N

N

On the femtosecond laser-induced photochemistry in
silver-containing oxide glasses: mechanisms, related
optical and physico-chemical properties, and
technological applications
Yannick Petit, Sylvain Danto, Théo Guérineau, Alain Abou Khalil, Arthur Le
Camus, Evelyne Fargin, Guillaume Duchateau, Jean-Philippe Bérubé, Réal

Vallée, Younes Messaddeq, et al.

» To cite this version:

Yannick Petit, Sylvain Danto, Théo Guérineau, Alain Abou Khalil, Arthur Le Camus, et al.. On the
femtosecond laser-induced photochemistry in silver-containing oxide glasses: mechanisms, related op-

tical and physico-chemical properties, and technological applications. Advanced Optical Technologies,
2018, 7 (5), pp.291-309. 10.1515/a0t-2018-0037 . hal-01895912

HAL Id: hal-01895912
https://hal.science/hal-01895912
Submitted on 15 Oct 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01895912
https://hal.archives-ouvertes.fr

On the femtosecond laser-induced photochemistry in silver-containing oxide glasses:
mechanisms, related optical and physico-chemical properties, and technological applications

Y. Petit, "% Y Danto,’ T. Guérineau,’ A. Abou Khalil*?> A. Le Camus,”’ E. Fargin,l G. Duchateau,’ J.-P.
Bérubé,” R. Vallée,” Y. Messaddeq,3 T. Cardinal,’ and L. Canioni®

! University of Bordeaux, CNRS, ICMCB, UMR 5026, 87 avenue du Dr Schweitzer, F--33608 Pessac cedex,
France

2 University of Bordeaux, CNRS, CEA, CELIA, UMR 5107, 351 cours de la libération, F-33405 Talence
cedex, France

3 Centre d ‘optique, photonique et laser (COPL), Université Laval, Québec, Canada, G1V 046

*Email: yannick.petit@u-bordeaux.fr

Abstract

Laser-induced glass processing has led to huge progress and applications over the last two decades. Here we
review recent advances in femtosecond laser-induced photochemistry in isotropic transparent oxide glasses
specifically tailored with silver photoactive agents. The understanding of the influence of the considered
glass matrix on the nature and properties of the created silver species is of prime importance. After
presenting the key material properties, the formation mechanisms of laser-induced silver-based species are
discussed, and potential technological applications are highlighted. Laser-induced processing of silver-
containing oxide glasses pave the way for the fabrication of complex integrated waveguides and optical
circuits with innovative fluorescent, nonlinear optical and plasmonic properties. The universality of the
method is expected to extend in any glass materials that show similar laser-induced behavior in terms of
silver clusters production.

1. Introduction

Focused femtosecond laser pulses with energies of a few hundreds of nanojoules have become a key tool to
modify the physical properties of glass in three dimensions (3D). Because of the nonlinear behavior of the
interaction, the energy deposited by a focused femtosecond pulse is confined inside the focal volume,
resulting in sub-micrometer spatial resolution for local structuring. Fabrication of 3D integrated photonic
structures inside a transparent glass substrate using ultrafast laser inscription is offering unique perspectives
for applications in various fields such as astrophotonics [1], optical communication and active devices [2],
quantum photonics and emulation of quantum systems [3], optofluidics and sensing [4]. Femtosecond laser-
induced photochemistry has been reported in a large variety of glass matrices, including silicates [5, 6],
aluminosilicates [7 — 9], aluminoborates [10], but also composite plasmonic metal / dielectric media [11, 12].
The irradiation conditions as well as the intrinsic properties of the material have been optimized to reach the
specific and desired response to femtosecond laser exposure. While femtosecond direct laser writing (DLW)
has been focusing on the modification of the glass matrix, the introduction of specific centers has been
investigated for, for instance, monitoring the photosensitivity of the material or for creating new 3D photonic
structures. The role of different ions has been examined such as transition metal ions Cu®* [13], Au" [14],
Fe'" and Mn®" [15], and also rare earth ions such as Sm** [16], Eu** [17] and Eu’" [18].

Here we will discuss the femtosecond laser-induced photochemistry in silver containing oxide glasses.
Among the different ions cited above, the introduction of silver has appeared as the most efficient and
fruitful route toward the functionalization of glasses with distinctive properties [19 — 24]. Previous reviews
of femtosecond laser-materials interactions have concentrated mainly on commercial materials, such as fused
silica, highlighting material modifications such as refractive index changes and void creations [25 — 27]. In
this review paper we focus on non-conventional phosphate and gallo-phosphate glass matrices containing
silver photosensitive ions and, in the meantime, on the irradiation regime for which photochemical reactions
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occur. In fact, the material modifications considered in this review are much weaker than the ones previously
reported elsewhere. Indeed, in this regime, photochemistry relies on multiphoton ionization, which provides
broad versatility by adapting the order of the absorption nonlinearity to the band gap of the considered
material, as far as laser fluences and irradiances remain below optical damage thresholds.

In Section II, the glass matrix and its properties are presented. In Section III, the mechanisms of energy
deposition, structural relaxation and the different photo-ionization processes are introduced. The broad range
of physical properties that can be modified is described. Femtosecond lasers can deliver high peak powers
while keeping moderate average powers. This particularity makes them perfectly suitable for local
interaction and 3D patterning. Finally in Section IV, we present promising technological applications with
respect to the changes of optical and physico-chemical properties.

II - Glass matrix and silver insertion: silver-sensitized glass materials

The deep understanding of the formation mechanisms of silver clusters or particles in host matrix by
femtosecond laser irradiation is essential to achieve on-demand photochemical modifications and new silver
species with proper size and shape, inter-particle distances and volume concentration. Considering glasses,
the formation mechanism of silver clusters and metallic nanoparticles (NPs) has been widely investigated in
soda-lime silica glasses [28], oxy-fluoride [29], phosphates [30].

Direct laser writing using IR femtosecond laser in transparent materials is driven by multiphoton absorption
processes. In silver containing phosphate glasses, Bourhis ef a/. [31] have demonstrated that, using a 1030
nm femtosecond laser, a four-photon absorption process is responsible for the silver cluster formation. The
four-photon wavelength (i.e. 1030/4 = 257 nm) corresponds to the absorption band of the Ag" silver ions
attributed to the d'°—d’s' transition. Such result indicates that the absorption feature of the silver ions in
glass affects the material sensitivity with respect to IR femtosecond laser. The interaction of such glasses
with a high repetition rate femtosecond NIR laser leads to the formation of fluorescent silver clusters on the
edge of the voxel of interaction. These clusters, composed of less than 10 atoms, result from the reduction of
silver ions and the diffusion of silver species from the center to the side of the interaction volume.

Phosphate glass family exhibits many attractive properties. Depending on their composition, they possess
good chemical durability, excellent optical properties and ion exchangeability, and fiber drawing ability [33,
34]. They allow for a high rare-earth ions loading with limited clustering effect and thus reduced photo-
darkening [35]. Such qualities lead to the possibility of fabricating more compact optical gain devices.
Furthermore, they have attracted particular attention thanks to their ability to contain relatively large
concentration of photosensitive agents such as silver. Depending on the [O]/[P] ratio, phosphate glasses can
be made within a broad range of structures, based either on a cross-linked network of Q’ tetrahedra (vitreous
P,0s), polymer-like polyphosphate chains of middle-chain Q tetrahedra, ‘invert’ glasses based on small
pyrophosphate units (Q') formed of two PO, tetrahedral sites or finally on orthophosphate network (with Q°
units) formed with isolated PO, units [36] (Fig. 1). Such diversity of glass network structure offers a great
variety of material properties.

