kHz). These two heat
cooling curves are calculated by the above-mentioned heat
diffusion model. We thus let the heat cooling curves touch
the curves of erasure time by adjusting the E,. Note that the
cooling curves of one pulse are shifted along T, but its
temporal shape remains unchanged. The minimum absorbed
energy to start erasing the nanopore (P = 1%) or fully erase
it (P =100%) can be deduced once the heat cooling curve
and the erasure one touch each others. In Fig. 2, the minimum
absorbed energy for P = 1% and P = 100% are 4.3%10° J/cm?
and 5.3%x10° J/em3, respectively. Since the results are
provided for N, = 1, the RR has no effect in this first
simulation. The characteristic erasure times (initially defined
in Ref. [14]) are typ. ~8 ns and ~10 ns for P = 1% and P =
100%, respectively.

42 The effect of the repetition rate
accumulation)

when R; < 10 (heat

The objective now is to compute the value of the temperature T(r;t)
when N >>1. We will show how the cooling profile changes with the
RR according to heataccumulation (hence R+), i.e, when T at the end of
the period cumulates with the T increase induced by the absorption of
thenextpulse. So, in the following curves, we will consider the situation
where the steady state (typ. we chose N, = 10000 inour conditions
[16].) has been reached for a given practical number of pulses. Finally,
as in previous case we will consider only the cooling profile of the last
pulse at the center; since as the gaussian beam is moving away and the
maximum temperature is then decreasing. To some extent, one
possible view is that it takes more time to create a nanopore
(multipulses) whereas a single pulse (i.e. here the last pulse) is enough
toeraseit

0.1 3 ’
Erasure time: Heat cooling curves of the
0.01 4 100% last pulse at steady state:
- S 2027 5.3x10° Jlem®
i 4 —50% 3 3
4.7x1 /
10% L
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[
E 1e74
’_
1E-8 5
1E-9
1E-10 4
1E-11 4
1E-12

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Temperature (°C)

Fig. 3 The curves of the erasure time with differenterasure percentage

(initial nanopore diameter is set as 50 nm) versus the heat cooling

curves of the last pulse with variable RR from 10 kHz to 1000 kHz for

100% erasure of the nanopore in Suprasil CG glass. The corresponding

parameter in heatdiffusionmodel:  ww =1.58 pm; atsteady state [16].

0

Fig. 3 shows the heat cooling curves of the last pulse after the
steady state regime is reached, for multiple RR values from 10 to

1000 kHz. In addition, we add the R-P erasure time curves for P =
100% (full erasure). First, one can see that minimum deposited
energy necessary to fully erase a given nanopore ranges typ. from
2 up to 5x10%]/cm3. Second, the shape of the heat cooling curves
of the last pulse at steady state are different (e.g. the slope around
the touching point) because of heat accumulation impacted by RR.
Thirdly, the characteristic erasure time proportionally varies from
~10 nsto ~29 nsfor 10 and 1000 kHz respectively.

One first comment is that this erasure time is much smaller than a
typical diffusion time (~ 0.69 ps in Si02). This very short
characteristic time arises from the cooling temperature profile
where the temperature drastically decreases within a fraction of pus
but the key driving force, the viscosity, varies itself in a log scale
versus T. With such a characteristic time, it is shown that
temperatures around 2700 °C and 3300°C are required to collapse
the nanopore in SuprasilCG. Similarly, this erasure temperature
remains quite similar whatever the RR and this is true for each
glass. For example, it is around 3100 °C in Suprasil CG glass; 2870 °C
in Borofloat33 glass; 2080 °C in AF32 glass; 1890 °C in Eagle XG
glass; 1700 °C in BK7 glass; 1350 °C in 7059 glass. A second
comment is that such calculations imply some very low viscosity
values (i.e, high temperatures. So we can determine a viscosity
“limit” of log(n, Pa.s) ~ -0.75 for nanopores erasure within such
timescale. However, one must bear in mind that uncertainties
can be quite large (typ. Alog(n, Pas) + 1) using viscosity fits
instead of experimental data.

4.3 Comparison between experiments and modelling of nanopores

erasure in the Ep-RR domain
50
——
A=0.2 with fixed w,=3,16 um
454 —=— Experimental
——N=1
4.0+ L R
= —— N,=1$
——N =1
S —— N:=1U 000
Ll.lCL 3.0 ~—#— N,=100 000
w E variable o, values with E, in the inset
o —+—N,=10 000
5 259
| =
w
Q
£
3
o
0.0

I’ T T
100 1000 10000

Repetition Rate (kHz)
Fig. 4 The modeled and experimental E;, versus RR with variable N at
A =0.2in Suprasil CG glass. Np=10 000 corresponds to the steady state.
The inset shows the measured ww (dots) from the laser and ww values
used for the modelling (stars symbols) versus experimental Ep.
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In Fig. 4, the experimental curve of E;, versus RR is taken
from Ref. [11], and corresponds to the upper threshold of the
NGs window in SuprasilCG glass, for which there is no more
form birefringence associated with a very low retardance (only
residual stress). To set a value of the absorption coefficient A4 in
these conditions, we use the experimental curve, at 10 kHz,
where no heat accumulation is present. As mentioned above, the
erasure criterion of the full erasure is around 80% erasure of the



nanopore diameter. In the following A was then fixed to 0.2 and
the beam size wm was kept constant as well. When N,=1, there
is evidently no heat accumulation, and the modeled curve is thus
flat according to RR. As N, increases, the curves of modeled E,
versus RR start to drop in the high RR domain, getting closer to
the experimental observations. Based on previous modeling, we
can estimate that the temperature for P = 80% in this condition
needs to reach around 3100 °C whatever RR and N,. Ultimately
when reaching the steady state (e.g. when N, = 10000), the
modeled curve exhibits a quite similar trend, but the match is
still not perfect. The same result stands for all mvestigated
chemical compositions. To refine a bit more the model in silica,
we used a varying value of the beam waist ww according to the
pulse energy E,. We have thus measured the experimental beam
size vs E, within Type II regime and at low repetition rate, so
we have no heat accumulation. The beam size was defined as
the width over which we can effectively measure nanogratings
by SEM as seen in the inset of Fig. 4. Following that
experimental curve, we have then adjusted ww values used in
the thermal model, at the steady state, to model the
nanopores erasure energy. The resulting curve (purple line in
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Fig. 4) provides a quite good agreement with the
experimental measurements.

To go one step further and generalize, one has introduced
such dependence in the energy deposition in J/cm® according to
the repetition rate for all glasses. Indeed, if 4 or ww, are varied
with respect to E; at various RR (i.e., serving as an adjustment
variable), a better match to the experimental conditions can be
obtained. So, Figure 5 shows the curves of modeled E; versus
RR at steady state with variable 4 values in 8§ commercial oxide
glasses. For each curve, 4 was adjusted according to the
experimental E, at the corresponding RR. As expected, the
modeled curves can be perfectly matched to the experimental
ones. The overall modeled trend is that one need to increase the
apparent absorption coefficient 4 when increasing RR.

This result is not obvious and there are few aspects to consider
there. Indeed, one must keep in mind that behind this apparent
parameter, there are in fact changes of both the Ep and the pulses
number N, that can both affect the energy deposition in different
waysincluding a change of w, which usually increases with E;, (see
inset of Fig. 4).

T T 1.5
[ BKT
+—0.373
—+—0.550

——0.234

o =y ik
[9)] o (&)

o
o

ULE
0.236

0220 4 1.5
F +— 0226
C 40152
F o1 110
- 405
: S 0.0
E Sodalime
15F . g';gg 3]
r 40413
10 F iyt
0.5k ]
0.0' A 4 T :
10 100 1000 10000

Repetition rate (kHz)

Fig. 5 The modeled and experimental E;, (for nanogratings erasure) versus RR at steady state in different oxide glasses. The values of absorption
coefficients are written in each legend and decided by experimental Ep from 10 kHz to 500 kHz (e g. 0.050— 0.167 in Silica Suprasil CG). For each RR
we have chosen the minimum absorption coefficientnecessary to obtain nanopores full erasure at the corresponding experimental energy Ep.
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i/ It is well known that the fraction of the incident energy
effectively absorbed by the material is a function of the
incident pulse energy, the pulse duration, and the material
chemical composition. Absorption primarily occurs through
nonlinear absorption namely multiphoton ionization and
then avalanche occurs as shown by plasma measurements
at short time scales [23, 24]. In addition, plasma reflection
or scattering is also expected at high energies, thus reducing
the effective absorption coefficient. Finally at higher
energies, some intensity clamping further happen, e.g. 60
TW/cm? in similar experimental conditions [25]. The origin
of the clamping is related to the shielding of the field on its
way towards the focus by the generated plasma [26]. As a
result, the absorption coefficient initially increases with E,
and then tends to saturate. In silica the absorption of a single
laser pulse within the nanogratings regime range from
about 2% to 25% depending on pulse energy and duration
[27]. For example, at 500 kHz 20% pulse energy was
absorbed for pulse duration of 500 fs and an energy of 1uJ,
a value ftypically in a reasonable agreement with our
modeling.

ii/ A second point is to take into account the higher number
of pulses seen by the material at high repetition rates.
Indeed, in agreement with the literature, the measured
thresholds decrease when the number of pulses increases.
Such “incubation effects” were already observed nearly two
decades ago by Schaffer [28] leading to a decrease in the
modification threshold of various oxide glasses when
increasing the number of pulses, but also in surface
experiments [29, 30]. In the literature, it has been
demonstrated [31] that the origin of such incubation can be
attributed to i) the accumulation of point defects which
results in a more efficient absorption when increasing Ny, ii)
it introduces new possibilities of energy deposition in the
glass network, e.g. based on a coupling of electrons trapped
in the lattice. This accumulation of points defects is
proportional to the initial defect concentration (thus
chemical composition), the increment in the number of
pulses, and also depends on the number of atomic sites
likely to be affected during the heat accumulation process.
In the authors’ view, this aspect is expected to play a rather
minor role compared to the previous and following
discussed contributions.

iii/ When considering the energy deposition in volume, not
only the absorption coefficient but also the beam waist and
its energy dependence are crucial information. At first self-
focusing phenomenon occurs when the power of the laser
beam is greater than the critical power (related to the
nonlinear refractive index). Note that for tight focusing the
lens-focusing is dominating and the Kerr nonlinearity could
be partly neglected, and for loose focusing the self-focusing
is dominating. The effective width at the focus in the
material is given by Refs. [28, 32, 33] but this does not
include the plasma defocusing effect which depends on the
excited electron density. To quantitatively estimate the
beam size evolution with E;, one can use the width of Type
II nanogratings since their nanostructure is achieved only
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by the laser light. In Lei et al. [34], the beam width increases
already above 0.2 pJ although the excited electron density is
of the order of 0.01.102!/cm?. In silica, SEM micrographs
reveal that for a beam size around 1.5 pm (0.6 NA focusing)
atlow energy, there is monotonous growth of the beam size
and a trend to saturation resulting in a 3 pm width around
1pJ/pulse [35]. Based on our work [36-39], we note that the
dependence of the beam waist with E; is not very sensitive
to the glass composition within silicate glasses family. So,
the numerical modeling of nanopores erasure, which
reveals an apparent increase of absorption coefficient at
higher RR is not necessarily true. This is simply an “image”
of the effective volume energy density that is necessary to
erase nanopores in these conditions of E,-RR. One should
rather consider the changes of the beam waist, which is
much smaller in the case of erasure threshold athigh RR (i.e.
erasure energy < 0.5 pJ) compared to low repetition rate
(e.g. high energy of a few uj/pulse). Such changes of the
beam size by a factor 2 are more than enough to explain our
observations. However, here the balance between Kerr self-
focusing and plasma defocusing is determined by the
effective pulse length undergoing ionization at nonlinear
focus, which is difficult to predict without heavy
computations, or robust knowledge of many parameters
involved in the process, usually approximated, or simply
ignored.

5. Conclusion

In this work, using a Fourier heat diffusion model combined
with the Rayleigh-Plesset equation, we simulate the
nanopore time-temperature evolution along the laser heat
cooling profile. We show the modeled Ep versus RR curves at
a steady state in 8 commercial oxide glasses. The full erasure
of nanopores is defined by the “touching point” between the
T(t) heat cooling profile and characteristic erasure time
deduced from Rayleigh-Plesset equation. Additionally, we
have observed that the temporal shape of the cooling curves
of the last pulse at a steady state is dependent on RR, which
can be attributed to heat accumulation. As the pulse number
increases, the modeled curves of E, versus RR become closer
to experimental data for a fixed absorption coefficient.
However, to obtain a perfect match with experimental data,
the energy deposition was adjusted according to RR which
could be likely attributed to changes in the beam waist with
increasing energy due to plasma defocusing.
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111.5 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 (n, Pa-s) ~ -0.75
in the hypothesis where we consider a characteristic time of 30 ns, or log (n, Pas) ~ 1
for a timescale of 1 ps, corresponding to a typical diffusion time. However, this
temperature limit is lowered for much longer processes like isothermal / isochronal
annealing where log (n, 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 ko 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 ko 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, In(ko), 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 E, versus repetition rate are closer to
experimental data. Following the experimental curve of ww-Ep, we adjusted win 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 SiO; 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 SiOz-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 | am the 2nd author and the corresponding author.

IV.2 MATERIALS ROADMAP FOR INSCRIPTION OF NANOGRATINGS INSIDE
TRANSPARENT DIELECTRICS USING ULTRAFAST LASERS
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ARTICLE INFO ABSTRACT
Keywords: 20 years ago, volume nanogratings were discovered in silica glass upon ultrafast laser irradiation.
Ultrafast laser . N Since then, these extraordinary self-organised and birefringent structures have been observed in a
gemrc:i“fa“d laser direct writing wide range of transparent materials, including crystals and glasses. In the latter, the role of glass

ptical glasses

composition and chemistry drastically impact the overall nanostructuring, properties, and mor-
phologies of the fabricated nanogratings, but there still is no global understanding of the origin of
various observed discrepancies. Consequently, this work aims to provide a materials roadmap to

Glass materials
Volume nanogratings
Integrated optic applications

Birefringent devices stimulate the development and selection of glass materials for nanogratings imprinting,
Multicomponent glasses depending on the final application, and intends to comprehensively pinpoint the differences
Silicate glasses existing between glasses. A critical overview of the discovery of nanogratings in multicomponent

glasses is presented from 2003 to 2023, and general aspects of the nanogratings formation
mechanisms are provided. Then, principal nanograting characteristics are collected, summarized,
and discussed (e.g., periodicity, nanopore size) along with useful “technical performances” (e.g.,
nanogratings energy window, maximum retardance, nanogratings power consumption) that are
discussed in the light of chemical composition effects. Finally, a summary of the main optical
applications based on nanogratings is given, such as birefringent or geometric phase optics, op-
tical data storage, micro/nanofluidic devices, third harmonic generation and optical fiber sensors.

