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Résumé : La cristallisation par impulsions laser ultra-
bréves des matériaux vitreux est un domaine de re-
cherche émergent et a fort potentiel. Le verre peut étre
aisément fonctionnalisé, et il un candidat idéal pour
I'étude de la cristallisation induite par lesdites impul-
sions ultrabreves. L'écriture directe par laser femtose-
conde (fs, 1 fs = 10" s) est une technique permettant la
nano-structuration et multi-fonctionnalisation pour la
fabrication de nouveaux dispositifs photoniques actifs
en 3D. Il tire parti des processus d'absorption non-li-
néaires dont |'efficacité est favorisée au moyen de den-
sités de puissance lumineuse élevées (typ. 1-100
TW/cmd).

Ce doctorat porte principalement sur |'effet des condi-
tions d'irradiation laser, grace au controle de quatre pa-
rametres laser accordables (énergie d'impulsion, fré-
quence de répétition, polarisation et vitesse de ba-
layage), sur la cristallisation du verre en 3D. La premiere
partie de ce travail porte surla synthese des verres bo-
ratés par technique sol-gel, et des verres silicatés et bo-
rosilicatés par voie classique dite de fusion-trempe. En-
suite, une deuxiéme partie est consacrée a l'irradiation
par laser femtoseconde des échantillons de silicates et
de borosilicates pour déclencher, et contréler, la cristal-
lisation localisée et orientée de nanocristaux non cen-
trosymétriques de LiNbOs. Des points et des lignes ont
été écrits a l'intérieur des échantillons de verre, et des
énergies de seuils de modification de la structure du la-
ser ont été identifiées. Une troisieme partie est liée a la
caractérisation des structures induites par laser. La gé-
nération de seconde harmonique (GSH), traduisant la
présence des nanocristaux de LiNbOs, a été étudiée.
L'effetde la polarisation laser surl'orientation de ces na-
nocristaux a été étudié par sa dépendance angulaire par
rapport a l'intensité de GSH. L'étude de I'orientation des
nanocristaux concerne I'effet de la substitution de SiO,
par B.Os dans la matrice de verre.

L'orientation des nanocristaux et la microstructure des
traces laser sont étudiées en détail par des mesures de

diffraction des électrons rétrodiffusés (EBSD).
Pendant |'écriture laser, des nanoréseaux, c'est-a-
dire des structures lamellaires se développant per-
pendiculairementa la polarisation laser,ont été ob-
servées dans les verres silicatés et borosilicatés. Ces
structures de période sous-longueur d'onde indui-
sent une réponse biréfringente qui a pour origine
la variation locale des indices de réfraction entre la
phase vitreuse et la phase cristallisée. En outre, il a
été constaté que les verresriches en B,Osfavorisent
la fabrication de structures biréfringentes, précisé-
ment augmentant une réponse biréfringente et ce
a des vitesses d'écritures plus élevées (>150 nm a
A=550nm) que le verre ne comprenant pasde B0z
Les températures de fabrication du verre le plus
riche en B:Os3 sont également plus faibles.
L'effet de la vitesse de balayage sur les mécanismes
de cristallisation est discuté a partir des dia-
grammesde transformation de la température dans
le temps (TTT) et de transformation de refroidisse-
ment continu (CCT). La facilité de nucléation et de
croissance des cristaux dans les verres riches en
B>O3 (21% mol) rend le domaine de cristallisation
plus élargi par rapport aux verres sans B;O:s.

Il est démontré que la substitution progressive de
SiO; par B;Os(de 0% a 21% mol) conduita une cris-
tallisation plus rapide des nanocristaux de LiNbOs
induits par l'irradiation par laser femtoseconde. En-
fin, un choix approprié de parameétres laser est es-
sentiel pour contrOler la taille et I'orientation des
nanocristaux non-linéaires photo-précipités. Une
conséquence directe est alors une meilleure ajusta-
bilité des propriétés optiques essentielles pour des
applications photoniques.
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Abstract: Ultrafast laser-oriented crystallization of
glass materialsis anemergingand promising research
field. Glass is an ideal functionalization enabler mate-
rial, and it permits the study of light-driven crystalliza-
tion induced by ultrashort pulses. Femtosecond (fs, 1
fs = 10 s) laser direct writing (FLDW) is a tool that
enables nano-structuring and multi-functionalization
for the fabrication of new active photonic devices in
3D. It takes advantage of efficient nonlinear absorp-
tion processes triggered by high light power densities
(typ. 1-100 TW/cm?).

This Ph.D. work principally investigates the effect of
laser irradiation conditions, through the control of
four tunable laser parameters (pulse energy, repeti-
tion rate, polarization and scanning speed), on glass
crystallization in 3D. The first part of this work relates
on the synthesis of borate glasses by sol-gel tech-
nique, and silicate and borosilicate ones by the con-
ventional melt-quenching one. Then, a second part is
dedicated to femtosecond laser irradiation of the sili-
cate and borosilicate samples to trigger, and contro|,
localized and oriented crystallization of non-centro-
symmetric nanocrystals of LINbOs. Patterns including
dots and lines were written inside the glass samples,
and laser-structural modification threshold energies
were identified. A third partis related to the charac-
terization of the laser-induced structures. Second har-
monic generation (SHG), originating from LiNbO;
nanocrystals, was investigated. The effect of laser po-
larization on the nanocrystal orientation was investi-
gated through its angular dependency of SHG inten-
sity. The study of nanocrystals orientation concerns
the effect of SiO; substitution with B,Os into the glass
matrix.

The nanocrystals orientation and laser track micro-
structure is further investigated through electron
backscattering diffraction (EBSD).

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

The effect of scanning speed on crystallization mech-
anisms is discussed through from the basis of Time
Temperature Transformation (TTT) and Continuous
Cooling Transformation (CCT) diagrams. For the ease
to nucleate and grow crystals in BOs-rich glasses
(21% mol), the crystallization domain is wider relative
to B.Os-free glasses glass. It is demonstrated that the
progressive substitution of SiO, with B,Os (from 0%
to 21% mol) leads to a progressively fast crystalliza-
tion of LiNbOs nanocrystals induced by fs-laser irra-
diation.

As a final note, a suitable choice of laser parameters
is critical to control both size and orientation of
photo-precipitated nonlinear nanocrystals. A direct
consequence is an enhanced tunability in optical
properties essential for photonic applications.
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Figure 38: ordinary and extraordinary rays of light on a crystal [89]......ccccccvevirenrnininennes 67

Figure 39: k-vector magnitude surfaces for uniaxial crystals. The Poynting vector is normal
to these surfaces. (a) Positive uniaxial crystal, walk-off is toward the z-axis (optic axis). (b)
Negative uniaxial crystal, walk-off is away from the z-axis [90]........ccocevrrrrrrrnirrrrerereriennens 68

Figure 40: lllustration of dispersion in the index of refraction. The two resonant features
show regions anomalous dispersion; these regions are accompanied by high losses [91].

Figure 41: Schematic diagram of the energy and momentum conservation.............c......... 71

Figure 42: Thermal poling used to introduce a second-order nonlinearity into the material
(http://www.eie.gr/nhrf/institutes/tpci/researchteams/mspc/mspc-nanostructuredmat-
LT 0N 214001 ) OO 72

Figure 43: Schematic diagram of the femtosecond laser system used at ICCMO................ 88

Figure 44: a) laser writing scheme: the translation stage displacement is in the XY sample
plane, while the laser beam propagation direction is along Z; b) top view of three different
laser polarization configurations referenced to laser writing direction along the Y-axis:
parallel (Yy), at 45° (Yas) and perpendiCUular (Yx) ..o 90

Figure 45: Static dots under white light for a) LNS34and b) LNS27B7........cccocvveerrrerrnennenns 91

Figure 46: Scheme of space-selective crystallization induced by tightly focused
femtosecond laser pulses adapted fromM [S].......ccvrrnienreeee e 92

Figure 47: Heatmaps of incubation time for fourglasses: a) LNS34;b) LNS27B7; c) LNS20B14
ANA ) INSTBB2 ..ttt ettt et s vttt e v e s e s seneeeseeeeeeensesesesasases 93

Figure 48: Evolution of incubation time in function of delivered laser power depending on
g1ass COMPOSILION [B]....uvureeuerieiiierieeieieireiseee ettt 94

Figure 49: Scheme of irradiation program for lines according to these following writing
conditions: laser beam direction = Z, writing direction along Y, three different laser
polarization configurations: Yy, Yas and Yy, NA = 0.6, pulse duration = 250 fs, repetition rate



= 200 kHz, pulse energy from 0.25to 2 pJ, scanning speed= 1 um/s for LNS34, LNS278B7,
LNS20B14, and LNST3B27T GIaSSES.......vurururereerierieeieireireeseesee st seeseseeas s seaseasensssenees 95

Figure 50: Scheme of irradiation program for 5 mm lines at these specific irradiation
conditions: laser beam direction = Z, writing direction along Y, two laser polarization
configurations Yx and Yy, NA = 0.6, repetition rate = 200 kHz, pulse duration = 250 fs, two
values of pulse energy 0.5 and 1 pJ and different scanning speed respectively from 1 pmy/s
to 200 um/s for a) LNS34 and for b) LNS13B21 from 1 pm/s to 200 ym/s at 0.5 pJ and from
1T um/s to 625 pm/s at pulse energy equal to T W....cc.oreeieenicreereeree e 96

Figure 51: Optical microscope images of lines written by fs-laser in LNS34 and
LNS13B21glasses in Yx polarization configuration, at various scanning speeds, two pulse
energies: 0.5 and 1 pJ/pulse, and repetition rate fixed at 200 kHz.........cccooceevervinincrcrncnnces 97

Figure 52: Dots, written according to polarizer direction, Yy laser polarization configuration,
pulse duration = 250 fs, irradiation time = 1s (after waiting incubation time), under
polarized light at analyzer and polarizer crossed (P = polarizer, A = analyzer.................... 98

Figure 53: Lines under polarized light written according to analyzer direction (P = polarizer,
A = analyzer), at repetition rate equal to 200 kHz and scanning speed equal to 1 um/s.. 99

Figure 54: Optical microscope images of lines at different scanning speed (1, 75 and 350
um/s) under different illumination condition for LNS13B21 glass at a pulse energy of 0.5 W;
(P = polarizer, A = analYZer) [T8]. ..ottt 100

Figure 55: Retardance in nm measured at 550 nm at the center of the irradiated lines as a
function of scanning speed for LNS34 and LNS13B21, at two pulse energies (0.5 and 1
p/pulse), repetition rate fixed at 200 kHz and for a) Yy and b) Y laser polarization
CONFIGUIATIONS [T8].u.eiieiieiiiieieeieiiseee ettt b st sss bbb ntns 101

Figure 56: a) Second Harmonic Generation (SHG) setup used for all the experiments of this
Ph.D. work [19]; b) SHG detected under static irradiation at the end of the incubation time
OF @ FEW SECONAS [B]..eieeeeeeeeee ettt ettt eetee e seetes e seseeseseseseeseseneaeesenenesessenens 102

Figure 57: SHG spectrum obtained for LNS13B21 lines written at 1.25 pJ/pulse, at Yy
polarization configuration, at fixed repetition rate equal to 200 kHz and scanning speed
equal to 1 pm/s. The reference position of the laser polarizer is 0°, which coincides with the
position correspoONdiNg 10 T8OC........cuiuirereeerreerete ettt 103

Figure 58: normalized SHG intensity profiles for the four glass compositions as a function
of probing polarization angle in the XY plane for 0.5 and 1.25 pJ/pulse a) at Yx and b) Yus
polarization configuration; c) polar representation for LNS13B21 glass for 0.5 and 1.25
p/pulse with three polarization configuration Yy, Yas and Yx [6]. c..ccocveneeeineninereccincnnes 104

Figure 59: QPM analysis process represented through the CCD camera mounted on the
microscope: the three lines represent a phase image converted into a software



representation afterapplying the MATLAB code to extract black background and white lines
TGS ettt ettt 106

Figure 60: QPM images for LNS27B7 glass on lines at three polarization configurations Y,
Yss, and Yy at pulse energies of a) 025 pJ, b) 0.5, ) 0.75 wand d) T pWeeeeveieeinienenee 108

Figure 61: QPM analysis modulation in which the phase change in rad is highlighted by a
plotwhere we cansee three peaks in correspondence of each set of the three lines reported
0N the PrevioUs FIGUIE B0. .......c.ocuiiriueeireireireie ettt ea e ssssses 109

Figure 62: Presence of nanogratings detected by Scanning Electron Microscopy analysis for
LNS13B21 line at pulse energy equal to 0.5 pJ, repetition rate fixed at 200 kHz, and scanning
SPEEA EQUAI O 75 JUM/S .ottt 110

Figure 63: Scanning electron micrographs of the laser track cross-section induced by fs-
laser on LNS13B21 glass sample and for different scanning speeds. In yellow there is the
area where crystallization within the laser track, associated with crystallization, is detected;
in orange, the area where lamella-like nanogratings are observed. Fixed parameters are: A
= 1330 nm; f = 200 kHz; NA = 0.6; pulse duration = 250 fs; focal depth = 240 um (in air)

Figure 64: Electron Back Scatter Diffraction (EBSD) micrographs of the laser track cross-
section for both LNS34 and LNS13B21 glass sample, for two pulse energies (0.75 and 1.25
pJ/pulse) and with laser polarization either parallel or perpendicular to the scanning
Lo 1T =Tt 4T o T ) OO T O PPOPO RSP P PRSPPI 112

Figure 65: Size distribution of single texture regions for LS34 and LNS13B21 for Yy
configuration and two different pulse energies (0.75 and 1.25 pJ/pulse). Irradiations
conditions: A= 1030 nm, NA = 0.6, f = 200 kHz, focus depth = 240 pumin air, writing speed
S T IMN/S [B]eirieiieie ettt 113

Figure 66: Scanning electron microscope (SEM) micrographs and electron backscatter
diffraction (EBSD) maps on the laser track cross-sections induced by fs-laser on LNS13B21
for different scanning speed. Fixed parameters are: pulse energy = 0.5 pJ; configuration =
Yy (laser polarization parallel to the scanning direction); A = 1330 nm; f = 200 kHz; NA =
0.6; pulse duration = 250 fs; focal depth = 240 um (in @ir) [18]....cveveeirrerriirieieieieenen, 114

Figure 67: a) number of single texture regions and their averaged diameter, assuming a
spherical shape, as a function of scanning speeds; b) pole figures of the LiNbOsc axis
(labeled 0001); extracted from data of laser cross sections atY, polarization reported in
EBDS maps of Figure 4.20 [18]. The writing direction is in the center of pole figures; the
laser propagation is at the top and the bottom of each pole figure........cccocovvrvrvirreenee. 114

Figure 68: LNS pulse energy-repetition rate landscape [12]......ccccorereereereresineeneeneereen. 122

Figure 69: Pulse energy - polarization direction landscape for LNS glasses closed to 30Li;O
—30Nb20s — 40SiOz, highlighting the presence of three regimes. k is the laser propagation



direction, e stands for the writing laser polarization direction, and S is the scanning
direction. Other parameters: 1030 nm, 300 fs, NA = 0.6, 300 kHz, 5 um/s, and focus depth
350 UM [B]ariuiieeieitieieiieeiset ettt 122

Figure 70: High repetition rate fs laser-induced regimes in LNS glass according to pulse
energy indicated in white in each SEM micrograph. For regime 2 and 3, the leftimage is a
SEM micrograph, and the right one is the corresponding inverse pole figure (IPF) of the
cross section of the irradiated line. The scanning direction is perpendicular to the paper
plane. The color of IPF is obtained from on LiNbOs space group R3¢, coding along scanning
direction. These are configurations in which laser polarization is (a — d) parallel or ()
perpendicularto scanningdirection.Laser polarization directionis marked by green e, while
scanning direction id displayed by red S. k represents the laser come from the top. Other
parameters for 33Li2O —33Nb.0s - 34 SiO; are 1030 nm, 300 fs, 300 kHz, 5 pm/s, and focus
AEPTN 350 UM [3]e ettt 123

Figure 71: Pulse energy-scanning speed landscape that shows domains of fs laser-induced
crystallization in LNS glasses close to 30Li>O — 30Nb,O5 —40SiO.. Other parameters are A =
1030 nm, NA = 0.6, repetition rate = 200-300 kHz, parallel configuration [3]........c.c........ 125

Figure 72: Pulse energy — repetition rate landscape in which domains of fs laser-induced
crystallization in LNS glasses at varying scanning speed and focus depth indicating
collecting results of Poumellec et al. [6] and the from Veenhuizen et al. [13]. Other
parametersare A = 1030 nm, NA = 0.6, pulse duration = 300 fs, parallel configuration. In
this case, green marks indicate regime 2 of LSN glasses, and the red marks show regime 3
N LINS GIASSES [3ueueeriuriurieiiiriieieireiseie ettt ettt 125

Figure 73: Pulse energy effect shown through three different values in curves trend of
normalized second harmonic generation intensity of irradiated lines as function of probing
laser polarizationin the XY plane. Other parameters: writing speed 5 pm/s, writing direction
is along 45° direction, laser polarization is parallel to Y [7] .o, 126

Figure 74: Writing speed effect shown through normalized second harmonic generation
intensity of irradiated lines as function of probing laser polarization angle, varying pulse
energy ata) 0.8 w and b) 1.4 pJ. Other parameters: writing direction is along 45°direction,
laser polarization is parallel 10 Y [7]. ..ottt 127

Figure 75: Writing orientation effect through normalized second harmonic generation
intensity of irradiated lines as function of probing laser polarization angle, at two different
writing speed a) Tum/s and b) 25 um/s. Other parameters: pulse energy 1.4 uJ, laser
polarization is Parallel 10 Y [7]. ettt 128

Figure 76: Variation of anisotropy magnitude-pulse energy trend as function of scanning
speed. Other parameters: writing direction is along 45° direction, laser polarization is
PATAHEITO Y [7]euieiiieieieieeee ettt bbb b e ss bbbt bbb st b st b st bbb saeb s 128

Figure 77: EBSD characterization of 33Li,O — 33Nb,0s— 34Si0,: a) EBSD scanimages of lines
cross-sections irradiated at 2.0 — 0.6 pJ with polarization parallel to the laser beam direction



that is coding the crystal orientation along x; b) EBSD images of lines cross-sections
irradiated at 2.0 pJ with polarization perpendicular to laser beam direction coding crystal
orientation along x; EBSD scan image coding the crystal orientation along the x-axis and
along the y-axisat c) 1.0 W and d) 0.6 W, respectively. The polarization for writing is parallel
to the laser motion direction. Other laser parameters: repetition rate = 300 kHz, scanning
speed = 5 pm/s, pulse duration = 300 fs, wavelength = 1030 nm, and NA = 0.6 [15].....130

Figure 78: Normalized SHG intensity for four glass composition as a function of probing
polarization angle in the XY plane for a) Yy, b) Y and c) Yy at the two lowest pulse energies,
0.5 and 0.75 p/pulse. Femtosecond laser conditions used: A = 1030 nm, NA = 0.6, RR = 200
kHz, focus depth = 240 um in air, scanning speed = TpUM/S [T].oerininirininnnereene 133

Figure 79: Comparison between four pulse energy values a) 0.5, b)1.5, ¢) 1.75 and d) 2 J at
laser polarization configuration Y. Femtosecond laser conditions used: A = 1030 nm, NA =
0.6, RR = 200 kHz, focus depth = 240 pm in air, scanning speed = 1T pM/S.......ccovurrureenee. 134

Figure 80: Comparison between four pulse energy values a) 0.5, b)1.5, ¢) 1.75 and d) 2 pJ at
laser polarization configuration Yss. Femtosecond laser conditions used: A = 1030 nm, NA
= 0.6, RR = 200 kHz, focus depth = 240 um in air, scanning speed = 1 pM/S.....ccccovuvuenee 135

Figure 81: Comparison between four pulse energy values a) 0.5, b)1.5, ¢) 1.75 and d) 2 J at
laser polarization configuration Y,. Femtosecond laser conditions used: A = 1030 nm, NA =
0.6, RR = 200 kHz, focus depth = 240 pm in air, scanning speed = 1T pM/s.......ccccccvvurrenee. 135

Figure 82: Normalized SHG intensity for all glass compositions according to a) Yy at 1.25 W;
b) Yy at 1.25uJ; €) Yxat 2 ) and d) Yy @t 2 e sasees 137

Figure 83: Polar representations for LNS34 and LNS13S21 glasses at 1.25 and 2 pJ/pulse
with three laser polarization configurations indicated by double headed arrows in
coordinates of the reference system: //, 45°, and L........ccccovvvninrerninencrncreeneneererneanes 138

Figure 84: Inverse Pole Figure (IPF) obtained through electron backscatter diffraction
(EBSD): the color in the black background represents the crystalline part for LNS34 and
LNS13B21 according Yx and Yy at 1.25 pJ/pulse. Other laser parameters are A = 1030 nm; f
= 200 kHz; NA = 0.6; pulse duration = 250fs; focal depth = 240 um (in air); scanning speed

Figure 85: Inverse Pole Figure (obtained from EBDS analysis) for LNS34 at a) Yy, and b) Y
and for LNS13B21 sample at ¢) Yy and d) Y,, coding the crystal orientation according to the
scheme reported in the figure through Axis 1 (A1 on the left), Axis 2 (A2 in the middle), and
(A3 on the right) corresponding to beam direction, laser polarization, writing direction
respectively, at 1.25 pJ and configurations parallel (three maps on the left) and
perpendicular (three maps on the right) to laser polarization. Other laser parameters are A
= 1030 nm; f = 200 kHz; NA = 0.6; pulse duration = 250fs; focal depth = 240 um (in air);
SCANNING SPEEA = T IM/S ettt sssstee 140



Figure 86: Polar figures referred to LNS34 at 1.25 ) fora) Yy, b) Yxand LNS13B21 at 1.25 W
for ) Yy, d) Y. where A1 is the beam direction (z axis), A3 is the writing direction (y axis for
Y« and Yy, configurations), polarization is along A2 (x axis) for Yx and along A3 for Y,
CONFIGUIBTIONS ..ottt s e ensentees 141

Figure 87: Inverse Pole Figure (obtained from EBDS analysis) for a) LNS34, and b) LNS13B21
sample, coding the crystal orientation according to the scheme reported in the figure
through Axis 1 (A1 on the left), Axis 2 (A2 in the middle), and (A3 on the right)
corresponding approximately to beam direction, laser polarization, writing direction
respectively, at 2 pJ and configurations parallel (three maps on the left) and perpendicular
(three maps on the right) to laser polarization. Other laser parameters are A = 1030 nm; f =
200 kHz; NA = 0.6; pulse duration = 250fs; focal depth = 240 um (in air); scanning speed =

Figure 88: Polar figures referred to LNS34 at 2 pJ fora) Yy, b) Yxand LNS13B21at 2 pJ for o)
Yy, d) Yx. where A1 is the beam direction, A2 is the laser polarization, A3 is the writing
o [T=Y o 1o o TOU OO TN T OO T NPT OO PP OTUTUTR 143

Figure 89: pulse energy-repetition rate landscape highlighting the three regimes of laser
induced modifications for a) 32.5Li,0-27.5Nb,0s-40SiO, (mol%) [2], [3]; b) for 33Li,O-
33Nb20s5-34SiO; (LNS34) (mol%). In addition, the trend of dots written in our experiment in
static mode revealed the energy thresholds for LNS34 [2]........cccoernirinenienereneeeeienee 145

Figure 90: Scanning electron micrographs of the laser track cross sections induced by fs-
laser on LNS13B21 glass sample for different scanning speed. Lamella-like nano-gratings
are observed and, for comparison at different scanning speed, the upper and lower zone
limits are bounded by two 0range liNES [2] ..o 146

Figure 91: Morphology of the fs laser track with laser polarization, along Y direction, is
perpendicular to X direction of scanning: a) SEM micrograph on left side and the
corresponding IPF coding along laser polarization direction on the right side for 1 pJ/pulse;
b) this is a magnification of Figure 5.22a enclosed in the red rectangle; c) scheme of laser-
induces structures, with forces and main parameters indicated: de is the nanostructures
thickness, Ae is the distance between the dashes, Az is the distance between the
nanostructure lines; scanning direction is along Z, also writing direction is indicated;
morphology of the laser track varying the pulse energy: d) 0.8 and e) 1.4 pJ/pulse. Other
fundamental parameters are: 32.5Li,0 — 27.5Nb,0s — 40SiO; (mol%), 1030 nm, 500 kHz, 300
fs, 5 um/s, NA = 0.6, focal depth 300 pm in @ir [4] oo 147

Figure 92: TEM micrographs (bright field mode of self-assembled nanostructure in LNS
glass at various pulse energies (a — b) 0.7, (c — d) 1.3, and (e) 1.8 wl/pulse. The laser
propagation direction is perpendicular to the paper plane for (a — d); nanostructure along
the laser propagation direction is illustrated in (e). K is the laser propagation direction.
Writing laser polarization direction is indicated by the green double arrows. The
micrographs are referred to 33Li,O — 33Nb2Os— 34 SiO, (mol%), at 1030 nm, 300 fs, 300
kHz, 5pum/s, and focus depth 350 UM [3]....ccvieirieirceeeeseseeeeete s 148



Figure 93: Field-Emission Gun Scanning Electron Microscope (FEG-SEM)secondary electron
images of femtosecond laser track cross-section for the writing laser polarization (a, b)
perpendicular to the scanning direction and (¢, d) parallel to the scanning direction. Other
laser parameters are: pulse energy = 0.5 pm/pulse; wavelength = 1030 nm; pulse duration
= 300 fs; repetitionrate = 500 kHz; NA = 0.6 [25]...ioieiriiiieeieieieeeesese e sees 149

Figure 94: Plasma density (2D FDTD (Finite-difference time-domain) around a single void at
the coordinate origin for different stages of structure growth. a) Plasma growth in
polarization direction; b) Saturation of growth and generation of a second structure; c)
Periodic plasma structure formed by subsequent growth, considering that illumination is a
continuous wavelength plane Wave [40].........ccorrrneeeereerte et 153

Figure 95: Carrier density generated by a plane wave normally incident on a half-space (z
>0) with many inhomogeneities. The growth structures direction is backwards against the
propagation one: from the inhomogeneous/homogeneous border at z =0 and the grating
has a period of ~ A2n = 275 nm. In a) there is a panel with polarization and laser
propagation indicated, while a cut through the grating planes at z= -300 nm is reported in
PANEID) [AB]. oottt ettt b st nae b s 154

Figure 96: Scheme of the laser beam geometry incoming on rough surface indicated
as "selvedge” ki is the wave-vector component parallel to the surface; Binc is the angle of
incidence Z indicates the positive direction; | << Ais the selvedge thickness compared to
[aSEr WaVEIBNGLN [53] ...ttt 155

Figure 97: TTT and CCT diagrams [57]....cceeueurriernrieineieireeeireeeiseeetseee ettt sseasaeenas 157

Figure 98: a) Scheme of spatial temperature distribution achieved by static laser as a
function of distance from the laser focus beam. In the left side there is a representation of
temperature variation at the focus center; the right side shows a position a bit away
according to repetition rate. The area in blue shaded represents the approximated beam
width. Yellowish and brownish ones correspond to the amplitude of the temperature
variation at the steady state; b) Time evolution of the temperature relative to a fixed point
according to the distance from the focus center in scanning mode. The scanning beam,
arbitrary limited, is enclosed in the red Zone [3].....ccoeeerinreneeee s 159

Figure 99: Scheme of the nucleation and growth rates; b) TTT curve derived by time
iNtegration Of the rates [3] . e 160