Among the different phosphate compositions, special attention has been paid recently to zinc-phosphate
glasses [31, 37 — 40]. In such phosphate glasses, the addition of Al,O3 or Ga,0Oj; significantly improves the
chemical durability of these glass networks, especially with respect to water etching and solubility. However,
such an addition of Al,0; or Ga,0O; may also affect the thermodynamics of silver elements, by possibly
accelerating the silver cluster clustering and even silver plasmonic nanoparticles formation in zinc phosphate
glasses [41, 42].
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Figure 1. Phosphate tetrahedral PO, sites in phosphate glasses: Q’ cross linking, Q? middle chain unit, Q' terminal unit, Q° isolated
unit.

The absorption features of silver ions in glass are directly related to the silver ions distribution, as well as
their local environment. The solubility of silver ions in glass is strongly related to the glass matrix
composition. In most of silicate, using standard melting techniques, little amount of silver can be introduced.
Ionic exchange techniques have been widely developed in order to reach the molar percent range [43],
femtosecond direct writing and silver photochemistry become then possible on these glass surfaces.
Alternatively, phosphate glasses allow for high silver ions loading, and thanks to this property, multiple
achievements have been realized in these materials over the last ten years.

The solubility of the silver ions in the amorphous matrix is a key issue for efficient laser writing. Indeed the
silver ions can occupy different sites in the glass matrix, which depends on the glass composition, the
material processing and its thermal history. Moreover, energy deposition during femtosecond laser
irradiation results from a nonlinear multi-photon absorption process, which is affected by the linear
absorption behavior of the glass, especially in the UV cut-off region of the glass [31]. Yet little attention has
been paid to the absorption feature in silver containing phosphate glasses and its impact on the overall glass
photosensitivity to femtosecond IR laser exposure. The silver ion environment in oxide glass matrices
influences both the absorption feature in the UV and the luminescence property of the pristine glass. These
properties can be also exploited to investigate the nature of occupied silver sites in the glass matrix.

Various silver ions emission centers have been identified in silver-containing phosphate glasses. An emission
attributed to isolated Ag’ ions coordinated by 6 to 8 oxygen atoms for low silver concentrations was
observed in the 300-450 nm spectral domain with fluorescence emission maxima ranging from 325-380 nm
in Na,O - K,O - Al,O5 - P,Os — Ag,O glasses [44] and in Na; AgiPO; and Na, 1Ag,ZnPO; polyphosphate
compositions [45, 46]. The presence of several host sites for Ag" ions with close point symmetries was
assumed. In the same work a second emission, observed between 450 nm and 750 nm, with a maximum near
550 nm for high concentrations of silver, was associated to the presence of Ag'--Ag" pairs in analogy with
the emission in crystalline structure AgPOs. Its intensity increases with the silver content. Similar results
were obtained in silver-exchanged silicate glasses [47] and in crystalline and vitreous AgBaP;0q
polyphosphates [48, 49]. In SrB4O; borates [50], the luminescence of the site emitting at 290 nm was
attributed to a crystallographic site of lower symmetry than the one observed in alkali halides. In the specific
case of silver-containing zinc phosphate glass matrix (58Zn0-42P,0;s), the luminescence properties
attributed to Ag” ions have been investigated [46, 41, 51]. The luminescence spectra for a set of composition
(1-x) (55.4 ZnO + 40.3 P,Os + 4.3 Ga,03) + x Ag,O (oxide molar %) are reported in Fig. 2. For excitation
wavelengths inferior to 270 nm, the glasses exhibit a broad emission in the 250-450 nm range (Figs. 2a and
2b). For Aexe = 230 nm, two emission bands can be distinguished with maxima centered at 290 nm and 370
nm (Fig. 2b). With increasing Ag" concentration, the relative intensity of the 290 nm band vanishes as
compared to the emission at 370 nm. The relative intensities of the two emission bands strongly depend on
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the excitation wavelength, as depicted in Fig. 2.When the excitation wavelength is raised up to 280 nm
typically, the emission band near 370 nm is favored which indicates the presence of different emitting

centers (Fig. 2d).
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Figure 2. Photo-luminescent properties of silver containing zinc phosphate glasses (1-x) (55.4 ZnO + 40.3 P,Os + 4.3 Ga,05) + x
Ag,0 as a function of Ag,0 (oxide molar percent) and evolution of the intensity of the site A versus site B: (a) Excitation graphs for
Aem = 290 nm and (b) Emission graphs for A = 230 nm; (c) Excitation graphs for A.,, = 480 nm and (d) Emission graphs for Ay =

280 nm.

Time-resolved luminescence allows for identifying two different lifetimes in accordance with the presence of
two emitting centers. For Ao = 230 nm and A., = 290 nm, the decay of luminescence lifetime corresponds to
a lifetime of 14+2 ps, while for Ae = 260 nm and A, = 365 nm, the associated lifetime is about 35+5 ps.
The measured decays and the luminescence lifetimes are in accordance with results obtained in silver-
containing borates [50] and phosphates [51]. The emission band appearing at higher wavelength (365 nm) is
dominant for the high concentration of silver ions (>3mol% Ag,0), suggesting a pairing of the silver ions in
the glass matrix as proposed by Belharouak ez al. [49]. Similar phenomena have been observed in the system
Ga,0; — Na,O — P,0Os [52]. Such formation of silver ion pairs, with absorption in the near UV range, has also
been reported in different compounds such as halide and phosphate crystals or glass [48, 53].

One has to notice also that depending on the glass matrix structure, namely polyphosphate, pyrophosphate or
orthophosphate glasses, the absorption band edge is shifted due to the evolution of the ratio between isolated
silver and pairs. For similar silver content, glass network favoring silver pairing such as pyrophosphate
clearly exhibit a red-shifted absorption feature, as depicted in Fig. 3 (left). The shift linked directly to the
existence of silver ions pairing that concomitantly lead to a red-shifted luminescence excitation band, as
compared to the one of isolated silver ions (Fig. 3 (right)).
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Figure 3. (left) Absorption and (right) emission for excitation at 220 nm for the three glass compositions (expressed in mol%) 61.14
P,05 — 21.58 Ga,03 15.28 Na,O -2 Ag,O (poly-phosphate), 46.6 P,05 — 16.45 Ga,0; — 34.95 Na,O — 2 Ag,O (pyro-phosphate),
51.53 P,Os — 12.12 Ga,0; — 51.53 Na,O — 2 Ag,0 (ortho-ophosphate), keeping the ratio Ga,O3/P,0s=0.35 constant.

The Fig. 4 (a) presents an image of coil fluorescent patterns obtained by DLW for various sample motion
speeds on the same polyphosphate, pyrophosphate or orthophosphate glasses than presented in Fig. 3. The
Fig 4 (b) shows the corresponding integrated intensity for each pattern. A direct correlation can be
established between the presence of silver pairing and the photosensitivity. The ortho-phosphate glass
composition, having the largest amount of silver pairing, exhibits the highest photosensitivity toward
femtosecond laser writing (Fig 4 (b)). One can propose that the four-photon absorption process is favored
thanks to the presence of silver pairing absorbing between 250 and 280 nm [31]. This effect demonstrates
that both the concentration of silver and the glass matrix structure are of importance for generating silver
pairs and thus for tailoring the material photosensitivity. Luminescence spectra of the photo-induced patterns
is presented in Fig. 4 (c) for the different glasses while keeping the same DLW laser parameters (Laser
irradiance : 16.3 TW.cm™ ; sample motion speed : 25 pm.s™).
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Figure 4. (a) Fluorescence imaging with wide-field excitation at 365 nm of 100x100pm?-dimension fluorescent coil structure
obtained with KGW:Yb femtosecond oscillator (up to 2.6 W, 9.1 MHz, 390 femtosecond FWHM at 1030 nm) for 16.3 TW.cm™-
irradiance and various sample motion velocities (25, 50, 100, 250 and 500 pm.s™') in three relevant glass compositions
corresponding to poly-phosphate, pyro-phosphate and ortho-phosphate glasses. Note that imaging exposure time has been adapted for
each phosphate glass to avoid any under and overexposure (b) Integrated intensity of the fluorescence imaging of a coil structure for
poly-, pyro- and ortho-phosphate glasses for various velocities (25, 50, 100, 250 and 500 pm.s™") (c) Emission spectra for excitation
wavelength at A, = 405 nm of the femtosecond laser irradiated area for poly-, pyro- and ortho-phosphate glasses corresponding to
DLW parameters : 16.3 TW.cm™ at 25 pm.s™".