1. Introduction

Nearly three decades ago, the processing of transparent materials by ultrafast laser pulses has emerged as an excellent tool to induce
on demand 2D/3D transformations with a high degree of freedom coupled to a high spatial precision [1-4]. These results in the
possibility to imprint self-organized structures, voids, nanocrystals, and to perform 3D refractive index profiling depending on the laser
writing conditions [5.6]. One of the most interesting and innovative effect found in the interaction of tightly focused femtosecond (fs)
laser pulses with optical materials is the production of self-organised light-shaped nanostructures called nanogratings (NGs), also
commonly referred as IR-fs Type II modifications [7,8]. A variety of photonic applications, taking advantage of this “light—forced
nanostructuring’” and associated properties have recently emerged, including birefringent elements, geometric phase optics, 5D optical
storage, laser selective etching and optical fiber-based sensors for harsh environments [ 9-22] (see section 4).

These volume nanogratings can easily be observed using conventional electron microscopy techniques and an example is provided
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in Fig. 1 (a) for ubiquitous silica (Si0;) glass. In the focal volume of the irradiated region, arranged porous nanoplanes are typically
observed with the latter being oriented perpendicular to the laser polarisation (E). These structures were first discovered in 2003 [23]
and are composed of an assembly of disks [top of Fig. 1 (a)] measuring a few ums in diameter. Moreover, spatial plasma density and
temperature distributions associated with their formation is exemplified in Fig. 1 (a), with peak maxima exceeding the silica glass
decomposition limit [24].

NGs have been observed in many solid compounds, from adjustment of the laser parameters. There are several categories of NGs.
The most popular one was primarily revealed in SiO, glass with an arrangement of nanoplanes populated by 10-30 nm oblate
nanopores [23]. These nanopores are produced by partial oxide decomposition through a plasma-mediated nanocavitation [12.24].
The imprinted NGs are sensitive to laser polarization, giving rise to form birefringence leading to a large retardance (typ. > 200 nm),
broadband exploitable anisotropic optical properties (e.g. a linear birefrigence up to 102) [25] and extraordinary thermal stability
(typ. many hours at 1000 °C) [26]. Moreover, the nanolayers exhibit alternatively high / low atomic densities (as illustrated in Fig. 1
(b) and thus higher / lower refractive indices (ng versus ny, respectively, see section 3.3). These anisotropic structures create fascinating
properties, including anisotropic light scattering [16] and highly selective chemical etching [27]. Recent progress highlights that a fs
laser beam (axially symmetric intensity distribution, linear polarized with orthogonal incidence) can break the glass symmetry and
create optical chirality inside an achiral material through laser direct writing within NGs regime [28-33]. This concept shed light on a
new approach for tailoring chiral optical properties such optical rotation and circular dichroism in three dimensional (3D) providing a
wider landscape of laser manufacturing.

All the above mentioned optical properties have found practical use in 2D / 3D space variant birefringent optical devices [7],
geomelric phase optics [16], optical sensors for high temperature applications [34], long lifetime 5D optical memory [18],
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Fig. 1. (a) Top: internal structure of NGs induced by a fs-laser in SiOz and observed by scanning electron microscopy (SEM) imaging, where the
nanoplanes are composed of nanopores; bottom: spatial distribution of plasma density and temperature with its peak maxima over the decom-
position limit, adapted from Ref. [24]. (b) Sketch of fs-laser induced NGs in volume. The fast axis of the self-organised nanostructures is perpen-
dicular to the self-organised nanoplanes with t; being the nanoplane thickness and tz the thickness between two consecutive nanoplanes. ny and ng
are the corresponding refractive indices of nanoplane and pristine glass, respectively, see section 3.3. E, s and k present respectively laser polar-
isation orientation, laser scanning and beam propagation directions. (c) Top: optical micrograph of fs-laser induced Fresnel zone plate in an 8%
Ta,05-BGG glass sample; bottom: image of the primary focus at 632 nm in 8% Ta,05-BGG glass from Ref. [12].
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microfluidics and lab-on-chips devices [27], and polarisation selective holography [35] (see section 4). An example of an optical
component is shown in Fig. 1 (c¢) where a single-step birefringent Fresnel graded-index (GRIN) plate is fabricated with a 2 mm outer
diameter inside a 8% Ta;05-BGG glass (BaO-Gay03-GeQ;), an heavy oxide glass for mid-infrared (IR) photonics [12]. A phase
retardation of 2x was easily reached and the typical primary focal spot is shown in the lower part of Fig. 1 (c).

Until recently, NGs formed by these nanoporous self-organised structures, as described for silica glass, were thought to be only
observed in a handful of materials (mostly SiOz-rich oxide glasses), restricting their use to the visible and near-IR optical spectrum. The
effect of the physical properties of glass (melting temperature, thermal diffusivity, absorption, etc.) on the NGs formation process has
been extensively investigated over the last decade and recently rationalised [36.37]. This clearly reveals that glass chemical properties,
arising from their varying chemical compositions, play a key role in the formation process of NGs. To date, numerous results have
already been reported on NGs in multicomponent glasses [38-42] as review in section 2 but only a few systematic investigations have
been performed [7.43].

Another kind of nanogratings exist aside from porous NGs, which are composed of a partially erystalline nano-periodic structure.
For example, in Ref. [44], the authors reported form birefringence in lithium niobium silicate (LNS) glass after fs-laser irradiation
which comprised of a periodical layering arrangement of nonlinear optical nanocrystals (LiNbO3) with an amorphous phase (SiO2).
These structures are of interest for nonlinear optics related devices. In Ref. [45], other authors reported similar partially crystallised
NGs in sodium germanate (SG) glasses for a wide range of NapO content (3 to 22 mol.%, the rest being GeOz) and precipitation of
NayGe40q crystals embedded in the self-organised nanostructure was observed. Recently, regularly patterned crystal precipitation
induced by ultrafast laser was shown in La;03-Ta;05-NbyO5 (LTN) glass [46].

This paper aims to draw upon general trends linking NGs formation with the chemical composition of optical glasses. The discovery
of NGs in various compositions is presented with an historical perspective, starting from the initial works in silica and silicates and
moving to multicomponent glass compositions including alumino-silicates, heavy oxide glasses, sodium silicates or germanates, and
commercial glasses. Optical properties of formed NGs (NGs energy window, retardance, birefringence) can vary in great proportion
with respect to glass composition. Here, retardance equals R = B x L [47], where B is birefringence and L is the birefringent trans-
formation thickness. In this work, we tentatively synthesize principal aspects of NGs observed from literature and induced in trans-
parent materials, and we discuss their formation mechanisms in the light of the current state of the art. Key NGs characteristics such as
periodicity, size of nanopores, filling factor (FF), and correlated “technological performances™ are gathered and discussed according to
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Fig. 2. Refractive index, n (measured at 550 nm) of various glasses as a function of glass annealing temperature, T, (°C) for the observation of NGs
(a) from 2003 to around 2014. (b) Backscattering electron micrograph of NGs in silica from 2003 [22]. (c¢) Field-emission gun scanning electron
microscope (FEG-SEM) imaging of NGs in F-doped silicate glasses in 2011. (d) and (e) present respectively the images of FEG-SEM on NGs in 3 mol
% GeO, silicate and SiO, glasses in 2011. (f) and (g) (h) are respectively SEM micrographs from Ref. [43,56] and Ref. [50] around 2014.
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the chemical composition. The latter are NGs fabrication energy window, maximum achieved optical retardance or related birefrin-
gence, energy consumption to imprint such nanostructures, laser scanning speed and thermal stability. Their evaluations are expected
to drive forward glass design and laser parameter choices for industrial and laboratory uses.

2. Evolution of NGs discovered on the chemical composition

Silica-based glasses are the backbone for many of today’s rapidly expanding photonics applications. There are various polymorphs
such as quartz, trydimite or cristobalite leading to 3D assembling of SiO4 tetrahedra, which is generally formed with a short-range
order but has no order at a long distance. Any exception in the =Si-O-5Si= sequence in silica can be considered as a point defect, e.
g., SiE’, NBOHC (Non-Bridging Oxygen Hole Centre) or ODC (Oxygen Deficient Centre). Moreover, glass doping using chemical el-
ements such as alkali or alkaline earth modify the physical properties (density, glass transition temperature, thermal diffusivity etc.).
Therefore, through doping or chemical composition change in oxide glasses is a key factor to be considered during the formation
process of laser-induced transformations inside transparent materials, since it is governed by the direct coupling between light and
matter leading to the spatial structuration of the free electron plasma. Indeed, NGs induced in volume by fs-laser were observed in
several glasses or crystals among which we can cite doped silica [ 39-41| with F, P, Ge, Cl, OH elements, GeO; [413,48], §i105-GeO [40],
Ti02-Si02 (ULE, Corning) (49,501, TeOgz single crystal [51], Sapphire [52], AloO3-Dy203 [53], LNS [44.54] and even multicomponent
alumino-borosilicate [55] or BaO-GeO,-Ga03 (BGG) glasses [12]. In this section, we present the findings of NGs, discovered in
multiple series of chemical compositions over the last two decades since the discovery of NGs in 2003. For this purpose, we chose to
represent the collected results from literature on a Refractive index — Glass annealing temperature plot. These two properties are both
characteristic of glass families and key aspects for both the glass maker and user.

2.1. NGs discovered from 2003 to 2014

Since the first observation of NGs in fused silica by Shimotsuma et al. [23] in 2003 as illustrated in Fig. 2 (b), NGs have attracted
great attention within the photonics research community. In fact, the most investigated transparent material for NGs was fused silica
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Fig. 3. Refractive index, n, measured at 550 nm, of various glasses as a function of glass annealing temperature, T, (°C) for the observation of NGs in
(a) 2016 ~ 2020. (b)-(e) are SEM micrographs of SiO;, 1.9%, 5%, and 11.8% GeO, silicate glasses respectively from Ref. [40].
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glass from 2003 to 2014 [24.57-59]. Additionally, NGs inside a few multicomponent glasses and glass systems were also investigated
during this period by ultrafast laser irradiation as summarized in Fig. 2.

In 2011, Lancry et al. suggested that even a small amount of dopants can significantly affect the threshold of birefringence
observation (a permanent linear birefringence) [39] in silica-doped glasses, e.g., the threshold to NGs formation in a 1.5 at% Ge-doped
silica was almost two times lower (0.14 & 0.05 pJ/pulse) compared to silica (0.31 pJ/pulse). On the other hand, the threshold in a 0.3
at% F-doped silica was higher compared to silica (1.20 £ 0.05 pJ/pulse). Finally, the addition of 0.3 at% of phosphorus into the 0.3 at
% F-doped silica reduces the threshold from 1.20 to 0.25 £ 0.05 pJ/pulse. These differences are attributed to facilitated formation of
point defects in Ge-doped silica glass by reduction process, where Ge can induce the creation of trapping centers. If P-doped silica
followed a similar trend as the Ge-doped glass, F-doped silica glass was found to “harden” the glass against ionizing radiation [60].
Indeed, F-doping is known to reduce the concentration of defects and structural disorder [39] in the glass which may result in a
challenging glass decomposition process (e.g., a more difficult seeding to induce decomposition) and thus a higher NGs formation
threshold.

The dependence of glass decomposition on the bound energies was facilitated for Ge- and P-doping compared to F-doping. At that
time, it was suggested that the presence of point defects was a key factor promoting NG formation. Indeed, doping chemical elements
can directly control the concentration of defects. To correlate defect concentration with the final birefringence (B) of the NGs structure
(measured through retardance), a relationship was proposed in Ref. [61] and takes the following form: B = N e ¢ e [STE]. Here [STE] =
o eI and N is the number of pulses, ¢ is the branching ratio, [STE] is the “self-trapped exciton™ concentration, ¢ is the multiphoton
absorption cross-section and k is the number of photons involved in the multiphoton ionisation (MPI) process. Furthermore, the role of

viscosity, 1, was initially suggested on the overall proposed mechanism and stating that g((jri)) = §t(T > T.) where T is the “critical”

temperature leading to the change in fictive temperature [62], y and G are respectively the viscosity and shear modulus. Such thermal
effect can locally impact the “background material” density (densification or expansion depending on the composition) [62] but this
can also lead to the erasure of the NGs themselves at high energies and repetition rates. Subsequently, NGs were gradually observed in
Ultra Low Expansion (ULE, 7%TiO3 - 93%Si03 in mol.%) and in Borofloat33 (81%S5i03 - 13%Bs03 - 4%Nas0 / K20 - 2%Al;03 in mol.
%, which was the first report of very short periodicity <« A/2n, i.e. 60 nm) glasses by Richter et al. in 2013 [50] and in GeO3 by
Shimotsuma et al. in 2014 [56] as shown in Fig. 2 (g) (h) and (f) respectively.

2.2. NGs discovered from 2016 to 2020

Initially NGs were reported mainly inside anomalous glasses made of SiO and slightly doped silica (typically 1.9 mol.% in GeO; or
7% Ti03-93% Si0y) or doped SiO, mentioned above, but not in most normal glasses (BK7, Sn03-Si02, Ca0-Na0-Si05 glass). However,
in 2016 Lancry et al. [40] reported the observation of porous NGs in normal ones such as highly Ge-doped SiOz or GeOgy glasses as
illustrated in Fig. 3. This is a first step towards the rationalisation of several previous works from Refs. [50.56]. Here, the authors
indicated that porosity FF and pore size decreased with increasing GeOs content, as illustrated in Fig. 3 (b)-(e). These two factors of
prime importance for NGs, will be defined and discussed in Section 3. At that time, the nanopore formation mechanism was thought to
be akin to the tensile stress assisted decomposition process [40].