Figure 100: a) only the TTT and CCT curves; these curves with laser thermal treatment curve
b) for places experiencing maximum average T larger than Tr, and ¢) for places at maximum
temperature smaller than Tm [3] ..o 163

Figure 101: Time evolution of the temperature relative to a fixed point according to the
distance from the focus center in scanning mode and SEM micrograph and EBSD map of
the cross section of the laser track obtained at intermediate pulse energy in regime 2 for
LINS GIaSS [B]eeueurerirririririiisitieisieissieissisissies sttt sttt sas s sss s sss s ssssessssessssessssessssessssessssessnsessssnsens 164



Figure 102: Time evolution of the temperature for a fixed point according to the distance
from the focus center in scanning mode, and SEM micrograph and EBSD map of the cross

section of the laser track obtained athigh pulse energy inregime 3 for LNSglass. The green
dashed line in the SEM micrograph is the beam boundary, otherwise the red dashed one

highlights the crystallized volume boundary [3].......ccccocveennenreerrer e 165

Figure 103: Interpretation of the morphology acquired by high pulse energy (regime 3 for
LNS glass) in the plane perpendicular to laser propagation direction (XY plane). The blue
circle reported inside the bouquet-like laser track cross-section shows the beam size inside
which the temperature is almost homogeneous. The green curves represents the bouquet
morphology illustrated in the map above [3]......ccorreeere e 166

Figure 104: Time evolution of the temperature for a fixed point according to the distance
fromthe focus center inscanning modeatvery high pulse energy of 4 uJ and formed single
teXtUre INterpref@tioN [3]. . ettt ses 167

Figure 105: Interpretation of the presence of non-crystallized area in the section of laser
TEACES [Bh ettt ettt ettt ettt et ettt ettt e s et et ete et eas et eas et et et et eaeetent et et ete et ereerens 168

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

Figure 107: Representation of crystallization domain for: a) LNS, b) LNSB glasses in TTT
(time — temperature — transformation) diagram; Tn: melting temperature of LINbOs, Ty:
crystallization peak temperature, Tg: glass transition temperature [2].......cccccovvvvinreennnee 171

Figure 108: Scheme of the effect of the scanning speed on the crystallization for the two
glasses @) NS @and D) LNSB [2]....c.coirirreeereeiseeireesiei ettt sttt sssanes 172

Figure 109: Scheme explaining the effect of scanning speed on the heat-affected volume
(HAV) WIAEN [2]- ettt 173

Figure 110: Scheme of the treatment curves crossing the nose of the crystallization domain:
at increasing the scanning speed (v), also the energy power (E;) must be increased to
preserve the nanocrystal MICrOSTUCTUIE [2].......ooiuriririiirreierciereeeireeree et 174

Figure 111: a) Ideal LiNbOs crystal structure with stoichiometric composition without point
defects (Li); b) nonideal LINbOs crystal structure with Nb antisites (Nby) [61]................. 175

Figure 112: Scheme of sol-gel steps highlighting the variability of different final products
that can be achieved (@dapted from [1]).....c.cocoierininieee e sesees 185



Figure 113: Comparison scheme between melt-quenching and sol-gel process for glass
SYNENESIS [ 1Bttt 186

Figure 114: Sol-gel steps and respective scientific discipline involved [18]..........cccocneuneee 188

Figure 115: Scheme of different steps highlighted by hydrolysisand condensation reactions

Figure 116: The main reactions in the sol-gel process of an alkoxide M(OR),, (1) hydrolysis
of an alkoxy group, (2) condensation of two-OH species, and (3) mixed condensation of a-
OH group and an alkoxy group Species [T9]......cocrrrnrirniereiereieeseeeseee et eseees 190

Figure 117: A typical classification of gel typologies. The attention is focused on metal- and
POIYMEr COMPIEX [29] ettt 191

Figure 118: Representation of a gel generated byacid (a) and basic catalysis (b) [30]....192

Figure 119: Overview of various products obtained by sol-gel synthesis in Polytechnic of
Turin: a) pure silica nanoparticles (basic synthesis at room temperature inspired by Stéber
method with tetramethyl orthosilicate (TEOS), H.O, C:HsOH and NH4OH); b) small
nanoparticles and aggregates found after pure silica bulk glass synthesis based on TEOS
and use of CH3;COOH as solvent and catalyst; ¢) final transparent silica bulk glass obtained
by same synthesis process of b) after thermal treatment at 600°C for 2h at 1°/min; d) fiber-
shape silica glass doped with neodymium (Nd(NOs)z-6H,0, 0.5% mol) (molar ratio 1:4 : 4
= TEOS : CH3COOH : H,0) after calcination at 600°C for 2h; e) FESEM image of sample d) at
100X; e) fiber-shape silica glass doped with neodymium (Nd(NO3)s:6H,0, 1.5% mol) (molar
ratio 1:4:4 = TEOS : CH3COOH : H>0) after calcination at 600°C for 2h; g) allumino-silicate
bulkglasses at90% SiO2— 10% Al,Ozand 50% SiO.— 50% Al;Os respectively; h) neodymium
doped silica bulk glass after aging at Troom for 24 days realized only with TEOS, CH;COOH
and NA(NO3)3 - 6H20 (2,3% WL)...eieieeeeririreircieeeieiseireiseeeee et ess s ssssses 195

Figure 120: Mechanism promoting the coexistence of magnetic and electric long-range
order: the case of lone - pair in BiFeOs. The two Bi** electrons shift away from the Bi** ion
generating the ferroelectricity and towards FeOgs octahedra, giving rise to a spontaneous
polarization P along the [111+ direction. Lone - pair is represented by the red isosurface of
electron localization function Of BIFEO3 [45] ..ot 196

Figure 121: Clear terminology and schemes referred to multiferroics [45].......c.ccccovvrunnee. 197

Figure 122: Pechini-type in-situ polymerizable complex (IPC) method: illustration of the
chemical reaction between a polybasic carboxylic acid chelate and ethylene glycol during
the formation of a complex perovskite oXide [29].......ccccevierierrierrieieieieeeeese e 201

Figure 123: Synthesis methods scheme analyzed in the review highlighting the Modified
Pechini as the one chosen iN thisS WOIK [B7]....ov oot eeeeeeee e eeeveeeseeeeenas 202

Figure 124: Flowsheet showing the Modified Pechini method steps [68]...........ccccoceviueunece 203



Figure 125: Glass-forming region for Bi»Os - B,Os - Fe2O3 system enclosed inyellow [81]: the
final and successful composition is reported in light blue point..........ccccoeveeenininenenenee. 206

Figure 126: Solution of first attempt with a probe to maintain a constant temperature of
75°C AUMNNG thE PrOCESS ...ttt ettt 207

Figure 127: Sample in a falcon vial a) before the addition of Fe and B component; b) after
the introduction of all the precursors; c) in the beginning of its heating at 75°C; d) solution
after a few hours of heating; e), f) suspension after heating not finished yet, some white
precipitates are visible in the bottom of the vial; g) suspension at the end of the process is
dark yellow not red; h) thin-film deposed on glass slide after synthesis to check its
COMSISTONCY ..ttt ettt sttt ea et et es et s et ae sttt ettt e bbbt e et st s st e s e s eneee 209

Figure 128: a) yellow and transparent solution after citric acid addition; b) solution at 70°C
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INTRODUCTION

1.1 MOTIVATION OF THE WORK

Optics and photonics are key enabling technologies for modern society, and
our world leverages the latest advancements in these fields (e.g., LED light-
ing, optical telecommunications). Those two research fields are vibrant and
closely connected by the ever-present challenge of selecting or formulating
the optimal material for a target application. Light interaction with materials
can be a key element to cope with this challenge. Indeed, when we expose
a functional material, like glass, to continuous wave or nanosecond pulsed
lasers, the irradiation induces substantial structural modifications by linear
(one-photon) or at most weakly non-linear (two-photon) absorption. The
irradiating energy activates point defects in the glass network, resulting in
absorptionin the material optical bandgap range. This corresponds to a rel-
evant change of the absorption spectrum producing growth of some ab-
sorption bands and bleaching of others. Light is also responsible for other
structural permanent volume variations through the transport of atoms or
ions. This migration of electrons extracted from ionized atoms or/and ions
is representative of the fundamental contribution of chemistry in the study
of laser-matter interaction. The consequent glass chemical composition var-
iation determines a change in photosensitivity to ultraviolet (UV) laser irra-
diation, and it depends also on material thermal history and on environmen-
tal conditions. Indeed, the photochemistry processes generate the physical
properties in the material after laser irradiation.

Consequently, the production of new active optical and interesting photonic
devices by multi-photon absorption for a variation of non-linear optical
properties during the glass-ceramic transformation is achievable through
the versatile Femtosecond (fs, 1 fs = 107° s) Laser Direct Writing (FLDW) [1].
The devices obtainable by FLDW are many: frequency converters, Bragg
gratings, low-loss optical waveguides, computer memory, graded index
lenses, birefringent optics, data storage, microfluidic system, and non-linear
optics [2]-[7].

One of the key elements of FLDW that grant flexibility and broad applicabil-
ity is that the lasers used for FLDW (typ. 200 fs) allow reaching a high peak



power intensity (typ. TW/cm? scale) in a short time scale leading to an effi-
cient non-linear multi-photon absorption [8], e.g., six photons at 800 nm or
even eight photonsat 1030 nmin SiO,. This result is indeed an exciting and
effective method to induce permanent modifications in three dimensions
(3D) [9] with nano-scale spatial resolution in single-step processing [10],
[11], including space charge migration [12], stress fields [13], and crystalline
phase transformations [14]. In addition, it is possible to obtain the nano-
structuring of material. Moreover, the improvement of properties, the in-
creasing of performance and the opportunity of new physics could be prom-
ising elements towards a real glass multi-functionalization [15] by femto-
second laser irradiation.

Basically, by focusing a fs pulse inside a dielectric transparent material like

glass mounted on a computer-controlled 3D motion stage, by controlling

the fs-laser parameters [16]  (specifically, in this Ph.D. work, pulse energy,
repetition rate, polarization, scanning speed, etc. [17], [18]), various modifi-
cations can be achieved. By controlling those process parameters, it is pos-
sible to study the ultra-fastlaser-matter interaction and its effect on material
properties [18], deriving from non-linear photons absorption phenomena

[19]. The control of the light action in a focal volume of glass allows to mas-

ter crystallization and associated texturing/structuring, leading to optical

functionalization at the micro-scale with a large degree of flexibility. This
opens the door to a new discipline of laser materials science: the laser-ori-
ented crystallization of glass materials.

The present work focuses on borate glasses fabricated by sol-gel technique

and silicate and borosilicate ones realized by the melt quenching process.

The silicate and borosilicate samples are then irradiated with femtosecond

lasers to trigger and control localized and oriented crystallization of LiINbO;

[7], [20]. Below are listed the key motivations of this thesis:

1) Fs-laser induced nanostructure in glass represents a significant route
to design and fabricate architectures in optics [3]. In this research,
starting from silica-based glasses, the material systems have been
extended to multicomponent glasses, including borosilicate glasses
[17], [21].

2) Among the various fs-laser modifications, glass crystallization to pro-
duce LiNbOs will be examined. This crystal is a material that can be
photo-precipitated in a wide range of glass compositions. Thus, it is
suitable for many applicationsin many different fields because of its



3)

4)

optical transparency [22], a wide range of chemical compositions,
and favorable laser-induced crystallization [23], high Curie tempera-
ture [24], ferroelectricity, pyroelectricity, piezoelectricity, and large
non-linear coefficients [25].

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

The crystal size has to be smaller than the wavelength to prevent ex-
cessive losses in transparent devices, considering the large refractive
index difference between polycrystalline (e.g., LINbO3 ~2.3) and glass
matrix (e.g., SiO, ~1.45) [27]. Generally, the crystalline size should stay
below A/10 to maintain the transparency of composite materials. Yet,
to maintain a non-linear optical crystal phase with high SHG property,
the crystal size must be larger than ~100 nm [28].

The control of crystal orientation is necessary to obtain a coherent
non-linear optical response [29]. For LiNbOs, the SHG maximum



value is reached when probing laser polarizationis parallel to the po-
lar axis [14]. This is valid for LiINbO; made by the LNS glass matrix. In
this research, the explorationstarts from LNS glass and moves to LiO;
— Nb,Os - SiO; — B,O3 (LNSB) glass matrix, studying the role of B,Os;
addition, primarily focusing on scanning speed role [18].
This thesis work is part of the NANOMAX (advanced nanostructured mate-
rials and nano-crystals for photonic applications) project, based on collabo-
ration between two academic institutions: Polytechnic of Turin (POLITO) in
Italy and Université Paris-Saclay (UPSaclay) in Orsay, France, and funded by
JOINT Projects of Compagnia di San Paolo. Figure 1 shows the objectives
and specificissues of the Ph.D. work in the Nanomax project framework. In
the following sections, an initial definition of the main research objectives
will follow, and finally, the chapters’ layout will be detailed.

Glasses

1. Bi203_ Ban_ F8203

2. Li,0—Nb,0, - Si0,

3. L|20 - Nb;}Os_ S'Oz - 3203

Laser-matter interaction

1. permanent nano-
structural changes

2. second nonlinear
optical properties
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nanostructured

Fabrication of

cha?::taer:‘icz{;:ion optical glass and glasses by sol-
of fabricated glass-ceramics for gel or rr_uelt
materials photonic quenching
applications process
Analyses
1. Polarized light Laser parameters

microscopy 1. pulseenergy

2. SEM Femtosecond 2. repetitionrate
irradiation for o

3. EBSD nanostructuring 3. polarization

4. QPM nd crystallizatio 4. scanning speed

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

1.2 OBJECTIVES

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



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

2) Determine the chemical redistribution and the evolution of the glass mi-
crostructure according to the laser parameters and the increasing of
B,Os-amountin the glass composition.

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

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

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

1.3 STRUCTURE OF THE CHAPTERS

The introductory chapter contains the motivation of the work, an explora-
tion of the state of the art, and a short overview of all issues dealt with du-
ring this Ph.D. work.

Chapter 2 includes a general discussion on the glass to provide the
reader an adequate background with respect to this thesis content, such as
chemical properties, phase separation theory, before introducing the LNS
and LNSB fabrication by melt-quenching technique. In conclusion, a brief
overview of the properties of LiNbO;3 crystal is presented.

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

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

Chapter 5 is dedicated to the interpretation of Chapter 4 results. In
particular, an investigation of crystallization kinetics and mechanisms



through the effect of laser-material interaction on optical propertiesis des-
cribed. The link between SHG detection and EBSD maps about LNSB, the
nano-crystals orientation through SEM-EDS micrographs, and the nanogra-
ting formation as the origin of birefringence and refractive variation is em-
ployed to discuss what happensin LNS and LNSB through femtosecond la-
ser irradiation. In addition, the last two sections will bring the discussion
using continuouscooling transformation (CCT) and time-temperature trans-
formation (TTT) diagrams, a valuable and straightforward method to explain
and compare the domain of crystallization in the different glass composi-
tions.

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

Chapter 7 concludes this thesis work and highlights future perspec-
tives in the extension of thiswork to other glass matrices. Finally, an Appen-
dix is inserted to explain key theoretical concepts and advanced characteri-
zations more extensively.
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2 FABRICATION AND CHARACTERIZATION OF LITHIUM NIOBIUM
SILICATE AND BOROSILICATE GLASSES

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

2.1 GLASS : DEFINITION, CHEMISTRY, AND PHASE SEPARATION
2.1.1 Debate on glass definition

The modern debate about the definition of glass began in 1932 with Zacha-
riasen. Glass can be defined as a supercooled liquid from the point of view
of physical chemistry or a solid from the theory of elasticity. If we know no-
thing about the atomic arrangement, it is not enough the definition as a
liquid supercooled or a solid [1]. Experimental evidence has demonstrated
that glass strength may overtake the corresponding crystalline one. Then, it
means thatthere must be a glass network with differentcharacteristicscom-
pared to those of the crystalline one.From the results of the X-ray diffraction
experiments, the glass network is non-periodic and not symmetrical. The
isotropy is a natural consequence of the absence of symmetry in the glass
network, and the atoms are all structurally different from each other. In this
case, migration is possible for detached atoms [1]. In 1973, Doremus an-
nounced the following definition: “A material formed by cooling from the
normal liquid state which has shown no discontinuous changein properties
atanytemperature but hasbecome more orless rigid through a progressive
increase in its viscosity” [2]. Besides, Roy, in his classification of non-crystal-
line solids, argued “In the literature, all non-crystalline solids are often re-
ferred to as "glass"” [3]. To highlight that this definition was too simplistic,
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Cooper and Gupta stated that this can cause confusion if a quantitative de-
finition of glass, independent of the history of its treatments, is not given
[4]. It is difficult to find a tool to recognize a non-crystalline material; other-
wise, structural differences can be used to explore its origin (the parent ma-
terials) and its behavior [3]. Non-crystalline materials are always unstable or
metastable phases, as represented in the following Figure 2. This structural
classification depends on the parent materials and the process used to
synthesize non-crystalline materials. In case of an excess of free energy, the
material has been frozen or quenched by a sudden change of a thermody-
namic intensive variable: temperature in glasses and vapor deposited non-
crystalline solids, pressure, or chemical potential in gel [3].

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

. . . . R-d .
time. x is the normalized correlation range equal to x = 7 where R is the

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

The other characteristic parameter is the structural relaxation time 7 (s), al-
lowing a distinction between liquids and glasses. For glass as isotropic ma-
terial, T >> 10° s [4].

METASTABLE %
or AMIBPHIZED loes  aLasses % VAPOR DEPOSITED
UNSTABLE ' } 4 —T 4 L }
PHASES I
T 3 = zEé* e :
=0
excess Ea g 2 E & Buk g g..
free & EE mgé Eag 2 uf
energy 2 5 E 2 g E 'g g-;'%
gi ? ‘%i “’.é" / \ 1
STABLE | L] L] L] L] rd Y !
CRYSTALLINE(LRO) LQUIDS VAPORS
PHASES S0LIDS

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

The properties for the most important different states are reported in Table
1.
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Table 1: Properties of different states (a = crystalor grain diameter; d = hard sphere
atomic diameter) [4]

State of Normalization Structural Isotropy
aggregation correlation range, X | relaxation time, t(s)

Crystal ~a/d > 103 -
Polycrystal ~a/d »10° +,—
Glass ~1 »>10° +
Normal liquid ~1 «10? +
Dilute gas -0 «10? +

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

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

A first turn comes when it begins to distinguish between glass and solid
amorphous. For Zarzycki, in 1982, the glass was “a non-crystalline solid that
presents the phenomenon of glass transition” [7] and Gupta, in 1996,
deepened this distinction by inserting two main rules derived from
Zachariasen’s conditions for glass formation [1]: a system is a good non-
crystalline solid (NCS) former if (i) the short-range order (SRO) of the crystal
is indistinguishable from the SRO of NCS and if (ii) it is topologically
disordered. Among all the materials that satisfy these two rules, i.e., all the
NCS, only the ones that satisfy a third rule can be properly called glasses:
(iif) a glass must show the same SRO at the solid-state and after melting. If
this latter condition is not satisfied, it will be only an amorphous solid [8].
In the 21 century, the first interesting definition was from Shelbyin 2005:
“An amorphous solid completely lacking in long-range order, periodic
atomic structure, and exhibiting a region of glass transformation behavior,"
or "Any material, inorganic, organic or metallic, formed by any technique,
which exhibits glass transformation behavior” [9].
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In 2010, Varshneya proposed a new definition:“Glassis a solid havinganon-
crystalline structure, which continuously converts to a liquid upon heating”
[10], and this was reported in [11].

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

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

The last definition was from Rajaramakrishna and Kaewkhao in 2019: “Glass
is an amorphous solid which exhibits glass transition temperature by
arresting the kinetics below supercooled liquid region when bypassed
crystallization” [16]. This was not accepted since it neglects the concept of
the unstable nature of glass matter. Then the definition of Zanotto and
Mauro is now adopted and included in the third edition of the book of
Fundamentals of Inorganic Glasses by Varshneya and Mauro [17]. The
statements of Zanotto and Mauro were revealed the most detailed,
complete, and comprehensible and they explained that even though glass
can be considered as a solid and immutable material, it is a liquid if it was
checked on a long, almost infinite, timescale.

2.1.2 Glass chemistry

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

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

[18]

The Zachariasen-Warren network theory presents the conventional glass
formation according to these five basic principles [19]:

1.

A compound tends to form a glass if it easily forms polyhedral
groups as the smallest building units.

Polyhedra should not share more than one corner.

Anions should not bind more than two central atoms of a polyhe-
dron. Thus, in simple glasses anions form bridges between two pol-
yhedra.

The number of corners of polyhedral must be less than 6.

At least three corners of a polyhedron must connect with the neigh-
bor polyhedra.

For unconventional glass melts, it could be possible to use Sun'’s theory; its
peculiarity is the connection of glass formation process to the ability or in-
ability of molecular bonds to rearrange in the liquid state during crystalliza-
tion. Sun indicated precisely four requirements [20]:

1)
2)
3)

the very high bond strength of atoms in the chains or networks.
minimal formation of a small ring of these strongly bonded atoms.
at least a continuous chain has to be formed configuratively and
structurally with the relative numbers of various atoms in the chains

or networks.
the coordination numbers of the glass forming atoms should be as

small as possible to keep the bond strong.
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For glass formation, it is possible to distinguish the anions like 0%, S* and
F. The cations establish the role of the compound in glass formation ac-
cording to their dimensionsand coordination numbers, i.e., the number of
neighbors surrounding each atom. The glassmaking components bonds
connect the atoms together for the three-dimensional network formation,
in which it is interesting to distinguish three classes of oxides:

1) The formers which represent the glass network backbone may form
glass with ordinary laboratory techniques (B,Os, SiO, GeO, P,Os,
As,0Os, SbyOs, V05, ZrO,, P,0Os, Sb,0Os, Bi»0s). Their cations have a co-
ordination number generally equal to 3 or 4.

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

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

Once the glass network has been formed, it is no longer possible to distin-
guish the oxides and only the bonds M - O remain and based on the bond
energy of the oxides, it is possible to classify between 80 kcal characterizing
the network formers, 60 kcal typical of modifiers and an energy between 60
and 80 kcal that allows to detect the intermediate oxides [20].

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

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

a)

* Liquid state: tggg >>1(T)
(Configurational state in eqbm)

Transf. Lig
Range

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

Glass (g) 2 ==
(,,/4
.___,__%____

Enthalpy

*  Glass: tggs << 1(T)
(Configurational state is frozen. )

/

* T,=Temp where the structure of
the liquid is same as that of the

T T lass. _cp
FictiveT MeltingT 9 o(T;) Logs

Crystal (X

Figure 4: a) Scheme of a glass-forming substance, specifically enthalpy versus
temperature plot sowing four distinct states: liquid (L), supercooled liquid (SCL),
glass (G) and crystal (C). T, = melting temperature, T, = glass transition
temperature [13]; b) Change of enthalpy with the temperature for the different
allotropic phase (cooling at a fixed rate, q (toss ~1/9)).

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

2.1.3 Phase separation : nucleation and growth

The phase separation process between a liquidand a solid in a glass consists
of nucleation and growth of crystals, i.e., crystallization. Generally, this oc-
curs through the classical nucleation theory (CNT), a simple theoretical
model proposed by Gibbs.

When nucleation takes place in the liquid phase or glass because of the
thermal fluctuation of the chemical composition, no interface is generated,
anditis not possible to distinguish the parent phase from the one produced;
this is called homogeneous. For details about CNT, refer to the section A of
Appendix.
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Even though this theory has been employed to describe the crystallization
process of glasses. However, this method presents a large discrepancy be-
tween the calculated and experimental results, due to the real practice of
solidification of glassy alloys often involves heterogeneous nucleation [21].
This kind of nucleation happens at some preferred sites that are much
greater than others. If we compare to the homogeneous nucleation, there is
an effect mainly because of the diminished thermodynamic barrier, towards
a decrease of the contribution of the effective surface energy to the work of
critical cluster formation [22].

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

In Figure 5, the segregation into solution occursinitially through small local
composition fluctuations, after the two phases become more distinct and
revealed by chemical attack. Moreover, the phases seem often intercon-
nected in a tridimensional continuity of the particles from which they were
generated.
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Figure 5: Schematic free energy diagram of the spinodal decomposition. (a) Spi-
nodal decomposition is shown on the phase diagram displaying a miscibility gap.
Note that the boundary separating the metastable and the unstable region is
known as spinodal curve that can be obtained by performing a common tangent
construction of the free-energy curve. (b) The free energy curve is plotted as a
function of composition for the phase separation temperature T,. In the spinodal
region, the curvature of the free-energy curve is negative. Note that the binary
mixture with initial temperature (T;) is cooled quickly to a lower temperature (T5).
Xy and X; are the equilibrium compositions that correspond to the free energy min-
ima. The spinodes are marked as S; and S; in the diagram. In the spinodal region,
the curvature of the free-energy plot is negative [23].

2.2 MELT QUENCHING TECHNIQUE

To prepare a glass by melt quenching, the chemical components as starting
batch materials were weighted according to the suitable composition
(%mol) and mixed homogeneously to a fine powderin a pestle and mortar,
then transferred to a specific crucible and heated until the melting point
After the melt is cast and quickly poured on a brass or stainless block kept
at 300°C, and then pressed with anotherbrass or stainless block to get glass.
This last step of the melt quenching process can be considered properly also
an annealing and the glass samples subjected to this treatment have been
proved stable during the characterizations over the year, as it is possible to
verify in the next fourth chapter dedicated to experimental results. Once the
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glass is obtained, cutting and mirror polishing are carried out for the re-
quired shape and size [16].

As regards the glasses synthesized in this thesis work, a dedicated and spe-
cific process is chosen illustrated hereafter. Below, in Figure 6, it is shown
the ternary phase diagram for SiO, — LiNbOs — B,O3; where the four glasses
composition, employed in the experiences, are placed, and reported in an
extended way in the following Table 2:

Table 2: Glass labels and batch compositions

Label Glass batch composition (molar percentage)
LNS34 33% Li,O = 33% Nb,O,-27% SiO, - 0% B,O,
LNS27B7 33% Li,O = 33% Nb,O,—-27% SiO, - 7% B,O,
LNS20B14 33% Li,O - 33% Nb,O,-20% SiO, — 14% B,O,
LNS13B21 33% Li,0 - 33% Nb,O, - 13% SiO, - 21% B,O,
B,O,
‘LHS34 0 A100
@LNS2787
WLNS20B14 \
HLNS13B21 20 80

40 \ 60

60 \ 40

20 40 60 80 100 .

Figure 6:SiO; - LINbO3 - B,Os3 ternary phase diagram

The melt quenching technique with which the four glasses were made is
listed in seven steps described extensively afterwards and reported in the
following Figure 7:
1. Powder mix with acetone for three times
Heat treatment at 200°C for two hours
Room temperature rise at 5°C/min up to 1000°C
Temperature maintenance at 1000 °C for 1h
Raise from 1000°C to melting temperature to 5°C/min
Melting temperature maintenance for 2 hours

o hkwn
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7. Quenching between two metal plates preheated around 350°C

2 Pre-heating 1 P.c;w: :; tr‘:::lxe

3Meltingin 1) up to 1000°C at 5°/min
two steps  2) 1400°C for LNS and 1350°C for LNSB at 10°C/min for 1 hour

= 4 Quenching -y LNS34
ﬁ between two [ pma
y brass plates at foak 5Cutting and -/ GFemtosecond laser - agdty
N’ 350°C for 30 min polishing >N513521 irradiation 3 B
® =

L )

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

Once the precursors have been weighed and putin the mortar, acetone has
been added twice or more as needed to allow a suitable homogenization of
the powder. Continuous mixing with a pestle is done from top to bottom,
and it is fundamental not to make a circular movement not to attach every-
thing to the mortar walls. When it is obtained a dry powder, acetoneis ad-
ded again. It must be mixed with the pestle until it is again a dry powder,
thenit will be ready. The powderis putinto the platinum crucible and baked
at 200°C for two hours to evaporate all the acetone. The next day, when the
oven is cold, the crucible isintroduced, and a ramp from room temperature
is set. The crucibleis introduced into a furnace, and the melting program is
started with a two-step process (first-step of ramp in n°3 and 4 and second
step in n°5 and 6 of the abovementioned list). The first ramp to 1000°C is
made for decarbonization of the precursor Li,COs to form Li,O, eliminating
CO,. The second ramp, from 1000°C to melting temperature, is carried out
to obtain a homogeneous fusion of the mixture, even though itisimportant
not to go beyond the established holding time of two hours, to avoid the
volatilization of Li,O and B,0Os.