The spectroscopy of laser-induced silver clusters has been investigated in detail, especially in the silver-
containing system ZnO - P,Os - Ga,03, with silver oxide molar concentrations corresponding to those of Fig.
2. Laser-induced silver clusters show additional absorption bands that correspond to their fluorescence
excitation bands [32]. Such new absorption bands are broad and partially depend on laser irradiation
parameters and on the considered silver oxide concentration: the smallest silver cluster species, namely Ag,",
showed a band centered at 302 nm (FWHM 34 nm), while larger clusters led to bands centered at 287 nm
(FWHM 35) and 340 nm (FWHM 56) [30]. Fluorescence emission of the silver clusters also correspond to a
broadband emission that covers the whole visible range and depend on laser irradiation parameters and on
the considered composition, showing distinct emission bands with multiple fluorescence decay lifetime in
the sub-ns and ns range [30 — 32, 37].

III - Femtosecond laser interaction in silver-containing glasses: mechanisms & properties
III-1. Laser/matter interaction: general mechanisms

Material modification regimes



Femtosecond laser materials interaction has been extensively studied during the past two decades [54 — 58].
The understanding of the involved physical processes and of their associated characteristic times represents a
highly complex task since such laser/matter interactions differ with the considered material under
investigation and with the irradiation regime. Nevertheless, some elementary processes involved in
laser/matter interactions are commonly admitted (Fig. 5). First step deals with energy deposition in the
material, corresponding to the partial absorption of the incident laser and the associated generation of
photoelectrons. Once thermalized, these electrons then transfer their kinetic energy to the lattice, leading to a
well-established local thermodynamical equilibrium. Finally, heat diffusion occurs so as to homogenize the
temperature distribution, which can be accompanied by the local melting of the material and its subsequent
re-solidification. Globally, this leads to density material modifications labeled as Type 1 regime. In the case
of excessive energy deposition, Coulomb explosion can also occur, leading to the creation of voids which is
labeled as the Type 3 regime. These two regimes can be accessed with a single pulse, implying that the
induced temperature increase is not critical to the resulting modifications [59, 60]. An alternative regime is
the Type 2 regime, for which it seems that several pulses incident within a short period of time (us) are
necessary for pulse-after-pulse memory effects to take place during the interaction time [S2 — 61]. Finally,
softer material modifications can result from laser-induced photochemical reactions, for which the control of
the pulse-after-pulse accumulated heat (through the multiple-pulse irradiation at high repetition rates) is even
more important. Indeed, in such photochemical regime, heat distribution and diffusion drive both the thermal
activation of the chemical species mobility and diffusion inside the temperature gradient, enhancing the
photochemical reactivity towards the creation of new species [20, 21, 24, 30, 39, 52 — 67]. The description
of such photochemical aspects is a key point of the present review article.

Multiphoton absorption and tunnel ionization
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Figure 5. Timescales of the physical phenomena involved in laser-material interaction.

Single-pulse energy deposition

Femtosecond laser energy deposition typically leads to a three-step dynamics, including the creation of free
electrons through photo-ionization, their acceleration with additional absorption from the laser field, and
finally, additional release of free electrons through avalanche ionization when the kinetic energy of free
carriers exceeds the material band gap energy. Multiphoton ionization and tunneling ionization have been
theoretically described by Keldysh since 1965 [68]. Multiphoton ionization corresponds to the simultaneous
absorption of several photons allowing for a net involved energy to exceed the ionization potential of the
electron energy level. Tunneling ionization takes place when the incident electric field is sufficiently high to
distort the potential barrier that maintains the electron in the field of the nucleus of an atom. The electron is
then ejected by the tunneling effect through the lowered potential barrier. The balance between multiphoton

and tunneling ionizations is commonly quantified by the Keldysh parameter y= /mechnOEga)Z /ezl , which
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implies the ratio between the electron ionization energy and the ponderomotive energy, and where w; is the
laser angular frequency, m, and e the mass and the charge of the electron, respectively, c the speed of light in
vacuum, n, and E, the refractive index and the band gap energy of the material, respectively, &, the dielectric
permittivity of vacuum and [/ the irradiance [68]. Multiphoton ionization dominates when y>1 (i.e. for
relatively low irradiances). Subsequent avalanche ionization occurs when free electrons are sufficiently
accelerated by the laser field to get enough kinetic energy to ionize a neighboring atom by collision. Typical
avalanche ionization timescale is 30-50 femtosecond, requiring thus pulse durations longer than such
timescale [58, 69]. For shorter pulses, multiphoton “forest fires” ionization has been proposed for
intermediate values of the Keldysh parameter (y>1) with the avalanche-like creation of holes in clusters or
molecules [69, 70].

The combined phenomenology of these processes is rather complicated. The interplay between various
microscopic physical and chemical mechanisms, associated to different time scales, gives rise to the
emergence of a mesoscopic behavior taking place at sub-micrometer spatial scales, ultimately leading to a
silver cluster organization in the irradiated material when considering silver-containing glasses, as detailed
hereafter.