In Ref. [43], Lancry et al. highlighted that chemical composition and heat accumulation (HA) are key factors in the formation /
erasure process of NGs, affecting their characteristics such as FF, nanopore diameter (i.e., related to light scattering), optical retardance
and thus birefringence. HA is a phenomenon that arises when the pulsed laser time period is in the order of magnitude or smaller than
the thermal diffusion time, which leads to a temperature increase in the focal volume. These crucial factors (HA, FF, nanopore di-
ameters, retardance or B) will be reviewed in the next section.

During the 2016-2020 period, there were a significant number of new observations not only in silicate glasses, but also in ger-
manate and aluminate glasses as summarised in Fig. 3.

In 2016, Fedotov et al. [42] revealed that multicomponent silicate glasses with low glass annealing temperatures (T, corre-
sponding to the viscosity 7 = 10'2? Pa-s [55], e.g., 1250 °C for silica glass, 717 °C for AF32 glass and 525 °C for Borofloat 33 glass)
exhibit a narrow NGs processing window. For completeness, AF32 and Borofloat 33 glass compositions are respectively 11%B,05 -
11%A1,05 - 67%S5i0; - 10%Ca0 / MgO and 13%B-,03 - 2%Al,05 - 4% Na;0 / K50 - 81%Si0,. Similarly, when investigating NGs in
Ge03-Si05 glasses as exemplified in the insets for Fig. 3, both porosity FF and average pore size were found to significantly decrease
with a progressive increase in GeO; content (from 1.9 mol.% to 11.8 mol.%) [40]. The NGs period, A, was also found to decrease. In
contrast, the maximum optical retardance decreased when increasing the GeQ; content. Furthermore, Zimmermann et al. reported in
2016 that the aspect ratio of nanopores (transversal to the laser propagation direction) was elevated by increasing the GeO3 content in
fused silica [63]. They also demonstrated that NGs periodicity and pore size decreased when increasing GeOy content in Ge-doped
silica glass. According to these results they concluded that there is a strong decrease in periodicity which breaks the 1/2n limit and
challenged the nanoplasmonic model prediction [57]. This highlights the fact that glass chemical composition not only dictates
nanopore morphology, but also their assembly into periodic NGs.

Laterin 2017, Shimotsuma et al. [41 | similarly reported form birefringence in silica glass with various anion dopants (OH, Cl and F)
induced by fs-laser pulses. They found that higher birefringence can be induced in silica glass doped with higher Cl ion concentration
due to shorter NGs periodicity, A (sample 100 ppm OH with A of 220 nm, 6300 ppm Cl with A of 204 nm and 9400 ppm F with A of 224
nm). This work clearly reflects the impact of anion doping on the properties of NGs, namely linear birefringence and NGs periodicity.
Additionally, NGs imprinting was demonstrated in nanoporous silica (Vycor and sol-gel nanoporous silica) [64] showing a reduced
formation threshold when increasing the initial nanoporosity, suggesting in such a way that glass free volume might be a precursor of
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NGs formation rather than point defects.

Furthermore, another kind of NGs, i.e., 1/3Li20-1/3Nby05-1/38i03 (LNS) glass precipitating LINbO3 nanocrystals, was observed
by Cao et al. [44] in 2016 and this will be discussed below in detail. Subsequently, Shimotsuma et al. [53] (in 2018) and Lotarev et al.
[45] (in 2019) respectively reported on the similar NG structures with precipitation of crystals in Al>03-Dy203 binary glass and Na20-
GeOj binary glasses, i.e., Dy3Al;012 and DyAlOj crystals in Al;03-Dy205 and NagGe40q crystals in Na;O-GeO- glasses. In fact, prior to
2019, Wang et al. [38] had already reported on the formation of NGs in a sodium germanate glass (5% Na0 - 95%Ge0O; mol.%) in
2018 butwithout partial crystallisation. This further indicates the substantial impact of chemical composition on the formation of NGs.

In 2019, the possibility of writing NGs in sodium borosilicate glass (SBS) was demonstrated [65] with the molar composition of
68%Si0; - 27%B,03 - 4%Na0, and 1%Al1,05. This composition falls down in the range of metastable liquidus, enabling the formation
of a phase-separated structure by means of heat-treatment. Microregions with polarisation-sensitive birefringence are formed when
10° or more fs-laser pulses are deposited in the focal volume. The range of pulse energies enabling NGs formation, and the phase shift
attained in birefringent regions rise by increasing numbers of writing pulses and the formation of NGs is accompanied by the chemical
migration of sodium cations outside the laser-modified region. NGs inscription was demonstrated in binary sodium silicate glasses
xNas0(100-x)8i05 (with x = 5, 15) and revealed the effect of nanoperiodical chemical differentiation inside NGs in 15%Na50 - 85%
§i0, glass with Na cations concentration near the nanoplanes [66]. Unlike in sodium silicate glasses, increasing Na,O content to 10
mol.% was reported to prevent their formation in sodium germanate glass [38].

Later in 2020, nanoscale chemical migration was also observed along with formation of NGs inside AlyO3-SiO5 binary glasses by
Wang et al. [67]. They specifically reported on a higher thermal stability at the expense of a higher NGs formation threshold and lower
retardance when increasing AlpO3 content. This was tentatively attributed to nanoscale phase separation and potentially to the for-
mation of Mullite nanocrystals.

2.3. NGs discovered from 2020 to 2023

Over the 2020-2023 period, there was a trend towards systematic investigations of NGs in terms of the chemical composition. For
example, the BGG glass family (BaO-Ga,05-GeO,) was investigated in 2022 as they involve useful compositions for targeted mid-IR
optical applications. As shown in Fig. 4 (a), when these glasses are doped with Na, K, or La, no laser conditions were found to sup-
port NGs formation [68]. However, when Ta, Gd or Zn dopants were added, NGs could be imprinted quite easily [12,69]. Intriguingly,
in 2022, Xie et al. [36] presented the existence of NGs in BK7 glass which revealed no nanostructures from SEM analysis in previous
works (Refs. [42,50]). However, this was possible only for very specific conditions (< 100 kHz and for typ. 50,000 pulses/um) and as
shown from the SEM analysis in Fig. 4 (b)-(d). This suggests that NGs can be formed in any oxide glasses provided that 1) HA is
prevented or moderate, and 2) the deposited fluence is sufficiently high. From this point, NGs formation was widely investigated inside
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Fig. 4. Refractive index, n, measured at 550 nm, of various glasses as a function of glass annealing temperature, T, (°C) for the observation of NGs in
(a) 2020 - 2023. (b), (c) and (d) are illustrations of NGs observed in BK7 from SEM analysis with conditions: pulse duration = 800 fs, writing speed
= 1 pm/s, RR = 25 kHz, E, = 0.6 pJ, focal depth = 300 pm.
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many other commercial glasses including soda-lime silicate, Corning 7059, Eagle XG as well as Corning 9754 glasses as reported by Xie
et al. [37] and Delullier et al. [70]. In 2023, NGs were studied in the alumino-borosilicate family [55] i.e., alumino-silicate glasses
including B;05, Na,0, and / or CaO on a large variation of proportion as shown in Fig. 4 (a) [36]. It further indicated the chemical
composition and more specifically (Na20 + Ca0) / Al2O3 and B203 / Al203 molar ratios for NG formation. A lower B203/Al203 molar
ratio and relatively high SiO5 can result in a higher retardance response. Additionally, the Type II energy window was progressively
reduced when increasing the molar ratio of (Na,0 + Ca0)/Al;05 and By03/Al;05. Furthermore, NGs are also found in crystals with
small bandgap such as Si, GaP, 4H-SiC, GaN, or GaAs crystals [71-74], and very recently in Ge-Sb-S chalcogenide glass [75], revealing
for the first time the formation of NGs in non-oxide glasses.

2.4. Summary

To summarize there are various kinds of NGs. The first type is found in most oxide glasses like SiO2 and was the first discovered. It is
based on nanoporous layers made of ultrafast oxide decomposition. A second type on NGs is found in semiconductors (GaP [76] and Si
[711) and oxide crystals (Al,O3 [52] and TeO, [51]). The experimental observations mostly revealed arrangements of cracks,
perpendicular to laser polarization. A third kind of NG is observed in quartz crystal through a periodic amorphization. This is likely due
to local fluctuations of thermal effect induced by the electron plasma structure [77]. Finally, a fourth kind of NG corresponds to nano-
periodic structures in glasses that are partially crystalline. For example, they were seen in 33%Li,O - 33%Nby0s - 34%Si0,
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Fig. 5. SEM micrographs of laser track cross-sections, with a) the laser polarization parallel to the scanning direction; b) and c) are close-ups of the
nanoporous regions. Micrographs extracted from Lancry et al. [24]. HR-TEM micrographs with laser polarization d) perpendicular to the scanning
direction thus showing nanoplans made of “self-aligned” oblate nanopores and e) parallel to the scanning direction revealing internal structure of
nanolayers made of nanopores. Laser parameters are: 1030 nm, 250 fs, 200 kHz, 200 pm/s, NA = 0.6, and 0.5 pJ/pulse.
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(precipitating LiNbO5 [54]), and (33%Li,0 - 33%Nb,03 - (34-x)%5i0; - x%B,03 non-congruent glasses [78]), in 20%Na50 - 80%Ge0;
glasses (congruent glass composition for NasGe4qOg [45]) and in 65%Al,03 - 35%Dy205 glass (congruent glass composition for
Dy3Als012) [53]. In these glasses the observed NGs periodicity likely arises from an interplay between the glass constituents and
multiphoton ionization. In the case of 20%Na20 - 80%GeO> glasses, crystallization occurs mainly around the NGs area. In contrast, for
65%Al,05 - 35%Dy204 glasses, crystallization is situated mostly inside the NGs region, but there are no details on its nanoscale
distribution. As for Li;0-Nb,0s5-5i0; non-congruent glass, NGs are produced through an allotropic phase separation (i.e., LINDO3
nanocrystals in between SiO; thin lamellas) [54]. In such a glass, a thorough study [79] demonstrated that the induced plasma in-
fluences the spatial periodicity of the phase separation.

Very recently, Sakakura et al. [16] reported an intermediate regime of NGs, called “Type X" modification, which can be considered
as randomly distributed anisotropic nanopores induced by ultrafast laser that exhibit ultralow scattering loss (99% transmission in the
visible and > 90% transmission in the UV) compared to NGs (limited transmission when increasing the laser-induced layer). In parallel,
Lei et al. [17] reported a systematic study with the comparison of photosensitivity characteristics (birefringence) among the
nanolamella-like structure, Type X and NGs. These Type X modifications were then exploited for achieving 5D optical storage with
high data capacity and long lifetime in fused silica [18].

3. Formation of nanogratings - self structuring and porosity

The historical perspective on NG presented above clearly shows that the most experimentally observed and investigated NGs are
made of porous nanolayers. Therefore, in the following section, we principally discuss the mechanisms inherent to the formation of
such NGs, by briefly summarizing the principal aspects and contributions.

3.1. First observations of NGs and their characteristics

At the nanoscale, Shimotsuma et al. [ 23] revealed NGs (around 20 nm in width, and with a periodicity from 140 to 320 nm) through
back-scattered electron imaging corresponding to an atomic density contrast. Chemical analysis by Auger spectroscopy showed that it
could correspond to oxygen depletion and related density modulation [23]. Hnatovsky et al. [80,81 ] reported nano-cracks and it was
not clear if whether these NGs could be best described as highly modified regions of differing materials (e.g., through bond breaking
accumulation) or as some nanovoids. Regardless of the precise mechanistic explanation of nanoplanes (nanoplasma [82], photon-
plasmons interference [83], plasmon-polaritons [84] or complex self-organization similar to a Turing structure), it remained to
determine the internal structure of these nanoplanes. Some authors observed cracks / fractures, others publications reported oxygen
depletion. However, recent studies [24.85] using both transmission and scanning electron microscopy (TEM and SEM) techniques,
revealed that NGs are made of an alternated assembly of “uniform” and porous glass layers as shown in Fig. 5. The interior of the NGs
was made of “white areas” that, although having been irradiated, remained dense and even densified, while the parts that are
nanoporous are the nanoplanes cleaved along their plane. At that time, formation of nanopores was attributed to SiO» decomposition
into §i0g(1 ) + X-02 due to an electronic heating leading to an expulsion of ionized oxygen atoms [24] with a tensile stress mechanism
[40,86-88] that was recently revisited as a nanocavitation process [45]. The oxygen atoms are thus found in the interstitial position
and recombine to form oxygen molecules as confirmed by Raman spectroscopy |24 . The typical diameter of nanopores ranges from 10
to 50 nm. Asai et al. observed a similar feature in GeO, glass [89] providing again a clue of the suggested decomposition process in
these oxide glasses. This nanoporosity has been confirmed recently by Richter et al. using small angle X-ray scattering [58.90] and they
revealed the formation of elongated nanopores. In 2014 [91] and 2018 [92-94], the self-organization process was suggested to be
seeded by nanoscale inhomogeneities such as voids and a nanocavitation mechanism was proposed.

In 2013, the formation of 5i0Oa nanocrystals within nanoplanes was reported [95], which could be in agreement with oxide
decomposition [96]. In a second publication, the same group did not report nanocrystals but instead revealed that damaged nano-
planes contain randomly dispersed nanopores with a bimodal size distribution [97]. However, it appears that the use of HF etching
degrades the quality of the observations. Recent work based on HR-TEM and STEM imaging techniques enabled to probe the intimate
3D nanostructure of fs imprinted NGs in silica [98]. An array of oblate nanopores can be observed (Fig. 5, d and e), which own a long
axis both along k and perpendicularly to E. The porous nanolayer thickness ranges from 6 to 30 nm, and their length, perpendicularly
to the laser polarization, could reach typically few pms or more. Based on the reported mechanisms of the NGs formation in literature,
imprinting of NGs is attributed to a plasma-mediated nanocavitation process with a spatial ordering due to scattered waves inter-
ference [91,99]. Several steps can be considered in such process.