Subsequently, to release stress, the molten mixture is quenched between
two metal plates preheated ataround 350°C, forming the final glass product
The collected glass samples can thus be polished.
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2.2.1 Lithium niobium silicate glass fabrication

To obtain 30 g of glass, the calculationsfor33%Li,O — 33%Nb,0s — 34%Si0O,
(labeled LNS34, %mol) composition and powder mix with acetone for three
times are reported in Table 3 and Figure 8:

Table 3: Batch calculation for LSN precursors powder to obtain glass by melt quen-
ching

Final com- | Mole | Precursors | Initial | Initial wt% | Th.mass | Exp.mass
pound % mole% (9) (9)
Nb:Os 33 Nb2Os 33 66.1874 19.8562 19.8566

Li.O 33 LiCO; 33 18.3990 5.5197 5.5209
SiO; 34 SiO2 34 15.4134 4.6240 4.6251

The following melting program for LNS34 deals with four steps:
1. RT rise at 5°C/min up to 1000°C
. At 1000 °C for 1h.

2
3. Raise from 1000°C to 1400°C to 10°C/min
4. At 1400°C for 1 hour.

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

2.2.2 Lithium niobium borosilicate glass fabrication

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

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

Final com- | Mole | Precursors | Initial Initial Th.mass | Exp.mass
pound % mole% wt% (9) (9)
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Nb.Os 33 Nb2Os 27.27 60.13 18.0389 18.0360
Li-O 33 Li2COs 27.27 16.72 5.0145 5.0140
SiO: 13 SiO2 10.74 5.35 1.6062 1.6070
B20; 21 H3BOs 34.71 17.80 5.3404 5.3407

The following melting program for LNS13B21 deals with four steps:

1. RT rise at 5°C/min up to 1000°C

2. At 1000 °C for 1h.

3. Raise from 1000°C to 1350°C to 10°C/min

4. At 1350°Cfor 1 hour.
We note that the presence of B,O; can promote the glass crystallization that is vi-
sible both on the crucible and on the glass produced through the white traces of
following Figure 9 a), b) and ¢):

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

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

2.3 GLASS POLISHING

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

Table 5: Polishing steps list of glasses

Polishing material Time (min)
abrasive paper P240 8
abrasive paper P600 8
abrasive paper P1200 8
abrasive paper P2500 10
diamond disc 15 ym 10

diamond disc 9 pm 10

diamond disc 6 pm 10

diamond disc 3 pm 15

diamond disc 1 pm 15

colloidal silica 0.03 pm 20

2.4 GLASS CHARACTERIZATION

2.4.1 Differential Scanning Calorimetry (DSC)

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

Figure 10 provides the DSC scans of the four different glass compositions
(in mol%) 33Li,O — 33Nb,0s5 — (34-x) SiO, — xB,0;, withx =0, 7, 14, and 21.
In this case, the black curve corresponds to LNS and glass transition
temperature (Ty), maximum crystallization peak tempering with (Tp), and

23



onset crystallization temperature (Ty) were also indicated. It is not easy to
distinguish the T4 for LNS and LNSB glass; consequently, the values were
taken from Sciglass. For LNS, Ty = 579°C; otherwise, for LNS13B21 the value
of Tg = 520°C. For both glasses, T, = 1257°C corresponds to the melting
temperature of LiNbOs. By the observation, the progressive addition of B,O;
leads to shift down the crystallization peak to lower temperatures by about
150°C between LNS and LNSB with 21% mol% B,0:s.

54 ——21mol% B,O,
1 —— 14 mol% B,0,
4 —— 7 mol% B,0,
——0mol% B,O,
1 i I

1-_ A_,

100 200 300 400 500 600 70O 8(IJO
Temperature (°C)

Heat flow (Exo up, a. u.)
N

Figure 10: Differential scanning calorimetry (DSC) scans for four glasses
composition with an increasing amount of B,Os in the batch compositions in mol%

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

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

Firstly, it is fundamental to focus the attention on elemental composition
and Nb/Si ratio by SEM analysis that allows a higher resolution of the fs-
laser-induced modificationsin borosilicate glasses, reported in the following
Figure 11a and b.

The self-organized nanostructures present an oriented phase separation
already visible in LNS34 matrix explored in ref. [8]. They were discovered by
SEM analysisin two passages illustrated in Section 4.6.1. For more detailed
theory aboutits working principle, see [25].
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Figure 11:a) Elemental composition analysis for four glass composition by SEM-
EDS analysis; b) Exploration of Nb/Si ratio: ratio theoretical vs ratio experimental

2.4.3 Ultraviolet-visible spectroscopy (UV spectra)

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

2.4.4 Thermal diffusivity measurements

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

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

thermal diffusivity and wq is the beam waist. The corresponding temporal

magnitude affected by thermal diffusivity is diffusion time 1p equal to %,
where wo ~ 1 um. In our experimental conditions, heat diffusion speed
corresponds to a few 10 m/s actually greater than scanning speed (<
Tmm/s) [31]. The values found for LNS27B7, LNS20B14 and LNS13B21
reported on Figure 14 can be compared with Dt for LNS34 equalto 9 - 107
m?/s found in the literature [31], [33]. If we substitute the values of Dt and
wo, we obtain a tp = 0.28 ps. This reveals a weak temporal overlapping

between laser pulses, and we enterinto the so-called “single pulse regime.”
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From the comparison between thermal diffusivity values for silicate and
borosilicate glasses, we noted a slight difference that it can be made explicit
considering the definition of thermal diffusivity as Dy = k / [pCpl, where k is
the thermal conductivity, p is the density and C, the heat capacity.
Substituting the values found by Sciglass software, we found a difference of
6% in pC, between LNS34 and LNS13B21. Then, these profiles of spatial
temperature distribution for both glasses just above are very comparable
[31].

Maximum temperature

o
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H I
il
fety <t <
A4\
H 1
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Figure 14: Temperature spatial distribution evolution T(r,t) after pulse deposition
inside the glass, as time increases from t; to t;,. At decreasing of maximum
temperature with time, the width of the distribution increases [31].

2.5 LINBOj;: CRYSTALLOGRAPHIC AND OPTICAL PROPERTIES

Lithium niobate (LiNbOs) is an artificial, dielectric, and multifunctional
material of the 3m crystallographic group, firstly recognized as ferroelectric
in 1949 by Matthias et al. [34]. It is naturally birefringent, and its properties
such as pyroelectricity, piezoelectricity, nonlinearity, acousto-optic and
electro-optic effects make it one of the targets and key materials for
photonic, optical, and electronic applications, holographic data processing,
and telecommunication technologies [35]. In particular, this Ph.D. thesis
realized the 3D photo-precipitation of LiNbOs; by femtosecond laser-
induced crystallization.
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Below, there are two sections on lithium niobate oxide's crystallographicand
optical properties. It is important to consider that the optical properties
basis is always orthogonal, whereas the crystallographic one is not. There
are nevertheless a few rules for the coincidence of some axes.

2.5.1 Crystallographic properties

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

a)

1400 liquid

| LINBQ, + liquid
1200 LINDQ, + liquid

) LiNbQ, +
E' 1000 - LizNbQ,
E
8 (Li-rich)
& 800[-LINDG, +LiND;Q,
] L (Li-poor)

600 -

1 1 1 J
% 48 48 50 52

mol% Li,0

Figure 15: a) Phase-equilibrium diagram for LiNbOj3 [36] and b) scheme of the
furnace for Czochralski growth at LiNbO; [37]

LiNbO; structure, reported in Figure 16a, is not centrosymmetric. The Curie
temperature T. (beyond which a material loses its ferromagnetism and
becomes paramagnetic) of LiNbOs is very high and correspondsto ~1210°C
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[38], and this value depends on the crystal composition [36]. The distortion
of the niobium-oxygen octahedron contributesto LiNbO; formation.Chains
of the distorted oxygen octahedra with the common faces settled along with
the polaraxis c. When LiINbQOs is in the paraelectric phase, the temperature
satisfies this condition T. < T < T, as shown in Figure 16b. In this case, Nb>*
ions are in the center of the oxygen octahedron, otherwise the Li* ions are
placed within the oxygen planes. Below T, LiNbOs is in the ferroelectric
phase; the structure is composed by hexagonal close-packed oxide ions
approximately where two-thirds of the octahedral sites are cations Li* and
Nb>* followed by a vacancy, and this sequence is repeated every third layer
[39]. The condition of ferroelectricity is fulfilled when empty octahedra
accept Nb>* and Li* ions displaced from theiroctahedral centers in opposite
directions along the c-axis. A spontaneous polarization, in the direction
along the c axis, from -c face to +c face, is generated from ferroelectric
LiNbOs. This ferroelectric phase, reported in Figure 16¢, has a conventional
hexagonal unit cell with point group 3m, space group R3c with hexagonal
axes (ajaz az ). The c axis coincides with the polar axis (or optical axis). This
+c face is the face positive when the crystal is cooled from the melt. The
crystallographic parameters of LiNbO; crystal are reported in the following
Table 6.

positive

neutral dipole end
—e— e
oL
@ NbS ) /(fg\ @ 7]
@ 0? Q
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®)
o @
& o

Paraelectric
Ferroelectric

Figure 16: Positions of the lithium atoms (double cross-hatched circles) and the
niobium atoms (single cross-hatched circles) with respect to the oxygen octahedra
in the a) paraelectric phase and b) ferroelectric phase of lithium niobate, the
horizontal line on the right side stands for the oxygen layers [38]; c) atomic
structure of LINbO; [40]
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In addition, LiINbO; owns a very flexible host structure toward dopants and
the formation of extensive solid solution areas. Remarkably, the physical
properties of LiNbOs; depend on the defects in the structure and can be
improved by doping with some cations (e.g., Co?* and Ni®*). In the principal
doping mechanism, the total number of cations remains constant [39].

Table 6: Crystallographic parameters of LINbO;

Items Value
Crystal Symmetry Trigonal
Point Group 3m
Space group R3c (no. 161)
Lattice Constants (hexagonal) a=>5148 A
c=13.863A

2.5.2 Optical properties

2.5.2.1 Absorption

There is a broad transparency range for LiNbOs between 420 and 5200 nm.
LiNbOs is optically homogeneous (~ 5 x 107 /cm), with a damage threshold
of 250 MW/cm? (1064 nm, 10 ns) [41]. LiNbO3; composition (most of all, when
some variation may occur due to doping or in solid solution) affects the
position of the fundamental absorption edge [19]. This may be used to
characterize the composition and homogeneity of LiNbO; [42]. The
wavelength with a certain absorption coefficient (i.e., 15 or 20 cm ") defined
the band edge position [42].

2.5.2.2 Refractive index

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

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

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

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

g1 O 0
EO [ O 822 O ] (3)
0 0 &35

D and E will have the same direction when E coincides with the direction of
the principal axis of the dielectric constants. The relationship between the
principal refractive index ny (k = 1,2,3) with gy is equal to Ny = /€. Now
it is possible to write the dielectric matrix by refractive indexes. LiNbO; is a
uniaxial crystal, then €11 = €5, = n% # €33 = nZ, where n, and n. are respectively
ordinary and extraordinary indexes, and the z-axis of the uniaxial crystal
denoted the optic axis (in the direction of the optic axis). Then, the refractive
index tensor of LINbO; can be written as:

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

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

The three-oscillator Sellmeier fitting the data appears in the solid curves at
temperature measured of 21°C, in Figure 17. This equation is used to
describe the dispersion of refractive index:

n°A\) = 1 + X (5)

J;tz
where A; is the adsorption resonance of strength at a wavelength \/E For
LiNbO; the Sellmeier equation valid for n, and n is given by [43]:

2.6734A2 1.2290A2 12.614A2
nz(A\) =1+ + + (6)

A2-0.01764 A2-0.05914 2A2-474.6

2.9804A2 N 0.5981A% N 8.9543)2
A2-0.02047 A2-0.0666 A2—416.08

ng(\) =1+ (7)

where A is the wavelength in pm.

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

P (w) = £oxfe (W) Ex(w) (8)
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Where g, is the permittivity of free space; x].(kl) is linear susceptibility tensor,

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

njzk(w) = gjr(w)/gg =1+ xi']((l)(w) (9)

Two independentelementscharacterize the electric susceptibility of LINbOs:
one is along the polar axis, X, and the other one is perpendicularto it xx
(Xxx = Xyy). It is possible to deduce the dielectric susceptibility from the
refractive index for LiINbOs. It has negative uniaxial birefringence with n,
(ordinary refractive index, electric field polarization normal to c axis) greater
than ne (extraordinary refractive index, electric field polarization parallel to c
axis); indeed, the fast optical axis is along, whereas the slow optical axis
perpendicularto the c axis. At the wavelength of 1030 nm, n, = 2.234 and
ne = 2.157, i.e, the index normal to polar axis (i.e., Xx) is larger than one
parallel to polar axis (i.e., Xzz)-

2.5.2.3 Nonlinearoptical properties

The nonlinear coefficient of LiNbO;s is: ds33 = 344 pm/V, dx = 3.07 pm/V,
and ds3; = dys = 5.95 pm/V ref. [24]. The orientation of the polar axis of
LINbO; determines the second-order nonlinear optical properties (as
discussed in Chapter 3). The relevant coefficient for a probe polarization
along the polar axis of LiNbO; is the largest (ds3), compared to the
coefficient for a probe polarization perpendicular to the polar axis (dz,). The
description of the SHG in a crystal is summarized in ref. [47] for details. For
a monochromatic input wave with frequency w, the induced polarization at
the harmonic frequency 2w is written as:

Pow = 2 x5 ERES (10)
Where g is the permittivity of free space, ng(g is the second-order nonlinear

susceptibility tensor, and Ef is the probing laser electric field.

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

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

2 _1 (2
dije = > Xijk (1)
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Now, di(].f() is written in a contracted form, a 3 x 6 matrix, di(lz). Ifj =k | =],
otherwise, | = - (j+k).
Then, for LiNbO;, dj is given by:

0 0 0 0 dy -—dpp
di=]=dzz dz 0 d3; O 0 (12)
dzg; d3; d3z 0 0 0

2.6 CONCLUSIONS

This chapter introduces the materials investigated in this thesis, along with
their most important properties. The nextchapteris dedicated to laserdirect
writing. First, we focus on the glass since it is used as the base material and
move to LiNbO;s since it is the crystal phase induced from a glass phase in
this work. The glass is generally described, including an interesting debate
on its definition, its chemistry and phase separation. From this section, the
melt-quenching technique, selected as the synthesis process, is described,
along with the chosen glass compositions (lithium niobium silicate or boro-
silicate glass) and associated characteristics. A brief description of the post
glass synthesis polishing process is also provided. The remainder of the
chapter is devoted to the characterization of the glass samples. The aim of
the aforementioned steps is to prepare the glass samples for subsequent
femtosecond laser irradiation. Additionally, a DSC analysis is performed to
find how the characteristic temperatures of synthesized glasses — i.e., glass
transition temperature (Tg), maximum crystallization peak (Tp), and onset
crystallization (T,) temperatures - are affected by the increase of B,Os in
glass chemical composition. Values of glass transition temperature found
through Sciglass software are used as reference for our analysis, especially,
Ty = 579°C for LNS34, and Ty = 520°C for LNS13B21. SEM-EDS analysis car-
ried out onlaser tracks cross-section highlightselemental compositionsand
Nb/Si ratio, and nanogratings formation in borosilicate glass matrices.
Moreover, the UV absorption spectra are provided to set the use of the
femtosecond laser based on the optical transparency window of the mate-
rial. Finally, thermal diffusivity measurements intend to show how the heat
diffusion speed is a fundamental parameter to understand the temperature
spatial distribution evolution, after laser pulse deposition inside the glass.
To have an overview on the optical and crystallographic properties of the
product that we propose to obtain and maintain a common thread with the
nextchapters, the lastsection of this chapterdedicated to crystalline LiNbO:.

35



2.7 BIBLIOGRAPHY

[11  W. H. Zachariasen, "THE ATOMIC ARRANGEMENT IN GLASS,” J. Am.
Chem. Soc, vol. 54, no. 10, pp. 3841-3851, Oct. 1932, doi:
10.1021/ja01349a006.

[2] "9780471891741: Glass Science, 2nd Edition - AbeBooks - Doremus,
Robert H.: 0471891746." https://www.abe-
books.com/9780471891741/Glass-Science-2nd-Edition-Doremus-
0471891746/plp (accessed Aug. 24, 2021).

[3] R. Roy, “CLASSIFICATION OF NON-CRYSTALLINE SOLIDS,” Journal of
Non-Crystalline Solids, vol. 3, pp. 33-40, 1970.

[4]  A.R. Cooperand P. K. Gufta, “An Operational Definition of the Glassy
State,” J American Ceramic Society, vol. 58, no. 7-8, pp. 350-351, Jul. 1975,
doi: 10.1111/j.1151-2916.1975.tb 11507 x.

[5]  “Glassstructure by spectroscopy: By J. Wong and C. A. Angell.Pp. 864
+ xv. Marcel Dekker, New York and Basel. 1976. SFrs 145 - [PDF Document],”
vdocuments.mx. https://vdocuments.mx/glass-structure-by-spectroscopy-
by-j-wong-and-c-a-angell-pp-864-xv.html (accessed Oct. 13, 2021).

[6] E.A.Mari, Los vidrios: propiedades, tecnologias de fabricaciony apli-
caciones, 1a ed. Buenos Aires: Alsina, 1982.

[7] J. Zarzycki, Les verres et |'état vitreux. Dunod, 1997.

[8] P. K. Gupta, "Non-crystalline solids: glasses and amorphous solids,”
Journal of Non-Crystalline Solids, vol. 195, no. 1-2, pp. 158-164, Feb. 1996,
doi: 10.1016/0022-3093(95)00502-1.

[9]  J. E. Shelby, Introduction to Glass Science and Technology. Royal So-
ciety of Chemistry, 2005.

[10] A. Varshneya and J. Mauro, “"Comment on misconceived ASTM defi-
nition of ‘Glass’ by A. C. wright,” Glass Technology - European Journal of
Glass Science and Technology Part A, vol. 51, Feb. 2010.

[11] A.K. Varshneya, Fundamentals of inorganic glasses. Boston, London:
Academic, 1994.

36



[12] I. Gutzow and J. Schmelzer, “The Vitreous State: Thermodynamics,
Structure, Rheology, and Crystallization,” undefined, 2013, Accessed: Aug.
25, 2021. [Online]. Available: https://www.semanticscholar.org/paper/The-
Vitreous-State%3A-Thermodynamics%2C-Structure%2C-and-Gutzow-
Schmelzer/35805f6f8a1516a0b9fcc3006be8780755634fea

[13] E.D.ZanottoandlJ.C. Mauro,“The glassy state of matter: Its definition
and ultimate fate,” Journal of Non-Crystalline Solids, vol. 471, pp. 490-495,
Sep. 2017, doi: 10.1016/j.jnoncrysol.2017.05.019.

[14] A. I Popov, "What is glass?,” Journal of Non-Crystalline Solids, vol.
502, pp. 249-250, Dec. 2018, doi: 10.1016/j,jnoncrysol.2018.01.039.

[15] E.D.Zanotto andJ. C. Mauro, “Response to comment on ‘The glassy
state of matter: Its definition and ultimate fate,” Journal of Non-Crystalline
Solids, wvol. 502, pp. 251-252, Dec. 2018, doi: 10.1016/jjnon-
crysol.2018.01.040.

m

[16] R. RajaramakrishnaandJ. Kaewkhao, “Glass material and their advan-
ced applications,” KSS, Jul. 2019, doi: 10.18502/kss.v3i18.4769.

[17] A.K. Varshneya andJ. C. Mauro, Fundamentals of Inorganic Glasses.
Elsevier, 2019.

[18] Muhammadfibonacci, “Crystal structure ( crystalline,polycrystalline
and amorphous),” Muhammadfibonacdi, Sep. 18, 2011. http://muhammad-
fibonacci.blogspot.com/2011/09/crystal-structure-crystallinepoly-
crysta.html (accessed Aug. 25, 2021).

[19] W. Vogel, Glass Chemistry, 2nd ed. Berlin Heidelberg: Springer-Ver-
lag, 1994. doi: 10.1007/978-3-642-78723-2.

[20] K.-H. Sun, "FUNDAMENTAL CONDITION OF GLASS FORMATION," J
American Ceramic Society, vol. 30, no. 9, pp. 277-281, Sep. 1947, doi:
10.1111/j.1151-2916.1947.tb 19654 x.

[21] S.B.Leeand N. J. Kim, "Kineticsof crystallization in continuously coo-
led BMG,” Materials Science and Engineering: A, vol. 404, no. 1-2, pp. 153-
158, Sep. 2005, doi: 10.1016/j.msea.2005.05.038.

37



[22] V. M.Fokin, E. D. Zanotto, N. S. Yuritsyn, and J. W. P. Schmelzer, "Ho-
mogeneous crystal nucleation in silicate glasses: A 40 years perspective,”
Journal of Non-Crystalline Solids, vol. 352, no. 26-27, pp. 2681-2714, Aug.
2006, doi: 10.1016/j,jnoncrysol.2006.02.074.

[23] S.Sarkar, S. Banerjee, S.Roy, R. Ghosh, P. P. Ray, and B. Bagchi, “Com-
position dependent non-ideality in aqueous binary mixtures as a signature
of avoided spinodal decomposition,” J Chem Sci, vol. 127, no. 1, pp. 49-59,
Jan. 2015, doi: 10.1007/s12039-014-0749-y.

[24] Q. Zheng et al, "Understanding Glass through Differential Scanning
Calorimetry,” Chem. Rev., vol. 119, no. 13, pp. 7848-7939, Jul. 2019, doi:
10.1021/acs.chemrev.8b00510.

[25] N.Erdman,D.C. Bell,andR. Reichelt,“Scanning Electron Microscopy,”
in Springer Handbook of Microscopy, P. W. Hawkes and J. C. H. Spence, Eds.
Cham: Springer International Publishing, 2019, pp. 229-318. doi:
10.1007/978-3-030-00069-1_5.

[26] "59801397_020660.pdf.” Accessed: Jul. 12, 2021. [Online]. Available:
https://www.agilent.com/cs/library/primers/Public/59801397_020660.pdf

[27] "High-Performance UV-Vis, Cary 5000 UV-Vis-NIR spectropho-
tometer | Agilent.” https://www.agilent.com/en/product/molecular-spec-
troscopy/uv-vis-uv-vis-nir-spectroscopy/uv-vis-uv-vis-nir-systems/cary-
5000-uv-vis-nir (accessed Jul. 12, 2021).

[28] A. n Salazar, "On thermal diffusivity,” Eur. J. Phys., vol. 24, no. 4, pp.
351-358, Jul. 2003, doi: 10.1088/0143-0807/24/4/353.

[29] R.A.Morgan,K.I.Kang,C. C. Hsu, C. L. Koliopoulos,and N. Peygham-
barian, "Measurement of the thermal diffusivity of nonlinear anisotropic
crystals using optical interferometry,” Appl. Opt., vol. 26, no. 24, p. 5266, Dec.
1987, doi: 10.1364/A0.26.005266.

[30] A.G. Whittington, "Heatand Mass Transfer in Glassy and Molten Si-
licates,” in Measurements, Mechanisms, and Models of Heat Transport, El-
sevier, 2019, pp. 327-357. doi: 10.1016/B978-0-12-809981-0.00010-3.

38



[31] E. Muzi et al,, "Towards a Rationalization of Ultrafast Laser-Induced
Crystallization in Lithium Niobium Borosilicate Glasses: The Key Role of the
Scanning Speed,” Crystals, vol. 11, no. 3, p. 290, Mar. 2021, doi:
10.3390/cryst11030290.

[32] J. Cao, L. Mazerolles, M. Lancry, and B. Poumellec, “Creation and
orientation of nano-crystals by femtosecond laser light for controlling opti-
cal non-linear response in silica-based glasses,” Université Paris-Saclay,
France, 2017. [Online].Available:Jing Cao.Creation and orientation of nano-
crystals by femtosecond laser light for controlling optical non-linear res-
ponse in silica-based glasses. Material chemistry. Université Paris-Saclay,
2017. English. @NNT : 2017SACLS055¢. ¢tel-01988887¢

[33] N.P.BansalandR.H. Doremus, Eds., “"Handbook of Glass Properties,”
in Handbook of Glass Properties, San Diego: AcademicPress, 1986, pp. 671-
677. doi: 10.1016/B978-0-08-052376-7.50027-8.

[34] B.T.MatthiasandJ. P. Remeika, “Ferroelectricityin the lImenite Struc-
ture,” Phys. Rev., vol. 76, no. 12, pp. 1886-1887, Dec. 1949, doi: 10.1103/Phy-
sRev.76.1886.2.

[35] M. Manzo,F. Laurell, V. Pasiskevicius, and K. Gallo, “Lithium Niobate:
The Silicon of Photonics!,” in Nano-Optics for Enhancing Light-Matter Inte-
ractions on a Molecular Scale, B. Di Bartolo and J. Collins, Eds. Dordrecht
Springer Netherlands, 2013, pp. 421-422. doi: 10.1007/978-94-007-5313-
6_42.

[36] P.F.Bordui,R.G. Norwood, D. H. Jundt,and M. M. Fejer, “Preparation
and characterization of off-congruent lithium niobate crystals,” Journal of
Applied Physics, vol. 71, no.2, pp. 875-879, Jan. 1992, doi: 10.1063/1.351308.

[37] M. Eriksrud, G. Nakken, and A. P. Grande, “SOLID-SOLUTION RANGE
OF L1NbO3,” p. 3.

[38] R.S. Weis and T. K. Gaylord, “Lithium niobate: Summary of physical
properties and crystal structure,” Appl. Phys. A, vol. 37, no. 4, pp. 191-203,
Aug. 1985, doi: 10.1007/BF00614817.

39



[39] M.Paul, M. Tabuchi,and A.R. West, “"Defect Structure of Ni,Co-Doped
LINbO 3 and LiTaO 3,”" Chem. Mater,, vol.9, no. 12, pp. 3206-3214, Dec. 1997,
doi: 10.1021/cm970511t.

[40] “Lithiumniobat,” Wikipedia. May 22, 2021. Accessed: Jul. 16, 2021.
[Online]. Available: https://de.wikipedia.org/w/index.php?title=Lithiumnio-
bat&oldid=212242857

[41] "LiNbO3 Crystal Properties,Nonlinear Optical Crystal - China Blue-
bean.” https://de.bbotech.com/product.php?cid=135 (accessed Jul. 17,
2021).

[42] F. Physik and U. Osnabrtick, “Optical methods to characterise the
composition and homogeneity of lithium niobate single crystals,” p. 8.