II1-2. Single-pulse interaction and specific laser-induced mechanisms

The general mechanisms presented in Section III-1 need to be detailed to take into account the multi-physics
and multi-scale phenomena that occur in silver-containing glasses during femtosecond laser structuring with
high repetition rates. During laser pulse, free electrons are promoted based on multi-photon absorption either
from the silver ions Ag" or from the phosphate chains of the glass matrix. Such bunch of free electrons leads
to the Ag’-formation kinetic reaction (Ag" + ¢~ — Ag’) accordingly to the dependence of the kinetic reaction
rate on the components’ concentrations and the presence of electron diffusion. Such an Ag’ species may be
either a real metal atom or, most likely, a trapped electron that is localized near a silver ion, without fully
belonging to it but instead being shared between surroundings. In relationship to the creation of free
electrons, positively-charged holes are either directly produced from the ionization of silver ions Ag" or
trapped by these ions during the Ag’ formation process. The trap formation globally corresponds to the
mechanism: 42 + Ag" — Ag”". Such traps are considered to have no mobility. Additional recombination
processes (¢ + k', h" + Ag’ — Ag', e + Ag” — Ag") are also in competition with the charge trapping
associated to the formation of the Ag”" and Ag” species. The reaction e + Ag" — Ag’ terminates when the
concentration of electrons vanishes. The resulting Ag’ distribution qualitatively corresponds to the slightly
diffused distribution of previously existing free electrons, such diffusion both resulting from the free electron
diffusion itself and/or from that of the induced Ag’ species. Correlatively, the laser-induced energy
deposition is associated to a local temperature distribution (the relevance of the role of thermally activated
processes will further be detailed in Section III-3). Still, the radial diffusion of the Ag’ species, locally
activated by the temperature distribution allows this species to take part into the following kinetic reaction:
Ag’ + Ag" — Ag,". Please note that such a thermal activation occurs despite the fact that the induced
temperatures remains well below the melting temperature and glass transition temperature of the material.
This first stage of silver cluster formation, initiated with the creation of Ag," species, stops either if the local
concentration of the precursors Ag’ vanishes or if its associated mobility drops down, leading to fixed Ag"
species (as corroborated by the analysis of spatially-resolved transmission microscopy of laser-irradiated
silver-containing glasses [30]). The Ag," distribution therefore qualitatively corresponds to the slightly
diffused distribution of the silver cluster precursors Ag’. Alternatively, a pair Ag™--Ag” of two closely
neighboring Ag” ions may also easily trap a free electron, directly leading to the formation of Ag,” species
thanks to the mechanism : Ag'--Ag’ + ¢ — Ag,". Further growth of larger silver clusters follows similar
photo-activated chemical pathways. By also introducing a laser-activated mobility of the Ag’ ions, the
production of silver clusters globally results from a series of reactions, corresponding generally to x.Ag" +
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y.Ag’ — Ag,*" with the nuclearity m = x + y [31]. In addition to cluster growth, charge compensation
mechanisms can occur between the induced clusters and surrounding reducing agents (such as non-bridging
oxygen elements or other defects), leading to specific stable Ag,*" clusters with adapted nuclearities m and
associated charges x" [30, 71, 72]. Silver clusters Ag,*" are expected to show no mobility since their
diffusion and site hopping are inhibited by stearic issues. Finally, correlatively to the creation of photo-
electrons, existing silver clusters located on the on-axis region of the focused laser beam are, when irradiance
is high enough, photo-dissociated. As a consequence, the net budget of silver clusters formation after one
single laser pulse is the balance between the photo-dissociation of pre-existing silver clusters and the photo-
activated diffusion and chemical reactions of small silver elements (Ag’ and Ag") to create silver clusters.

III-3. Many-pulses interaction regime and cumulative effects

Because of fast trapping processes and associated kinetic reactions, the concentrations of free electrons,
holes, and intermediate component Ag” vanish before the next pulse, even in the case of lasers with high
repetition rates of up to 100 MHz, typically. The involved processes described in Section I1I-2 repeat from
pulse to pulse, leading (i) to the systematic destruction of silver clusters in the intense on-axis region of the
laser beam, (ii) to the pulse-after-pulse creation of photo-electrons that activate the net migration of silver
elements from the on-axis region to the periphery of laser beam which corresponds to the partial
consumption of the local reservoir of the available silver ions, (iii) to the progressive creation and growth of
large silver clusters located at increasing radii around the periphery of the laser beam (Fig. 6). Such
accumulated pulse-after-pulse processes finally lead to a cylinder-shaped distribution of fluorescent silver
clusters centered on the on-axis laser beam pathway (in the case of an irradiation at fixed position).
Correlatively, the described diffusion and net migration of charged species is accompanied by the creation of
a non-zero space charge separation, which results in a perennial buried static electric field, locally breaking
the centro-symmetry. These aspects may also involve non-trivial but possible charge compensation
mechanisms involving the glass network [73 — 76].
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Figure 6. Physical processes involved in the pulse-after-pulse formation of silver clusters and associated nanostructures.
III-4. Multi-scale phenomenological numerical model

Most of the involved mechanisms mentioned above have been included in a phenomenological multi-scale
numerical model that takes into account the pulse-to-pulse coupled equations for the energy deposition
processes, the evolution of temperature 7, the electron and hole concentrations #, and #n;, and the distinct
concentrations of the silver-based metal species ny, during the cumulative process of cluster formation.
Because smaller clusters Ag," are not mobile species, but also because of computing time reasons, M species
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are restricted to Ag’, Ag’, Ag”" and Ag,", which reasonably depicts the overall pulse-to-pulse process
without altering the underlying physics by simplifying the problem. Larger clusters will thus not be
considered. Other cationic elements of the glass matrix are considered as fixed elements [77], which is
relevant in gallium-containing zinc phosphate matrices for temperature below the glass transition
temperature T,. Further numerical developments could include, whenever needed, the co-mobility of other
elements especially like sodium ions [78]. Here, the general form of coupled equations of the derived model
can be expressed as:
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where ¢ and g4 are vacuum and relative permittivities. I p,, and Sy, in Eq. (1) are the heat diffusion term and
the laser-induced heat source term, respectively. In Eqs. (2) and (4), I 5 (7, n) and Iy, (T, n, E4) represent the
diffusion and the mobility terms of the involved components. The hole mobility and diffusion is neglected as
it is generally much lower than the electron mobility in dielectric media [79, 80]. [k includes the kinetic
reactions of metallic silver-based species, and /7 is the laser-induced electrons and holes source term in Egs.
(2) and (3). The dissociation term [ p; (1)) corresponds to the phenomenological description of the
dissociation pathways of the involved metallic clusters on the intense on-axis region of the laser beam. Its
sign is negative if the metallic species is the dissociating cluster, and it is positive if the species is the product
of the dissociation. In Eq. (5), Q is the self-induced electric charge redistribution, and E4. describes the
associated static electric field that builds up from pulse to pulse. During the evolution of the concentrations
of the involved silver-based species n,, both the total number of silver elements and the total electrical
charge are conserved. Accordingly, the main population equations of the metallic species concentrations 7,
described by Eq. (4) write as:

a';ff =Ty (T )+ T (T )+ T (1ot ot ootom )+ T ()5 6)
a’;/;go T (T’ Mg )+ Tk (nAgO Mo Ty Ty sy 2o Ty )’ (7
angf =T (oo ) (8)
on, .
ngfz =T, (nAg;,nAanAgo)—FDiSS(nAg;). 9)
Energy deposition

The whole mechanism is initiated by the partial absorption of the laser pulse energy [68, 81-85], where the
laser-induced electron and hole source terms for each single pulse in Egs. (1) and (2) is:

1Y [ n
I'=oc,|—| (0’ -n)+oc—n ——=, (10)
1 K (ha)j ( at e) Ug e Tr
where [ (7, ¢, z) is the intensity distribution of the laser pulse. The first term corresponds to multi-photon

ionization process. The second term corresponds to the impact ionization process, where o is the inverse
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Bremsstrahlung cross section, and the last term in Eq. (10) corresponds to the recombination process with the
electron-hole recombination time 7,. The intensity of the laser pulse decreases according to the equation:

K
ﬂz—O'K (Lj (nst—ne)Kha)—alne, (11)
o¢ ho

where the input laser pulse intensity distribution shows both time and radial dependence, the time in the
frame moving (with group velocity v, of the laser pulse) is 7 = ¢ — z/v,, and the position of the laser pulse in
space, correspondingly to its central time slice (z = 0) is { = v,¢ . The band-gap of the phosphate matrix is
typically 5 eV, while the introduction of silver ions shifts this value around 4 eV. Energy deposition directly
based on Ag" ionization typically deals with four-photon absorption, with the experimentally estimated cross
section o4 = 14.1 x 107""® c¢m®.s’, a value that rather matches the Keldysh’s prediction for the considered
irradiation parameters [31]. The typical initial homogeneous density of silver elements is n’, = 7.42 x 10
cm " [31]. The experimentally measured absorption of such an ionized phosphate glass does not exceed 0.5%
of the incident laser pulse energy for pulse intensities up to 8 TW/cm®. The corresponding estimation of the
free-electron density is based on the absorption measurements and appears to be of the order of 10" cm™.
Such small values of absorption and electron density indicate that impact ionization and subsequent electron
avalanche can be neglected, which is also in agreement with the absence of dielectric breakdown in the
considered laser-matter interaction process. The recombination time 7, was adjusted around 200 femtosecond
to account for both the observed electron density and absorption, by solving Egs. (10) and (11) during the
propagation of the strongly focused laser pulse in the glass along the Rayleigh length.