3.2. Plasma spatial structuring mediated by a seeding process

A first requirement to the formation of NGs is the need of inhomogeneities in the dielectric constant to seed the process. These
inhomogeneities (or seeds) could either be already present in the pristine glass or photo-induced by the first pulse(s). Following these
first instants, spherical nanoplasmas would be formed, stimulated, and reinforced by plasma density or temperature. Over several
pulses, they will evolve into oblate shaped nanoplasma due to field enhancement effect, in which the electric field of the laser light
triggers an asymmetric growth [100]. This plasma-mediated process has been suggested early in the literature. For example, Taylor
etal. [100] mentioned, in 2008, that the presence of defects or color centers might seed the plasma creating locally and easily ionized
“nanospots” creating high plasma density. In this model, developed by Bhardwaj et al. [57], the period A of NGs was supposed to
remain between A/n and 4/2n and a period initially independent of pulse energy. However, the NGs average period was observed to
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decrease monotonously with the number of laser pulses [101.102], but also be a function of the chemical composition such as doped
§i03 [50] or in multicomponent glasses [37.42] (this aspect will be discussed in the next section). This is clearly illustrated in Fig. 7
where we summarized the normalized period A /1 vs. refractive index reported in the overall literature including a wide range.

In 2014, Buschlinger et al. [91] modelled by Finite-Difference Time-Domain (FDTD) method the plasma spatial structuring, hence
periodicity, induced by scattered wave interferences from existing inhomogeneities in glass. This creates high density plasma nano-
planes in an interference-like image by multiple scattered waves interference forming standing waves, which needs boundary con-
ditions. For a circular polarization, the nanoplasma hot spots should remain symmetric, resulting in spherical nanopores like observed
within Type X regime [16]. Then when considering a multi-pulses regime, there is an evolution of the oblate nanoplasmas into
nanoplanes as shown in “post-mortem” experiments [102]. The lengths of the oblate voids, whose direction is perpendicular to E,
increase as the pulse number increases in agreement also with observations made in Type X regime [16]. In 2016 A. Rudenko et al.
[103] developed a numerical model to explain the formation of periodic volume NGs from random inhomogeneities with varying
concentration and laser parameters. The contribution of combined physical processes (e.g., the interference between the incident and
the scattered waves, multiple scatterings, local field enhancement, and accumulation processes driven by multiphoton ionization)
reinforces the formation of NGs. At this stage, the plasma of free electrons is roughly organized or structured, but this also corresponds
to the end of the light pulse. Following that views we suggested that NGs are not self-organized or self-assembled through a dif-
fusion-reaction mechanisms like Turing structures but rather “forced aligned” by the light pattern itself.

Circling back to the seeding process, in Ref. [91] the presence of nanovoids, being 0.6 nm on average diameter, are used to initiate /
trigger the process. However, the nature of the seeding process is not yet fully elucidated. It could be i) point defects (e.g., self-trapped
excitons, STE, or self-trapped holes, STH) which can facilitate electron excitation, ii) voids / bubbles / cavities generated by the first
pulse(s) or iii) some glass free volume that is already “available” in the pristine glass. Indeed, glasses, and more specifically silica and
silicates, exhibit short range order, with some n-membered rings creating well-known porosity at the sub-nm scale [104]. Such seeding
should be facilitated in porous materials, which has been observed in nanoporous sol-gel silica for which a smaller number of pulses is
needed to imprint NGs compared to dense silica [64]. From publications, short (typ. < 50 nm) but always oblate nanopores with a
thickness much smaller than 5 nm appear dispersedly distributed, but sometimes starting to align along each other [98].

When increasing the number of pulses, a higher number of seeds is expected (e.g., some first nanopores or some STH). This in turn
leads to additional scattering centers resulting in a smaller periodicity based on the scattered waves interference model suggested by
Rudenkoet al. [103] and in agreement with Zimmermann et al. [90] who reported a decrease of NGs period as highlight laterin Fig. 7.
According to the suggested “memory effect” involved in the mechanism of nonlinear ionization, new inhomogeneities are generated
from pulse to pulse resulting in additional multiple scattering thus organizing the plasma distribution. As the pulse density increases,
new plasma nanoplanes are generated “here and there” between the pre-existing ones following the light pattern. In this process it is
worth mentioning that there are many “small size nanopores” between the long and well-arranged ones (see Fig. 5d) revealing the
emergence, and growth, of new nanolayers like in Ref. [31]. The imprinted nanolayers are initially made of elongated nanopores that
grow from pulse-to-pulse and merge resulting in new nanolayers. Finally, from pulse to pulse, this will lead to a reduction of the
average spacing A of the nanogratings.

3.3. Energy transfer to the glass matrix and nanocavitation

The modification of transparent glasses with wide bandgap is rapidly induced within few fs through nonlinear effects including
multiphoton, avalanche, or tunnelling electron ionization. The excited electrons composing the plasma will thus transfer their energy
to the glass matrix through electron—-phonon coupling and resulting in localized temperature hotspots and heterogeneities at the
nanoscale. The low heat capacity of electrons allows them to be easily heated to extremely high temperatures, but the glass matrix (the
lattice) initially remains “cold” due to the relatively long electron-phonon relaxation time (typically 10 ps in SiO»). After this time, the
lattice will finally heat up, by few 1000s of °C but this is a local effect. Indeed, after the free electron plasma energy is being transferred
to the lattice, the spatial distribution of the temperature is quite like the plasma distribution itself because the timescale (< 1 ns) is too
short to have some significant heat diffusion (on the order of the ps). In that sense this is a plasma-mediated process, and the tem-
perature distribution is the image of plasma 3D nanostructuration [24].

A temperature difference, either established locally (nanoscale, between the nanoplasma hotspots and the background) or globally
(at the focal volume level) would yield to a stress field, resulting in a local thermal expansion. During the time necessary for the heat to
diffuse away, the silicon-oxygen bonds would elongate and the glass specific volume would expand within a time scale shorter than the
characteristic acoustic relaxation time (typ. 500 ps in silica glass) [36] thus creating a moderate shock wave [105]. So at short time
scale, there exist likely a localized nanostrain, which distributes ellipsoidally as a mirror image of the temperature map. This in turn
will initiate the nanocavitation process at these specific locations. Indeed, a decrease of the local pressure would arise from the for-
mation of a rarefaction zone behind the “shock wave™ [106]. Once this tensile pressure develops between the “pore nuclei” and
surrounding materials [24,107], nanopores will be imprinted at the image of the plasma ellipsoidal nanostructurating where start
nanocavitation process.

Note that the resulting temperature increase inside the focal volume is a function of laser parameters, but typically is on the order of
few 1000 °C [108,109]. If both thermal and stress confinement conditions are satisfied, which is the case for fslaser pulses deposited
inside glass under mostirradiation conditions, a tensile stress in the range of 100 MPa or more can yield to nanocavitation [36,37.109].
However, the imprinting of nanopores, hence nanogratings, is not only dependent on their appearance inside the glass under adequate
experimental conditions, but also, they must withstand the thermal process induced by laser writing. This sets an upper temperature
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limit beyond which the nanogratings would collapse / erase [110], precluding the imprinting of NGs, which can be modeled using for
instance the Rayleigh-Plesset equation.

The main steps of the overall process are summarized in Fig. 6. It appears that the nanopores may not have the chance to grow from
a spherical shape but rather an ellipsoid one, like the nanoplasma distribution itself for a linear polarization whereas a circular po-
larization would induce substantially spherical nanopores and thus no / low birefringence [111]. Following this view, the so-called
Type X regime might be seen as the early birth of NGs formation mostly observed for a low number of pulses and low energy.
These Type X modifications refer to oblate (for linear or elliptical polarization) nanopores with low birefringence and ultralow optical
losses [16].

3.4. Beyond silica — porous NGs and partially crystallized NGs

Finally, the oxide glass decomposition and related formation of nanopores was observed in a wide range of oxide glasses
[36,37,48,55.67.68,89], as mentioned in section 2, thus revealing that the formation of volume NGs is a general mechanism. In fact,
while seeding may be of various kinds and proportion as a function of glass compositions, there will still be some seeds to trigger the
process. Likewise, the nanocavitation process is in principle a global approach since all the glass compositions would experience a
stress field upon heat deposition inside the focal volume and at the hotspot nanoscale. However, the existence of large electric field
produced by mobility difference of oppositely charged carriers by light excitation open to consider that other effects may be at play
such as electrostriction or inverse piezoelectricity [112]. This may also trigger strain fields and thus contribute to the nanocavitation
process.

In the above mechanisms, NGs in silica and most oxide glasses are made of nanopores arranged in quite periodic nanolayers based
on a nanocavitation process. This mechanism is coupled to electromagnetic waves through temperature modulations induced by
electron plasma energy transfer to the lattice. There is a destabilization of the glass oxide (e.g. SiO;) at the high electron density
location where the light intensity is the largest but there is no chemical migration. In partly crystallized NGs, we suggestan alternative
scenario to interpret the nanoscale chemical separation that is initiated before the crystallization. Indeed we suggest that the light
“forced-organized” plasma imprints its spatial distribution on the chemical separation [113] thatis driven by electrochemical potential
gradient related to the various glass constituents [112]. At a short time scale, the excited electron density modulated in space (under
light influence) is partly trapped into the glass network (e.g. in the form of STE, STH) and then further excited by the next pulse. NG
structure is thus reinforced from pulse to pulse in agreement with the literature [102]. This plays a kind of memory effect in the plasma
spatial distribution, which my imprint transformations on a time scale longer than the light pulse itself. However, while the initial
excitation profile follows the light intensity pattern (e.g., induced by the above-mentioned scattered waves interference), this is no
longer the case after several laser pulses. This implies that positive ions produced initially, and negative charges created though
electron trapping do not own the same distribution, resulting in an electric field modulation along the direction of light polarization.
Considering an excited electron density of 10" e/cm?, a classical calculation allows estimating a quite large electric field that could
reach several kV per pm [114-116]. There are two aspects here: i) the involvement of the electric field in the phase separation and ii)
the migration of species in an electric field. Indeed, as phase separation is guided by the gain in free energy and the partial relative
permittivity of each species, the phase separation can be influenced by the electric field. Now considering the migration of non-ionic
species such as SiO; “groups”, one has to consider a complex forces introduced by the gradient of electrochemical potentials. Based on

Seeding the process
to create plasma hot
spots

A plasma density sub- Oxide decomposition
wavelength within hot plasma
structuration occurs nanolayers

But need to avoid too
high temperature (t,T)

(nanopores erasure modeled

(inhomogeneities scattered (plasma-medated using Rayleigh-Plesset)

waves interference) nanocavitation process)

(defects like STH, voids,
glass free volume)

Fig. 6. Schematic overview of porous nanogratings formation mechanism in oxide glasses.
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theoretical calculations [112], this process can drive the nanoscale migration of silica that cumulates at the location of high electron
density, i.e., where the electric field and the electric potential (in absolute value) are maximum. As a result, pure silica layers will
develop as observed in LNS or LNSB glasses [54,79]. The “remaining glass is therefore poorer in silica, and ready for crystallization
after enough time. Finally, the nanocrystallization is induced by the peripheral solid-solid crystallization. Following this view, there is
an additional electrochemical force super-imposed to the thermal one (thermodynamical phase separation), leading to the formation of
these partly crystallized NGs.

4. Influence of chemical composition on nanogratings properties and performances

From section 3, the formation of NGs is thought as a general mechanism that can operate in glass, although it is expected to take
various forms and be a function of glass properties, essentially defined through its composition. Consequently, summarizing an un-
derstanding the effect of glass composition on the NGs, which is the motivation of this section, is of prime importance to encourage
future development of glasses specifically designed for NGs imprinting.

4.1. Impact on nanogratings periodicity

In the literature, few publications have focused on NG periodicity, A. In accordance with the form birefringence model [117], a
higher linear birefringence was demonstrated when the period is narrower (the maximum being predicted when A is equal to twice the
nanolayer thickness) but this also brings an interesting prospective to the NGs formation mechanism itself. Indeed, in the model
developed by Bhardwaj et al. [57], NGs periodicity is set between A/n and 1/2n where n was the refractive index of glass and 1 was laser
pump wavelength and a period initially independent of pulse energy. However, periodicity was shown to decrease continuously with
the number of applied laser pulses [101,102]. Of Particular note, Rudenko et al. [103] conducted systematic modelling for the for-
mation of NGs on the basis of inhomogeneity concentration, C; where C; = N/S, N was the number of inhomogeneities in the laser-
induced section, S. In this model, it was suggested that nanometer-sized inhomogeneities played an important role in the volume
NG formation process and they were considered as seeds triggering the process. They also enhanced and improved the nanoplasma
incubation process. Following the same concept due to the effect of local field enhancement suggested initially by Bhardwaj et al. [57],
the free electrons excited by strong nonlinear photo-ionisation were easily generated near the equators of the inhomogeneities and
then progressively grew into nanoplanes “self-organised” by scattered waves interference [91,103]. Here in Fig. 7, we present the
results of normalized period vs. refractive index in a series of glasses including typical commercial glasses.

It can clearly be shown that in these glasses the period mostly falls below 1/2n or more accurately in the 4/10n < A < i/2n
range. The normalized period increases with the pulse energy in the BGG family, Borofloat 33, silica, and GeO, glasses. According to
Ref. [103], the interference between multiple scattered waves from randomly distributed inhomogeneities strongly depends on in-
homogeneity concentration, C;. In the cited work, the authors defined the average distance between two initial inhomogeneities asd =
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1/+/C;. For higher concentrations and if 1/2n < d < 1/n(0.05% < C; < 0.5%), the dominant period was close to 1/n due to the
interference mechanism. However, for greater concentrations of inhomogeneities, the dominant period is close to 1/2n and 1/10n for
even higher ones. Indeed, the authors deduced that the physical origin of subwavelength self-organised structures was related to the
stationary wave photo-induced either by the interference of inhomogeneity-scattered waves and incident one for low-frequency
nanogratings or by an interference of several scattered waves (from multiple inhomogeneities) for high-frequency nanogratings
that own a 2x smaller periodicity. Consequently, distinct periodicity was obtained depending on the local inhomogeneity concen-
tration due to the scattering behaviour. Moreover, multicomponent glasses such as BGG glasses, Eagle XG, 7059, Borofloat 33 glasses,
ete., mostly showed a significant reduction in NGs periodicity, often breaking the limit of 1/2n. This was attributed to an increase of
inhomogeneity concentration suggesting that some kinds of fluctuation in chemical composition at the nanoscale level are seeding the
process. This theory needs further studies to be clarified. Overall, our results for NG periodicity tallied with [103] and [57]. In addition,
Al;05-5i0; fiber presented a wide range of normalized NGs periodicity, A/4, from 0.375 to 0.961 (i.e., periods varying from 386 nm to
990 nm where the wavelength 1 is 1030 nm). Many parameters can impact periodicity as mentioned above. The larger period,
associated with higher Al,O3 content was attributed to both the larger refractive index but also to higher Type II threshold [67].