[43] D.E.Zelmon,D. L. Small,and D. Jundt, “Infrared corrected Sellmeier
coefficients for congruently grown lithium niobate and 5 mol% magnesium
oxide —doped lithium niobate,” J. Opt. Soc. Am. B, vol. 14, no. 12, p. 3319,
Dec. 1997, doi: 10.1364/JOSAB.14.003319.

[44] U. Schlarb and K. Betzler, "Refractive indices of lithium niobate as a
function of temperature, wavelength, and composition: A generalized fit,"
Phys. Rev. B, vol. 48, no. 21, pp. 15613-15620, Dec. 1993, doi: 10.1103/Phy-
sRevB.48.15613.

[45] D. E. Clark, W. B. White, and A. J. Machiels, "CRC handbook of laser
science and technology,” Jan. 1986, Accessed: Jul. 22, 2021. [Online]. Avai-
lable:  https://www.osti.gov/biblio/5485389-crc-handbook-laser-science-
technology

[46] F.Trager, Ed., Springer Handbook of Lasers and Optics, 2nd ed. Berlin
Heidelberg: Springer-Verlag, 2012. doi: 10.1007/978-3-642-19409-2.

[47] M.J. Weber, CRC Handbookof Laser Science and Technology: Optical
Materials/Part I: Nonlinear Optical Properties/Radiation Damage (CRC
handbook of laser science and technology). Crc Pr | Lic, 1986.

40



3 LASER AND OPTICAL MATERIALS PROPERTIES

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

3.1 LASER : BRIEF HISTORY AND TYPOLOGIES
3.1.1 Basics and brief history of laser typologies

In nature, all things promote their lowest energy state. The laser does not
work in this way. This particularity will be explained in this section and used
to define its working principle. Laser (light amplification by stimulated emis-
sion of radiation) was pronounced for the first time by G. Gould in 1957 [1].
In the beginning, it was only a “solution looking for a problem,” but after, it
turned out to be promising for the development of civilization in the optical
field. Three main properties characterizeit: laser beam linewidth, coherence,
and laser power, visible in the following Figure 18:
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Figure 18:Principal laser properties: a) coherence [2]; b) representation of linewidth
by Full Width at Half Maximum (FWHM) in a plot of frequency in function of power
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A laser is characterized by a high monochromaticity, a possibility of beam
collimation by a small spot size, and a wide tuning wavelength range.
Another peculiar parameter is the fluence corresponding to the laser pulse
energy (J) divided by the effective focal spot area (cm?). The line width of a
laser is the width of its optical spectrum and is typically defined as the Full
Width ay Half Maximum (FWHM). It could be defined as the width of the
power spectral density of the emitted field in terms of frequency,
wavelength, orwavenumber.

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

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

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

population inversion after pumping that constitutes the guiding principle in lasers
[4]

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

dl
2 = 5, 4NI(2) (13)

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

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

2. Pumping source: a continuous external energy supply that allows
population inversion to be achieved, such as flash tube/laser diode
(optical pumping), chemical reaction, or electric current.
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3. Optical resonator. an optical cavity inwhich lightcirculatescreated by
two parallel mirrors: one total reflector (see in Figure 21a component
3) and the other partial reflector (see in Figure 21a component 4,
output coupler).
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Laser Beam (Output Coupler)
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Figure 21: a) Principal laser components (https://www.ulsinc.com/learn); b) Four-
level laser system (https://it.wikipedia.org/wiki/population inversion)

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

Therefore, a laseris an amplifier, a resonant optical cavity, and an oscillator.
It isa way to confine the radiation. The complete lasing process is described
clearly in the following Figure 23 [6]:
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Figure 23: Schematic diagram of laser basic working principle
(https://sites.google.com/site/puenggphysics/home/unit-i/basic-of-laser-action)

In 1960, T. H. Maiman fabricated the first laser using a ruby crystal pumped
by a xenon flash lamp, reported in Figure 24 [7].
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Components of the first ruby laser
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Figure 24: Scheme of components of the first ruby laser
(Theodore Maiman Invents the First Working Laser: History of Information)

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

3.1.2 Ultra-fast laser

The attention towards optical pulsesin the picosecond range (ps, 1 ps = 10-
12 s) and femtosecond led to the dedicated use of ultra-fast lasers.
Nowadays, new frontiers are opened in the field of ultra-fast laser-atom
interaction, with pulse duration as short as 10-18 s, called attosecond (at).
Attosecond physics is the one of electrons in motion at atomic and
molecularlength scales [8]. The physics of this very short pulse is based on
non-linear and nonperturbative laser-atom interaction [9].

Mode locking is a way to obtain these short laser pulses on the order of
picoseconds (10-12 s) or femtoseconds (10-15 s) [10]. Ultra-short pulse
duration, high pulserepetitionrate, broad spectrum, and high peakintensity
are the typical main characteristics of ultrafast lasers. Amplification of ns
pulse or longer one can be achieved without damaging the laser amplifier,
but if the intensity is higher than non-linear effects (e.g., self-focusing).
Chirped pulse amplification (CPA) is a technique, asillustrated in Figure 25a,
to amplifyultra-fasthigh-powerlasersto high energy levels (> 1020 W/cm?2)
[11], [12]. Lowering the peak power during amplification is the task of CPA
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by temporally stretching the pulses (i.e., laser pulse duration varies from
about 100 fs to several ns). Another advantage of the CPA technique is the
miniaturization of the laser system in a compact high-power one. The laser
setup for the generation of a CPA is reported in the following Figure 25b. In
our case, mode locking was done with a SESAM mirror as oscillator [13].
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Figure 25: a) CPA Scheme [14]; b) our CPA configuration in which the chirp is
illustrated with colours and the signal is treated by a fiber amplifier.

3.1.3 Gaussian beam

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

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

—r2 kr?

E(rz) = Ego %-exp [wz(z)]-exp [—i Zr(z)]-{—i[kz — ()]} (14)

(p(z) = arctan (z/zg) (15)
R@ =z |1+ T+ /2] (16)
w(@Z)=wn1+ (z/z)? (17)

Zg = Tw?/A (18)
6 = A/rtwoy (19)
gocn * wo \2 —2r?
I(r2) = S Er2)£(,2)" = oo 75 exp( ) (20)
loo = =7 E3, 1)

2

where the beam has circularsymmetry, ris the radial distance fromthe beam
center axis, z is the axial distance from the “beam waist", Ey is the amplitude
of the electric field at the origin, wy = w(0) is the “beam waist” at the focus,
i.e., the radial size at the narrowest point, w(z) is the radium of the beam at
distance z from the waist, R(z) is the radius of curvature, k is the
wavenumber, ¢p(z) is the Gouy phase shift, zz is Rayleigh length, A is the laser
wavelength, and @ is the beam spreading angle, or divergence (with units or
radians).
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In Figure 27 [15], the spot size is V2w, at zz, the 1/e position of electric field
and the center intensity are reduced to half the maximum value. zz is a
variable to show how far the beam is collimated. When z is far from the
beam waist, the relationship between w(z) and zbecomeslinear:

w(z) ~ wo (Z) (22)
When w—-wg R—o,and 6-0is the case of a perfectly collimated beam with
no diffraction effect; when 8—constant and w—-6,, R—z, is a geometrical
beam spreading from a point source. The Rayleigh range has the
relationship with the numerical aperture (NA) like:

= Yo
Zr = (23)
- A
Wo =T va (24)
NA = n-sina (25)

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

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

wob, TTwoRO
MZ - 0YR — ORYR (26)
(1)09 A

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

[15], b) the definition of numerical aperture [16], and c¢) the embedded Gaussian
[15]

3.1.4 Spherical aberration

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

However, spherical aberration may also be caused by a refractive index
mismatch, e.g., at the air-silicainterface [17].Figure 28 represents the central
region of light focused shallower than the adjacent one. This interface
spherical aberration elongates the focal spot along the laser propagation
direction. The focal displacement (8) is equal to:

S = |0F,| ( noNA® n) (27)

1-NA2

NA = ng sinf (28)
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where Fy is the geometrical focus in air, F; is the focus point under paraxial
approximation forthe ray 1, (F, is the same for the ray 2), F3 is the focus of
the marginal rays (i.e., ray 3), O is the crossing point of the light axis and the
interface, n is the sample refractive index, and ny is imaging medium
refractive index between the objective front lens and the sample, which is
equal to sinf here (6 is in degree). The focusing depth in this sample is
defined asd = nlOFl.

ray 3
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- /Hf/ — F . h

air-sample interface

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

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

3.1.5 Light scattering

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

In particular, for glass-ceramic materials, the amount of scattered light
depends on the refractive index difference of the two phases (i.e., An = n;-
n;) and the size and distribution of crystals in the glass [21]. Regarding the
materials used in the experiments of this thesis work, the refractive index
difference is an important parameter to consider if we intend to precipitate
nanocrystals in a glass. Then, for LiNbO3; embedded in amorphous phases
(i.e., SiOy), there is a refractive index difference between glass and crystal,
respectively ~ 2.3 and ~ 1.45. The size of crystals has to be much smaller
than A, to maintain the low scattering loss and to obtain transparentdevices,
precisely the crystalline size below A/70 to maintain the transparency of
composite materials.

3.2 LASER-MATTER INTERACTION

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

3.2.1 Free electron plasma formation

Transparent materials in the visible to the near-infrared window have a
wide-bandgap (), that is the energy to reach the delocalized states be-
cause the incident photon energy is smaller than material bandgap energy
indicated in symbols as follows, hvy < Eg4. Fused silica has Eg = 9 eV, where 1
eV = 1.60 107 J. A laser beam with wavelength equal to 1030 nm (i.e., hvg
= 1.2 eV < 9 eV) cannot be absorbed in the linear interaction regime [23].
At high-intensitylaserradiation, itis possible to promote electronsto higher
energy states by non-linear absorption, through the two following different

approaches, reported in Figure 29:
1) Multiphoton ionization (MPI) occurs mainly at short wavelength and
low electric field, precisely when mhv > Eg4, where m is the number of
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absorption photons (Figure 29a). At least eight photons, for example,
atA of 1030 nm, are needed to promote an electron from the valence
band (VB) to conduction band (CB) in fused ilica. The density of elec-
trons (pe) in the CB depends strongly on the laser intensity () and is
given by:

(%) = 6nl" (29)
tis the time, and &,, is the multiphoton absorption coefficient for m-
photon absorption [24].

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

_w _w /mcneoEg
y - [OF - e 1 (30)

w is the laser frequency, w; is the frequency of electron tunneling
through a potential barrier, m is the electron mass, and n is the
refractive index of the material [24].
The discriminating value of the Keldysh parameter is ~1.5 (see Figure 29b),
and it indicates the combination of two processes. When y >> 1.5, MPI
dominates; fory << 1.5, tunneling prevails [24]. The MPI is dominating for
fused silica (Eg = 9 eV). The Eg of LiNbOs is 3.7 eV: compared with fused
silica, the tunneling effectincreases.
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Figure 29: Schematic diagram of the photoionization of an electron in an atomic
potential for different values of the Keldysh parameter (y). In a solid, the electron
is promoted from the valence band to the conduction band rather than ionized: a)
multiphoton ionization, c) tunneling ionization, b) the above processes combined,

and d) avalanche ionization: free carrier absorption followed by impact ionization
[24].

Different photoionization regimes according to photo energy and laser
intensity are illustrated in Figure 30 [26].
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Figure 30: Different photoionization regimes with varying photon energy and laser
intensity. The dashed grey line shows the case of y = 1.5 for Cgpionization, which
separates the multiphoton regime (y >1.5) from the tunneling regime (y< <1.5)[26]
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In addition to direct excitations of electrons by laser electric field, avalanche
ionization affects the energy deposition process from light to material.
Seeded excited electrons have been promoted to the CB by MPl or tunneling
ionization, or the intrinsic defects can be easily ionized by a process like
thermal excitation [24]. These electrons can absorb photons linearly. Their
energy increases until a value larger than the CB (i.e, free-carrier
absorption). This electron with enough energy (2E,) can ionize electrons in
the VB (i.e,, impactionization), leading to two electrons at the minimum of
the CB. This process, linearly dependent on laser intensity (/), happens only
if the laser electric field is present. The density of electronsin the CB due to
this process grows according to the following relation:

dpe _
( dt )avalanche_ O(/pe (31)

where o is the avalanche ionization coefficient. According to MPI, the
material E4 affects the energy required to span the bang gap. However, the
optical breakdown threshold is nearly not dependent on the £, and the
threshold intensity, increasing by only about a factor 2 [27]. This is mainly
related to the avalanche photon-ionization, which is linearly dependent on
the laser intensity. Non-linear absorption may affect the absorption of
ultrashort pulses by the glass [28]. The absorption increases with anincrease
of pulse energy, which can be explained by a photoionization rate increase
with the increase of laser intensity. A higher repetition rate is vital for
enhancing the absorption of sub-ps pulses.

3.2.2 Relaxation of photo-excited electrons

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

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

1) Laser absorption producesfree-electron plasma inthe CB and holes
in the VB.

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

2
Pe €
Amt%egm

The energy distributed by the excited electrons to other electrons
(i.e., carrier-carrier scattering) within a timescale of 10-100 ps results
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3)

4)

5)

inthe energy redistribution between the excited carriers. The fs-laser
irradiation creates electron-hole pairs.

The electron plasma relaxes by coupling with the lattice (lattice
heating). The ultra-short laser pulses can transfer from the laser-
excited electrons to the lattice after the laser pulse is completed [28].
Around tens of ps is the timescale for the electron energy transfers
to the lattice. In that case, the laser pulse duration (1) has an
important effect on the material modifications. When 7 is
simultaneous, the laser energy can be deposited to the lattice during
irradiation (i.e., carrier-photon scattering). The excited phonons can
transfer the energy to the non-irradiated part by thermal diffusion.
If the temperature in the affected area is high enough, permanent
damages occur.

Typically, the damage threshold observed for the surface of the
material (e.g., fused silica) is proportional to ™° when T > 70 ps,
indicating the transfer of electron kinetic energy to the lattice and
diffuse during the laser pulse. In addition, short pulse (T < 70 ps)
damage can be confined into a small zone (i.e, at the peak of the
Gaussian beam), where the laser intensity is sufficient to produce
MPI. Because there is insufficient time for lattice coupling, less
collateral damage occurs, and the damaged region is much smaller
with ultrashort pulses than with long pulses [30].

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

Then STEs annihilate and energy relaxation as light or to the lattice
again or produce point defects and structural modifications. The
exciton could either recombine or drop to a slightly lower energy
state, named STE, or combine non-radiatively backinto the ground
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state by a phonon-assisted process. This STE occurs in the network
structure as a pointdefect pair[33]. Excited electronsand holesrelax
into STE by electron-phonon coupling at the time scale of 100 fs.
Decay of STE can be achieved by radiative recombination with
photon emission with a lifetime of ns at room temperature or a non-
radiative way by coupling with lattice phonons or transforming into
point defects [34].
The time for heat diffusion is 1 ys, at a certain high repetition rate (ca. > 100
kHz), the thermal accumulation occurs. In that case, the pulse energy of the
fs laser could be deposited at the focal point inside transparent materials,
causing a thermal accumulation effect, and the heat-affected zones were
minimized. In comparison with typical 3D material processing techniques
(e.g., photolithography), fs laser micro-machining is a rapid, flexible, and
clean fabrication, without using toxic photo resist comparing with
photolithography. By this means, high precision sub-micrometer resolution
spatial controlled modificationsin 3D in bulk material are realized.

3.2.3 Femtosecond laser-induced defects

Silica has SiO4 tetrahedron as its structural unit, in which the Si atom is
bonded to four O atoms with an O — Si — O angle of 109.5°. The formation
of the defects starts from the relaxation of self-trapped excitons, E' center
(oxygen vacancies with a trapped hole or 3-fold-coordinated silicon), and
nonbridging oxygen hole center (NBOHC, a dangling oxygen bond). By
adding an interstitial O atom to NBOHC, peroxy radical (POR) can be
created, as shown in Figure 31. E'-center, POR, and NBOHC are three
fundamental centers that can be detected by electron spin resonance. Self-
trapped holes (STH)1 would be a small polaron consisting of a hole trapped
at a normal bridging oxygen, and the STH2 might be an Anderson localized
state where a hole is trapped on two normal oxygens [35].

Laser irradiation can create defects (i.e., oxygen vacancy defect), leading to
the sample's photoluminescence (PL). Intrinsic defect PL was firstly observed
in an annealed and neutron-irradiated amorphous a-SiO; [36]. Since then,
many investigations have been reported to determine the origins and
structure of defects in different types of silica [37]. Gee et al. [38]
demonstrated that PL centers are unique bonding configurations that
mainly depend on the material chemistry rather than the degree of long-
range order.
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It is worth noting that oriented silicon oxygen-deficient center, SIODC(lI)
defects, have been createdin silica by IR fs-laser irradiation, especially within
Type Il regime [39]. The IR photon energy is below the Egof the material, but
the induced defects are like those observed for UV irradiation. This indicates
that the multi-photonic nature of the mechanism leads to the creation of
defects by IR fs laser. In addition, these laser-induced defects can decrease
the damage threshold of silica [32] by creating defect levels in the gap.
Those are easier to ionize changing incubation period for collective
transformation.

3.3 FEMTOSECOND LASER DIRECT WRITING (FLDW)

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

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

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


https://www.ipgphotonics.com/en/products/lasers/pico-femtosecond-fiber-lasers

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

Sample Cross Sections:
transmission

Microscope
—— objective

Laser beam 5-20x

b) Formed parallel to laser beam

Damage line:

Silica glass
sample

c) Formed perpendicular to laser
beam

a) Formed perpendicular to laser beam

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

3.3.2 Femtosecond laser-induced structural changesin glasses

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

1. pulse energy

2. the numerical aperture of the objective and focusing depth

3. duration of the pulse
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pulse repetition rate

laser wavelength

scanning speed (and thus the cumulated number of pulses)

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

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

When relaxation of photo-excited electrons takes place, glass modifications
occur, showing the following possible effects on the materials reported in
Figure 34. Firstly, electron-phonon coupling, as an interaction between light
and glass networks, represents self-trapped excitons (STE). Then, electrons
annihilate radiatively in the lifetime of nanoseconds at room temperature.
They could transform into point defects called in silica case SiE’and NBOHC
(bond breaking) and after into a silicon oxygen-deficient center quoted as
SiODC (Il). Therefore, the electron energy transmitted to the lattice by the
non-radiative coupling of electrons generates an increase in the lattice's
nonequilibriumtemperature.Suppose thisincreasein temperature islonger
than the glass relaxation time. In that case, glass modification will occur,and
it could be possible to create permanent densification or volume expansion
accompanied by the formation of a stress field.

NS LA

61



a b c d

— Field ionization Low energy
l ~ 100 fs
~1w T1
800 nm - Result: isotropic An
- . Mechanism: melting_ _
NA -~ 0.5 > ol Intermediate energy
|
Transparent sample Avalanche T2
“ti"l Result: birefringent An
‘:‘,':11 ~Mechanism: panograting
., -1 High energy
3 °
i s
N\ — = Resuit: empty vod
time Mechanism: micro-
explosion
High laser intensity Nonlinear Hot electron-ion Permanent material
n focal volume absorption plasma trans'ers change
of laser energy energy to latice

Figure 34: Scheme of a fs laser beam focused in bulk fused silica: a) fs laser focused
below the sample surface resulting in high intensity in the focal volume, b) energy
nonlinearly absorbed and free-electron plasma created by multiphoton/tunneling
and avalanche photoionization, c) hot-electron plasma formed transfers energy to
silica lattice on ~10 ps time scale resulting in one of three types of a permanent
modification, and d) fs laser-induced various modifications in glass as a function of
pulse energy: here it is possible to distinguish the three threshold regimes T1, T2,
and T3 in correspondence of the phenomena generated [42].

No crystals usually formed at a low repetition rate, as shown in Figure 34.

Depending on the pulse energy delivered to the sample, four regimes with

three thresholds can be defined in fused silica with the increase of pulse

energy [43]. To analyze these regimes deeply, Figure 35 is reported when

increasing the pulse duration [41].

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

e T2 is the second threshold related to the generation of form
birefringence. The fs laser-induced birefringence can be explained by
both stress [47] and form birefringence due to self-organized periodic
nanostructures formation (i.e., nanogratings), oriented perpendicular to
laser polarization direction [48]. This modification has applications such
as polarization converters, microfluidic, and nanofluidic channels [49].
Typically there is an anisotropic index variation; its magnitude can reach
as large as 10 [50]. Lancry et al. [51] showed that the index contrast is
because the nanoplanes are nanoporous, produced by a glass
decomposition leading to the generation of molecular oxygen. In
addition, these nanostructures show extraordinary thermal stability [52].

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

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

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

In this work, laser-induced crystallization in glasses will be explored to high-
lightits potential applicationsin photonics. Then, before starting the inves-
tigation on experimental section and results interpretation, it is worth to re-
port a brief and specific bibliographical section relative to this topic.

Differenttypologiesof laser, as continuouswave (CW) [54], long laser pulses
(i.e., ns laser [55]), and ultra-short laser pulses (i.e., fs laser [56], [57]) have
been proven to be powerful tools to induce crystallization in glass by Ko-
matsu et al. [58], [59], [60] Hirao et al. [61], Miura et al. [62], Honma et al.
[63], Qiu et al. [64], [65], Jain et al. [66], Sigaev et al. [67], Poumellec et al.
[68]. Especially, CW laser used for (100-x)LiBO,-xNb,Os (5<x<20) glasses is
reported in [69], as a useful reference to comparison with the results ob-
tained by carrying out the process with the femtosecond laser to produce
LiINbOs. Now, we intend to mention the most relevant references about
femtosecond lasers by Qiu et al.[70]-[73], Stone et al.[74], [75], Poumellec
et al. [76]-[78], Yonesaki et al.[79], Komatsu et al. [80], Jain et al. [81].
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3.4 OPTICAL PROPERTIES AND NON-LINEAR EFFECTS

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

Figure 36: a400-nm thick non-linear mirror that reflects radiation at twice the in-
put light frequency [82]

3.4.1 Linearand non-linearoptics: introduction

Linear opticsis fundamental to determining the performance and characte-
ristics of non-linear optical systems. Focusing, material dispersion, and bire-
fringence are only a few examples of optical properties that strongly in-
fluence non-linear behavior. For linear optics, individual inputs such as dif-
ferent laser beams are analyzed independently. It isimportant to remember
that when coherent beams of light are superposed, it seems that the beams
affect each other, resulting in interesting interference patterns. In linear op-
tical systems, there is no exchange betweenindependentoptical inputs.Ins-
tead, in non-linearoptical systems, there are energy exchangesbetween the
inputs. The vehicle of this exchangeis the polarization of the optical me-
dium. Polarization has a central role from the standpoint of energy transfer.
Much workin non-linear optics is dedicated to determining the polarization
[83].

The research area has been devoted naturally to non-centrosymmetric crys-
tals (LiNbO;, KDP, BBO, etc.). The investigation of non-linear optical (NLO)
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properties is closely linked to the discovery of Lasers by Theodore Harold
Maiman in 1960. In 1961, Franken evidenced for the first time on a quartz
crystal the second harmonicgeneration [84]. Thatopened to the exploration
of various applications based on the concept of frequency conversion, star-
ting from the interaction of monochromatic light sources and high fluence
laser interaction with the material.

An optical field introduces the polarization that becomes the key to unders-
tandinglinearand non-linearoptical properties[83].A field-dependent sus-
ceptibility introduces the non-linear polarization. An anharmonic oscillator
model explains this connection. The regime of conventional non-linear op-
tics with electrons bound to atoms is replaced by one of relativistic non-
linear optics with free electrons in relativistic plasmas [85]. The non-linear
effects discovery starts from investigating laser peak power from 10® W/cm?
(or MW/cm?) to 10° W/cm? (or GW/cm?). Because in this power range, the
applied laser electric field (typically 10° - 108 V/m) is comparable to E,. The
susceptibility of material is dependentonthe laser electric field.In that case,
the refraction index of the material is not constant but dependent on the
laser intensity [86]. Therefore, the material's response to the laser field is
nonlinearly dependent on laser intensity.

34.2 Lightpolarization, refractive index, and birefringence

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

Unpolarized light

Polarized light
(linear)

Direction
of propagation

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

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

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

If the optical axes are equivalent and similarly interact with light, they cha-
racterize isotropic crystals, regardless of their orientation regarding incident
light waves. A constant angle at which the lightinto the crystal is refracted
and a single velocity without being polarized by interaction with electronic
components of the crystalline lattice are typical in an anisotropic medium.
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There are no birefringence effects in this case. Otherwise, anisotropy pre-
sents a non-uniform spatial distribution of properties, which results in diffe-
rent valuesin each direction invested by the path of the light.

One typology of anisotropic crystal is defined as uniaxial. When light enters
a non-equivalent axis, it is refracted into two rays, each polarized with their
vibration directions oriented at right angles to one another and traveling at
different velocities. Thisis a birefringence phenomenon exhibited to a grea-
ter or lesser degree in all anisotropic crystals [87]. Poynting vector and its
walk-off for negative uniaxial crystal, such as LiNOs, are shown in the follo-
wing Figure 39.

(a) )k

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

The refractive index is calculated by the orientation of the material and the
polarization state of the electric field. The refractive index is also a function
of wavelength. In this case, it is better to discuss the refractive index disper-
sion, n(w): the refractive index decreases as the wavelength increases. There
are zones in which it is possible to see an anomalous dispersion with high
loss, as itis visible in the following Figure 40 [91]:
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Figure 40: lllustration of dispersion in the index of refraction. The two resonant
features show regions anomalous dispersion; these regions are accompanied by
high losses [91].

Interestingly, the qualitative aspects of the index dispersion curve are deri-
ved using a simple mechanical oscillator model that treats the electrons in
the material as independent masses attached to springs [91]. This interpre-
tation will also be used for explaining the SHG theory microscopically.

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

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

P =f(E) (32)

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

P=eoxVE-+x@ -EE+ y® -EEE ...} (33)

€0 is vacuum dielectric permittivity and y dielectric susceptibility. The first
term (D is linear to refractive index ng of the medium. When light intensity
increases, non-linear terms y? comes into play, taking into account non-
linear optics effects like Second Harmonic Generation (SHG). This sum-
marizes the SHG macroscopic theory based on the tensor of non-linear sus-
ceptibility. xX® describes third-order effects such as third-harmonic genera-
tion, four-wave mixing, and the intensity dependence of the refractive index.
Typical values of x® for dielectric crystals, semiconductors, and organic ma-
terials are in the range from 10 to 102" m/V, and typical values of x® for
glasses, crystals, semiconductor, semiconductor-doped glasses,and organic
materialsare 1034 to 10%° (m/V)? [92].