For a pulse train, the electron and hole source term is activated for each of the N, pulses, each pulse being
delayed by the duration t, = 1/f, with f, the repetition rate of the laser source. In the relevant irradiation
parameters to activate the photo-induced silver-based reactivity under strong focusing without material
damage, nonlinear effects as Kerr self-focusing and plasma-induced defocusing play no role, so that the
incident laser can be considered to propagate in the same medium pulse-after-pulse, except that energy
deposition differs due to the induced radial redistribution of the silver elements and induced silver-based
species.

Diffusion processes
Temperature diffusion in space and time derives from:

oT 1 &
E:DthATJr—ZS(r)é'(t—th), (12)

where the heat source term S results from the local energy density deposited by each of the N;, pulses, C, and
p are the specific heat capacity and glass density. The heat diffusion coefficient Dy, in the glass is assumed to

P m=1

be constant as the glass temperature does not exceed the glass phase transition temperature. The right-hand
terms respectively account for the temperature diffusion /p;, and the laser energy absorption Sy in Eq. (1).
Diffusion /7, and mobility I, terms of silver ions Ag" and electrons e  are coupled:

C,+T, =V(DVn)=V(uE,n), (13)
where D is the diffusion coefficient of the considered species (namely e, Ag" and Ag”) and # is its associated
concentration, and u = ( q / k,T ) D is the mobility in the electric field E4. defined according to the Einstein

relation with kp the Boltzmann constant and ¢ the particle charge. For metallic species, the diffusion process
depends on the lattice temperature 7, which is thermodynamically defined after each pulse prior to any ion
migration, as schemed in Fig. 6. To include thermally activated processes, the diffusion coefficient D can be

expressed accordingly to a Boltzmann activation law D(T ) = D(]}) )eE“/ T BT with an energy activation

E,=08¢V.
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Kinetic reactions

First stages of kinetic reactions to create silver clusters involve the creation and trapping of electrons and
holes, and their interaction with the smaller silver species Ag’, Ag’, Ag®" and Ag,”. An additional kinetic
reaction depicts the phenomenology of indirect electron-hole recombination Ag*" + Ag’ — 2Ag". In this
framework, dominant kinetic reactions for holes, electrons and silver species with low nuclearity (m < 2)
write:

Iy(n,..)=—K.nn,—Kn, .n, —K o1 T (14)

FK(nh,...):—Krnenh—KrnAgonh—K n _.n, (15)

Ag2+ Ag+

A2+

As introduced by Egs. (6) to (9), the kinetic reactivity of silver species writes:

FK(nAgH...):—KAgOnA{ng—K n n—-K .n .n

Ag™ g Ag,' agt T Ag’ (16)

+KrnAg0 n, + Kr”Ag2+ n,+ 2KAg+ a0
| (nAgo,...) = KAgonAg+”e —KAg;nAgﬂA o —KrnAgon, K LR e (17)
Ty (o) = K ooty =Ko o, =K n oo, (18)
T, (”Ag;’“'):KAg;”Ag+”Ag°' (19)

The thermal dependences of kinetic constants that differ from recombination processes are separately
evaluated according to the Arrhenius equation K, (T ) =K, (TO)JT / YBeE"/ foe 5T with Kag'» Kag's

Kap' and , KAgO [66]. Finally, a “step-like” function centered on the laser beam axis provides the
phenomenological description of the silver cluster photo-dissociation Ag," = Ag" + Ag™ + ¢, whose
arbitrary radial profil and associated efficiency are adapteded to match experimental distributions of
fluorescent silver clusters [66, 86].

III-5. Reduction-oxidation potentials
In the present description and associated modeling, the glass matrix only behaves as a passive host matrix to
support the spatial distributions of silver elements and associated silver species. This specifically makes
sense for sufficient silver-containing concentrations (a few molar. % in phosphate glasses, typically), so that
the laser-induced production of free electrons is dominantly originating from silver ions, and not from the
glass matrix itself which contains defects and impurities. Yet, such modeling does not take into account any
possible pulse-to-pulse cumulative modifications of the redox potential of the glass matrix itself, nor its
associated spatial distribution. In other words, kinetic constants that govern the chemical reactivity of silver
species are considered as truly constant during the irradiation process. This is certainly not perfectly exact,
and it appears as an extremely difficult aspect to address numerically. Indeed, femtosecond laser irradiation
leads to such a transient out-of-equilibrium state of the glass at the voxel that significant charge trapping
occurs after a very moderate number of pulses (typically 100 pulses for an irradiation with a repetition rate at
10 MHz [39, 40, 67]). The charge stabilization leads to the creation of a buried perennial intense electric
field of 10*° V/m, which almost corresponds to the electrical breakdown threshold of the glass. The

magnitude of such an electric field E ( )saturates almost immediately after typically 100 pulses, as clearly
observed by electric field induced second harmonic generation, which allows in turn for a local modification
of the electric potential V' (17 ) thanks to the relation E i (17 ) = —%V(f ) . This is considered to directly affect

the local redox potential, and thus all the kinetic reactions and chemical reactivity. The growth of silver
clusters significantly occurs typically after 1000 pulses, which is an order on magnitude later than what is
needed to stabilized the buried static electric field. This is clearly evidenced by the cumulative dynamics of
both fluorescence and third harmonic generation attribution to silver clusters [39, 40, 67]. It is remarkable
indeed to note that silver clusters are being produced and stabilized exactly where the local redox potential
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modification allows for a more reductive behavior, favoring the evolution of the chemical equilibrium
towards larger silver species [39]. As a partial conclusion, the creation of larger silver species depends not
only on mobility issues, but also on thermodynamical aspects taking into account the relative values of redox
potentials of coupled silver species compared to the local glass matrix redox potential. Furthermore, one
should note that only a fraction of the initial silver reservoir is truly available for the production of silver
clusters, as evidenced by silver redistribution after laser irradiation ([96]). Indeed, such redox reactions imply
mechanism of charge compensation that the glass matrix could not support if all the silver ions were
involved.

IV - Femtosecond laser interaction in silver-containing glasses: Applications

The preparation of silver-containing oxide glasses and its subsequent femtosecond laser irradiation has
locally led to remarkable linear (fluorescence and plasmonics) and nonlinear (SHG, THG) optical properties
[20, 21, 30, 39, 40, 66, 67], requiring a whole description in terms of physico-chemical processes detailed in
Section I1I. However, it is always difficult to jump over the gap between the laser-induced creation of local
properties and the valuable demonstration of functionalities with real applicative potential. Still, such
breakthroughs can be achieved by means of different approaches. First, functionality can result from the
independent juxtaposition of material modifications with 0D dimensionality, as illustrated in Section IV-1
with the proposed approach of high-density three-dimensional perennial optical data storage. Second,
functionality can result from continuous modifications over long distances with 1D dimensionality, as shown
in Section I'V-2 with the inscription of a new type of waveguides in bulk or fiber glasses. Third, functionality
can be addressed by patterning 2D dimensionality, in the bulk or even directly at the glass surface as shown
in Section 1V-3 with innovative surface preparation and associated reactivity. Fourth, functionality can
result from the tailoring of electromagnetic properties, by creating an effective artificial medium with a
crystal-like multi-scale lattice of sub-wavelength modifications, globally showing a true 3D dimensionality,
as shown in Section IV-3. As a consequence, DLW techniques can modify the size, the shape, and the
arrangement of the metal clusters and the whole spectrum of optical properties, which is a powerful and
flexible tool to control and optimize material modifications and associated applications.