4.2. Impact on the oxide decomposition and observed nanoporosity

Continuing our investigation into NGs morphology, their principal features / characteristics, namely nanopore size and porosity FF,
were both found to be key aspects of NGs in multicomponent glasses. In fact, nanopore shape is not limited to spheres but can be
ellipsoidal or take the form of more complex shapes [16,58]. To compute optical retardance or birefringence from NGs, the refractive
index inside and outside the nanoplanes must be known (respectively ny and ng from Fig. 1 (b)). To estimate an effective refractive
index for the porous nanoplane (ny), which is a pivotal term in the birefringent response of the NGs, one can use the Maxwell-Garnet
equation [118]:
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Here, ng is the refractive index from fused silica equal to 1.46 at 551 nm, and varies only little with respect to temperature (thermo-
optic coefficient is ~ 107® K~ [1109]). In this situation, ng is kept constant both inside the porous nanoplanes (i.e., around the
nanopores) and between the porous nanoplanes. As seen from Eq. (1), the refractive index of porous nanolayers is a function of the FF,
itself being a function of the pore size and number (Fig. 8 (b)).

The evolution of nanopore diameter and FF inside various glasses is presented in Fig. 8 (a) and (b). Overall, the observed trend is
related to the fact that a larger average nanopore size corresponds to a reduced nanopore density, i.e., the number of nanopores per
unit of porous volume (excepted for the AF32 glass). Nanopore diameter in silica glass ranged from 26 nm to 39 nm as shown in Fig. 8
(a), and is a function of laser irradiation conditions. This diameter range is typically reduced compared to multicomponent glasses such
as ULE glass (from 36 nm to 61 nm). Additionally, glasses with a higher 5i0O; content generally present a smaller nanopore diameter
while nanopore diameter rises with an increasing amount of Al;05, like in binary Al,03-SiOs glass optical fiber cores [22] as
emphasised in Fig. 8 (a). Furthermore, silica glass (such as Suprasil or Infrasil) presented higher FF than other glasses except for AF32.
From these porosity measurements and NGs geometric parameters, one can evaluate form birefringence. In fact, this quantity was
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Fig. 8. (a) Average nanopore diameters for glasses, including Suprasil, Infrasil, ULE, AF32, 7059, BK7, soda-lime silicate and Al;05-SiOz as a
function of refractive index, n (measured at 550 nm). (b) Filling factor of these glasses as a function of refractive index, n (measured at 550 nm). FF is
the filling factor, N is the number of nanopores (with an average nanopore radius R.) per unit volume V of the porous nanolayer. The inset is an
exemple of a nanolayer with nanopores. An and p are refractive index variation and density, respectively.
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correlated with refractive indices as well as nanolayer thickness t; and its periodicity A according to the following expression:

B T e (o @
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where B is the form birefringence, n. and n, are respectively refractive indices of NGs along extraordinary and ordinary axes and f; is
equal to t; / (t; + t) or t3/A.

4.3. Impact on laser parameters processing window

Chemical composition can directly impact the formation of NGs [12,39,40], as denoted before. Here, we specifically show the effect
of glass modifiers, in the form of alkali or alkaline earth elements, on the formation of NGs. This aspect is quantified by investigating
the NGs window, as described from the recent work [37,55], and illustrated in Fig. 9. The NGs window is defined by keeping the all
parameters constant, excepted pulse energy which is being varied while and monitoring the existence of NGs.

Itis evident, from the above figure, that the width of the NGs windows are intrinsically linked with the amount of (alkali + alkaline
earth). Note that the onset energy of NGs remained nearly constant (from 0.125 to 0.3 wJ) for all the glasses, while the closing energy is
strongly decreased with a corresponding increase of alkali and / or alkaline earth elements. Firstly, Borofloat 33 presented the widest
NGs window, i.e., from 0.175 to 2 pJ, which can be attributed to its highest absolute SiO3 content (81 mol.% of Si0O5). It is worth
pointing out that either ratio of (alkali + alkaline earth)/SiO5 or (alkali + alkaline earth)/Al;05 indicated a similar trend in the NGs
window evolution, where Si, Al are generally the network formers. The addition of alkali and alkaline earth elements inside glasses can
lead to strong structural changes due to the characteristics of network modifiers, such as bond breaking and even forming some
“channels™ as reported in NayO-containing glasses [120]. From Ref. [55], we depicted that alkali and alkaline earth atoms generally
play the role of depolymerizing cations, i.e., breaking T-O-T linkages (T = Si or Al) and forming non-bridging =Si-O- bonds [121],
further lowering the polymerization degree of the fundamental structural groups and hence impacting glass viscosity, which is a key
factor to be considered during the NGs formation/erasure processing [36]. Moreover, Liu et al. [122] suggested the flow can corre-
spond to the relative motion of larger molecular units, such as chains or sheets, due to the depolymerized network. Therefore, the
network structure inside the glass will be more rigid and connected with decreasing the alkali and alkaline earth content, which
probably improved the NGs formation [36]. Fernandez et al. [123] also indicated that the ratio of (alkali + alkaline earth)/Al,03
mostly affected the viscosity of the glass, and that the maximum value was reached as the ratio of (alkali + alkaline earth)/Al,03; was
equal to 1, which can be explained by a Al playing the role of a charge compensator. This was the case of SAN 75-12-12 glass which
possessed the widest NGs window in the alumino-borosilicate family glasses, as in Fig. 9 (b).

Interestingly, we note that there exists two irradiated glasses with significantly different NGs windows while presenting the same
ratio of (alkali + alkaline earth)/Al;03 (equal to 2), i.e., SAN 75-6-12 and SAC 50-12-25, as shown in Fig. 9 (b). Na-doped alumino-
borosilicate glass, namely SAN 75-6-12, showed a nearly 2 times broader NGs window than the Ca-doped one, namely SAC 50-12-25.
This apparent contradictory observation is attributed to the higher silica content in SAN 75-6-12 relative to SAC 50-12-25 (75 mol.%
versus 50 mol.%).

From previous works, the existence domain of nanopores, hence NGs, could be anticipated from an approach based on viscosity-
based arguments [36,94]. To further highlight this aspect and provide an example, the viscosity profiles versus temperature is first
presented in Fig. 10 (a). The data were obtained from the SciGlass software and they were subsequently fitted using the Vogel-Fulcher-
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Fig. 9. Type II processing window in a series of glass samples, taking the pulse energy as the varying parameter, and as a function of, (a) (alkali +
alkaline earth)/SiO, ratio at RR = 50 kHz and (b) (alkali + alkaline earth)/Al,0O; ratio at RR = 100 kHz, from Ref. [37] and Ref. [55], respectively.
The ratios are calculated from the molar glass composition. Experimental parameters are: 1030 nm, NA = 0.6, 800 fs.
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Tammann (VFT) equation [124].

The domain of NGs existence was predicted by taking into account two boundaries [36] in terms of viscosity, which can then be
translated into two limiting temperatures. The lower limit corresponds to the temperature, Ty, for which the viscosity value (y) is
situated at nearly ~10%° Pa-s. This corresponds to Tsoft, i.€., glass softening temperature, at which nanocavitation in the glass can occur
thus forming nanopores that compose the NGs. Meanwhile, the upper temperature limit, Trax = Tyorking, Namely, working temperature
(r;~103 Pa-s.), corresponds to either the unstable hydrodynamic growth or the collapse of the nanopores, resulting in the erasure of the
nanopores, hence the NGs nanostructuring. Note that this upper limit is a time dependent problem, and it depends on the considered
time. For example when considering a characteristic time ~ 30 ns corresponding to the case of a laser heating—cooling profile, hence
the viscosity “limit” is log(n, Pa-s) — -0.75 as discussed in Ref. [110]. The presented upper and lower temperature limits are presented
in Fig. 10 (a). In addition, it is worth mentioning that the viscosity value of 10'%° Pa-s, as in Fig. 10 (a), corresponds to the annealing
temperature of glass and is given for the completeness. Then, the temperature interval, AT, of each glass was obtained according to the
approach mentioned above and was reported on the x-axis of Fig. 10 (b). The normalized Type II energy window of the glasses,
including alumino-borosilicate family glasses (from SAN 75-0-12 to SACN 50-12-25-5) and commercial oxide glasses (from Suprasil
CG to Soda-lime silicate), were reported in y-axis of Fig. 10 (b). Here, the Type II energy window of each glass was normalized to SiO»
(i.e., Suprasil CG, set equal to 1). The latter window is be defined as: (Enax(giass) — Emin(glass))/ (Emax — Emin) Where Eqaxglass) and Emingglass)
respectively represent the maximum and minimum energy for which NG is detected (using polarized optical microscopy) in a given
glass sample. The E,, and E,;;, are similarly defined, but specific to the SiO glass (as per the normalization). This energy window is
clearly correlated with the previously defined AT and scales with it. The window gradually increases in the following order: SAN
75-12-12 > SAN 75-6-12 > SAC 50-25-25 > SAC 50-12-25 > SAN 75-0-12 = SAN 75-3-12 > SACN 50-12-25-5. Overall, this trend is
valid for a wide range of glass compositions, and the monotonous increase of the windows with respect to exhibit a slope of
0.0015°C7 2, excepted for SiO», Suprasil CG, which indicated the widest NGs window and slightly depart from this trend. The tem-
perature dependence of the glass viscosity is therefore of prime im portance in the formation of NGs. Moreover, from a general view and
as depicted above, glasses containing a relatively high alkali and alkaline earth content relative to Si favor a low network connectivity,
hence a large amount of non-bridging oxygens [114,123]. They tend to lower the glass viscosity, like in the case of SAN 75-12-12 and
SAC 50-12-25. More specifically, this is likely related to the viscosity of these glasses that strongly varies with respect to temperature
(so called "short glasses").

From above, the dependency of NGs existence window on the chemical composition was reviewed and rationalized through a
viscosity approach. A direct consequence of this review section is to demonstrate that NGs can be achieved in most, if not any, glasses.
However, the processing windows can be drastically different, and a systematic analysis must be undertaken to find the adequate
conditions for which NGs can survive the laser-irradiation process. For example, recently sub-surface formation of nanopores was
revealed to be possible under specific conditions in telluride or chalcogenide glasses [75,125], a great progress towards nanogratings
writing in any kind of optical materials.
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Fig. 10. (a) Viscosity versus temperature for various alumino-borosilicates and SiO; (Suprasil CG, taken as a reference) glasses, along with an
estimated temperature domain of NGs existence from T (] = 10°° Pa-s, namely, softening temperature) t0 Tmax (1 = 10 Pa-s, working tem-
perature). (b) Normalized Type Il energy window as a function of the temperature interval (i.e., AT = T, — Tpy,) for various alumino-borosilicate
and commercial glasses. The x axis involves the predicted results of temperature interval extracted from (a), while the y axis are the experimental
results, from Ref. [55].
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4.4. Impact on maximum NGs retardance and underlying birefringence

As previously introduced, the prominent characteristic of NGs lies in its anisotropic optical property corresponding to linear
birefringence. The photonic components studied in this field are directly or indirectly related to birefringence, hence retardance (B x
L) which originates from the variation in phase when light passes the birefringent transparent imprinted transformations with the
thickness, L.

In the following section, we will compare the typical retardance and the corresponding birefringence for standard and comparable
writing conditions (1030 nm, 200-300 fs, 100 kHz, 0.1 mm/s, NA = 0.6). According to the literature [37], maximum measured
retardance arising from NGs induced in SiO; (252 nm) and GeO; (292 nm) glasses generally present higher values compared to other
glasses, including commercial multicomponent glasses as illustrated in Fig. 11 (a). By comparing these commercial glasses, we show
that glasses doped with alkali (K or Na) or alkaline earth (Ca or Mg) exhibited lower retardance values: Borofloat 33 (190 nm), Eagle
XG (135 nm), soda-lime silicate (119 nm), AF32 (99 nm), 7059 (94 nm). The higher the alkali or alkaline earth content, the lower the
retardance as found in [38]. Moreover, ULE glass exhibits higher retardance (232 nm) than other commercial glasses which can be
explained by the absence of alkali or alkaline earths and higher SiO; concentration.

As for aluminosilicate glasses (such as 42A1,03-585i0, (mol.%)) employed as a core material in optical fibers, they interestingly
exhibit lower retardance values (63 nm) relative to silica-rich glass, e.g. SMF 28 fiber (122 nm). However, this value employed in
optical fibers is sufficient for most of the targeted applications such as fiber Bragg grating sensors or optical devices based on Rayleigh
backscattering [22].

Furthermore, IR-dedicated glasses including the BGG family, demonstrate high retardance compared to most other oxide glasses
and can be applied in a wider range of optical applications due to a characterised transparency window up to 6 pm [36,126]. The
maximum retardance of 192 nm can be found in 8% Ta;05-BGG which was comparable with the “model glass” SiO; or GeO,. Ref-BGG
glass was also investigated for comparative purpose and presented the maximum retardance of 114 nm although this was lower than
other doped BGG glasses. We sketched the principle ofo optical retardance in the inset of Fig. 11 (a).