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

x®.
Table 7: Point group properties [83]

Crystal System Unit Cell Properties Paint Groups Centrosymmetric

Triclinic ELERE g 1 T
azbzc

Monoclinic == =90° 2m 2m
azb#c

Crrtharhomibic a=f==90" 227, mm?2 mmm
azbzc

Tetragonal o= = =90° 4,3 ,422, 4mm, 82m am 2 mm
a=b#c m

Trigonal {rhombohedral) azf=z~yz9r° 3,32 3m 3 3m
ag=bh=r

Hexagonal o= =90~ = 120F 6, &/m, 622, dmm, —82m 5 Emm
a#c 7

Cubic n=f==90" 23,432, #3m m3, m3m
a=b=c

In another general way, it can be written that when wave mixing interacts
with the material subjected to laser irradiation, the second-order non-linear
susceptibility term y (2 (associated to — w3; w4, W) is a tensor of rank 3, ws
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= W1 = W; is the resulting frequency of the wave mixing of the incident fre-
guencies wy e wy. In the term below )(l.(jz,z there are 27 components. ijk are
indices related to the vector's polarization state associated with the polari-
zation or the electric field in the chosen (x, y, z) Cartesian coordinates. A
combination of two-excitation electric fieldsatdifferentfrequenciesand dif-
ferent polarizations is included in this non-linear term. Highlighting the
components also referred to the electric field, itis possible to write in a sim-
plified manner the second-order non-linear polarization asin the equation

(34):
P;(ws) = & Xi(}glz (- w35 Wy, w7) Ej(wy) Ej(wy) (34)

The medium response defined by the frequency w5 is different from those
associated with the excitation light waves, but still verifies the two funda-
mental rules: the energy conservation (E= hw/2m, h is the Plank's constant)
and the momentum conservation (p = hk/2m, k is the wave vector), as re-
presented in Figure 41:

State 2 ccaponaa.

ka
@
- k
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w3 =W+ Wy k3=k1+k2

Figure 41: Schematic diagram of the energy and momentum conservation

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

Glasses are centrosymmetric. Then they do not show naturally the second
order nonlinearity. The main two techniquesto break the centrosymmetry
are thermal poling and the fabrication of glass-ceramics. Thermal poling
consists of the application of an electric field during thermal treatment. The
second-order nonlinearity is localized on a thin film of few microns at the
anode side of the polarized glass, as illustrated in Figure 42:

Origin of second-order optical nonlinearity
in thermally poled amorphous materials
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Figure 42: Thermal poling used to introduce a second-order nonlinearity into the
material (http://www.eie.gr/nhrf/institutes/tpci/researchteams/mspc/mspc-nanos-
tructuredmat-en.html)

On the other hand, the fabrication of glass-ceramicsis based on crystalline

phase precipitation within the glass matrix, principally ferroelectric crystals.

The characteristic of ferroelectricity allows having an intrinsic polarization

deriving from an electric dipole not compensated inside the crystalline

structure [93]. The first time in which it is demonstrated the effect of ferro-

electricity by precipitating non-centrosymmetric crystals in glass matrix was

in 1991 by Komatsu's team [94].

However, it is difficultto control the transparency of the material for obtain-

ing polycrystalline formation for the following conditions:

% The particle shall be far below the wavelength to maintain the scattering
loss to a Rayleigh type of low intensity.

% The refractive index difference between the crystalline particles and the
matrix shall be the lowest possible.
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Glass-ceramic transparency is achieved only if at least one of these criteria
isvalidinside the material [95].For glass-ceramicto be used in second-order
nonlinearity optics, the particle size must be in the order of 100 nm to pre-
sent ferroelectric properties [93]. The control of particle size in the order of
nanometers becomes crucial not to have an optical signal loss. An example
of a typical value to ensure transparency is a crystalline size below A/10 [93].
The optimum size of the crystallites corresponds to a trade-off between the
global transparency and the SHG response, which is dependent on the vol-
ume portion of the crystalline matter and the number of crystallites [96],
[97].

A preferred orientation shown by glass-ceramics aligned microstructures al-
lows taking advantage of specific physical properties of crystals directly de-
pendent on their microstructure[98]. The glass-ceramic devitrification wi-
thout any external constraint shows that the crystals in bulk usually tend to
be randomly oriented, and it is not easy to explore macroscopically aniso-
tropic properties [98], [99]. Non-linear optical crystals have crystallographic
anisotropies. The most attractive goal is the crystallization orientationin the
desired direction inside the glass matrices. A preferred orientation in the
microstructure permits taking advantage of specific physical properties of
the crystals. When a glass-ceramic devitrified without any external con-
straint, the crystals in bulk usually tend to be randomly oriented, and mac-
roscopic anisotropic properties can hardly be exploited. Different methods
have induced Oriented crystallization, such as conventional thermal gradi-
ent, ultrasonic surface treatment (UST), mechanical hot extrusion, crystalli-
zation under electric or magnetic field, and femtosecond laser irradiation
[100]. A tropistic field that constrains other directions is an interesting way
to induce crystals orientation in glasses.

3.5 CONCLUSIONS

The present chapter introduces the most important tool of this work, the
laser, ranging from its history, its essential components, and an overview of
differenttypologies. Theinvention of laser has been a revolution;it hasyield
to the development of new fields in photonics, optics, and electronics, pre-
viously unconceivable. Moreover, it was possible to develop new frontiersin
the ultra-fast pulses domain, by mode locking. We employed this technique
in our experiments through femtosecond laser irradiation. Short overviews
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of the Gaussian beam, spherical aberration, and light scattering are prelimi-
nary to the treatment of laser-matter interaction. Then, the study of non-
linear optical effects allows to introduce how femtosecond laser pulses act
on the material and to explain the choice of this tool between the other
typologies. Despite the countless advantages in the use of femtosecond la-
sers the mechanisms that induce structural modifications in dielectric mate-
rials are still not fully understood. In this work, seven laser parameters—i.e.,
pulse energy, numerical aperture and focusing depth, duration of the pulse,
pulse repetition rate, laser wavelength, scanning speed, and writing confi-
guration- are varied to investigate how they affect the laser-induced nanos-
tructuring (e.g., crystallization) and optical properties. Four regimes with
three thresholds (isotropic refractive index change, generation of form bire-
fringence, and formation of voids) are characterized, and compared to the
most ubiquitous glass material:silica (SiO;). Glasses centrosymmetry could
be broken by the fabrication of glass-ceramic with the photo-precipitation
of non-linear crystals. Their non-linear response can be characterized by se-
cond harmonic generation (SHG). We therefore focused our attention on
this non-linear property used as a mean to confirm the formation and orien-
tation of non-centrosymmetric crystals in glass.
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4  FEMTOSECOND DIRECT LASER WRITING (FDLW): EXPE-
RIMENTAL SECTION AND RESULTS

In this chapter, we investigate the formation of LiNbOs; nonlinear optical
crystals induced by Femtosecond Direct Laser Writing (FDLW) in several
glass matrices, starting with the "reference” lithium niobium silicate (LNS)
glass, with a progressive substitution of SiO, with B,Os. This chapter com-
prises six sections. The first Section discusses the glass composition selected
for irradiation. The second Section includes laser setup and irradiation con-
ditions to specify how irradiation of dots (static mode) and lines (dynamic
mode) were performed. The third Section deals with polarized light micros-
copy techniquesto detect and characterize birefringent structures induced
by laserirradiation.The fourth Section is dedicated to second harmonicgen-
eration (SHG) detection to characterize the polarization-dependent orienta-
tion of LiNbO; crystals inside the glass. The fifth Section includes quantita-
tive phase microscopy (QPM) measurements to investigate the refractive in-
dex variation induced during laser writing. Finally, the last Section presents
the characterization of the formed nanostructures using the electron
backscattering diffraction (EBSD) technique.

4.1 GLASS SELECTION FOR FEMTOSECOND DIRECT LASER WRITING

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

In this work, we first irradiated LNS glass as our glass reference (specifically
LNS34, see Chapter 2). We thus investigate the fs-laser response in other
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glasses presenting a progressive increase of B,Os; concentration, which is
known to lower the crystallization temperature and increase the crystalliza-
tion rate. Below, all the results about experiments and characterizations of
the laser transformationsinside the glass(es) are presented, and an exten-
sive comprehensive interpretation of the driving mechanisms at play is pre-
sented in Chapter5.

4.2 FEMTOSECOND DIRECT LASER WRITING (FDLW)

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

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

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

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

Table 8: Laser parameters used in all the experiments

parameter value
wavelength 1030 nm
pulse duration 250 fs
repetition rate (RR) 100-510 kHz

pulse energy (E)
numerical aperture (NA)

focal depth
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writing speed from 1 to 625 um/s

laser polarization (referred to parallel (Yy)
writing direction) at45° (Yas)
perpendicular (Yy)
scanning direction along Y

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

Table 9: Laser parameters variable in different experiments

typology of pulse energy | repetition polarization | scanning speed
experiment (w/pulse) rate (kHz) (m/s)
dots 0.25-25 100, 200, 340, Yy /
510
lines 0.25-2 200 Yy, Yas, Yx 1
lines 0.5, 1 200 Yy, Yx 1-625

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

» Static irradiation, corresponding to the first line of Table 9. In this ex-
periment, dots are written inside the samples, and the time taken by the
material to generate green light underirradiation (characteristic of SHG)
is monitored. This time is called the incubation time and is of the order
of seconds. The observed green light s indicative of glass crystallization
and the formation of non-centrosymmetric crystals (therein LiNbO3).
These experiments are performed for varying pulse energy and fre-
quency (pulse repetition rate) values.
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» Dynamic irradiation, correspondingto lines 2 and 3 of Table 9. Lines
were written subsequently to static irradiation for the duration of the
incubation time previously determined. The experimentwas repeated for
differentlaserirradiation conditions,including avarying scanning speed,
and using different pulse energies and three laser polarization configu-
rations. These irradiation configurations are reported in the following
Figure 44, together with the green left-handed cartesian coordinate sys-
tem according to Figure 43.

a) b)

Zz Y
J Y\' [y

hv X

Ir's
é y Yas
glass Y v
_

X
Q writing direction along Y

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

4.2.1 Fs-laser writing of dots (static mode)

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

Theirradiationin staticmode allowsto study the static crystallization thresh-
old by recording the time for detecting SHG around the focal point of the
laser beam. Thisis a fundamental parameter defined according to pulse en-
ergy and repetition rate. Green light (at (515 nm) constitutes a criterion of
the nonlinear optical LiNbOs crystals precipitation inside glass, which corre-
sponds to the double frequency of the incident fs laser with 1030 nm central
wavelength [2]. We observed that the incubation time was drastically re-
duced by addition of B,O3 and increasing repetition rate to induced crystal-
line onset. This identifies the existence of incubation state as indicative of
chemical diffusion by cumulative effect. For static mode, incubation time
corresponds to irradiation time because it is calculated exactly until when
we can detect green lightfrom the sample, then after the seconds necessary
we waited only 1s more.

One can assume, from Figure 46, that three zones are highlighted from the
center: the first is the one closer to laser beam (enclosed in red); the second,
where elemental migration starts (enclosed in yellow), shows a melted zone
and the third corresponds to the nucleation area (enclosed in white).
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The melted zone exists only when the energy or the repetition rate is large
enough, otherwise we are in the case of solid-solid transformation which
has been extensively described in Ref.[3] and [4].

Femtosecond laser beam

Glass medium

4um NFCIE&!IOII area

extended laser beam zone
with temperature peak

; BRenental migration m.eltm‘g zone where elemental
driven by thermal gradient migration starts

Direction of cmuliu

Figure 46: Scheme of space-selective crystallization induced by tightly focused
femtosecond laser pulses adapted from [5]

This scheme of space-selective crystallization is taken up by Ref. [5] for
32.5Li,0 - 27.5Nb,0s — 40SiO, that is also adapted to our LNS and LNSB
glass matrices. Then, a thermal gradientis induced, partly inside the irradi-
ated volume. Accordingly, it causes radial migration and eventually a chem-
ical gradient (depends on the Soret coefficients). Thermal gradient is visible
through the graduation of color inside the irradiated glass medium: darker
(lighter) color concides with the higher (lower) temperature region. The in-
fluentarea (~ 20 um in diameter) is greater than the laser beam waist (~ 2
pum in diameter). Nucleation happensata certain distance from the focusing
point because of the thermal and chemical gradients. Inner region where
nucleation takes place has higher temperature than outside one, so that
nanocrystal growth occurs toward the inside one [5].

Incubation time is measured for each glass sample in the pulse energy-rep-
etition rate landscape, and the results are reported on heatmap type graphs
in Figure 47.
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Figure 47: Heatmaps of incubation time for four glasses: a) LNS34; b) LNS27B7; )
LNS20B14 and d) LNS13B21

The comparison between the incubation times for the four different glass
compositions, as a function of delivered average laser power (i.e.,, Power =
Pulse energy (E) x Repetition Rate (RR)), is represented in Figure 48. As the
amount of boron oxide increased, the incubation time correspondingly de-
creased. For dots characterization underpolarized light, see next section 4.3.
In this case, we represent a plot of incubation time in function of delivered
laser power.

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

This step of static writing is preliminary to write lines. In fact, if lines are
scanned directly skipping the static step, green light during fs laser fabrica-
tion could not be continued or not be possible to achieved. We have to
distinguish between conditionsin regime 2 and regime 3.

Regime 2 shows local crystallization onlywhereis the lightwithoutinfluence
of a neighboring unirradiated volume. Then the presence of nanocrystals
may be recognized by SHG lightin illuminated volume. In case of regime 3,
all is completely different: the center dots melts whereas crystallization be-
gins out of the beam. The large intensity in the beam and light scattering
allow to detect easily SHG from scattered IR light [7].

422 Fs-laser writing of lines (dynamic mode)

Two different series of experiments were performed, varying pulse energy,
laser polarization, and writing speed. We intend to investigate the variation
of crystallization kinetics and the impact of the scanning speed on the pho-
toinduced transformations as a function of the glass composition.

1) In this set of experiments for the four glass compositions, two parame-
ters are varied: pulse energy, laser polarization. The irradiation scheme
for the first experiment performed on the four glasses isreported in Fig-
ure 49:
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Figure 49: Scheme of irradiation program for lines according to these following
writing conditions: laser beam direction = Z, writing direction along Y, three differ-
ent laser polarization configurations:Y,, Y4s andY,, NA = 0.6, pulse duration = 250
fs, repetition rate = 200 kHz, pulse energy from 0.25 to 2 W, scanning speed= 1
um/s for LNS34, LNS27B7, LNS20B14, and LNS13B21 glasses

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

The lines were analyzed under an optical microscope in transmission mode
and using white light. Under these conditions, we intend to check the index
change, absorption, or scattering by the contrast between lines and back-
ground. LNS34 shows lines black until 25 pum/s at 0.5 pJ/pulse and until 100
pum/s at 1 w/pulse; after they become transparent as a sign of no crystalli-
zation. The effective line crystallization was confirmed by EBDS analysis,
which will be discussed in the specific section 4.6.2. It must be pointed out
that as the B,O3 contentis progressively increased, the crystallinelines could
be drawn at higherwriting speed, as shown in Figure 51. Comparing LNS34
and LNS13B21, lines show a discontinuous track that creates within irregu-
larity in each line, but crystallization in LNS13B21 is maintained, until 225
pum/s at 0.5 pJ/pulse and until 600 um/s at 1 pJ/pulse. Moreover, it is possi-
ble to detect a brown color for lines with intermediate scanning speed (75 -
225 pm/s at 0.5 wJ/pulse and 350 — 600 um/s at 1 pJ/pulse) in the case of
LNS13B21 glass.
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Figure 51: Optical microscope images of lines written by fs-laser in LNS34 and
LNS13B21glasses in Y, polarization configuration, at various scanning speeds, two
pulse energies: 0.5 and 1 pJ/pulse, and repetition rate fixed at 200 kHz
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4.3 POLARIZED LIGHT MICROSCOPY

Theirradiated dots and linesof all experimentshave been investigated using
an OLYMPUS BX60 microscope apparatus by polarized light microscopy.
The conventional microscope is equipped with an analyzer placed before
the sample and a polarizer placed after the sample, which is in crossed po-
sitions with respect to each other. Information on the polarized light con-
figuration, the working principle of a polarized light microscope, and all its
accessories can be found in Refs. [8],[9], and [10].

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

Figure 52 is an image of LNS27B7 glass dots written on the sample turned
of 45° on the microscope plate, i.e,, XandY axesrotated of 45° from analyzer
and polarizer crossed. The dot is an object of cylindrical symmetry. Then, if
we turn a picture with dots, we should have the same image. Butif there is
a pulse front tilt (PFT) effect, this is no longervalid. Thus, it is known from
the literature that repetition rate plays a role in the effects of thermal accu-
mulation, leading to a steady rise in temperature in the focal region [11]. In
static mode, as the repetition rate increases, a black zone appears around
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the focus laser beam at lower pulse energies. This black zone was already
visible under white light. Under polarized light, it becomes even more evi-
dent, and, it expands at increasing pulse energy [12]-[16]. The white light is
due to neutral axes of dots not aligned with analyzer and polarizer.

Repetition rate (kHz) LNS27B7

100

200

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

Writing configuration=Y,

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

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

The totally dark zone corresponds to a non-irradiated, and therefore, glassy
area.

When polarization configurationwaschanged, theintensity of theirradiated
lines reached a minimum at Y, or Y,, but maximum at Yss, i.e., when laser
polarization configuration is oriented to a diagonal position to the analyzer.
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Figure 53: Lines under polarized light written according to analyzer direction (P =
polarizer, A = analyzer), at repetition rate equal to 200 kHz and scanning speed
equal to 1 pm/s

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

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

After the insertion of a full retardation waveplate and the neutral axes at 45°
from A and P, the background s isotropic, appearing magenta,andit is pos-
sible to distinguish the slow axis and the fast axis. If a line appears blue, the
slow axis of the irradiated line at that place is parallel to the slow axis of the
full-wave retardation plate. If it is yellow, the slow axis at that place is per-
pendicular to the slow axis of the full-wave retardation plate. This phenom-
enonis more evident at the mediumregime of scanning speed than low and
high ones. Then, the slow axis of the inscribed line is found perpendicular to
the writing laser polarization, and this feature is related to the formation of
quasi-periodic lamellas with two different refractive indices.

Finally, we measured retardance (R) quantitatively at the center of each irra-
diated line as reported in Figures 55a and b.
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Figure 55: Retardance in nm measured at 550 nm at the center of the irradiated
lines as a function of scanning speed for LNS34 and LNS13B21, at two pulse ener-
gies (0.5 and 1 p/pulse), repetition rate fixed at 200 kHz and for a) Y, and b) Y,
laser polarization configurations [18].

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

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

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

a) Detector b)

Irradiated IR filter
lines

515 nm
Half wave

plate
-

1030 nm

Sample holder

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

SHG intensity was measured for all the four investigated glasses according
to the laser irradiation condition reported in Figure 49. For each irradiated
line, we detected the SHG intensity in the XY plane according to the azi-
muthal angle (0) of the probe beam polarization until 180° starting from the
polarizer reference position at 0°, i.e., along X. The probe beam propagation
direction was set perpendicularto the XY plane, and its electric field direc-
tion was parallel to this plane.

The curves intensities obtained were normalized from the SHG spectrum
values, according to the following expression:
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__1®
norm — MAX (1(9)) (32)

where MAX (I (8)) is the maximum calculated on all the intensities values as
a function of probing angle [(8). A SHG spectrum for the pulse energy equal
to 1.25 pJ and for the Y, configuration in LNS13B21 is reported in Figure 57,
as an example.
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Figure 57: SHG spectrum obtained for LNS13B21 lines written at 1.25 pJ/pulse, at
Y, polarization configuration, at fixed repetition rate equal to 200 kHzand scanning
speed equal to 1 um/s. The reference position of the laser polarizer is 0°, which
coincides with the position corresponding to 180°.

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

The effect of the writing laser polarization orientation on the crystals was
investigated by the angulardependency of the SHG intensity. Figures 58a
and b show SHG curves at two pulse energies (0.5 and 1.25 pJ for two po-
larization configurations, Yyand Y,s). The choice of these two values of pulse
energies was made because of important changes well visible in SHG curves
for the four glasses. At 0.5 wJ, a strong SHG modulation is evident with re-
spect to an azimuth-0 of 90° for all four glasses. When pulse energy reaches
1.25 pJ, a second maximum on the curves in the direction of the polarization
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is found, and the trend of the curves begins to present complex responses
different for each glass composition.
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Figure 58: normalized SHG intensity profiles for the four glass compositions as a
function of probing polarization angle in the XY plane for 0.5 and 1.25 w/pulse a)
at Y, and b) Y45 polarization configuration; c) polar representation for LNS13B21
glass for 0.5 and 1.25 w/pulse with three polarization configuration Yy, Y45 and Y,
[6].
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This is according to results reported in [20]. If we explore the pulse energy
effect, it is noted that at low pulse energy (in our case, it corresponds to 0.5
pJ), a well -defined cosine-like curve with a period of 180° is obtained, and
a SHGni, intensity is found at a probing angle close to writing laser polari-
zation direction, precisely at 90°. When we increase the pulse energy to 1.25
J, the cosine-like curve is modified, and a second minimum occurs, reveal-
ing a second texture of the crystals with the polar axis oriented closer to
parallel to the writing laser polarization.

Specifically, in our case, at 0.5 pJ/pulse, the normalized SHG intensity (I/Ima)
shows a sinusoidal trend with strong contrast (Imax — Imin / (Imax + | min) Up to
0.9 for LNS20B14. The maximum with respect to the direction perpendicular
to the laser polarization is at 90° and 135° for Y, and Y4 configurations,
respectively. Otherwise, the SHG,i, intensity is found in the correspondence
of a probing angle perpendicular to the angle value of SHG .

Increasing the pulse energy progressively from 0.5 to 1.25 pJ/pulse, the SHG
presents a complex response because of the presence of another crystalline
texture oriented in a differentdirection. The low energy texture, i.e., the pop-
ulation leading to SHGa« for © perpendicular to writing polarization, is still
emergingat 1.25 pJ. In addition, a second population of LINbOs3 crystals with
a preferential orientation appearsin the SHG response, visible in Figure 58c.
This phenomenon is very clear with the configuration Y5, for which thereis
no maximum in the direction of writing.

A slight departure of the minima and the maxima of the SHG modulation
from the probing angle equal to 90° is observed due to an asymmetric ori-
entational writing effect as previously observed at low speeds (i.e., 1T um/s)
in LNS34 glass [20]. These results are strictly linked to EBSD maps reported
in section 4.6.2.

4.5 QUANTITATIVE PHASE MICROScOPY (QPM)

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

A CCD camera mounted on an optical microscope in transmission mode
captures the sample images according to the conditions provided in Figure
59.
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QPM directly measures the phase shift and, analyzing light propagation on
the sample; the refractive index variation can be calculated according to the
following formula:

2
An = Ap Py (33)

where A is the phase shift (in radians) of the non-polarized light at A=550

nm and L the thickness of the sample along the light propagation direction

[21].

QPM conditions Y\f YflS Yx
ety Defocusing: 10 pm [
Objective: 20X
Filter: 550 nm (green) 100
Acquisition mode: Transmission light
Observation method: Bright Field (BF)

200
Refractive index
variation (bright) 300

400
LNS27B7

500 .5 W/pulse

600

Dimension (pixels)

700

200 400 600 800 10001200
Dimension (pixels)

Figure 59: QPM analysis process represented through the CCD camera mounted
on the microscope: the three lines represent a phase image converted into a soft-
ware representation after applying the MATLAB code to extract black background
and white lines images.

If An is positive, it means that the refractive index increases, and this phe-
nomenon confirms the presence of crystallization. To determine the varia-
tion in the refractive index, the procedure carried out for LNS34 reported on
Ref. [22] is used, starting from the valid assumption for which Ngryse > Ngpass
and results included in Ref. [23]. For glass, the refractive index is constant
and equal to 1.462 at 515 nm [24]. Now, we intend to explore what to insert
in Ncyse. We consider the configuration shown in Figure 44. From EBSD

106



measurements and SEM micrographs, we deduced the self-organized peri-
odic nanostructure, that induced a form birefringence, the so-called
nanogratings in which two different phases were discovered, a glassy phase
that presents a single refractive index, and a crystalline one identified by
LiNbO; where the typical anisotropy is quantified by two differentand di-
rectional refractive indices (nz xxand ny, vy).

The refractive index in the YX plane (Y scanning direction) is derived from
the relative permittivity (n? = Erc)-

For LiNbOs, the relative permittivity matrix in the crystal reference is ex-
pressed by:

& 000
Erc= [ 0 & O ] (34)
0 0 e

where g, is the relative permittivity perpendicular to the polar axis, and g, is
the one along the polar axis. From this, and the previous expression, we can
calculate n, (ordinaryrefractive index) and n, (extraordinary refractive index).
The refractive indicesin 2D are computed from these following equations.

nz - n%niXX (35)
XX~ fn2 gy +(1-Hnd
ngy=fnf "'(7‘19”%,1/}’ (36)

where n; corresponds to refractive index of glass, and p; is relative to crys-
tals. In this case we consider two differentindices indicative of typical crys-
talline anisotropy (n, xxand n, yy) and with

f=-4 (37)

T di+dsy

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

2 _ otexture

nz,XX - gr,sample,XX (38)
2 _ otexture

nz,YY - er,sample,YY (39)

gtexture _ YiSiBiErcB ! (40)
r,sample — Y;S;i
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where ( is relative to the grain, S; is the number of measurement points in
the grain, & is the relative dielectric constant tensor for one crystal in crys-
tal reference, and B, is the matrix for changing the reference from the crystal
indexed ( to the sample reference. The B; matrices and S; weightsare derived
from the EBSD measurements [22]. Then, we found n¢y, as a 2D average
value for the form birefringence of nanogratings between nyx and nyy.
Consequently, once demonstrated the presence of crystallization due to the
variation in refractive index An, we can compare the three lines trends with
different pulse energies. Figure 60 shows how the trend of the three lines
represented in the previous Figure 59 trend changes, at increasing pulse
energy from 0.25 to 1 pJ for LNS27B7 glass.

Y v45 Y:( Y\f YdS VI

Dimension (pixels)

1000 1000 Pl
200 400 600 800 1000 1200 200 400 800 800 1000 1200 200 400 600 800 10001200 200 400 &00 800 10001200
Dimension (pixels) Dimension (pixels) Dimension (pixels) Dimension (pixels)

Figure 60: QPM images for LNS27B7 glass on lines at three polarization configura-
tions Yy, Y45, and Y, at pulse energies of a) 0.25 pJ, b) 0.5 pJ, ) 0.75 pJ and d) 1 .

It is possible to note thatat 1 pJ, the image starts to reveal some irregulari-
ties that correspond to the splitting of two of three peaks reported in the
following Figure 61d. This is the critical value of pulse energy where the
width of the lines begins to become larger than the general trend until 0.75

M.
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Figure 61: QPM analysis modulation in which the phase changein rad is highlighted
by a plot where we can see three peaks in correspondence of each set of the three
lines reported on the previous Figure 60.

4.6 MICROSTRUCTURE ANALYSIS
4.6.1 Scanning Electron Microscopy (SEM)

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

SEM micrographsof LNS13B21 laser track cross-section for two polarization
configurationsY,and Yyat 75 um/s were reported in Figure 62. SEM analysis
is done for exploring nanostructure but, in our case, exhibits the formation
of nanogratings. Laser irradiation producesin the material these self-orga-
nized nanogratings, specificallywhere thereis an oriented phase separation,
composed of a crystalline and a glassy phase. This structure is visible when
zooming in this yellow rectangle area. Nanogratings are a lamellar-like
structure that grows in the direction perpendicular to the laser polarization.
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Thisnanostructureinduced birefringence because of the refractive index dif-
ference between the two phases (lithium niobate-rich regions, crystalline
with lithium niobate-poor vitreous ones).

SEM micrograph
of laser track W,
cross-section

— Laser LNS13B21
beam 75 pm/s
direction

() Laser 10 pm
scanning Yv —

direction

nanogratings

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

Considering the same sample at different scanning speeds, we noted that
different aspects of nanogratings and various zones are identified and re-
ported in Figure 63.

Firstly, the observed crystallized volume diminishes at increasing scanning
speed, as highlighted in yellow. In addition, the length, and not so much the
width, of the region where lamella-like structuring is observed, in orange,
also progressively decreases as scanning speed increases.