IV-1 High-density multilevel optical data storage

To overcome the storage capacity limitation, the next generation of optical recording media should be 3D, in
order to increase significantly the data density. Different 3D writing and reading techniques have been
proposed, including multiphoton [87] or confocal [88] configurations. Advanced approaches have even
proposed strategies with a larger dimension number, up to 5D data storage [61, 89, 90]. In a different
approach Royon et al. demonstrated that silver-containing zinc-phosphate glasses is an ideal candidate for
perennial 3D optical recording as they exhibit the high stability and durability of a glass combined with the
intense fluorescence of silver clusters after femtosecond laser irradiation [38] (similar to Fig. 7).
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Figure 7. Optical data storage of a selected 200x200 image encoded on 256 gray levels (not shown here): (left) encoded image as a
200x200 pixels image on 256 gray levels of fluorescence emission under UV excitation (A, = 365 nm), being partially recorded by
wide-field fluorescence microscopy (objective 50x, NA = (0.75); (right) zoom of a region of interest. The pixels consist of fluorescent
rings with 1.6 um diameters and 7 um depth, equally positioned in a square lattice with 2 um spacing.

The fluorescence intensity of the photo-induced clusters is controlled via the exposure conditions of the glass
and can be grayscale encoded. In this framework, such an encoding approach can be claimed as a 4D optical
data storage, with 3D spatial degrees of freedom and 1D degree of freedom accounting for multi-level grey-
scale fluorescence emission. This medium presents all the advantages needed for 3D optical data storage:
commercial availability of the driver (Blu-ray for example), high storage capacity (possibly up to hundreds
of Tbit.cm™), no photobleaching of the fluorescence, no cross-talk, and high reading speed (500 Mbit.s™).
Furthermore, the temperature, ageing, and humidity tolerance of this recording medium make it suitable for
perennial storage over many centuries.

Multi-dimensionnal optical data storage (in more than 3D) may have a promising future, by combining
several approaches. Indeed, it would be of high interest to exploit the fluorescence dynamics due to the
creation of silver clusters and form birefringence that results from the formation of nanogratings. Indeed,
pioneer works have shown that surface nanogratings in silver-containing phosphate glasses can sustain silver
cluster fluorescence but also nonlinear behavior with second-harmonic generation [52, 91]. Further recent
demonstrations have shown the concomitant existence of fluorescent silver species, silver plasmonic
nanoparticles and form birefringence with phase shift and control of optical axis orientation with polarization
[92, 93]. Still, further research is needed to explore whether it is possible or not to control independently
these distinct optical properties, which could open the route to up to 6D optical data storage.

IV-2 Light guiding in bulk and fibers, silver-sustained waveguides towards photonics circuits

In silver-containing zinc phosphate glass, DLW proceeds via the formation of silver clusters at the periphery
of the interaction voxel. Abou Khalil et al. have shown that it allows for the production of a novel type of
refractive index modification and consequently for the inscription of a new type of optical waveguides [94].
Here index change is not based on a standard index modification of the glass matrix itself, due to laser-
induced modifications of the local density, as it is the case for Type I. Instead, the produced An is based on
the localized laser-induced creation of new chemical silver species with enlarged molecular electric
polarizability, locally leading to an increase of the electric susceptibility and associated refraction index
change. These considerations allow for classifying this silver-supported index change as a new type of
refractive index change, being independent from index modification of the glass matrix itself. Indeed, the
absence of laser-induced modifications in a same non-silver-containing glass matrix ensures (i) that the
corresponding ranges of irradiance and number of pulses do not affect the glass matrix itself and (ii) that the
laser-matter energy deposition occurs through multi-photon ionization of the silver ions. Therefore, the

14



formation of silver clusters occurs for pulse energies much lower than the onset of the 7ype I modification in
this glass. The involved DLW process corresponds to an extrinsic laser structuring since it mostly preserves
the glass matrix while acting on the incorporated silver ions. In this framework, we labeled Type A (with 4
referring to Argentum) such a novel type of index modification and related waveguides sustained by the
photo-induced chemistry of silver species. Such an index modification based of the laser-induced silver
chemistry fully differs from the material modifications labeled Type I, Type II or Type IlI, respectively
associated to isotropic index changes, to anisotropic index changes or to the creation of voids.

This novel type of positive refractive index change is compatible with waveguiding applications. As an
illustration, a centimeter-long waveguide was written inside a bulk glass, exhibiting an index change An =
2.5x107, a single mode profile supported by each of the two silver clusters traces and showing an upper limit
of propagation losses of 1.2 dB/cm [94]. Moving a step forward to the creation of an optical component such
as 3D integrated circuits, a 50-50 Y-shaped beam splitter (Fig. 8) was inscribed 160 pm below the surface of
a silver-containing zinc phosphate glass sample (4% molar of Ag,0), by sequentially writing two partially
overlapping S-bended waveguides. The optical component divides the input light power equally through
each of the two output branches (Fig. 8a). Fluorescence image of the written beam splitter is shown in Fig.
8b. During to laser injection in the beam splitter, the output facet of the sample was imaged in two identical
spots (Fig. 8c), indicating that the input beam was split into two different output branches. The near-field
intensity profile shows that the transmitted power is equal in both branches within an error margin of 3.5%
(Fig. 8d) confirming the inscription of a 50-50 beam splitter.

( a ) Output 50 %

Input 100%
R

Output 50 % (d) Ir g 1 097

- 0.93 5 0.89
50 - 50 Beam splitter
(b) e 3.09%
g, 5 Normalized
intensity
0 v i 1 1
0 15 30 45 60

Distance [um]

Figure 8. (a) Schematic presentation of a 50-50 beam splitter (top view), (b) fluorescent image (top view) of the written 50-50 beam
splitter under 488 nm excitation and emission in the visible range, (¢) output modes of the beam splitter, and (d) normalized intensity
profile of the output modes. DLW conditions: 9 TW/em’~60 pum/s (Figure courtesy [94]).

Tailored silver-containing zinc-phosphate glasses possess excellent thermo-viscous ability and optical
properties. The waveguiding properties observed in the bulk of such silver-containing glass samples were
further transposed to ribbon shaped fibers made of the same material [95]. Strategy relies on the direct,
homothetic drawing of rectangular silver-containing zinc-phosphate glass preforms into flat-substrate, sharp
corner-edges tens-of-meters-long ribbon fibers (Fig. 9a). A ribbon fiber sample was truncated and exposed to
femtosecond laser irradiation (Fig. 9b). DLW was performed typically 50 um below the surface by linearly
moving the fiber sample at controlled speeds along its longitudinal axis. Motifs were made of multiple series
of lines parallel and perpendicular to the fiber main axis.
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Figure 9. (a) Schematic of the thermal drawing of silver-containing zinc-phosphate glass into ribbon fibers (b) Glass fiber sample
before (top) and after irradiation (bottom, under blue light A, = 405 nm) (c¢) Schematic of ring resonators and Mach-Zehnder
interferometer written in silver-containing zinc-phosphate glass ribbon fibers (Ae . = 405 nm) (top) and output guided mode profile
on fiber cross-section (bottom) [95]).