Following the equation of optical retardance, birefringence values for these glasses can be calculated and the results are displayed
inFig. 11 (b). As an illustration of the periodic nanostructure observed in NGs using SEM imaging, a cleaved sample cross-section of the
fs laser-modified region is shown in Fig. 11 (b). It corresponds to an 8% ZnO-BGG bulk glass with a birefringence value of 1.11 x 1072
at a laser energy of 1.2 pJ. Firstly, 8% Zn0O-BGG [69] presented the highest birefringence (2.88 x 10~2) and broadest birefringence
window (from 5.20 x 107> up to 2.88 x 1072) relative to the other glasses. The sample labelled Ref-BGG in Fig. 11 (b) possessed
slightly higher birefringence than SiO2 and GeOz and 8% Ta20s-BGG exhibited comparative birefringence, again with respect to SiO2
and GeOy. Similarly, the BGG glasses all presented very high refractive indices relative to conventional glasses (Si0,, GeO», or Corning
9754). Importantly, transparent dielectrics with high refractive indices generally possesse a prominent value in optical application (e.
g., dispersion coefficient, Abbe number) which are intimately correlated to index and constitute a key parameter for evaluating the
choices of optical glasses. Our results demonstrated the potential of these glasses for index-contrast devices such as Fresnel zone plates
or polarisation gratings in near-/mid-IR range. Indeed, soda-lime silicates also exhibit superior birefringence values and birefringence
window (from 6.14 x 1073 upto1.85 x 107 %)as presented in Fig. 11 (b). A strong dependency between retardance / birefringence and
chemical composition was observed.
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Fig. 11. (a) Typical retardance as a function of refractive index, n (measured at 550 nm) for these studied glasses and with commercial glasses. The
inset of (a) is the sketch of principle to the optical retardance. E and k are respectively electric field and wave vector. (b) Birefringence as a function
of refractive index, n in the studied glasses including commercial glasses. Inset of (b) FEG-SEM micrographs of the cleaved laser track cross section
for a 8% ZnO-BGG glass. Laser polarisation orientation is along y, and laser scanning direction along x. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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4.5. Impact on NGs related optical performances

The presence of alkali and alkaline earth cations can affect NGs formationin glass [114.123]. In order to tentatively summarize the
relative “performances” of all investigated glasses influenced by chemical composition and identify “best performers” with respect to
NGs making, three parameters as a function of the refractive index were employed: 1) the writing speed, which represented the po-
tential for writing a high quantity optical components thus unlocking industrial potential, 2) the maximum retardance which was akey
parameter for birefringent applications, and 3) the energy consumption in pJ/nm (laser energy in pJ used to write one unit of
retardance expressed in nm). The results are summarised in Fig. 12.

From this graph, it can be clearly seen that Suprasil (i.e. SiO;) was found to reach the greatest retardance value (252 nm) with the
highest writing speed (1 mm/s) and the lowest energy consumption (0.6 pJ/nm). For Suprasil, ULE and GeO3 glasses, NGs could be
induced with higher retardance values and writing speeds (ULE: 232 nm and 0.1 mm/s; GeOy: 292 nm and 0.05 mm/s) as well as lower
energy consumption (ULE: 6.9 puJ/nm; GeO;: 1.79 pJ/nm). Borofloat33 and 8%Ta;05 - BGG glass both exhibited relatively good
performance, i.e. high retardance values (Borofloat33: 190 nm; 8%TasOs - BGG: 193 nm), moderate speeds (Borofloat 33: 0.05 mm/s;
8% Taz05-BGG: 0.01 mm/s) and energy consumption (Borofloat 33: 8.4 pJ/nm; 8% Tay05-BGG: 36.4 pJ/nm). Moreover, SACN 50-6-
25-5 glass demonstrated very low retardance (55 nm) and required low speed (0.01 mm/s) due to high alkali and alkaline earth
concentration (25%Ca0 + 5%Na»0 in mol.%) as well as moderately high B;O3 content (14 mol.%) which is detrimental to NGs
formation. Indeed, maximum retardance consistently decreased as Al,O3 content progressively reduced within alumino-borosilicate,
as observed in the SAC glass family (SAC 50-25-25, SAC 50-18-25 and SAC 50-12-25, SACN 50-6-25-5). Moreover, BK7 and 7059
glasses possessed relatively low retardances values (BK7: 96 nm; 7059: 94 nm) and low writing speed (0.001 mm/s), this with high
energy consumption (BK7: 286.0 pJ/nm; 7059: 251.7 pJ/nm). As for Eagle XG, alumino-borosilicate family (including SAN 75-0-12,
SAN 75-3-12, SAN 75-6-12, SAN 75-9-12, SAN 75-12-12, SAC 50-25-25, SAC 50-12-25, SAC 50-18-25) and BGG family (including
8%Y103 - BGG, 8%Gd203 - BGG, BGG, 8%Zn0 - BGG) glasses, they exhibited relatively high optical retardance values (from 86 nm for
SAN 75-6-12 to 165 nm for SAN 75-9-12) at moderate speeds and energy consumption (0.01 mm/s, energy consumption from 1.6 pJ/
nm for 8%Y,03 - BGG to 155 pJ/nm for 8%Gd;05 - BGG). Moreover, other irradiated samples reported in the literature have been
added in Fig. 12. The 15%Naz0 - 85%Si03, 30%Dy»03 - 70%Al,05 and 6%Na30 - 94%GeO; samples exhibited a moderate retardance
value (100 nm) but had very high energy consumption and low writing speeds, e.g., 15%Naz0 - 85%S$i05: 10* pJ/nm and 0.02 ym/s. In
addition, even if writing speed was quite high for 80%5i0; - 20%Al;03 and 40%Si0; - 60%Al;03, they exhibited low retardance with
relatively high-energy consumption. Overall, we can globally deduce from these results that much more energy consumption was
required for NGs formation by increasing the content of alkali and alkaline earth cations.

Furthermore, the glass refractive index, n, is a key application property. Here, LNS, BGG family (BaO-Ga;03-GeQ3), 30%Dy,0s3 -
70%Al503, 6%Naz0 - 94%GeO3 and Corning 9754 glasses exhibited the highest refractive indices relative to other glasses which was
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Fig. 12. Bubble plot of maximum retardance induced by fs-laser in glass as a function of refractive index, n (both measured at 550 nm) for the
studied glasses. Nay0-Si0, and Na 0-GeO, samples were extracted from [66] and [40] respectively.
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mostly attributed to their higher molecular mass. Moreover, the importance of the Na;0-Ca0-SiO3 system is widely known and has
been used extensively [124]. Alumino-borosilicate glasses doped with NazO and CaO, which could demonstrate similar universalism to
Nay0-Ca0-5i0,, presented moderately high optical retardance ranges and moderate writing speed, energy consumption and refractive
index ranges (from 1.487 for SAN 75-0-12 and SAN 75-12-12 to 1.591 for SACN 50-6-25-5) compared to 5i0O2, GeO2 and other
commercial glasses. This further confirmed the potential of alumino-borosilicate glasses when applied to the field of optics. Finally,
§i0; and GeO,, which are strong network formers and fourfold coordinated glasses, were always the best candidates to unlock in-
dustrial potential due to their excellent characteristics as deduced above.

4.6. Impact on nanogratings thermal stability

The thermal stability of NGs is a hot topic since many optical devices are exposed to moderate, or harsh environments especially
under high temperature conditions such as temperature optical sensors. In order to appropriately evaluate the industrial potential of
NGs induced by fs-laser inside transparent materials, we reviewed the temperature related to the full erasure of optical retardance (or
refractive index changes for Type I modifications) as a function of glass annealing temperatures (°C) as shown in Fig. 13. The glass
annealing temperature (i.e. the temperature at which the viscosity is log(y, Paes) = 12.0.) is correlated to the erasure of these
nanostructured and related birefringence (proportional to the measured optical retardance). Generally, the higher the glass annealing
temperature, the more stable are the imprinted optical properties. The full erasure of optical retardance is indeed a key aspect for
evaluating the abilities of materials to withstand harsh environments (such as ultra-high temperature, eventually coupled to extreme
radiation [127]) in industrial applications.

Overall, from Fig. 13 we can see that the temperature corresponding to the erasure of optical retardance increased linearly (as the
short, dashed line in Fig. 13) with rising glass annealing temperature for most investigated glasses. They included silicate, germanate
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or aluminate glasses such as Borofloat33, BGG, Coming 9754, 30%Al,03 - 70%5i05, 51.5%Al1,03 - 48.5%S5i0,, Y203 - AlyO3 - §5i0»
fibers, ULE, SMF-28 fibers, GeOs - SiOy and SiO5 (including Suprasil, Infrasil, Spectrosil, Homosil) glasses. Up to date Infrasil (SiO»
containing low OH and Cl) and N-BK7 glasses demonstrated the best and the lowest thermal stabilities in the glasses studied (Type II)
respectively. For sake of comparison, we added some mid-IR dedicated glasses such as heavy oxide (SF10) and chalcogenide glasses
namely As;S3 and GeSs, but they all correspond to Type I optical modifications.

Moreover, NGs induced by higher laser energies present higher thermal stability such as SMF-28 fibers core, SiO5 fiber cladding or
51.5% Al,03-48.5% SiO3 in most glass compositions as highlighted in Fig. 13. In addition, NGs induced by a high writing speed (e.g.
SuprasilCG at 10 mm/s compared to that at 0.01 - 1 mm/s) presented slightly higher thermal stability which can be attributed to a
larger nanopore size [102].

Of particular interest are the results of the AlyO3 - Si03 glass family, where the experimental thermal stability of NGs deviated from
the linear relationship between T, and erasure. This could be related to the characteristics of Al;03 (e.g. Al,O5 possess a higher melting
point (2054 °C) than SiO; (1723 °C)) and the possibility to create nanoscale phase separation including Mullite nanocrystals [67]. Also,
chemical composition may play an important role in terms of affecting the thermal stability of materials compared to other factors like
laser parameters. We can see that the full erasure temperature of the photo-induced retardance increased from 1175 °C up to 1225 °C
(increment of 4.3%) while Al,05 content increased from 20% up to 50% in the Al,O5 - Si0, glass. In addition, other approaches based
on the control of laser parameters can improve thermal stability. Typically, when increasing laser pulse energy, the erasure tem-
perature was higher by 22% in F300 fiber cladding. Similar observations can be made when increasing the laser scanning speed while
the increment remains quite limited to a few % in Suprasil CG glass. Therefore, chemical composition is the primary key factor to be
considered from the results in Fig. 13 with regard to the thermal stability of NGs, which further validates their potential for industrial
applications. The results provide useful information of optical component designers to select an adequate glass (and its viscosity
profile) when considering high temperature operations, or simply thermal ageing considerations. However one must keep in mind that
an “erasure temperature” relates to a kinetics problem (time-temperature couple) [129]. We can thus define different “high tem-
perature limits™ depending on the operating conditions: i) short times (minutes, seconds) in fire alarms and some kind of structural
health monitoring, ii) long times (years’ timescale) for sodium cooled nuclear reactors, metal recycling, airplanes or process moni-
toring, and iii) laser writing timescale in either repetitive or cumulative regimes, for which either average temperature and cooling
profiles are dissimilar.

(a) Birefringent elements

() | |

Micro/nanofluidic Optical data storage

Fig. 14. The optical applications based on nanogratings. (a) Birefringent element: polarisation diffraction gratings from Ref. [9]. The left: col-
ouration of birefringent structure under crossed polarizers with an optical retarder added. The right: birefringent rose printed in SiO, glass by
ultrafast laser pulses. (b) Geometric phase optics: microscopy image of the 2D Airy beam converter in quantitative birefringence microscopy image
from Ref. [13]. (c) Optical data storage: schematic diagram of 5D optical data storage using femtosecond laser writing from Ref. [18]. (d) Micro/
nanofluidic: top-view optical micrograph of the fabricated 3D nanofluidic device for DNA analysis from Ref. [20]. (e) Fiber Bragg gratings inscribed
in the molten core of Al;05-Si0, fiber using a point-by-point technique from Ref. [22].
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5. Applications of ultrafast laser-induced nanogratings

Up to now, NGs were revealed within a wide range of optical glasses, hinting at distinct potential applications due to the unique
physical and chemical properties for each optical material. Indeed, one main purpose of the current investigations on NGs is to apply
these sub-wavelength periodic nanostructures into optics or integrated micro-optics [86,130-132] with various functionalities by
ultrafast laser. Over the two decades, various types of applications based on NGs including birefringent optical elements, 3D geometric
phase optics, 5D optical data storage, highly selective etching or optical fibers based on sensors resistant to harsh environment were
successively achieved in [9-22] as summarised in Fig. 14.

5.1. Birefringent optical elements

Several types of birefringent components employing self-organised NGs have been demonstrated, like a polarisation diffractive
grating (PDG), waveplates, polarisation rotators. In 2010, Beresnaet al. [9] first presented PDG based on self-organised nanostructures
due to intriguing prospective functions, including azimuthal and radial polarisation converters [133], beam splitters [134,135] and
rotated waveplates [136]. Indeed, the polarisation and phase of the incident light with fixed polarisation can be periodically modu-
lated in space while this incident beam propagates through the PDG, which can be applied for security masking as shown in Fig. 14 (a).
In 2011, they subsequently fabricated a spatially variant birefringent element based on NGs, called “S™ waveplate. Here, “S” stands for
“superstructured” and this can generally be explained as follows: an azimuthally or radially polarised vortex with its orbital angular
momentum [ = 1 or —1 can be divided into two configurations: one circularly polarised beam with orbital angular momentum [ = 2 or
—2; and the other with a plane front [10,137]. These integrated NG-based optical devices imprinted in transparent matters provide a
new thread towards complex 3D space variant birefringent based devices and also integrated birefringent micro-optics in bulk glasses
or fibers.

As a recent example, in 2023 Lu et al. [28-33] delivered a fundamentally novel idea to transfer the chirality of structured polarised
chiral light beam to optical materials via fs laser direct writing. Experimentally, they combine a polarization distribution control of the
fs laser beam by a 2D space variant birefringent waveplate and an axicon focusing technique to generate a 3D chiral Bessel beam with
the linear polarization orientation rotating along the optical path in the Bessel core: an innovative 3D structured polarization [14]. This
is a kind of “helical polarized” beam and can directly imprint “twisted nanograting” structures in oxide glasses. Such a twisted
nanograting owns strong circular optical properties (optical rotation and circular dichroism) due to its inherent chiral distribution in
3D, which confirms the chirality transfer from light to matter.