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

Laser beam direction
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4.6.2 Electron Back Scatter Diffraction (EBSD)

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

Firstly, we observed that there was the precipitation of LiNbO3 nanocrystals.
Secondly, the inverse pole figure (IPF) color code shows the crystal ¢ axis
(along 0001 direction) found to be oriented perpendicularto the laser po-
larization, corresponding to the absence of red color on the EBSD map.
This is valid at the lowest pulse energy (i.e, 0.75 wJ/pulse). At higher ener-
gies, i.e, 1.25 w/pulse, crystal c axis orientation varies and is only partially
oriented alongthe polarization direction. Then, we demonstrated the agree-
ment between SHG response and EBSD results: in fact,at low pulse energies,
the crystals are well oriented with c axis perpendicularto writing laser po-
larization and coincide with a maximum SHG contrast with a nearly single
texturation. When pulse energy became higher, a part of the nanocrystals
population exhibited c axis orientation along the polarization leading to a
more spatially distributed SHG response.

Regardingthe distribution of the crystals, we reported the size of single tex-
ture regions (in nm) as a function of the number of crystalline domains in
Figure 65, for LNS34 and LNS13B21 at Y, polarization configuration, for 0.75
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and 1.25 y/pulse. We noted the tendency to form larger regions with the
same textures at the highest pulse energy compared to the lowest energy
conditions.
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Figure 65: Size distribution of single texture regions for LS34 and LNS13B21 for Yy
configuration and two different pulse energies (0.75 and 1.25 pJ/pulse). Irradiations
conditions: A= 1030 nm, NA = 0.6, f = 200 kHz, focus depth =240 pum in air, writing
speed = 1 um/s [6].

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

(in air) [18].

In addition, also to have the complete information on the size distribution,
Figure 67a shows the average size of the regions of the same orientation
(single texture) as a function of scanning speed (in magenta) and the num-
ber of single texture regions per laser track (in blue). Figure 67b allows us to
confirm the presence of a dominant texture: the pole figures of the LiNbO3
c axis reveal that c axisis perpendicular to the laser polarization for all laser
tracks. Indeed, as the scanning speed increases, the preferential orientation
of c axis becomes less evident.
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Figure 67:a) number of single texture regions and their averaged diameter, assum-
ing a spherical shape, as a function of scanning speeds; b) pole figures of the
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LINbO; c axis (labeled 0001); extracted from data of laser cross sections at Y, po-
larization reported in EBDS maps of Figure 4.20 [18]. The writing direction is in the
center of pole figures; the laser propagation is at the top and the bottom of each
pole figure.

4.7 CONCLUSIONS

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

This chapter aims to provide an interpretation of the results from the previ-
ous chapter: whathappensinside the glass material during nanocrystalsfor-
mation. The below discussion is based on the two published articles
emerged from this Ph.D. work, below cited as the main explanatory bibliog-
raphy [1] (especially for section 5.1), [2] (especially for section 5.3, as well as
[3]), and on the content of Jing Cao’s thesis [4], as regards the results ob-
tained for the LNS glass matrix.

Thischapter describes how laserinduced crystallization evolvesasa function
of glass composition (fourcompositions taken).First, we focus our attention
on B,O; addition in the glass network, considering the effect on nanocrystal
orientation influenced by differentlaser polarization configurations afterthe
first publication in Optical Materials Express [1]. Then, describing in depth
what happened under a scanning regime and considering only two compo-
sitions, the reference one (LNS34) and the one with the greatest amount of
B,Os (LNS13B21). The continuous cooling transformation (CCT) and time
temperature transformation (TTT) diagrams were employed to interpret
crystallization mechanisms following the discussion published in a second
article in MDPI Crystals[2].

Structurally, chapter 5 is composed of five sections. The first one includes a
discussion about nanocrystalsnucleation and growth, focusing the attention
on their orientation and exploring the interconnection between the
nanostructure of the material, the optical properties, and the laser parame-
ters. Secondly, the link between SHG response and EBSD maps provides in-
formation on how nanogratings formation is connected to birefringence
and refractive index variation, employing specific characterization results.
Furthermore, after a general introduction to explain how general TTT and
CCT diagrams were modified by fs laser irradiation in the third section, the
analysis of the crystallization domain between the two glass compositions,
LNS34 and LNS13B21, is the subject of the fourth section. Finally, the ad-
vantageous addition of boron is the final topicincluded in the last section,
to motivate all the explications provided until now.

115



5.1 AGREEMENT BETWEEN SHG RESPONSE AND EBSD MAPS IN LNS
AND LNSB GLASS MATRICES

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

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

5.1.1 Threeregimes and landscapes

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

The deposited power (a), as a result of the pulse energy (Ep) multiplied by
the repetition rate (RR) (E, x RR = a), affects the crystal growth.

Three regimes can be identified clearly to highlight threshold values of
thermal power and consequently the interconnection between laser
parameters variation and phenomena induced in glass depending on
composition. We can describe three regimes considering Figure 68 and 69.
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Figure 68: LNS pulse energy-repetition rate landscape [12]

This following figure shows the effective presence of a writing orientation
effects [5]. Orientation means the movement along a specific direction [5].
The orientation direction depends on writing laser polarization: two config-
urations of laser polarization particularly studied, as reported in Figure 69

[3].

1.8 pJ/pulse
Laser polarization // Laser polarization L
scanning direction scanning direction
1 |
2.0 Textured Random F—
] crystals crystals
3 154 Two c.ry:\t.:lllm._ zones, one “lth and Regime 3
~ another one without self-organized N T -
B nanostructure anoscale pnase
2 separation
) e
'_i Textured nanocrystals embedded in Regime 2
= self-organized nanostructures ¢ Tunable SHG and
S L L . . .
Modified amorphous phase Regime 1 birefringence

Laser polarization direction

Figure 69: Pulse energy - polarization direction landscape for LNS glasses closed to
30Li,O - 30Nb,0s — 40SiO,, highlighting the presence of three regimes. k is the
laser propagation direction, e stands for the writing laser polarization direction, and
S is the scanning direction. Other parameters: 1030 nm, 300 fs, NA = 0.6, 300 kHz
5 um/s, and focus depth 350 pum [3].

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

Secondly, there is regime 2 (0.5 - 0.9 wJ/pulse, 300 kHz) in which nanocrys-
tals growth direction is dependent on the laser polarization variation, and it
is possible to tweak the orientation of nanocrystalsby using light properties.
The nanocrystals are embedded in self-organized nanostructures
(nanogratings, which will be discussed in the following section), and they
induce optical properties as tunable SHG and form birefringence. The na-
noscale phase separation at the origin of nano-gratings starts to be detect-
able in regime 2 and continues to be present also in regime 3. Finally, re-
gime 3 (1.0 — 2.2 w/pulse, 300 kHz) includes two different crystalline zones:
one with nano-gratings and microcrystals oriented according to scanning
direction parallel to laser polarization; the other one without nano-gratings
and with nanocrystals randomly localized when scanning direction is per-
pendicular to laser polarization [5].

Moreover, summarizing through SEM micrographs and corresponding in-
verse pole figure (IPF) of the cross section of irradiated line, Figure 70 shows
the possible crystals configurations and related regimes.

The right (framed) image encloses the cross section of the crystals orienta-
tions disordered referred to direction perpendicular to laser polarization re-
ported in Figure 70.

03 05 1.0 2.2
T * Pulse energy

Regime 3 (ul/pulse)

|
Regime 1 ' Regime 2

Figure 70: High repetition rate fs laser-induced regimes in LNS glass according to
pulse energy indicated in white in each SEM micrograph. For regime 2 and 3, the
left image is a SEM micrograph, and the right one is the corresponding inverse pole
figure (IPF) of the cross section of the irradiated line. The scanning direction is
perpendicular to the paper plane. The color of IPF is obtained from on LiNbO;
space group R3¢, coding along scanning direction. These are configurations in
which laser polarization is (a — d) parallel or (e) perpendicular to scanning direction.
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Laser polarization direction is marked by green e, while scanning direction id
displayed by red S. k represents the laser come from the top. Other parameters for
33Li,0 - 33Nb,0s - 34 SiO; are 1030 nm, 300 fs, 300 kHz, 5 um/s, and focus depth
350 pm [3].

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

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

The polar axis of crystals is not oriented along laser polarization in regime
2. The final crystallization morphology is controlled by writing configuration
(the relative orientation of the laser scanning and laser polarization) in the
case of regime 3. Thisis an effect of high pulse energy. In case of polarization
parallel to scanning direction, we obtained large grains including amor-
phous phase since no chemical migration is detected at the grains scale.
Different results were highlighted by Veenhuizen et al, as only a single grain
is acquired with polar axis parallel to the scanning direction at about 4.2
p/pulse at same scanning speed used in experiments reported in Ref. [3].
A nanoscale phase separation is revealed in regime 2 and 3. The issue of
nano-gratings will be discussed in the next section 5.2.
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Figure 71: Pulse energy-scanning speed landscape that shows domains of fs laser-
induced crystallization in LNS glasses close to 30Li,O — 30Nb,Os — 40SiO,. Other
parameters are A = 1030 nm, NA = 0.6, repetition rate = 200-300 kHz, parallel
configuration [3].

To compare the results of different authors obtained in regime 2 and 3, ac-
cordingalso to Figure 68, we may show the difference between experiments
in Figure 72.
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Figure 72: Pulse energy — repetition rate landscape in which domains of fs laser-
induced crystallization in LNS glasses at varying scanning speed and focus depth
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indicating collecting results of Poumellec et al. [6] and the from Veenhuizen et al.
[13]. Other parameters are A = 1030 nm, NA = 0.6, pulse duration = 300 fs, parallel
configuration. In this case, green marks indicate regime 2 of LSN glasses, and the
red marks show regime 3 n LNS glasses [3].

5.1.2 Link between laser parameters and SHG measurements

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

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

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

The representation of the writing orientation effectis obtained starting from
two different orientations typical of glass as center-symmetric material: the
orientation at the forward direction of 45° and the one at the backward di-
rection of 225°. In both directions, it is possible to reveal the presence of
two different textures: one with ¢ as the polar axis of nanocrystals (<0001>)
perpendicularto the writing laser polarization, specifically X direction and
one with the polaraxis close to Y direction [7]. At low writing speed shown
in Figure 75a, there is a conspicuous difference between two curves at dif-
ferent orientations. This effect, known as Asymmetric Orientational Writing
(AOW) [11] is drastically reduced in correspondence of 25 pum/s, as shown
in Figure 75b.
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Figure 75: Writing orientation effect through normalized second harmonic
generation intensity of irradiated lines as function of probing laser polarization
angle, at two different writing speed a) 1um/s and b) 25 pum/s. Other parameters:
pulse energy 1.4 W, laser polarization is parallel to'Y [7].

Another fundamental parameteristhe angular contrast, which is character-
ized through the anisotropy magnitude expressed by the following equa-
tion:

anisotropy magnitude = (SHGpax — SHGmin) / (SHGmax + SHGmin)
(41)

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

At 1 um/s, the anisotropy magnitudeisstrongly depending on pulse energy;
at 5 um/s this trend is less pronounced with the increase of pulse energy,
and it becomes not dependent on pulse energy at 25 pm/s.
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These trends were extrapolated from the study of the SHG angularresponse
of a single crystal. It is fundamental to refer to the LiNbO; theory about the
second-order non-linear tensor for the symmetry R3c typical of this crystal.
For its axial symmetry, the second-order non-linear susceptibility tensor
(x®) has the largest SHG coefficient (ds3 = 34.4 pm/V) in the <0001> crystal
direction, exactly along the polar axis. The others are d3; = 5.95 pm/V and
dzz = 3.07 pm/V [14]

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

139rm= [ + Bf(6-67)]/[o + B (a + b)] (42)

where 87 is an angle shift from +X direction; a and 8 are the weights of the
two populations. The number of the populationsincreases at increasing of
pulse energy, in case of a value equal to 1.8 pJ, three populations were ob-
tained: one randomly oriented and two textured [7].

The data obtained with the SHG measurements are then validated with the
EBSD analysis. Thanks to such microscopic analysis, it is possible to get in-
teresting information about the formation of oriented non-linear crystals
and textures. Comparing these two measurements, we must note that SHG
averages the effect in the modified sample region, while the EBSD maps
have a much finer resolution through laser track cross-sections surfaces.
Considering the LNS, as our reference exactly with the composition equal to
33Li,0 - 33Nb,05 — 34Si0O,, in comparison with LNSB matrices, EBSD maps
show a large portion of disoriented LiNbOs crystals were randomly distrib-
uted, as reported in Figure 77 [15].

The presence of the green light confirms that the crystals acquired second-
order non-linearoptical propertiesandits nonuniformdistribution indicates
a non-homogeneous crystallization.

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

The thermal force leads to crystal orientation and is generated by a large
thermal gradientin correspondence with focused irradiation at higher pulse
energy.

129



a) €// v-along x
2000

r

? . St Y. .
1B u
s ) e,
!
ud et et um
]

X
y ]
0.6pd ¥ *

Ipm

1um

A * 8

o
]

‘ ym b 'ﬂ

b) € L ¥ -along x c)1opd d) 0.6 pJ
2.0 JIJ- - alongx alongy alongx alongy
LiNoO3
l'
Iy ':
@
. s, 1 lum
1 ' —
[ i ,: 3 lum lum
" 3
I
d ' |

Figure 77:EBSD characterization of 33Li,O -33Nb,05-34Si0,: a) EBSD scan images
of lines cross-sectionsirradiated at 2.0 — 0.6 pJ with polarization parallel to the laser
beam direction that is coding the crystal orientation along x; b) EBSD images of
lines cross-sections irradiated at 2.0 W with polarization perpendicular to laser
beam direction coding crystal orientation along x; EBSD scan image coding the
crystal orientation along the x-axis and along the y-axis at ¢) 1.0 W and d) 0.6 pJ,
respectively. The polarization for writing is parallel to the laser motion direction.
Other laser parameters: repetition rate = 300 kHz, scanning speed = 5 pm/s, pulse
duration = 300 fs, wavelength = 1030 nm, and NA = 0.6 [15].

During nucleation, the dipole of nanocrystals is stimulated by a torque. As
these nuclei can be assimilated to the final crystals, we observed that the
ferroelectric LINbO3; might show a spontaneous dipole, it also exhibits an
induced dipole with an anisotropic susceptibility so that the dipole is not
always parallel to the applied electric field E,. We represented a non-oscil-
lating torque I generated within nanocrystal by this following expression:

Ipc = DCpart (P, A Ey) (43)
P, =€ X Ew (44)

X is anisotropic with P,, the induced dipole, y the first order susceptibility
tensor, ggthe vacuum dielectric constant. Therelative permittivity €, of a me-
dia is related to its electric susceptibility, & = I + 7 where I is the identity
matrix.

The torque allows to have the dipole P, aligned on the electromagnetic
field,and this corresponds to be along the largest value of the susceptibility.
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These valueschange with non-stoichiometriccompositionsof LiINbOs. There
is an expression that connect refractive index with permittivity. Then, con-
sidering a crystal reference based on its principal axes, the permittivity ten-
sor could be given by:

&1 O 0
€=€0[0 €22 0] (45)
0 0 &35
The principal refractive indices n (k = 1, 2, 3) could be calculated by g =
nZ,. In particular, for its symmetry, LiNbOs is a uniaxial crystal with 1, = &,
= n2 # £33 = n% where n, and n, are the ordinary and the extraordinary
refractive indexes respectively. For LiNbOs, n, is greater than n.. This corre-
SpOhdS to €1 polar axis > g” polar axis [7]
The largest value is thus perpendicular to the nanocrystals’ polar axis, which
explains the existence of the texture with polar axis of nanocrystals perpen-
dicular to the laser polarization.
When another texture appears in the SHG angular response with the polar
axis aligned with the laser polarization, its originis more complexto explain.
Two possible explanations can be given: the second texture is not at the
same locationinthe laser track of the previous one and the electromagnetic
force has non-linear origin, or the force has different nature and this last is
principal, i.e., thermal one but not dependent of the laser polarization.
In fact, it is most likely a question that could involve up to three forces: one
is linear and of the first order, the second one originates from the displace-
ment of growth front that appears when there is a melting at the center of
the laser track, and the last one driven by the pulse fronttilt (PFT) or by other
nonlinear effectsto be explored. This third shows a sensitivity towards the
direction of displacement and the crystals configuration nature; hence, the
effect on the texture in regime 3 could be described through this last force.
Generally, this discussionis related to the femtosecond laser interaction with
dielectrics [16]. Summarily, multiphoton ionization or tunneling ionization
generating a quasi-free electron plasma in the conduction band causes the
laser light absorption. The plasma just formed can be heated by the residue
of laser pulse through free carrier of one or several photon absorptions
and/or expands through avalanche ionization. The existence of an Asym-
metric Orientational Writing (AOW) with the femtosecond laser can be ex-
plained by the action of the ponderomotive force action, i.e., the force gen-
erated by light on the electron that intensifies the plasma density on the
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side of the beam [11]. Then, the subsequent trapping indicates the space
charge in the materials, producing a DC field and a consequent stress field
thatis exercised between two laser pulses as a typical memory effect [11].
Consequently, the spontaneous dipole of the nanocrystals that may have a
parallel direction to polar axis generates a second torque. The direction of
the induced DCelectric field leadsthe direction of the polaraxis [11]. It relies
on the orientation of the pulse front tilt (PFT), (i.e., the phenomenon for
which the arrival time of a pulse varies across the beam profile), of the writ-
ing laser polarization direction and of the direction of writing. The PFT was
already present in fs laser dots writing where no polarization variation is
expected. Then, this consolidates the importance of polarization role, evi-
dentin laser lines writing.

Also, the stress field affects the kinetics, and it depends on the orientation
of writing. Lastly, the combination of a stress field differently oriented com-
pared to PFT vector may induce a variety of crystallization, represented by
the evident intensity of the second texture, i.e., the one aligned with the
laser polarization [7], [11].

5.1.2.1 The case of LNSB glass matrices

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

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

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

Continuing the investigation of these trends, we intend to verify whether
this assessment will be confirmed even at higherimpulse energies at a spe-
cific laser polarization configuration.
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Figure 78: Normalized SHG intensity for four glass composition as a function of
probing polarization angle in the XY plane for a) Y,, b) Y45 and c) Y, at the two
lowest pulse energies, 0.5 and 0.75 p/pulse. Femtosecond laser conditions used: A
= 1030 nm, NA = 0.6, RR = 200 kHz, focus depth = 240 pmin air, scanning speed
=1 um/s [1].

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

This is a comparison between the most “stable” SHG curves at 0.5 pJ/pulse
and the trends at the three highest pulse energy values 1.5, 1.75, and 2
p/pulse employed in our experiments.
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The three images reveal how the compositions with B,Os in the network
have a clearly different trend compared to LNS one, at the three highest
values of pulse energies. The sinusoidal behavior shown at 0.5 pJ/pulse be-
came a variable trend, difficult to classify in a unique way, for all the four

compositions.
Contrary to previous work on the LNS, no other SHG measurement experi-

ments have been carried out varying the scanning rate and must confine our
analysis on these trends. However, they already emphasized how the B,0;
addition had unpredictable effects on the shape of the curves and on the
formation or not of two crystals textures, that will be verified in more depth
through the following EBSD analysis.
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Figure 79: Comparison between four pulse energy values a) 0.5, b)1.5,¢) 1.75 and
d) 2 W at laser polarization configuration Y,. Femtosecond laser conditions used: A
= 1030 nm, NA = 0.6, RR = 200 kHz, focus depth = 240 um in air, scanning speed
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To have a complete picture, it is necessary to add to these SHG measure-
ments, the relative EBSD maps in which through inverse pole figures (IPF)
the two textures were properly represented, when identified.

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

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

For LNSB glass matrix, the information framework is different, simply be-
cause itis necessary to carry out further analyses; in fact, for now, EBSD pro-
vides the space group and parameters a, b, and c that indicate LiINbOs.
Then, using the IPF maps to make micro-texture characterization of each
sample considered, we considerthe distribution of polaraxis cin LNS34 and
LNS13B21 samples. We intend to analyze if the two identified textures were
located at the same place in the laser tracks.

Firstly, Figure 82 shows the SHG response at 1.25 and 2 pJ/pulse, focusing
the attention on the reference sample LNS34 and on the one with the high-
est amountof B,Os, LNS13B21. A correspondence between increasing pulse
energy and the presence of multipledirectionsin crystals orientationis con-
firmed and validated at the same time. Even though itis clearly still evident
the population that reaches SHG extremes, the curve relative to LNS13S21
for Y, shows a behavior with two minima (at 60° and at 130° for 1.25 and at
50° and 150° for 2 pJ/pulse) that are indicative of the presence of another
population. This cannot be noted for configuration Y,
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Figure 82: Normalized SHG intensity for all glass compositions according to a) Y,
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We intend to find a link between the Figure 82 above and the results on
textures revealed in the next Figures 83 and 84-87 where the polar repre-
sentation and the EBSD analysis will be reported, respectively, at 1.25 and 2
p/pulse.

Secondly, another way to visualize the laser polarization orientations with
respect to writing direction is through the polar diagrams shown in Figure
84. We chose to insert also thetwo foundtrends at 0.5 uJ/pulse, to highlight
specifically how the “directionality” of SHG intensity at low pulse energy is
drastically reduced, in comparison with the onesat 1.25 and 2 pJ/pulse. This
is the evidence of laser polarization effect. The correspondence between
LNS34 and LNS13S21 for 0.5 pJ/pulse at Y is unequivocal. At 1.25 pJ/pulse,
the trend for the two compositions is completely different, otherwise we
couldfinda partial correlation since it is indicative of the same direction just
shifted from 90° in both glasses but at diverse configuration, Y,and Y, for
LNS13S21 and LNS34 respectively.
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Figure 83: Polar representations for LNS34 and LNS13S21 glasses at 1.25 and 2
W/pulse with three laser polarization configurations indicated by double headed
arrows in coordinates of the reference system: //, 45°, and L.

To validate the results extracted from the polar trendsat 1.25 and 2 pJ/pulse,
we performed EBSD analysis inside the laser tracks cross-sections.
According to this characterization, we report the Inverse Pole Figure (IPF), a
map to indicate the crystalline color part on the black background obtained
through EBSD.The colorin IPF is based on R3c space group of LiNbOs. Three
colors are fundamental to identify axes: basic red is used for polar axis of
the crystal (0 0 0 1 axis), green and bluefor0110and 110 0, respectively.
This is the so-called red-green-blue (RGB) color model. The intermediate
orientations are visualized by a RGB mixture of the primary components.
We intend to prove the role of laser polarization on the crystals growth di-
rection through a comparison between LNS34 and LNS13B21.

Primarily, Figure 84 highlights the double width of the laser track of
LNS13B21 compared to LNS34 one in case of configuration Y,. Maps are
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referred to writing direction. For LNS34, we cannot putin evidence a partic-
ular orientation direction since the presence of different colorin both laser
tracks at two configurations. Otherwise, for LNS13B21 it is evident that, at
same pulse energy equal to 1.25 pJ, green and blue color are predominant
in case of laser polarization parallel of writing direction, while red color co-
incidentwith polaraxis c is the most noticeable atlaser polarization perpen-
dicular to writing direction.

LN513B21
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r Laser polarization: Laser beam
i Parallel to writing ~ directio
direction (%)
Perp. to writing Scanning @
direction <« direction

IPF (LiNbO,) color code [/ to
the scanning direction.
0001: ¢ axis orientation

L]

Figure 84: Inverse Pole Figure (IPF) obtained through electron backscatter
diffraction (EBSD): the color in the black background represents the crystalline part
for LNS34 and LNS13B21 according Y, and Y, at 1.25 pJ/pulse. Other laser
parameters are A = 1030 nm; f = 200 kHz; NA = 0.6; pulse duration = 250fs; focal
depth = 240 pm (in air); scanning speed = 1 um/s.

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

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

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

Figure 86 represents the polar figure maps, plotted in order to get a clear
picture of the distribution of polar axis and to bring out the presence of
multiple textures of LINbO; crystals. We have to take into account that pole
figure represents crystalline direction or a normal plan of material in the
sample reference system, while an inverse pole figure (IPF) shows a specific
direction of sample within a crystalline system. The union of two different
way of representation makes more complete the analysis on crystals and a
clear visualization of the distribution of polar axis, to indicate the presence
of two textures.
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Figure 86: Polar figures referred to LNS34 at 1.25 pJ for a) Y,, b) Y,and LNS13B21
at 1.25 pJ for c) Yy, d) Y, where A1 is the beam direction (z axis), A3 is the writing
direction (y axis for Y, and Y, configurations), polarization is along A2 (x axis) for Y,
and along A3 for Y, configurations.

In fact, even though in a more disordered way for LNS34, it is clear to note
the presence of crystals orientation in Figure 87a and b. The organization of
growth directions becomes definite in case of LNS13B21, as it is possible to
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see clearly in Figure 85c and d. These data have confirmed that found in
previous Figure 86.

Passing through the analysis of laser tracks cross-sections at 2 wJ reported
in Figure 87, it is worth to note that their width is greatly increased in both
glass samples. At high pulse energy, LNS34 shows an evident tendence to
assume red color in this map at Y,. This is indicative of a distinct growth
direction of polar axis c parallel to writing direction. For configuration Yy,
LNS34 exhibits a map with variable colors, and it is possible to recognize
some “cluster” zone of the same color in which crystals are oriented in the
same directions.

LNS13B21 highlights a multiple orientation in both configurationY,andY,.
in case of Yy, there is a denser crystals presence in correspondence of the
center and the largest lower part of laser track.
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Figure 87: Inverse Pole Figure (obtained from EBDS analysis) for a) LNS34, and b)
LNS13B21 sample, coding the crystal orientation according to the scheme reported
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in the figure through Axis 1 (A1 on the left), Axis 2 (A2 in the middle), and (A3 on
the right) corresponding approximately to beam direction, laser polarization,
writing direction respectively, at 2 ) and configurations parallel (three maps on
the left) and perpendicular (three maps on the right) to laser polarization. Other
laser parameters are A = 1030 nm; f = 200 kHz; NA = 0.6; pulse duration = 250fs;
focal depth = 240 um (in air); scanning speed = 1 um/s.

The polar figures maps reported in Figure 88 point out the considerations
until now presented at high pulse energy. Specifically, Figure 88a referred
to LNS34 indicates two different orientations: the crystal orientation is ac-
cumulated in the polar figure center, meaning that the crystals are oriented
with polar axis c0 0 0 1 parallel to laser polarization (along scanning direc-
tion).

Figure 88b, referring to LNS34, displays the presence of multiple orienta-
tionsin both Y, and Y, configurations.

The variability of orientationsis even more marked in Figure 88c and d re-
ferred to LNS13B21.
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Figure 88: Polar figures referred to LNS34 at 2 pJ for a) Y,, b) Y,and LNS13B21 at 2
W for )Yy, d) Y, where A1 is the beam direction, A2 is the laser polarization, A3 is
the writing direction
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5.2 INVESTIGATION ON NANOCRYSTALS ORIENTATION AND
NANOGRATINGS THROUGH SCANNING SPEED VARIATION

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

5.2.1 Requirements for nanocrystals precipitation

The starting point of our analysis on material response is to select suitable
laser conditionsfor verifying the actual precipitation of orientable nanocrys-
tals.

Starting from the LNS glass matrix, the study results have already been re-
ported in [4]-[6], and [8]-[10].