To illustrate the potential of the in-fiber laser-structuring method, complex light-manipulating architectures
were schematically written directly in silver containing phosphate glass ribbon fibers (Fig. 9c). The first
structure (top, left-side) consists in a closed resonator ring side-coupled to two light input/output bus
waveguides, one of which being addressed from the side of the fiber. Alternatively (top, right-side) a Mach—
Zehnder interferometer made of two arms split from a single source is coupled to one side of the resonator
ring. The output mode profile of a waveguide at the end facet of a ribbon fiber is shown in the lower panel of
Fig. 9c. Upon further development, this method could provide unique opportunities for applications in
nonlinear optics, cavity-enhanced remote spectroscopic sensing, filtering or fully-integrated tunable
photonics, as long as curvature losses are properly managed.

IV-3 Multi-scale material structuring: from 2D to 3D

The combination of DLW and chemical etching has been also developed in order to design innovative
surface topology and bulk micro-channels. Such phenomena combine photo-chemistry, imprinted stress, and
selective surface reaction. Sample translation along or perpendicular to the direction of the beam propagation
led to the permanent formation of fluorescent structures, either corresponding to a tubular shape or to two
parallel planes at the vicinity of the interaction voxel, respectively. These optical features are related to
significant modifications of the local material chemistry. Thanks to such material structuring, surface
engineering has been also demonstrated. Selective surface chemical etching of the glass has been obtained
subsequently to laser irradiation at the location of the photo-produced structures, revealing features with
nanometric depth profiles and radial dimensions strongly related to the spatial distributions of the silver
clusters (Figure 10a) [96]. The cross profile of such topologies illustrates that it is possible to have an
accurate control on the design of patterns at the glass surface, although such irradiation is more critical than
in the bulk of the glass (due to the critical positioning exactly at the interface while considering large areas,
but also due to a lower surface damage threshold than that of the bulk). Indeed, the revealed topology after
etching shows spaces of 2.00+0.14 um between two peaks, a groove width of 0.75+0.06 um in the center of
the laser interaction zone and 1.00+£0.24 pm between two traces. Considering a baseline at the level of the
pristine zone, the peaks represent a positive topology of 36.4+7 nm, the groove depth is -22.9+13.2nm in the
center of the laser interaction zone and +10.3+9.7 nm between two laser traces. Such innovative approach
may further be exploited so as to produce 2D photonics structures such as Fresnel-type lenses, arrays of
antennae or effectively artificial media if smaller lateral dimensions could be achieved.
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Figure 10. Laser-induced 2D and 3D structuring in silver-containing zinc-phosphate glass: (a) surface-induced structure by

combining DLW and deionized water etching and its topology profile along the white dashed line (Figure courtesy [96]); (b)

reconstructed confocal fluorescence microscopy image (100X, A¢y.. = 405 nm) from 3D laser-induced helicoidally-distributed
emitting Ag a silver clusters (Figure courtesy [30]); (c) bottom multi-scale blue/green emitting fluorescent pattern in glass.

Beyond the localized irradiation of independent 3D-distributed material modifications, femtosecond laser
structuring can truly address the 3D multi-scale architectures. Indeed, individual local modifications can be
designed with a tunable 3D shape, as shown in Fig. 10b, with oriented helicoidally-shaped distributions of
silver clusters. Both helix radii and steps can be adjusted, with associated dimensions down to the micron
scale while the double-line silver distribution inherently shows single-wall lateral widths of a few hundreds
of nanometers. In this case, such oriented structures bear the whole panel of optical properties depicted all
along this review article (namely fluorescence, nonlinear optical properties, effective Maxwell-Garnet
plasmonic medium, refractive index modifications). To go further towards the laser-based production of
artificial materials with tailored electromagnetic properties, it is required to fabricate a periodic lattice of
locally-oriented structures, showing sub-lambda features (typically A/10) to generate an effective medium. In
this framework, we fabricated a 2D square lattice (lateral dimension 3.5 pum, typically), with the unit bearing
an oriented helicoidal structure located at the points of the corresponding Bravais lattice, as shown in Fig.
10c. The global multi-scale architecture was composed of 10x10 identical helices, which opens the route for
the fabrication of artificial matter in prepared glasses with much better perennial behavior than that of
polymer based metamaterials for integrated photonics [97]. With the involved features, any possible effective
behavior would be in the mid-IR spectral range, which can be compatible with the range that contains the
spectral fingerprints of molecules. Still, such addressed spectral range by means of artificial meso-scale
modifications has to be compatible with the transmission of the considered glass matrix, which is highly
critical for oxide glasses and thus will motivate further prepared material developments.

V - Discussion

Although laser-induced glass processing has led to huge progress and applicative demonstrations these two
last decades, there is still a lot of potential innovation to achieve by specifically preparing materials. Such
approach of prepared materials to allow for original laser/glass interaction processes and associated
properties is exactly the followed research path with silver-containing glasses. The understanding of the
influence of the considered glass matrix is of prime importance to further optimize the laser/matter
interaction and induced modifications in specifically-prepared glasses. In particular, it influences how silver
species are stabilized in the glass, prior and post laser irradiation processes, and thus what sensitivity is
possible under femtosecond laser irradiation.