5.2. 3D geometric phase optics

The recent advances in flat optics have challenged the limitations of conventional optics by implementing ultra-thin planar ele-
ments that instead of relying on optical path differences manipulate light waves via optical resonators with spatially varying phase
response. In principle, the phase profiles of nearly any optical components including lenses, gratings, vortex phase plates, as well as
elements capable of bending light in unusual ways could be designed based on gradient metasurfaces, referred to as geometric-phase
(Pancharatnam-Berry phase) optical elements. Theoretically any phase pattern can be achieved by means of geometric-phase optics
with high efficiencies and transparency. Following this view, the light phase tuned by geometric phase optics through anisotropic
media is of great interest in to design functional devices that can be integrated into the systems such as high-power lasers, high-
resolution microscopy, optical communication systems, polarization sensitive imaging, and consumer electronics. The ability of
ultra-short laser pulses to imprint localized birefringent structures has thus been successfully exploited to demonstrate several optical
elements operating on geometric phase effect with ultralow losses [16,138]. Indeed fs-laser induced NGs can be exploited as geometric
phase regulators, due to their features of tunable birefrigence orientation and the related optical retardance. As far back as 2002,
Bricchi et al. [11] demonstrated strongly birefringent Fresnel zone plates within silica glasses, which are attractive because of their
unique focusing abilities and compactness. Recently, we also presented Fresnel zone plates based on NGs written in a mid-IR BGG glass
[12]. Besides, in 2014, Gecevicius et al. [13] fabricated Airy beam [139] converters based on fs-laser-inscribed space variant bire-
fringent structures, as in Fig. 14 (b). Moreover, a spontaneous "self-detachment" of a fiber-like structure was demonstrated in their
study, by using this beam converter, enabling the fabrication of glass cantilevers in an alternative way. In 2017, vortex half-wave
retarder generating optical vortex with a tunable orbital angular momentum and computer-generated holograms with a phase
gradient close to & rad/pm, were fabricated [132].

5.3. Optical data storage

Nowadays, digital data storage is immensely on-demand due to the exponentially increasing amount of data in this era of infor-
mation explosion. Magnetisation-based storages such as hard disk drivers and magnetic tapes have been developed but exhibit the
drawbacks such as low energy efficiency and lifetime as well as longer access latency and degradation over time and/or temperature
[140]. The durability of DNA-based data storage is restricted despite presenting a capacity of hundreds of terabytes per gram [141].
Now, 5D optical data storage (3 spatial coordinates with 2 degrees of freedom namely slow axis direction and optical retardance)
reveals the potential for practical applications based on anisotropic nanostructures photo-induced by fs-laser pulses. The first
demonstration of 5D optical image storage (e.g. a small world map) [15] associated to almost "unlimited" data-storage lifetime [59]
with high recording speed and high capacity showcased the considerable feasibility and superiority of such optical data storage based
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on femtosecond laser direct writing.

Recently, Sakakura et al. [16] reported an intermediate regime of NGs, called “Type X" modification which can be considered as
randomly distributed anisotropic nanopores induced by ultrafast laser able to demonstrate ultralow scattering loss (99% transmission
in visible light and higher than 90% transmission in UV light) compared to NGs (limited transmission when increasing the laser-
induced layer). In this mechanism, the small nanopores diameters that are quite randomly arranged result in a decrease of the Ray-
leigh scattering, and thus low optical losses, offering exciting prospects for applications. For example, these Type X modifications were
exploited for achieving a 5D optical storage with high data capacity and long lifetime in fused silica [ 18] or to imprint ultralow loss 3D
geometric phase optics [16]. In parallel, Lei et al. [17] reported systematically research about the comparison of photosensitivity
characteristics (birefringence) among these nanolamellae-like structures, both within Type X and NGs regimes. 5 GB digital data was
inscribed in 120 mm x 2.4 mm across 50 layers from the bottom to top and the data writing speed was 225 kB/s at the imprinting rate
6 x 10° voxels/s with nearly 100% readout accuracy. More recently, Wang et al. [18] achieved 5D optical storage with high data
capacity and long lifetime, based on Type X modification in fused silica as illustrated in Fig. 14 (c). They presented 5D optical data
storage of “The Hitchhiker's Guide to the Galaxy” written in 100 layers in fused silica, which can represent transmission higher than
99% in the visible range. The readout accuracy can reach 100% for the 100th layer while removing the background using a dedicated
algorithm.

5.4. Laser selective etching

The physico-chimical stability of fused silica could be modified by ultrafast laser due to the ultrahigh transient intensities (several
TW/cm?) resulting in the decomposition of the glass network structure (bound energy). This action will lead to laser selective etching,
due to the unique characteristics of NGs (periodically alternative nanolayers containing nanopores and defects centers). That is to say,
laser-induced structures can be easily removed by strong acidic or basic solution while leaving the pristine region much less affected
with a etching ratio that can reach 10000. This technique is generally applied to bio-chemical reagents or lab-on-chip devices
[142-144] due to itsresolution in micro scale. In 2006, Hnatovsky et al. [19] selectively etched NG-based micro-channels. Another
example in 2013, Liao et al. [20] subsequently achieved fabrication of nanofluidic channels [27] (transverse width less than 50 nm)
based on NGs under fs-laser irradiation. This technique could be used in DNA analysis as shown in Fig. 14 (d). Recently, a 3D model
hand of fused silica (3 cm % 2.7 cm x 1.1 cm) was demonstrated [145] with the blood vessel system encapsulated inside the model
hand. Although this demonstrator was not directly based on selective-etched NGs, it still opened a new era for applications of novel lab-
on-chip and biochip devices, which can be used for in-depth understanding of human diseases.

5.5. Optical fibers-based sensors for harsh environment

With the development of the optical industry, optical fibers and laser imprinted optical waveguides with various characteristics are
more and more developed [132,146-149]. Optical fibers can generally be classified according to the various doping of chemical el-
ements, e.g. F-doped Fiber or Ge-doped Fiber that are the most usual ones. NGs are mostly applied in optical fiber based sensors due to
their unique anisotropic optical characteristics and very high thermal stability [26,150]. Recently, Wei et al. [21] investigated the
thermal stability of Type II modifications (NGs) of fiber Bragg gratings (FBGs) [34,127,151-155] under fs-laser irradiation, in various
conventional glass systems, including different Cl-/OH-doped silica glasses, Ge(,-SiO5 binary glass and Ti- and B-doped commercial
glasses. Such FBGs (or their assembly into Fabry-Perot cavity) are very attractive and can be applied to pressure and temperature
monitoring in airplane engines and in the next generation sodium cooled nuclear reactors. In some of these works, it is indicated that
Ge-doped silica glass can exhibit higher optical retardance values and high thermal stability. Intriguingly, in 2021 Wang et al. [156]
described in details the inscription of NGsinsilica fiber cores to obtain sensors resistant to harsh environment. Low insertion loss (1 dB.
m™") and high-temperature performance (tested at 1000 °C over 5 days) were demonstrated. Also, this type of optical sensor was
exploited in radiation environments in the Massachusetts Institute of Technology Nuclear Research Reactor (MITR). This paper pre-
sented NGs-based fiber sensors, which were prime optical devices and applied to extreme environments. More recently, Wang et al.
[22] studied the writing kinetics and thermal stability of laser-induced oriented nanostructures over a temperature range from 20 °C to
1200 °C inside the cores of sapphire (Al;03) and YAG (yttrium aluminium garnet) derived silicate optical fibers, as in Fig. 14 (e). They
suggested that optical sensors revealed high-temperature sensitivity and stability, e.g., those based on Rayleigh backscattering or fiber
Bragg grating sensors, when imprinted in these nonconventional Al,O3 based fibers. They believed this technique to be a promising
large-scale platform for the next generation of harsh environment sensing optical devices.

5.6. Third-order nonlinear optics control and supervision

Diffraction of ultrashort pulses such as fs pulses by Bragg Gratings can produce nonlinear optical effects. The first report on this
aspect was that volume Bragg gratings led to a diffraction phenomenon, i.e., third harmonic generation through Cherenkov radiation
(an interference of third-order nonlinear polarization between incident and diffracted lights) [157]. Siiman et al. elucidated
complementarily three conditions for generating third harmonic via volume Bragg grating due to the different grating plane azimuths
[158]. In parallel, and similarly to Bragg gratings, NGs revealed the generation of intense ultraviolet emission using infrared light,
which was confirmed as third harmonic [159]. Then, a similar phenomenon was reported by Grigutis et al. [160], that is, conical third
harmonic emission originating from filament-induced NGs. The authors indicated that conical third harmonic generation created
during supercontinuum generation is a noncollinear phase-matched four-wave mixing process involving the reciprocal lattice vector.
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Recently, the same group further confirmed the previously mentioned point of view (i.e., phase-matching scenario) by using various
near-IR driving wavelengths [161]. In fact, third harmonic generation is the most generic third-order nonlinear effect due to the very
high fluence of light filament and can be utilized for in situ imaging of laser-affected zones inside glass. Moreover, it can be generated
by sharp discontinuities in refractive indices and thus interfaces [162]. In general, the interface can be identified via the randomly
distributed nanopores/nanogratings/cracks in laser-irradiated regions. More recently, Bernard et al. [162] performed a systematical
investigation of third harmonic generation upon three laser-induced modifications, i.e., “Type X", “NGs” and “hot spot” and indicated
that full-field polarisation-resolved third harmonic generation could be feedback signal for discriminating various states of matters in
laser-affected zones and can be exploited to control nanogratings and laser-enhanced etching selectivity.

6. Conclusions

In this review, we firstly presented the timeline of nanostructures (nanogratings and Type X) discovered in various fransparent
materials from 2003 to date (as of 2023). Nanogratings were revealed within a wide range of optical glasses but mostly in oxide glasses.
To further understand the impact of chemical composition on nanogratings, the characteristics inherent to their internal structures
including normalized periodicity, nanopore size and filling factor, were closely reviewed. Additionally, the useful performance-related
optical properties of these nanogratings were discussed such as their energy processing window, maximum retardance and birefrin-
gence as well as correlated “technological performances” including energy consumption (pJ/nm), laser scanning speed, and thermal
stability. These results could provide a useful roadmap in the fabrication and design of optical glasses to induce nanogratings with
targeted properties. Indeed over the last 20 years, various applications were successively proposed [9-22], which include: birefringent
optical elements (e.g. polarisation diffractive grating (PDG) [9] with functions of polarisation convertors [133] and beam splitters
[134,135] or “§" waveplate [10,1371); 3D geometric phase optics (like Fresnel zone plates [11,12], Airy beam [139] convertors [13] or
polarisation-shaped Bessel beam [14]); optical data storage [18] and other demonstrators [15-17]); selective etching (for instance,
micro channels in 2006 [19], nanofluidic channels towards DNA analysis [20]); or optical fibers based sensors resistant to harsh
environment such as fiber Bragg gratings (FBGs) for high power laser applications [21], optical sensors resistant to high temperature
[22] or radiative environment [156].
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1IV.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 (u/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-um 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, B.O3 or Al203 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 SiO,, GeO,
B20s3, TiO2, Al203, CaO and NazO. 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 A/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 ~10%¢ Pa's, corresponding to a cavitation mechanism,
ii) a high temperature one the viscosity value typically around ~103°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 (n, Pa‘s) ~ -0.75
in the hypothesis where we consider a characteristic time of 30 ns, or log (n, Pa-s) ~ 1
for a timescale of 1 ps, corresponding to a typical diffusion time. However, this
temperature limit is lowered for much longer processes like isothermal / isochronal
annealing where log (n, 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 um 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

164



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 I/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 Systemes), 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.

: Target Measurement
Laser Parameters Unit
400 kHz 2000 kHz 400 kHz 2000 kHz
Energy per pulse pt =25 =5 265 27
Average power w =10 =10 111 11.3
Center wavelength nm 1030 +/- 5 10321 1032.2
Bandwidth FWHM <10 8.6 8.9
Pulse duration fs < 500 220 240
@ Pulse energy over 12h A»:;:ge tj/j > 25 pr >3 278 0.08 -
Polarization ratio = >100:1 6251
e My i e 1.10
sz E 1.07
Beam diameter Wex mm 2+/-05 153
Woy 1.50
Beam ellipticity < 13% 1.9
Astigmatism % < 50% 27.8
Waist ellipticity < 13% 0.1

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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27282 30 31 3233 3 pi)

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 pm 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 uym to 1.1 ym (e.g. 1.3 pym for 0.55 NA). The diameter is calcu-

lated at 1/e? of the maximum intensity w, = :\:NA,
A

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

where wo is the spot radius for the

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

170



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.

Laser field =

Waveguide field |
2l =
I &
Ey

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 = (546x06)/180, where 0 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)
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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

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 FRANCAIS

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
I'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 « a la demande » des composants optiques arbitraires pour
la mise en forme des faisceaux. ldéalement, ces optiques seraient plates, fines,
présentant de faibles pertes optiques, un seuil de dommage élevé et un faible codt. Les
outils conventionnels de mise en forme de la lumiere ont des capacités limitées : les
modulateurs spatiaux de lumiere sont volumineux, colteux, offrent un changement de
phase limité (typiquement 31 a 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 contrdle total du champ
lumineux de sortie, mais les processus lithographiques sont longs, en plusieurs étapes,
nécessitent des processus colteux 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 I'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
dépdt, I'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'a 0,1 um en 2PP) et avec des rugosités de surface
diverses (pouvant descendre jusqu'a 10 nm en 2PP ou en jet d'encre). Parmi ces
méthodes, I'impression 2PP ou le jet d'encre peut étre utilisée pour produire des
optiques de qualité suffisamment élevée pour I'imagerie. Cependant, ces technologies
en sont encore a 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 dépot de polymeres, si bien que cette
approche permet de réaliser par moulage des préformes utilisées pour I'optique finale.
De plus, aucune de ces techniques n’est capable de controOler la polarisation de la
lumiere.
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L'écriture directe par laser femtoseconde: Méme si I'approche de texturation et de
structuration 3D par un laser femtoseconde ne peut étre considérée a 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'a l'infrarouge thermique. Il permet a 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 tres
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 intérét particulier,
les nanoréseaux photo-induits par laser fs peuvent étre 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 étre formés a 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 étre contrélées
respectivement par le dépot d'énergie et la direction de polarisation de la lumiere. Par
conséquent, |'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 parallele, les progres 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 a vortex, ainsi que les
éléments capables de courber la lumiere de maniere inhabituelle, peuvent étre concus
a l'aide d'une phase géométrique 3D i.e. une phase dite de Pancharatnam-Berry.
Théoriquement, n'importe quel motif de phase peut étre obtenu au moyen d'une
optique a phase géométrique avec des rendements atteignant jusqu'a 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 malgreé des réalisations
passionnantes, leur développement est freiné par des performances relativement
faibles (vitesse d'écriture > 10 h/cm2, transmission de 70 % (peut étre améliorée dans
le cadre du régime de type X [2], densité de phase de 0,25 rad/um [10] et une
retardance limitée a qq 100’s nm par couche [12]) résultant principalement du manque
de contrOle des processus d'interaction laser-matiere. 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 a I'heure actuelle au niveau
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industriel.