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

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

For LNS34, it is possible to note the energy thresholds detected from previ-
ous experiments in [1], and [19] (T1, T2, and T3 respectively for the three
regimes 1, 2, and 3) a little lower than the ones found for 32.5Li,O-

144



27.5Nb,05-40Si0, (mol%) but the formation of the nanocrystals is con-
firmed [2].
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Figure 89: pulse energy-repetition rate landscape highlighting the three regimes of
laser induced modifications for a) 32.5Li,0-27.5Nb,05-40SiO, (mol%) [2], [3]; b) for
33Li;0-33Nb,05-34Si0, (LNS34) (mol%). In addition, the trend of dots written in
our experiment in static mode revealed the energy thresholds for LNS34 [2].

5.2.2 Nanogratingsin LNS and LNSB

Nanogratings are composed of a crystalline phase (in our case LiNbOs) and
a vitreous rich-silica one (SiO, or SiO,-B,03), exhibiting self-assembly lamel-
lar-like nanostructuresthat "grow" in the direction perpendicularto thelaser
polarization.

Theirparticularcharacteristicis to be a subwavelength periodicstructurei.e.,
a period smaller than wavelength (in our case 1030 nm) [6], [20]. In fact, it
was discovered a nanostructure with average nanoplane distance ranges
from 250 to 60 nm [10]. An attempt of comparison between LNS and LNSB
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nanogratings should be realized employing the same laser parameters,
since this quantity is related with them [21]-[23].

Meanwhile, nanograting were found inside crystals region, but they do not
necessarily cover the entire body of the laser trace, as it is possible to note
in Figure 90, referred to our sample LNS13B21. Orange lines are coincident
with limits that enclose the region of nano-gratings that is reduced, at in-
creasing scanning speed, comparing with all the crystallization zone in each
laser track cross-sections. Knowing that the key parameter controlling the
orientation of nanostructure in silica glass is the laser polarization [24], we
intend to investigate laser track cross sections, with reference to the LNS
case, widely studied in the literature. In particular, LNS13B21 laser tracks re-
veal thatit is not possible to distinguish clearly different zones as shown for
LNS case.

1 pm/s 10pm/s  25um/s 50pum/s 75um/s 100 um/s 125um/s 150 um/s

Laser polarizati

S Scanning direction O 2 um
=] Laser beam direction —

v

Figure 90: Scanning electron micrographs of the laser track cross sections induced
by fs-laser on LNS13B21 glass sample for different scanning speed. Lamella-like
nano-gratings are observed and, for comparison at different scanning speed, the
upper and lower zone limits are bounded by two orange lines [2].

In the case of LNS extensivelyand previouslystudiedin [4], fourzones (iden-
tified with A-D) within the same laser track could be identified when laser
polarization is perpendicular to scanning direction, as shown in next Figure
91.
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Figure 91: Morphology of the fs laser track with laser polarization, along Y direction,
is perpendicular to X direction of scanning: a) SEM micrograph on left side and the
corresponding IPF coding along laser polarization direction on the right side for 1
W/pulse; b) this is a magnification of Figure 5.22a enclosed in the red rectangle; c)
scheme of laser-induces structures, with forces and main parameters indicated: dg
is the nanostructures thickness, A¢ is the distance between the dashes, A; is the
distance between the nanostructurelines; scanning direction is along Z, also writing
direction is indicated; morphology of the laser track varying the pulse energy: d)
0.8 and e) 1.4 W/pulse. Other fundamental parameters are: 32.5Li,O —27.5Nb,Os—
40SiO; (mol%), 1030 nm, 500 kHz, 300 fs, 5 um/s, NA = 0.6, focal depth 300 pmin
air [4].

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

147



In Figure 91, different pulse energy are reported to investigate how changes
the fs-laser induced nanostructure. Focusing the attention on Zone Cand D
atincreasing pulse energy, the width of region D expands from about 3.2 to
6.2 um, at 0.8 and 1.4 pJ/pulse in Figure 91d and e, respectively.
Nanogratingsin the LNS34 glass matrix are described clearly by TEM micro-
graphsin the following Figure 92 [3].

s S
ST T

10 nm

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

Crystalline phase appears dark whereas amorphousparts are represented in
white lines. The phase separation has not to be complete to reveal the pres-
ence of nanogratings.

The formation of nanogratings can occur only after a sequence of multi-
pulses in conditions of regime 2. Figure 93 below is inserted to show the
pulse number effect on the well-defined organization of nanogratings [25].
Figure 93a represents a nano-planes discontinuity which its evolution is re-
ported in Figure 93b: nanogratings are shown with their complete self-or-
ganizationinnanoplanesatlaser polarization perpendiculartothe scanning
direction and 10° pulses/um. The role of laser polarization orientation is
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highlighted in the next two micrographs of Figure 93c and d: at laser polar-
ization parallel to the scanningdirection, and increasing pulses number, the
average size of nanopores diminishesin d with respect c.

0,501, 500 pulses/um £ M 0.5, 10° pulses/um

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

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

It is worth to note that light acts on nanogratings as the laser polarization is
acting on their orientation. But then, is light the source of nanogratings for-
mation or, being they already present within the material, does it simply
make them evident? Or simply, does it modify what thermodynamics
wanted to do: a phase separation?

Considering a suitable glass composition, fs-laser may be assimilated to a
localized continuous heating source in average that induces LiNbOs crystal-
lization, through a partly thermal process [10], [26]. Fs-laser irradiation can
modify the glass homogeneity withoutbeing able to exclude at all that, even
the irradiated glass, was initially not homogeneous. The presence of heter-
ogeneities may affect the possible material devitrification [27]. It is im-
portant to foresee the role and the possible effect of preexisting defects and
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impuritiesin glass. They involved in the crystallization and the final structure
of lamella-like nanogratings. The presence of nano-heterogeneities could
generate a glass dissolution together with the action of fs-laser heating of
the material. A consequent precipitation of nuclei generating nanomodifi-
cations could be assembled and organized gradually in nanoplanes until
forming nanogratings [20]. Therefore, it can be assumed that a driving force
exists, or the nanostructure skeleton is already present and drives the pre-
liminary chemical separation [3], [10].

An attempt of explanation of the observed phenomenon starts from the
analysis of the chemical glass structure. In detail, glass contains
nanodomains with different chemistry and nature of the bonds. Komatsu et
al. [27] in 2015, discussing the glass structure influence on laser-induced
crystallization, proposed the existence of nanoscale strong and fragile struc-
tures within glass. In particular, nanoscale glasses fragility is a way to char-
acterize a heterogeneous structure and bonding. A structure of glass for-
mers (in our case SiO, and B,0s) with strong covalent polymerizable bonds
coexists with a fragile one of glass modifiers (as Li,O) with ionic bonds. The
difference in electronegativity between the cations of formers and the ones
of modifiers is responsible of ionic bonds between them. Because of their
different bonds nature, formers crystallization is more difficult than the
modifiers one. There are also the intermediates (as Nb,Os) that adapt their
behavior, depending on the specific former of the glass lattice used. The
crystallization nucleation is probably triggered from non-polymerizable
ionic parts [27]. The strong domains in nanoscale were localized where we
can find nanopores, while the fragile ones tend to crystallize, after possible
migration from their initial position in the glass network (maybe Li* and
Nb>*), when they are irradiated by laser light beam.

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

Keeping in mind the possible role of heterogeneities, which can also be
called alternatively inhomogeneities, we proceed to explore nanogratings
formation.

Admittedly, it is very intriguing to delve into the origin of nanogratings.
There are lots of attempts of interpretationsaboutnanogratingsgeneration.
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We will proceed through a brief overview about the most important contri-
butionsaboutnanogratingsinterpretation, until illustrating the link between
glass inhomogeneities and nanograting formation.

Shimotsuma et al. observed nanogratings, induced by fs-laser irradiation, in
2003 for the first time [28] in silica glass. Successively, they were found also
in other glasses: doped silica [29], GeO, [30], [31], TiO, — containing silicate
glasses [32], [33], and multicomponent borosilicate glasses [32], [34], [35].
The first model proposed by Shimotsuma [28] dealt with the interference of
the laser field with the laser-induced plasma waves. Optical properties of the
plasma and local temperature affected the nanograting period. This ap-
proach resulted incorrect at high plasma density and did not correspond
with the experimental observations, excluding the strong dependence on
pulse energy of nanograting period.

At this point, Taylor et al. [36] can be quoted about the evolution of spheri-
cally shaped nanoplasmas. They were produced by hot spots that sur-
rounded in an inhomogeneous way the defect or color centers, allowing an
anisotropic multiphoton ionization. Bhardwaj et al. [37] highlighted as the
periodicity was determined by the lowest order optical mode of multiple
nanoplasmas, that became comparable to planar metallic waveguides.
Anotherperspective is nanoplanestrappedin the smallest possible standing
wave cavity inside material proposed by Buividas et al.[38].

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

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

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

Interestingly, this paper [46] is about the interaction of laser beam with
nano-inhomogeneities in silica glasses [47]. Parameters of laser light and
free carriers involved in nanograting formation inside homogeneous mate-
rials discussed in Bulgakova et al. [48] are the starting point of the treatment.
Then, Buschlinger continued clearly, explaining how inhomogeneities allow
to strongly amplify the local intensity and generation of plasma spots. It is
worth to note that the exact shape and nature of initial inhomogeneities do
not affect the ionization process [46]. Thisis a preliminary condition to have
in mind before continuing with the investigation.

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

As for the numerical model, refer to [46], for our purposes, we will recall only
the salient points emerged from the simulation results carried out once also
the inhomogeneitieswere modeled. Glass as amorphoussolid presents local
variations of chemical structure [51] such as voids, gas inclusions [47], [52].
Voids are considered suitable model for a typical inhomogeneity [46], taking
into account how laser light interacts with randomly distributed nanosized
nonuniformities. In addition, previous laser irradiations on the glass could
be responsible of the presence of material nonlinearities [37], [51]. It is im-
portant to noted that ionization around a void contributes to obtain the
same final plasma structure asionization around a region in whichitis con-
sidered a particularenhanced ionization cross section [46].

We start the investigation from a spherical subwavelength inhomogeneity
where plasma formation happensinside the sphere because of nonvanish-
ing ionization cross section [46]. Considering a starting two-dimensional
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case, the inhomogeneity site gives rise to a dipole wave, and the latter in-
terferes with the incident plane wave. It is worth to note that eventually,
where the dipole resonance of the sphere approaches the excitation fre-
quency, the plasma achieves a carrier density. This is the point in which an
exponential increase of carrier density occurs [46]. Now, the scattered field
is the only and actual responsible of the nearest intensity pattern.

Then, an ionized region grows into the direction of the electric field due to
the abovementioned field enhancement. It is fundamental to note that be-
cause of scattering resulted by induced nanoplasma, the final structure is
invariant regarding to microscopic details as shape, size, and chemical na-
ture inside the seed inhomogeneity [46].

Figure 94 [46] represents how growth in the polarization direction becomes
slow when the resulting structure is not more into subwavelength domain.
Interestingly, the plasma becomes a nanoantenna whose the maximum
value of reflectivity would be achieved at size of A/2n. Then, constructive
interference with the incident wave leads to have further ionization stimu-
lated along the negative propagation direction, as shows in Figure 94b. This
crucial pointis characteristic by the inhibition of lateral growth of the initial
structure. Therefore, there is a clear finite size in polarization direction [46].
Few successive optical cycles are necessary to have a new structure at the
intensity maximum originated by reflection from the previous one. In this
way, a tiny seed inhomogeneityturnsout to be a starting pointof a periodic
plasma chain with wavelength dimensionsand the growth direction is back-
wards against the propagation one, as represented in Figure 94c [46].

x(nm)

Carrier density (m' 15

x (nm)

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

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

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

% (nm)

Carrier density (m)

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

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

In the case of surface growth, the central pointis in a “radiation remnant”
incoming from polarization of arough surface, the so-called “selvedge”, rep-
resented in Figure 96 extracted by Ref. [53]. It seems like a dipole sheet of
electromagnetic field. In particular, the material beneath this layeris gener-
ated by the superposition of the incident wave and the superficial waves
resulting by “dipole sources” in the surface. This coincides with inhomoge-
neousdeposited energy, and consequently the formation of the rippled pat-
terns [48].

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

Figure 96: Scheme of the laser beam geometry incoming on rough surface
indicated as "selvedge”: k; is the wave-vector component parallel to the surface
Binc is the angle of incidence Z indicates the positive direction;| < < Ais the selvedge
thickness compared to laser wavelength [53]

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

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

Eventually, this is only an attempt nanogratingsinterpretation based on a
synergic approach to not only study nonlinear beam propagation but to
take into account laser light absorption, physics of laser-induced electron
plasma, thermodynamics of laser-matter interaction, chemistry, and me-
chanical material response. Then, this discussion allows to know where to
start for exploring a new way that conjugate all these contributions towards
understanding of nanogratings formation mechanism.

5.3 TTT AND CCT DIAGRAMS: CRYSTALLIZATION DYNAMICS
DESCRIPTION BY FEMTOSECOND LASER MODIFICATION IN CASE STUDY OF
LNS GLASS

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

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

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

Otherwise, in CCT diagram, there is continuous cooling at a constant or var-
ying rate. Even though TTT and CCT curves are different, they are closely
related to each other, and in fact, the shifting of TTT curve a little to the
downward right allows to obtain the CCT diagram. Moreover, it must be
considered that the time required for a reaction to begin, and the end is
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delayed; thus, the TTT curves are moved to longer times and lower temper-
atures. Figure 97, relative, for example, to slag treatment, can be considered
useful to represent generally and simply the TTT and CTT diagrams in all
cases. Cooling path 1 will form a glassy slag. The cooling paths2 and 3 which
are passing in the TTT diagram or the CCT diagram will form the crystalline
phases. However, the kind of crystal and its morphology will be different
between the two paths. The obtained microstructure can be controlled
through an adequate cooling path in accordance with the purpose of utili-
zation of slag [57].

v, Melting point

TTT diagram

Temperature

Glass region |

Time
Figure 97: TTT and CCT diagrams [57]

At this point, itis necessary to discuss how a femtosecond laser would mod-
ify this diagram, in the form of thermal treatment curves on TTT and CCT
diagrams, based on the contents about rationalization of the growth dy-
namics of Ref. [3].

The study of temperature distribution is fundamental to characterize crys-
tallization mechanism. If we consider a low repetition rate as 100 kHz, the
heat can be carried away by thermal diffusivity from the focus before arriv-
ing the next pulse at a time scale of 10 ps. Then, time leftis very short, while
temperature is not high enough for crystallization. The investigation around
time and temperature allows to define the conditions for crystallization. The
most importantrequirementis to measure a period between two sequential
pulses smaller than thermal diffusion time; in this situation heat accumula-
tion is found. It means a thermal diffusion time of length comparable to the
beam radius (i.e., WOZ/DQ, where Dgyis the thermal diffusivity, and wp =1 pm

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

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

This consideration is valid also in scanning mode as long as the scanning
speed is not too fast. Then anothercondition to be attainedis that the scan-

ning speed should be smaller than thermal diffusion one, i.e.,, speed < VDV—G.
0

This expression is around 10 cm/s, while scanning speed is not larger than
625 um/sin our experimentson LNSB. Thereis anotherfundamental thresh-
old value of scanning speed that corresponds to the crystallization speed. A
scanning speed of the order of few um/s is usually chosen in the range of
the typical crystal-growth velocity according to the formed crystals.

Now, we move to examine the time evolution reported in Figure 98b ac-
cording to the distance from the beam center of the line on the course of
the scanning speed.

Also in time evolution, two different trend we can describe between situa-
tion in the center of laser focus beam and away from the center. When a
pointis close to the center of the ling, its course allows to cross the center
of the beam and then encounter the largest temperature variations. Other-
wise, fluctuationsbecome marginal and the temperature variation very small
[3].
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Figure 98: a) Scheme of spatial temperature distribution achieved by static laser as
a function of distance from the laser focus beam. In the left side there is a
representation of temperature variation at the focus center; the right side shows a
position a bit away according to repetition rate. The area in blue shaded represents
the approximated beam width. Yellowish and brownish ones correspond to the
amplitude of the temperature variation at the steady state; b) Time evolution of the
temperature relative to a fixed point according to the distance from the focus
center in scanning mode. The scanning beam, arbitrary limited, is enclosed in the
red zone [3].

Now, we intend to explore what happens when CCT and TTT curves interact
with the complex thermal treatment represented by laser irradiation of the
glass. Always relying on the deepening about Classical Nucleation Theory
(CNT) reported in the first section of Appendix, we proceed to create a link
between CNT and the TTT curves obtained by integrating in time the nucle-
ationand growth rates and we report the results schematizingin the follow-
ing Figure 99a and b.
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Figure 99: Scheme of the nucleation and growth rates; b) TTT curve derived by time
integration of the rates [3]

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

dn AGp AG*
M) =2 exp(—m)exp(— kBT) (46)
where AGp is the kinetic barrier that corresponds to activation energy to
cross the glass-crystal interface related to a diffusion coefficient (D); AG  is
the energy barrier to form a stable nucleusto grow; kg is Boltzmann's con-
stant, and T is the temperature.
When the temperature is higher than melting temperature (Tr), the growth
is equal to zero. AG is high, when the temperature is nearby below T, that
is relevant for nucleation process, then the nucleation rate is very low. As
temperature decreases, even AG" diminishes and the possibility of forming
seeds increases.
When the viscosity rises drastically, atom movement is limited, and the or-
dered crystal structures formation is prevented, and the nucleation rate de-
creases.
From previous considerations, we deduce that there will be an optimal tem-
perature corresponding to the maximum nucleation rate. Otherwise, when
the temperature is almost coincidentto Ty, AG decreases and nucleation
rate increases considerably, and it could reach a maximum nucleation rate
when AG” and AGp are of the same magnitude order.
The crystalline growth rate defines the critical nuclei growth with radius
larger that a critical one and is given by:
C(T) = kic—ka = Av exp (—72) [1 - exp (- 12)] (47)

kpT

160



where ki is kinetic constant referred to liquid-crystal interface; kq is the one
referred to crystal-liquid interface; fis the fraction of sites on the crystal sur-
face, ready for the attachment; AGy is the difference in free energy per unit
volume between liquid oramorphous and crystalline phase; AGpin this case
is not necessarily the same to the nucleation activation energy reported
above.

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

the fraction of crystalline part x. is a result of time integration of crystalliza-
Sxc
5t”
When temperature does not depend on time (isothermal annealing), we can

represent the results by time temperature transformation curve (TTT curve
in black in Figure 99b).

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

Otherwise, when nucleation is heterogeneous, only the growth rate is to be
considered and it corresponds to curve in red in Figure 100b [3].
Therefore, a continuous cooling transformation (CCT) curve is obtained by
the time integration of the crystallization rate reported in Figure 100. The
CCT curve is deduced from a TTT shifting a bit to the downward right.
Thereason liesin theintegration of the lowergrowth rate during the cooling
process from the meltto a given temperature. Thus, the time to obtain the
same amountis larger (i.e,, 10).

The importance of this kind of representation isin the fact that the transfor-
mation curve establishes a limit for the crystallization domain achieved after
a time depending on laser thermal treatment curve. Moreover, a tempera-
ture domain exists below the melting temperature for which the crystalliza-
tion rate is the largest.

Therefore, the evolution of the temperature during beam scanning at the
differentplacesof the irradiated area shows a sudden increase and decrease
in temperature. It is importantto consider two different cases reported in
Figure 100b and c.

Firstly, when the maximum temperature is larger than T, only the part be-
low Tr, and in the decreasing stage has to be taken into account because
higher temperature removes what happens in the past. Then, laser treat-
ment time starts from the T,,. This is the case represented in Figure 100b

tion rate
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where the transformation curve depends on the nucleation, regardless of
whetherit is homogeneous or not.

Otherwise, for placeswhere maximumtemperature smallerthan T, the time
origin is not well-defined and the curve of temperature in function of time
isshown in Figure 100c. In this case, there is a crystallization without melting
and it starts under the temperature increasing by nucleation.
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Figure 100: a) only the TTT and CCT curves; these curves with laser thermal
treatment curve b) for places experiencing maximum average T larger than T,, and
¢) for places at maximum temperature smaller than T, [3]
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Now, we arrived at an important point of our discussion, the interpretation
of crystallization dynamics, that it will be analyzed referring to the energy
quantitatively deposited on our material. Based on the amount of this en-
ergy, we can distinguish different trends of temperature time evolution.
Firstly, we are in conditions of low pulse energy that corresponds to regime
1 for LNS glass. This status during fs laser irradiation does not allow a crys-
tallization but only some modifications of the amorphous area.

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

Crystal cross-sections were strongly affected by irradiation conditions. Fo-
cusing the attention on the left side of Figure 101 above, the average tem-
perature is always lower than Ty, and below the maximum growth rate. It is
worth to note that a solid transformation happens. SEM micrograph and
EBSD map reveal only nanocrystals which are found throughout the volume
concerned: all crystallized area was hit by beam light. Then, only the part of
the spatial temperature distribution in the beam crosses the crystallization
area. As it is possible to see on the figure, the growth rate is very low and
consequentlyonlynanocrystals show their actual presence everywhere after
homogeneous nucleation. All nanocrystals could be oriented by laser polar-
ization. When pulse energy is high and ~ 2 pJ/pulse, referring to regime 3
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for configuration close to parallel one for LNS glass, the results are well-
defined by the following Figure 102.
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Figure 102: Time evolution of the temperature for a fixed point according to the
distance from the focus center in scanning mode, and SEM micrograph and EBSD
map of the cross section of the laser track obtained at high pulse energy in regime
3 for LNS glass. The green dashed line in the SEM micrograph is the beam
boundary, otherwise the red dashed one highlights the crystallized volume
boundary [3].

In this case, we noted that the crystallized area does not coincide with the
whole zone hit by laser beam and the average temperature is higher than
Tm. This particular condition is indicated by red lines and a circle in Figure
101. We noted that there is a liquid-solid transformation. Otherwise, the av-
erage temperature in the surrounding is lower than T, and solid-state
transformation occurs. These two zones exist but it is not easy to clearly
distinguish aboundary between them. To give a possible explanation of this
boundaryabsence, the results were represented in the following Figure 103.
The crystallization begins from the periphery by homogeneous nucleation
attime t; at lower temperature thanin the center. Nucleation limitsthe crys-
tallization at the center from T,,. As the laser beam irradiation proceed, the
temperature in the periphery increases and nuclei growth starts, while the
center crystallization waits the nucleation. The dark zone in the top is the
amorphous region (corresponds to the green lines) and it generates the
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“bouquet” aspect. There is a growth front that propagates from the periph-
ery toward the center following these lines. An important parameter is the
distance between two green linesin the direction of scanning where an ef-
fective growth rate emerges from the multiplication of the intrinsic growth
rate and the opened time at a temperature sufficiently high. The fundamen-
tal parameter in this case is:

6 C max
e = 2 (Tma) < (48)
dt

where aTpq is the range of temperature on which the growth is active (a <

1).

Since the growth frontlines are not parallel, the growth rate is smaller at the
center. The consequenceisthat the coolingrate, i.e., the slope of % islarger

at the center than at the periphery.

Melting T T

Solid state

A "~ The slope dT/dt is weak
transformation

T aound 1's

Close to the center

Liquid-solid
transformation

Melting T / The slope dT/dt is large
// \\'\
t around 1 s

Figure 103: Interpretation of the morphology acquired by high pulse energy
(regime 3 for LNS glass) in the plane perpendicular to laser propagation direction
(XY plane). The blue circlereported inside the bouquet-like laser track cross-section
shows the beam size inside which the temperature is almost homogeneous. The
green curves represents the bouquet morphology illustrated in the map above [3].
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If we detected a very high pulse energy, as 4 uJ/pulse, we are in an extreme
case and the thermal-affected area is very higherthan the laser beam size.
The temperature is once again above Ty, It is localized by red lines and a
circle in which the temperature is really far than T,,, as shown in Figure 104.
A liquid-solid transformation could be expected in the central area. Other-
wise, away from the center, the maximum temperature is lower than Ty, be-
yond the red lines, and here, a solid-solid transformation occurs.

This case [58] is represented in the following Figure 104 in which crystalliza-
tion front is illustrated in yellow curve representing the crystallization front
The c-axis is oriented along the scanning direction.
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growth rate
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Figure 104: Time evolution of the temperature for a fixed point according to the
distance from the focus center in scanning mode at very high pulse energy of 4 pJ
and formed single texture interpretation [3]

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

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

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

Therefore, a fundamental requirement is to have the scanning speed lower
than crystallization rate of the solid-solid transformation for writing a full
crystallized line [3].
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5.4 LASER-INDUCED CRYSTALLIZATION DOMAIN IN LNS34 AND
LNS13B21

Nucleation and growth evolution obtained by laser-induced crystallization
present evidentdifferencesin our samples upon addition of B,Os. We intend
to analyze how crystallization domain changesfrom LNS34 to LNS13B21 [2].
Moreover, analyses are carried out to discover the effect of scanning speed
on crystallization, taking into account the second series of experiments re-
ported in Section 4.2 and the results presented below. We start focusing on
the nanocrystals morphology depending on orientation, exploring the
whole laser track cross-sections represented on the following Figure 106, at
increasing scanning speed through SEM micrographs and IPF maps ob-
tained in EBSD analysis.

The presence of LiINbO; nanocrystals is confirmed by EBDS analysis. The
crystallization is homogeneously distributed except for central part of laser
track from 1 to 100 um/s. Probably this zone coincides with the region in
which no phase separation was found. At higher scanning speed, from 125
to 175 um/s, it is possible to note a uniform distribution with nanocrystals
concentration in the center of laser track.
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Figure 106: Morphology of laser tracks at pulse energy equal to 0.5 p according
to polarization configuration Y,: electron backscatter diffraction (EBSD) maps and
scanning electron microscope (SEM) micrographs on the laser track cross-sections
induced by fa-laser on LNS13B21 glass sample and for different scanning speeds.
Other fixed parameters are: pulse energy = 0.5 wJ; configuration Y, (laser
polarization // to the scanning direction; A = 1030 nm; f = 200 kHz, NA = 0.6; pulse
duration = 250 fs; focal depth = 240 um (in air).

TTT diagramsare shown in the following Figure 107. Glass transition (Tg) and
peak crystallization temperatures (T;) are quite dissimilar between the two
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glasses. When B,0s is added to the glass, the incubation time (indicated by
a dashed arrow in the following Figure 107) is drastically reduced. This vari-
ation produces a displacement of the TTT curve and, consequently, an ex-
pansion of crystallization domain LNS34 to LNS13B21.
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Figure 107: Representation of crystallization domain for: a) LNS, b) LNSB glasses in
TTT (time — temperature — transformation) diagram; T,,: melting temperature of
LINbO;3, Ty: crystallization peak temperature, Ty: glass transition temperature [2]

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

For LNS13B21, the crystallization nose is shifted to lowertime values relative
to the LNS34 glass. Thisis in part due to the ease of nucleating and growing
crystals in this glass. Thisleads to a decrease in the incubation time and the
specificspeed indicated by v is now completelyin the crystallization domain.
Consequently, in our experiments, it is possible to write at higher speeds for
LNS13B21 relative to LNS34 while line crystallization until 600 pm/s. More-
over, for LNS13B21, T, also is much lower: this leads to a shiftin a crystalli-
zation domain to lower temperatures.
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Figure 108: Scheme of the effect of the scanning speed on the crystallization for
the two glasses a) LNS and b) LNSB [2]

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

Another value to be considered is the crystallization onset temperature Ty
that depends on the irradiation time. Crystallization occurs when the onset
valueis exceeded. Thisisvisiblein Figure 109. We observed thatas the scan-
ning speed decreases, the crystallization onsetis reached at lower temper-
atures, as indicated by the red edge part of the diagram.
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Figure 109: Scheme explaining the effect of scanning speed on the heat-affected
volume (HAV) width [2]

If we examine the scheme from the point of view of thermal treatment
curves, they proceed to overcome the melting temperature quite rapidly, as
it is possible to see in Figure 110. The faster scanning speed to induce laser
crystallization in lines occurs when increasing the mean power.
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Figure 110: Scheme of the treatment curves crossing the nose of the crystallization
domain: at increasing the scanning speed (v), also the energy power (E;) must be
increased to preserve the nanocrystal microstructure [2]

5.5 BORON AS CONVENIENT ADDITION IN GLASS NETWORK

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

The peculiarity of boron is the ability to act on LiNbO; crystal structure with-
out beingincorporated into crystal, because of the small radius of cation B3*
~ 0.02 nm compared to 0.068 nm of ion radii of Li* and Nb>*[59]. The
structure of LINbO; melt affects the process of its crystallization.