17



For some relevant glass matrices, upon performing their synthesis with the required hand-on expertise, the
insertion of silver oxide can lead to the complete dissolution of silver ions. This significant solubility of
silver ions in the glass matrix is concomitant to an authorized redox stability of such silver ions, which
corresponds to a sufficiently low redox potential of the glass matrix. In such situations, such as for zinc
phosphate glasses, one can introduced from 0.4% up to 16% mol of Ag,O (see Fig. 2) [20, 21, 30, 31, 98,
99]. Silver can occupy an isolated Ag" site (labeled site A) for low insertion of silver oxide (below 1.5%) or
progressively a Ag'--Ag" pairs type of site (labeled site B) for an increasing insertion of silver oxide (above
1.5% up to 8%), as selectively discriminated by excitation and emission fluorescence spectroscopy. In this
framework, despite the enhancement of silver species mobility, a thermal treatment at the glass transition
temperature does not lead the glass system to evolve towards the formation of molecular silver species, nor
to their reduction into plasmonic metallic nanoparticles. Due to the respective redox properties of both silver
ions and the glass matrix, the glass is thermodynamically stable with respect to silver-based chemistry.
Besides, femtosecond laser irradiation leads to a large amount of free charges (typically in the range of 10"
cm™ [20]). Thus, the glass system reaches out-of-equilibrium conditions that allow for a significant pulse-to-
pulse cumulative silver species mobility (Ag’ and Ag") and to photo-induced chemistry of new silver
species. In this framework, the creation of silver clusters mostly starts from the pre-existing silver ion pairing
(Ag'--Ag"). Such an assertion is supported by the fact the Ag'--Ag" dimmers (site B) strongly behave as
electron trap centers, following the reaction Ag'--Ag” + ¢~ > Ag,’, leading thus to the first kind of stable
silver molecular clusters showing the lowest possible nuclearity. This behavior is phenomenologically
hidden in the multi-physics numerical modeling presented in Section III-4, with the effective successive
reactions: Ag" + e~ > Ag’, followed by Ag’ + Ag" > Ag," [66, 67]. Indeed, while considering silver-
containing zinc phosphate glasses depicted in Fig. 2, compositions with low silver oxide concentrations
(below cationic molar concentrations of 1.5%) only allow for the existence of isolated Ag” ions (site A),
which has shown to lead to a very limited amount of induced fluorescent silver clusters under femtosecond
laser irradiation. Correlatively, dual-color irradiation schemes, both with an infrared femtosecond laser
inscription and a co-illumination with a cw UV beam has led to the partial reduction up to the total inhibition
of production of fluorescent silver clusters [98]. Such a pioneer observation of inhibition process in a
dielectric oxide glass corroborates the low stability of the preliminary elementary bricks, preventing to
further grow larger and more stable silver clusters. This corresponds to an accessible electron trapping, either
from Ag’ (Ag’ + hv,, > Ag" + e ) or in a smaller proportion from Ag,” (Ag,™+ hv,, > Ag’ + Ag).
Furthermore, once silver clusters are formed, they show a clear stability upon thermal treatment at low
temperature (typically 100-200°C). This proves firstly that they do not correspond to low-stability color
centers, and secondly that their redox potential has become higher than that of the glass matrix but also larger
than that of the initially distributed silver ions (both sites A and B) [100]. However, a more intense thermal
treatment slightly above the glass transition temperature can lead to the three-dimensional spatially-located
precipitation of plasmonic silver metallic nanoparticles, with high filling factors associated to disconnected
nanoparticles showing diameters of a few nanometers and inter-distances of 10-15 nm [30]. In this case, the
thermally-activated precipitation of nanoparticles behaves as the thermal revealing of the femtosecond laser-
induced latent image composed of silver cluster distributions. Thanks to correlative spatially- and spectrally-
resolved micro-absorption measurements, the precipitation of silver nanoparticles is demonstrated to occur
when some large-enough silver clusters have been preliminary created by femtosecond laser irradiation.
Such large-enough silver clusters (labeled Agg, possibly Ags™ or Ags™ [28, 30, 71]) behave as nucleation
centers that allow for the growth a few tens of silver elements to reach the metal phase. Smaller silver
clusters, labeled Ag, (possibly Ag,"), do lead to such growth and phase transition, and do not necessarily
disappear (as shown by the persistence of some silver cluster absorption bands). However, their fluorescence
cancels, which may result from fluorescence emission quenching due to the vicinity of the precipitated silver
nanoparticles [30]. Indeed, only large-enough Agg silver clusters may be considered to show a sufficient
redox potential increase, thermodynamically allowing for their growth in the considered glass matrix. This
kind of behavior typically corresponds to silver-containing glasses as zinc phosphate (PZn:Ag [20, 30]),
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zinc-sodium phosphate (PZnN:Ag [95]) or sodium-gallium phosphate (GPN:Ag [52]) glasses. In such here-
above described cases, sub-microns features of several hundreds of nanometers are achievable, by keeping
an excellent optical quality of the laser irradiated voxel, without any large-scale thermally affected area [20,
30]. Finally, it should be noted that, in such zinc phosphate matrices that do not spontaneously lead to silver
metallic nanoparticles with thermal treatment around Ty, it is still possible to achieve one-step laser-induced
silver clusters creation and plasmonic nanoparticles together, without post heat treatment [101]. This requires
either large-enough pulse energies or large enough silver concentrations, so as to significantly overpass the
glass transition temperature during the irradiation and to locally melt the material. However, this results in
large thermally-affected zones over dimensions much larger that the focused laser beam [101, 102]. Such
material modifications bear also bear large stress due to the thermal expansion during irradiation, which
lowers the optical quality of the irradiated area and may thus be detrimental to photonics applications
requiring sub-micron features.

For silicate or germinate glass matrices, the initial solubility of silver oxide is lower. Therefore, the redox
potential of the glass matrix appears higher, with respect to silver ions and small silver clusters. In this case,
the glass matrix allows for the stabilized existence of some silver clusters, additionally to that of silver ions.
Femtosecond laser irradiation can therefore directly lead in a single-step procedure to the local precipitation
of metallic silver nanoparticles, without any thermal post-treatment [103]. For such glass matrices that favor
the clustering and reduction of silver species, the thermal treatment around the glass transition temperature
can directly lead to the randomly-distributed precipitation of metallic nanoparticles, which is associated to
filling factors several orders of magnitude lower than that of the laser-induced creation [103]. For such glass
matrices, two independent routes allow the access to effective Maxwell-Garnett-like composite metal-
dielectric glassy materials, as for the silver-doped lanthanum boro-germanate (LBG:Ag) glass matrix [103].
In this framework, heavy metal oxide glass matrices with relevant optical transmission in the mid-IR spectral
range (especially in the 3-5 pum range for spectroscopic applications in the fingerprint spectral region of
molecules), such as barium gallogermanate glass (BGG) [104], are also expected to favor the displacement
of silver chemical equilibrium towards the creation of high nuclearity species, silver clusters and
subsequently plasmonic nanoparticles.

While the insertion of silver oxide has been considered during the synthesis of the glass, the sub-surface
incorporation of silver ions is also a possible route, including either the ionic exchange during the glass
dipping in molten silver nitrites or silver metal deposition and subsequent injection by thermal poling. The
later has already led to sub-surface silver ion injection in both a borosilicate and a sodo-calcite glass matrix,
leading to the localized creation of silver clusters under femtosecond laser irradiation [66]. The direct
insertion of silver ions in the glass matrix at the melting step or their post-synthesis injection both allow for
the femtosecond laser activated photo-chemistry of silver species with remarkable optical properties. This
tends to demonstrate the universality of such an extrinsic glass modification that is mostly supported by the
silver species (and not from the glass matrix itself), as long as silver elements can be incorporated to the
considered glass matrix. Finally, the multi-scale engineering of the spatial distributions of extrinsic laser
structuring can be addressed by tailoring the femtosecond beam shape, either with its phase or polarization
distributions. Such prepared beams correspond to structured light that possibly bear optical singularities
(namely optical vortices), as well as the existence of both spin and angular momenta carried by the beam.
Such an engineering of the optical field distribution at the voxel allows for innovative linear and nonlinear
optical patterning with structured light, giving access to modification topologies and geometries that cannot
be achieved with a standard Gaussian beam [105, 106].

VI. Conclusion and perspectives

The present review proposes an extensive description and modeling of phenomena that occur during
femtosecond laser structuring of silver-containing non-conventional glasses in the accumulation regime with
high repetition rate irradiation. It also highlights the role of the host glassy matrix, including the influence of
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its structural arrangement, the sensitivity for photo-activation of silver mobility and chemical reactivity, as
well as the implied stabilization of silver species with respect to the relative redox potentials of the
considered glass environment and the different types of silver species. Such complete description of the
multi-physics and multi-scale (both in time and space) processes at play during laser irradiation allows for a
comprehensive understanding of the global material modification that leads to remarkable optical but also
physico-chemical properties. This in turns gives a meaningful insight to further develop new materials with
dedicated behavior under laser irradiation, so as to master improved prepared material potentialities and to
further address a broadband panel of the technological issues and associated applications.

Indeed, beyond the presented applicative achievements, femtosecond laser structuring of prepared photo-
sensitive glasses has real perspectives of scientific development and industrial technological transfer. This
includes the development of optical data storage with large dimensionalities (3D, and more), the exploitation
of multi-scale architectures with linear and nonlinear optical properties to create original and robust
integrated photonic structures as photonic crystals or artificial matter (namely 2D or 3D metamaterials).
Additionally, the reported waveguiding allows for interesting perspectives, including bulk- or fiber-based
sensor applications with evanescent coupling at the material surface with the environment. The local
development of neighboring waveguiding and plasmonic structures may allow for promising combinations,
including new schemes for surface enhanced Raman scattering (SERS). Finally, surface preparation can
further lead to high selectivity by tailoring the coupling between topological modifications and the local
nano-scale chemical reactivity. As a conclusion, among technological breakthroughs in photonics leading to
a potential societal impact, one can be sure that many will come from a highly multi-disciplinary approach,
with a high level of expertise shared between communities such as material science, laser/matter interaction,
environmental sciences, biology or communication and computing sciences.
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