Dans ce contexte, comprendre l'interaction de la matiere avec les impulsions laser
femtoseconde permettra d'évaluer le potentiel industriel qu'offre cette nouvelle
méthode d'écriture directe. Certains aspects de l'interaction lumiere-matiere 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
matiere et la lumiere interagissent pour produire une organisation structurée de la
densité du plasma. Les problemes fondamentaux sont de décrire avec précision la
structuration du plasma d'électrons libres produit a la fin de Iionisation
multiphotonique (transition a 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, apres I'impulsion, cette distribution de
densité électronique est « imprimée » en piégeant les électrons dans le solide, et elle
peut étre 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 I'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 trés excités, qui sont en grande partie hors équilibre. Il est donc nécessaire de
remettre en question certaines idées précédentes. Par exemple, les connaissances sur
I'effet des impuretés, des défauts ponctuels ou des états facilement ionisables restent
tres limitées. Des champs de force et pas seulement des champs d'énergie sont
également produits. Leur maitrise ouvre la porte a une science de modification des
matériaux par laser. C'est I'objet des travaux menés aujourd’hui par le groupe MAP de
I'lICMMO et dans le cadre de cette these.

En particulier, une découverte principale constitue la base de cette thése de doctorat.
Il s'agit de la découverte de nanoréseaux auto-organisés dans SiO2 (périodicité de 100
a 400 nm persistant sur la plage du mm, y compris des nanocouches aussi fines que 10
a 30 nm), qui sont en fait les plus petites structures jamais créées par la lumiere [13,
14]. Selon les auteurs, ces nanoréseaux résulteraient d'une modulation de la
composition chimique (probablement la redistribution de I'oxygene) 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 a I'échelle
nanomeétrique. Notre groupe a révélé que les nanoréseaux sont en fait un assemblage
de couches nanoporeuses di a 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 Il dans la littérature, sont a
I'origine d'autres phénomenes expérimentaux inhabituels comme une réponse de
biréfringence linéaire élevée (jusqu'a -10-2), une luminescence polarisée, une diffusion
anisotrope de la lumiere, un fort « dichroisme » linéaire, un changement d’indice

192



négatif, des propriétés optiques chirales et une stabilité thermique extraordinaire
(jusqu'a 150 heures a 1000°C) [18-20].

Ces observations expérimentales laissent plusieurs questions ouvertes qui devraient
étre abordées pour permettre des applications fiables. Comment maitriser de telles
structures et les propriétés qui en résultent, et par conséquent comment les utiliser
efficacement ? Le défi de cette these était d'améliorer notre compréhension de
l'interaction du laser femtoseconde avec les verres optiques, afin de contrdler les
propriétés optiques anisotropes globales (signe, amplitude, orientation, pertes) dans
des matériaux solides transparents a l'aide d'un procédé a grande vitesse et a faible
colt ainsi qu'une technologie idéalement respectueuse de I'environnement et durable
pour les applications optiques. En conséquence, le coeur de ce travail de these vise a
caractériser et comprendre les transformations induites par laser dans une large
gamme de verres d'oxydes, leurs types et changements structurels. Un intérét clé est
de mieux comprendre les mécanismes a l'origine de la formation des nanoréseaux et
les propriétés optiques anisotropes associées. La maitrise 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 a
I'intérieur des verres sont donc des nanostructures extraordinaires avec des domaines
d'application tels que I'optique, la microfluidique, le stockage de données optiques, les
capteurs, etc. Sur la base du cette these, I'origine des NG et |'état des connaissances
associé ont été largement discuté dans le premier et le dernier chapitre. Dans cette
thése, nous nous concentrons ensuite sur |I'étude du role de la composition du verre
sur leur formation. Nous étudions la fenétre de type Il (NG) dans un paysage de taux
de répétition d'énergie d'impulsion (Ep-RR) a 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 parametres
laser similaires. Le retardance des NG est mesurée par microscopie optique en lumiere
polarisée. La microscopie électronique a balayage est utilisée pour confirmer la nature
poreuse des nanocouches composant les NG. Nous discutons ensuite de I'impact de la
viscosité du verre sur la formation de NG, propriété clé a prendre en compte. Le
domaine d'existence des NG est défini a I'aide d'un modele 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 fenétre d'existence des NG. La limite inférieure correspond a 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 I'effacement
des NG par « I'effondrement » des nanopores et est définie comme la température a
laquelle la viscosité atteint 103,0 Pa-s. Les fenétres expérimentales sont en accord avec
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les hypotheses développés a 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 fenétre des NG se rétrécit. Le dopage des éléments
alcalins et alcalino-terreux dans les verres silicatés diminue la fenétre 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-Al203) sont étroitement liés a la
viscosité du verre. Ensuite, nous analysons la nanostructure interne des NG et leur
formation a l'intérieur du verre de silice via des techniques SEM, microscopie
électronique a transmission par balayage (STEM), microscopie électronique a
transmission a haute résolution (HRTEM) et microscopie a force atomique (AFM). A
partir des images, il apparait que des nanopores de forme oblate peuplent un
ensemble de nanoplans non continus, qui se développent perpendiculairement a 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 entrainera une diminution d'impulsion en
impulsion de la périodicité moyenne bien inférieure a A/2n. Le modele de
« nanocavitation médiée par le plasma » est discuté afin d'expliquer la formation de
ces NG sub-longueur d'onde qui sont «organisés de maniere forcée par la lumiere»
(plutdt qu'auto-organisés) dans un régime multi-impulsionnel.

L'étude de la stabilité thermique des nanoréseaux est utile pour les applications de
dispositifs optiques a haute température, en particulier pour les concepteurs afin de
prédire I'évolution dans leurs conditions de travail (température et durée). Lors des
recuits thermiques, le retardance ou biréfringence linéaire sont progressivement
effacées, caractéristique de I'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 étre enregistrée au cours de I'évolution du R a mesure que
la température augmente. L'évolution du R au cours du recuit isochrone peut
théoriquement étre prédite grace a I'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 a la viscosité et |I'expression du temps caractéristique d'effacement
a été établie a l'aide de I'équation R-P simplifiée. Il est utilisé pour prédire
théoriquement |'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 a une température pour laquelle la valeur
de la viscosité du verre est log (n, Pa‘s) ~ -0,75 dans I'hypothese ou I'on considere un
temps caractéristique de 30 ns, soit log (n, Pa-s) ~ 1 pour une échelle de temps de 1 ps,
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 ou log (n, Pa's) ~ 10. Le couple temps et température doit étre
pris en compte dans I'effacement des NG puisqu'il s'agit d'un probleme 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 I'équation de Rayleigh-
Plesset et VAREPA, nous proposons de prédire la durée de vie des NG. Pour construire
ce que I'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, kO, de différents verres d'oxyde peut ainsi étre déduite en simulation. Les
données expérimentales peuvent également valider I'existence d'une courbe maitresse
et la prédiction est excellente avec un taux d'effacement donné. L'interprétation
physique du kO et de la distribution de I'énergie d'activation sous-jacente a été
développé, montrant un lien direct avec la viscosité du verre et sa dépendance a la
température. Enfin il a été démontré que le In(k0), augmentait linéairement avec la
fragilité du verre d'Angell, m.

Ensuite nous développons un modéle de diffusion de chaleur combiné a I'équation
R-P pour simuler I'évolution temps-température des nanopores le long du profil de
refroidissement thermique du laser. Nous montrons les courbes de Ep versus RR
modélisées a I'état stationnaire dans 8 verres d'oxyde commerciaux. Ici, I'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 derniére impulsion a I'état stationnaire dépend du taux de répétition, di a
I'accumulation de chaleur qui intervient a haute cadence. Pour un coefficient
d'absorption fixe, a 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 dépbt d'énergie a été ajusté en fonction du RR, ce qui a
été fait en prenant en compte I'évolution du waist du faisceau laser qui augmente avec
I'énergie.

Enfin nous examinons I'impact de la composition chimique sur les nanoréseaux et
leurs caracteristiques 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 fenétre de
traitement énergétique, leur retardance et leur biréfringence maximale, ainsi que les «
performances technologiques » corrélées, notamment la consommation d'énergie
(W/nm), la vitesse de balayage laser et la stabilité thermique. Cette collection de
travaux expérimentaux fournit une feuille de route des matéeriaux pour stimuler le
développement et la sélection de matériaux pour lI'impression des nanoréseaux, en
fonction de I'application finale, et vise a identifier de maniere exhaustive les difféerences
existantes entre ces verres.
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En termes de perspectives, il sera crucial de continuer a comprendre comment ces
matériaux se comportent a |I'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 étre adaptées au stockage de données optiques, aux dispositifs micro/nano
fluidiques, a la formation de nouveaux alliages, aux applications catalytiques, aux
capteurs, etc. La polarisation de la lumiere est un parametre efficace pour controler
I'apport d'énergie dans la structuration laser des surfaces et des volumes. Il est
cependant possible d'aller bien au-dela d'un simple dép6t d'énergie laser dans la
matiere conduisant a des effets thermiques conventionnels (découpe laser, fusion)
mais il est possible de développer des forces apres une excitation énergétique non
linéaire. Des recherches plus approfondies sur les changements structurels et les
mécanismes du NG a l'aide de techniques a I'échelle nanométrique telles que le nano
IR et le nano Raman pour étudier les changements structurels a I'échelle de 10 nm a
l'aide de la spectroscopie vibrationnelle, du nano XPEEM (microscopie a émission
photoélectronique a rayons X), de l'analyse élémentaire a I'aide de HR-TEM EELS
(Electron Energy Loss Spectroscopy), EFM pour vérifier la présence d'un champ de
charge d'espace, en particulier a des échelles de temps courtes (ps-ns). D'un point de
vue technique, la mise en forme temporelle, telle que quelques impulsions et I'usinage
en rafale de GHz pour améliorer la vitesse d'écriture linéaire des NG, combinée au
contréle de la porosité a I'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 étre 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 I'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 a un « mode sans
avalanche pour un dépdét d'énergie plus efficace et hautement localisé, une
manipulation plus efficace du couplage spatio-temporel et un meilleur contrdle du
processus d'ensemencement des NG ».

Ce que I'on peut imaginer aujourd'hui avec un laser subpicoseconde peut également
étre réalisé plus clairement avec un laser «véritablement femtoseconde » qui
apparaitra sur le marché dans les prochaines années. Le temps nécessaire pour une
demi-période dans I'IR a une longueur d'onde de 1 um est de 1,7 fs | Dans ce cas, les
charges opposées peuvent étre plus facilement séparées. A terme, nous ouvrirons la
voie a la science des matériaux grace aux impulsions laser sous-cycle. A I'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-a-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
parametres laser appropriés a utiliser. Ces futurs travaux augmenteront nos
connaissances sur l'action non linéaire impliquant l'interaction d'une lumiere laser
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intense et ultracourte avec la matiere. Ces nouvelles connaissances s'appliqueront a
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 lumiére-
matiére affecté par la polarisation. Une perspective fascinante consiste a combiner la
distribution temporelle et spatiale de la polarisation, de l'intensité et de la phase de la
lumiere a l'intérieur d'un matériau diélectrique. Ce faisant, il deviendra possible de
controdler efficacement la distribution et I'orientation des forces non linéaires dans |'état
solide excité (par exemple le plasma induit) et, ainsi, I'effet final dans la matiere, en
exercant en plus des actions mécaniques dans la matiere en plus des effets thermiques.
Ceci n'est possible que pour des intensités significatives et des durées d'impulsion
ultracourtes, lorsque les électrons peuvent étre excités dans des états délocalisés
indépendamment du mouvement ionique.

Les idées proposées se résument a la phrase suivante : adapter I'outil de traitement
(c'est-a-dire le laser et sa mise en forme spatio-temporelle) a une tache donnée. Par
exemple, un résultat passionnant serait de créer des NG complexes en combinant
plusieurs faisceaux laser. Les faisceaux laser, c'est-a-dire les vortex optiques ou a
polarisation circulaire, transportent le spin et le moment cinétique orbital (SAM et
OAM). Ces expériences aident a répondre a une question de départ de savoir si SAM
et OAM sont équivalents en ce qui concerne l'absorption de la lumiére. Un autre
exemple est celui des faisceaux de Bessel, qui permettent la fabrication de structures
« trés allongées ». En effet, I'empreinte NG peut étre explorée pour générer des
faisceaux laser connus tels que les modes Bessel, Hermite-Gaussien et Laguerre-
Gaussien et pour permettre l'ingénierie de lintensité et de la distribution de
polarisation au foyer du faisceau. Parmi les faisceaux vectoriels particuliers, on trouve
une classe de solutions a I'équation des ondes vectorielles définie par une direction de
polarisation variable dans I'espace. Les faisceaux vectoriels cylindriques obéissent a 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 contrdle important sur la forme du champ électrique a 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 controle ultrarapide de la focalisation du faisceau laser sous
focalisation étroite. Par exemple, un faisceau laser polarisé radialement focalisé avec
un objectif a NA élevée présentera un champ électrique longitudinal solide, qui pourrait
méme accélérer des particules chargées. Ces possibilités d'ingénierie de polarisation
de point focal peuvent bénéficier a la fois a I'impression d'effets circulaires anisotropes
et non linéaires dans les verres.
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