Boron has the propensity to incorporate only into tetrahedral voids of a
crystal structure, specifically according to a part of groups [BOs]*". It is pos-
sible to move from a bond O — O to an octahedron generated by oxygen-—
metal clusters MeOs.

Me indicates metal, thus Li or Nb. This transformation implies a change of
polarizability. It can control other physical properties. The characteristic op-
tical nonlinearity and typical ferroelectricity of this material are due just to
the presence of these clusters into the crystals [59].

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

LINbO; defects have an importantrole in the stability of material structure.
For instance, photorefraction effect (optical damage) springs from defects
with electrons placed on them generating photoelectric fields.
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Covalentbonds are predominantin octahedronsoccupied by niobiumwhile
lithiumionis bound with oxygen atoms only by electrostaticinteraction.The
major presence of covalent bonding allows to generate anion motifsin the
melt, such as NbO, tetrahedra. These oxyanions are localized as complexes
with a stable structure in LiNbO; melt. These boron-containing polyanions
create stable covalent bonds with niobium containing polyanions. The con-
sequent excess of niobium allows to increase the Li/Nb ration in the melt.
The resulted grown crystal reaches the stoichiometric crystal with regard to
the degree of ordering the cation sublattice. It is possible to verify a change
well-illustrated in Figure 111 [61] in which is represented the presence of an
antisite Nb;; where Nb>* cations are placed whereLi* cationswere normally
found.

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

Figure 111: a) ldeal LiINbOs3 crystal structure with stoichiometric composition
without point defects (Liy); b) nonideal LiNbOs; crystal structure with Nb antisites
(Nby) [61]

5.6 CONCLUSIONS

This chapter contains a comprehensive interpretation of the results from
chapter 4, starting from the investigation of the glass modifications during
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nanocrystals formation. Firstly, the interconnection between pulse energy
and repetition rate with laser polarization direction points out the threshold
values of thermal power extensively studied in case of LNS matrix. In condi-
tions of regime 3 at high pulse energy, LNS glass exhibits nanogratings and
microcrystals oriented with scanning direction parallel to the laser polariza-
tion. Moreover, considering the increase of scanning speed, we found that
the crystals size comparatively increases. It is possible to already reveal a
phase separation between a glass and a crystalline zone. The SHG measure-
ments are supported by the EBSD analysiscombined with IPF maps. We have
only begun the investigation of the LNSB matrix, and additional analysis will
be needed in the future, as TEM for example, to have a clearer picture of the
crystallization mechanisms triggered inside the material through irradiation
with the femtosecond laser. The fluctuation in the nanocrystalsdirection ob-
served and different aspect of nanogratingsin LNS13B21 sample compared
to LNS34 demonstrate the necessity of future work to clearly formulate an
interpretation of its behavior. TTT and CCT diagrams are investigated exten-
sively for LNS34. Thisis preliminary to report data for LNS13B21 that high-
light the expansion of crystallization domain, and the crystallization onset
reached at lower temperatures. Then, the boron oxide incorporation in LNS
matrix allows to lower glass-making and crystallization. This leads to a fast
crystallization of LiNbOs. In conclusion, if we are able to control the femto-
second laser parameters, it is possible to tune the orientation and morphol-
ogy of LiNbOs through the modulation of optical properties as SHG and
birefringence in LNSB matrices.
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6 SOL-GEL PROCESS FOR GLASS SYNTHESIS: A ROUTE TO-
WARDS THE FABRICATION OF B1,0O3 - B,03 - FE;O3

This chapter focuses on the research activity related to glass fabrication by
sol-gel process finalized to laser irradiation. Then, after a process framing in
the various phases of glass technology and an explanation of its main char-
acteristics and parameters in Section 1, an overview on nanoparticlesand
bulk glasses produced by this method is reported in Section 2 as a short
summary of the steps to explain the reasons behind the choice of Bi,Os3 -
B,O; — Fe,O3 (BBF) ternary system for the host glass. The main results of this
work are reported in Section 3 that is divided into five subsections. An in-
troduction motivates the choice of the BBF system from BiFeOs before pass-
ing to a discussion around Pechini Method, and his modification adapted to
our glass production. Finally, a description of the experimental results, and
their outlook are presented towards future work.

6.1 INTRODUCTION AND GENERAL FEATURES
6.1.1 General overview of the sol-gel process

Sol-gel process — contraction of the terms solution-gelation— is a well-
known bottom-up procedure to create massive materials such as net-shape
or net-surface objects, films, fibers, coatings, and composites. The use of
"soft chemistry" processes [1], which take placein open containersat a tem-
perature of less than 500°C, aims to renew the solid-state chemistry. Indeed,
replacing the synthesis at high temperatures that leads to the more stable
product, the sol-gel route will give the kinetically favored product at lower
temperature. Moreover, this route allows a wide range of products, in con-
trast to the traditional glass fabrication techniques which occur at very high
temperature. A colloidal suspension created by condensation of precursors
solution called "sol" starts to become an actual "gel”, i.e., a continuous tridi-
mensional inorganic network containing an interconnecting liquid phase by

' The content of this paragraph is also a summary of all the sol-gel issues reported in my
master thesis redacted in Italian titled “Il processo sol-gel per la sintesi del vetro: dalle na-
noparticelle al bulk” (Polytechnic of Turin, 2018).



hydrolysis and condensation chemical reactions [1]. This gel is subjected to
drying at a low temperature like ~ 100°C. To remove the porosity, another
thermal treatmentof sintering at atemperature near the glass transition (Tg).
A clear scheme of sol-gel steps and a different range of products that can
be fabricated is shown in Figure 112 [1].
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Figure 112: Scheme of sol-gel steps highlighting the variability of different final
products that can be achieved (adapted from [1])

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

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

In the formation of molten glass (melt quenching), the crystalline structure
is avoided through a fairly fast cooling. Indeed, in the case of traditional
methods for glass production, the liquid structure is preserved through the
undercooling of the melt from high temperatures. To obtain amorphous re-
ticular structures in sol-gel materials, quick and irreversible reactions are
carried out. Indeed, in the sol-gel process, the maintenance of the liquid
structure is the prerogative of gelation. In addition, unlike melt quenching,
it is possible to produce homogeneous and highly pure glasses, after syn-
thesis at room temperature or less than 100° C, which culminatesin gelation,
with radical changes on a molecularscale, and subsequent removal of sol-
vent and water, before the last phase of sintering at temperatures below the
material melting point. It is important to note that the sol-gel process and
melt quenching, bothin structural terms andin terms of properties, produce
very different products [1], [16], as shown in Figure 113.
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Figure 113: Comparison scheme between melt-quenching and sol-gel process for
glass synthesis [16]
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Below, the main advantages for the sol-gel process are reported [7], [17],
[18]:

*

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

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

% sintered glass is produced at low temperature, around the glass transi-
tion temperature, while in normal glass production practices, the liquid
temperatureis exceeded by hundredsof degrees. Thisopens to the pos-
sibility of creating refractory glasses of high purity and homogeneity to
overcome phase separation or crystallization;

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

% the presence of a colloidal solid-state in a liquid medium avoids pollu-
tion by dust dispersion in the synthesis stage, which is an excellent pro-
spect for nuclear fuel applications;

% there is the possibility of controlling the kinetics of chemical reactions
with low temperatures and dilution of reagents.

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

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

identify the most critical variables depending on the specific properties to
be obtained in the final material.

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

the monomer to the oligomerand up to the polymer require knowledge of

the different principles on which each step of the method is based.

The conversion from inorganic amorphous polymers (gelation) to glass

takes place in a second passage and precisely at temperatures lower than

those of fusion of the corresponding oxides.

In fact, various scientificdisciplinesare involved atevery stage of the process

[18]. Research is therefore interdisciplinary and falls not only within inor-

ganic and organic chemistry but also within chemical engineering, matenal

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

The peculiarity of the sol-gel process is the knowledge of whatis introduced
in the closed or open system, and at the end of the synthesis, the possibility
to draw results with the appropriate characterizations carried out on the
material, without having complete certainty about what happensin the in-
termediate passages, and itis, therefore, necessary to control all the stages,
in an exhaustive and predictable way. This is the most challenging scientific
aspectin order to allow the wide diffusion of this technologyat an industrial
level.

6.1.2 Sol-gel typical features

The sol-gel process enables the fabrication of complex inorganics, such as

ternary and quaternary oxides, characterized by a homogeneous

distribution of components on the atomic scale, allowing full control of final

product microstructure, even up to material nanostructure.

The following Figure 115 represents the sol-gel steps reached by chemical

reactions on-going summarized in the list below [19]:

> preparation of precursors solution;

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

» formation of the "gel" by polycondensation of precursors solution
hydrolysis;
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>

>

>

a possible step of aging can be added because of long gel formation and
consequent variationsin the composition, structure, and gel properties;
drying if gel for production of a dense "xerogel" [20] via solvent
evaporation oran "aerogel” [21] through supercritical drying;
calcination to obtain the final product mechanically stable.

Solution of precursors Ceramic material

1 Heal treatment

Hydrolysis l
0.

Polycondensation s

Xerogel

=

t Evaporation of the solvent
Wet Gel

~
Gelation
—

Chain growth

@)-al

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

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

v

ASENEN

v
v

nature and concentration of precursors

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

the pH of the solution

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

pre- and post-thermal treatments of the materials

aging time

Briefly, an overview of hydrolysis (1) and condensation (2, 3), the
fundamental chemical reactions whose mechanisms regulate the sol-gel
process, is shown below in Figure 116.
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=M~-OR + HOH == =M-0OH + ROH (1)

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

=M-OH + =M-OR <= =M-0-MZ= + ROH (3)

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

R isthe alkyl group. Firstly, nucleophilicaddition of awater molecule occurs,
and secondly, alcohol (ROH) becomes a better leaving group by proton
transfer [23], [24].

The nucleophilicity of the inbound group and the &* of charge of element
M regulate the thermodynamics of the process. The element's electronega-
tivity, the electron-donating capacities of the OR group, and the stability of
the leaving group acton M.

Furthermore, the kinetics raises with the increment of the difference (N-z),
where N and z, respectively, represent the coordination number and the
charge of the element M [25]. Reaction kinetics is also affected by the com-
plexity of the alkyl chain due to the steric encumbrance that could create
the alkoxide, according to a nucleophilic substitution mechanism. There is a
substantial difference between the behavior of the transition metal alkoxide
andthe most common siliconone (N = z), where neitheralcohol association
nor oligomerizationis noted [25], [26].

Polycondensation occurs at the same time as hydrolysis, so competition be-
tween them is often triggered. The polycondensation consists of a reaction
between partially hydrolyzed alkoxide molecules and another OH-bearing
species by removing water ((2) in the above Scheme) or an alkoxy group
producing an alcohol molecule ((3) in the above Scheme).

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

"‘Gel” technology le[_f?or}h;t_ioﬁ_bf solid netwoﬁﬂ

1

v * -
. - — . =
Lbjupportiiﬁ structure | [l_!ondmi fashion) (Source]
(1) colloid Particles interconnected by mostly from oxide or
Van der Waals or hydrogen bonding hydroxide sols
| (2) metaloxane Inorganic polymers interconnected by hydrolysis and condensation of
polymer Van der Waals or hydrogen bonding metal alkoxides
| (3) carbon-backbone Organic polymers interconnected by covalent polymers largely used
| polymer Van der Waals or hydrogen bondin, in organic chemistry
ydroge: g
} -
|(4) metal-complex Associates weakly interconnected by concentrated metal complex solution; |
| Van der Waals or hydrogen bonding e.g. amorphous citrate method
|(5) polymer-complex  Organic polymers interconnected by coordinate, |
| Van der Waals or hydrogen bonding ‘l
l-t:-silu pol,-mcmahﬁ{) Polymerization between a-hydroxy |
carboxylic acid and polyhydroxy alcohol

~__complex (IPC) _~
—— in the presence of metal complexes;

¢.g. Pechini method

T —
(/ Polymer-complex Coordinating polymer, ¢.g. polyvinyl
solution (PCS) _~ alcohol, and metallic salt solutions

Figure 117: A typical classification of gel typologies. The attention is focused on
metal- and polymer complex [29]

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

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

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

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

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

6.2 OVERVIEW ON NANOPARTICLES AND BULK GLASSES FABRICATED
BY SOL-GEL PROCESS

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

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

In addition, the incorporation of glass nanoparticles doped with rare earths
and active glasses, i.e., special silica-based glasses for applicationsin pho-
tonics doped with neodymium, was also studied. In this last case, silica na-
noparticles and bulk glass synthesis allowed us to monitor how macrostruc-
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ture and nanostructure changed by introducing different amounts of neo-
dymium as a dopantinto the silica network and, samples were then charac-
terized through DLS, FESEM, and XRD.

The starting point was to obtain silica nanoparticles that are suitable for
common photonic devices. The subsequent incorporation of rare earth in
the glass structure, as neodymium oxide, allows obtaining active glasses for
advanced applications. The choice of neodymium is due to a maximum
emission intensity in comparison with other rare earths [34]. Nanostructure
change analysis by introducing a different amount of neodymium oxide in
a silica network was the scope of the experiments. The investigation was
then extended to neodymium-doped bulk glass, adopting a new method-
ology based on acetic acid used as solvent, reagent, and catalyst in the com-
plete absence of water [35]. The neodymium incorporation in the glass ma-
trix has been demonstrated by FESEM analysis [36]. Different amount of ne-
odymium is revealed in products aged at room temperature and heated at
high temperature by thermal oven treatment, as reported in Figure 119d, e,
andf. Future perspective is to detect lifetimein fluorescence analysisto con-
firm the optical properties of doped glasses. Furthermore, the next step will
be to find an application that can take advantage of the variability of neo-
dymium concentration in a silica glass network [37], [38]. Another experi-
ment is to synthesize neodymium-doped silica bulk glass [39], and an ex-
ample of the samples obtained are shown in Figure 119g.

Finally, during an interesting tutoring activity on two-components sol-gel
synthesis, the fabrication of aluminosilicate glasses through the sol-gel pro-
cess [40]-[43] for fiber Bragg grating glass sensors was also explored to re-
alize SiO; — Al,O3 glasses of differentcompositions (mol%) and the products
of 90% — 10% and 50% — 50% respectively are reported in Figure 119h.
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Figure 119: Overview of various products obtained by sol-gel synthesis in
Polytechnic of Turin: a) pure silica nanoparticles (basic synthesis at room
temperatureinspired by Stober method with tetramethylorthosilicate (TEOS), H,0,
C,HsOH and NH4OH); b) small nanoparticles and aggregates found after pure silica
bulk glass synthesis based on TEOS and use of CH;COOH as solvent and catalyst;
¢) final transparent silica bulk glass obtained by same synthesis process of b) after
thermal treatment at 600°C for 2h at 1°/min; d) fiber-shape silica glass doped with
neodymium (Nd(NO3);-6H,0, 0.5% mol) (molar ratio 1:4 : 4 = TEOS : CH;COOH::
H,O) after calcination at 600°C for 2h; e) FESEM image of sample d) at 100X; e)
fiber-shape silica glass doped with neodymium (Nd(NO3);-6H,0, 1.5% mol) (molar
ratio 1:4:4 = TEOS : CH;COOH: H,0) after calcination at 600°C for 2h; g) allumino-
silicate bulk glasses at 90% SiO, — 10% Al,O3 and 50% SiO, —50% Al O3 respectively;
h) neodymium doped silica bulk glass after aging at T,.om for 24 days realized only
with TEOS, CH3COOH and Nd(NO3); - 6H,0 (2,3% wt)

6.3 TOWARDS A NEW SYNTHESIS ROUTE OF B1,O; — B,O; - FE,O;

6.3.1 Introduction

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

This "multiferroic" family, whose name was introduced by H. Schmid in 1994
[44], belongs to multifunctional materials that show the coexistence of fer-
roelectric, ferromagnetic, or antiferromagnetic orders in single or multi-
phase materials [47]. A distinct advantage is the possibility to control mag-
netic properties by an electric field, and then the magnetic state is comple-
mented with the electric state. For example, the bismuth-based compounds
are the typical lone-pair ferroelectrics. The lone-pair mechanismis gener-
ated by an anisotropic distribution of unbonded valence electrons around
the host ion, as outlined in Figure 120. The peculiarity is that the ferroelec-
tricity of BiFeOs is observed at room temperature. Specifically, a pair of Bi**
valence electrons in the 6s orbital is not included in sp hybridization and
creates a local dipole. This gives rise to a spontaneous polarization [46] of
100 pC-cm™ below the Curie temperature.

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

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

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

This material is suitable for many applicationsin data storage, sensors, and
devices for spintronics [46]. It is difficult to prepare BiFeOsfor incongruently
melting at 934°C that makes hard solid-state synthesis and preferential
evaporation of Bi,O3 at high temperatures. The easy appearance of second
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phases BioFe4sOq and BiFeOy bringing impurities makes the synthesis of
this material even more challenging [50].

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

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

Ferroic Ferroic material
Ferroic materials display long-range order with respect to at least one macroscopic

property. and they develop domains that can be switched by a conjugate field!®1%%.

. Order
as shown in the figure. Occasionally. the term primary ferroic'™ is used to indicate
f ic. ferroelectric, ic and ic order. {{7@
e Eiald

Magnetoelectric

Originally. only materials in which a magnetic (electric) field induces a proportionsl
polarization {magnetization) were referred to as linear magnetoelectrics, as seen in the
figure (the prefix linear. which is often omitted. distinguishes this effect from
Single-domain

Multi-domain

higher-order effects with nonlinear relations). Mulrtiferroics with magnetic and electric

order do not ily permit the Li wric effect (for example,

hexagonal YMnQ,). and not all materials displaying the linear lectric effect are

multiferroic (for example, Cr,O,). N days, the term mag ic usually refers The ideal magnetoelectric multiferroic
nonspecifically to any type of coupling between magnetic and electric properties.
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Multiferroic .
When introduced™, the term multiferroic referred to materials with a coexistence of /
two or more primary ferroic orders in the same phase. Its present use is different; it
{1/
E

indicates & coexistence of ferroelectric and ferro-. ferri- or antifer ic order in

single- or even ials. The single-ph are mare J 1
specifically referred to as magnetoelectric multiferroics in anticipation of a behaviour B
asseen in the figure. If the magnetic and fi lectric orders occur independently. the

multiferroic material is denoted as type L If the ferroelectric and magnetic transitions
emerge jointly. the multiferroic is of type Il. The two types are depicted in the figure.
Note that the term multiferroic prevailed from about the year 2000, whereas terms like Types of multiferroicity
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magnetic field. Because the electrical capacitance. C. is proportional to £, the term i i
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Figure 121: Clear terminology and schemes referred to multiferroics [45]

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

Initially, the synthesis of BiFeOs; [53] nanoparticles [54], [55] was preliminary
to that of a ternary glass. Ferroelectricity and antiferromagnetism coexist in
the multiferroic bismuth ferrite, BiFeOs, then this is chosen as a preliminary
two-component synthesis product according to this Ref. [56], before pro-
ceeding with BBF fabrication.

BiFeOsis a perovskite with space group R3c suitable for specific applications
as information storage, sensors, and actuators. The peculiarity is a magne-
toelectric coupling at room temperature [57]. The Bi3* lone electron pair
provides a stereochemical activity that gives its ferroelectric order (T¢c ~
830°C). The impurities like BiFe4Oq, Bi,O3 and Bi;FeOsq that can appear
during synthesis are removed by the action of nitric acid leaching after the
calcination of mixed bismuth and iron oxides.

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

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

A suitable choice of nature and quantity of precursors and organic additives
is fundamental. There is a case in which nitrates and citrates became pre-
cursors reported in [64]. Self-combustion of the gel during calcination could
happen in combination with the evaporation of large amounts of decom-
position gases, like CO [65]. Therisk, in this case, stems from the formation
of metallic bismuth: this phase segregation leads to a loss of homogeneity
during calcination, even if the metalis readily subjected to oxidization in the
later stages of calcination. The nitrates of bismuth and iron are the most
common cations precursors [60], and also, in this work, their choice is con-
firmed.
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The properties of the BBF oxides are based on the action of each oxide ty-
pology on the glass network.

B,Os is the former oxide with peculiar characteristics like a strong electro-
negativity element that forms a very small cation B3* (ionic radius 0.27A). In
anaqueoussolution,boronis characterized by two co-ordinates, tetrahedral

in borate
[B(OH)]", trigonal in boric acid B(OH). Both forms are stable in the monomer
state, borate at

pH > 11, boricacid at pH 7. Them, in the presence of B,Os as a glass former,
glasses are produced over a large range of compositions. B,Os presents a
special anomaly that consists of the transformation of triangles BOs in tet-
rahedra BOy explainedin Ref. [66], which has to be taken intoaccountwhen
boron oxide is used in sol-gel synthesis.

Fe,Os is the modifier oxide, easy to crystallize and to be complexed by citric
acid, but its high melting pointis a disadvantage for the sol-gel process.
Bi,Os is the intermediate oxide, not a good glass network former because of
a relatively small amountof field strength (0,53) of Bi** ion, has low solubility
in water; as a preliminary step, it will be dissolved in concentrate HNO; be-
fore introduction in the synthesis container to ease the interaction with
other metal oxides during the synthesis process.

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

protocol.

6.3.3 Pechini method overview

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

The formation of citric complexesis needed to balance the difference in in-
dividual behavior of ions in solution and to create a better distribution of
ions preventing the separation of components at successive later stages.
The chemical reaction of polycondensation of citric acid and ethylene glycol
beginsabove 100°C, producingacitrate gel. When the temperature exceeds
400°C, oxidation, and pyrolysis of polymer matrix start, leading to the for-
mation of X-ray amorphousoxide and/or carbonate precursor. Further ther-
mal treatments contribute to the formation of the required final product
with a high degree of homogeneity and dispersion. The most important key
parameter is pH, and its control influences the extent of cation binding to
the citrate. The optimization is made by introducing ammonia, ammonium
hydroxide, or a similar base to control pH. It is necessary to check the solu-
tion acidity to prevent the precipitation of individual hydroxides in the case
of multi-componentsynthesis. The formation of a covalentnetwork is a con-
sequence of poly-esterification between citrate and ethylene glycol. The ce-
ramic phase is visible after decomposition or combustion of organics [19],
[69].

Nowadays, Pechini’s method is widely employed in a vast range of domains
synthesizing dielectric, fluorescent and magnetic materials, high-tempera-
ture superconductors, and catalysts. Its peculiar simplicity, quite complete
independence of the process conditions from the chemistry of positive ions
contained in the final material, and a low temperature of precursor treat-
ment, withoutsintering, producing nanocrystal powders of refractory oxides
[69] constitute the main advantages.

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

The chemical Pechini reactions have been described in Figure 122 [29]. In
particular, thisis the In-Situ Polymerizable Complex (IPC) method thatjoins
the metal-complex formation with the "in-situ" polymerization of organics.

200



L N, o
= mk citric acid —;OJ/ ethylene glycol

COOH
Dmhﬁo-ﬂh&nmﬂmu
Metal-citrate complex
-
N e BN
— AN -
{'-E Q-éfq\—q i A ﬂ."/
NI SETPIE AT I |
— S— -—
11
Polyestrification

Figure 122: Pechini-type in-situ polymerizable complex (IPC) method: illustration
of the chemical reaction between a polybasic carboxylic acid chelate and ethylene
glycol during the formation of a complex perovskite oxide [29]

The choice of precursors is fundamental to form a homogenous multi-com-
ponent gel without any phase segregation, related to the ability of metal
cations to move. For this reason, the IPC method allows immobilizing the
individual metal citric acid complexesin a rigid polymer network, maintain-
ing the original stoichiometric ratio of metal ions upon polymerization. The
polymeric resin with randomly branched polymers is obtained with metal
cations uniformly distributed. Oxide powder is the product after thermal
treatment of polymeric resin at high temperatures above 300°C and, conse-
quently, polymer decomposition.

This method shows advantageswith respect to the solid-state reaction tech-
niquein chemical homogeneity, composition control, high purity,and a pos-
sible crystallization at low temperature (i.e., also at 400°C) [29].

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

6.34 The modified Pechini method for BBF synthesis

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

Conventional solid state reaction

Mechanical activation

|

i()\;tdc precursors 4 Rapid liquid sintering
I Metal complex
|
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Figure 123: Synthesis methods scheme analyzed in the review highlighting the
Modified Pechini as the one chosen in this work [67]

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

The use of water provides a route attractive for environmental reasons, be-
ing simple and versatile for many differentapplicationsasthin films or coat-
ings. There are no limitations to the number of cationsinvolved in solution
formation, and this method becomes interesting and challenging the more
complex the product is.

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

stoichiometric ratio of precursors
Addition of polyhydroxy-
carboxylic acid

Addition of polyhydroxyalcohol

Drying and heating to 150-200 *C
for polyesterification

Drying of resin

Decomposition of resin at~ 400 *C
forming porous structure

Heating for crystallization

Complex oxide

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

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

1) preparation of a stable aqueous solution of precursors

The first requirement is the stability of the aqueous chelated solution with
the cation precursors. They have to be solublein water oraqueoussolutions
with chelatingagents, and then typical precursors are hydroxides, alkoxides,
acetates, chlorides, citrates, and nitrates. The cheapestare nitrates, alsoused
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for theirhigh solubility. The concentration of cationsisgenerallyin therange
from 0.1 to 1 M. Itis critical to mix cationsin the correct stoichiometricratio.
Citric acid is the most common tribasic hydroxyl carboxylicacid. Then, the
degree of protonation of citric acid dependson the pH with three pKavalues
equal to 3.13, 476, and 6.39. The middle carboxylic group is the most acidic
for the electron withdrawing power of the a-OH group, forming the
strongest complexes with metal cations.

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

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

The polymerization into a resin is obtained easily with the suitable addition
of polyalcohol, like ethylene glycol, in the minimum amount necessary to
esterification reaction. This issue was very controversial in the past [75], [76],
but nowadays, it is common to introduce it in the same molar ratio as
carboxyl acid.

The pH of the solution and the presence of protonated carboxylic groups
affect the poly-esterification reaction [70], [71]. In a few cases, nitric acid has
to be added in solution to catalyze the polymerization dependent on the
original pH, or the base addition is necessary to increase the pH avoiding
the precipitation of saltsin solution [77].

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

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

3) decomposition/combustion of the resin to produce an amorphous
oxidefollowed by crystallization of the desired oxide phase

The third step is decomposition to remove the organics from the polymeric
resin. Thermal decomposition for the resin typically occurs at 400°C. Each
system has a typical crystallization temperature even low than 400°C. The
decomposition process is exothermic, simultaneously at the crystallization;
then, itis also challenging to find the actual crystallization temperature [78].
If there is a metastable phase, it could become a thermodynamically stable
phase [79]. There could be a possible formation of carbonates from the
decomposition of organics during the preparation of very basic cation
oxides.

When the required productis a thin film on a substrate, it could be obtained
by classical spin or dip coating. Successively, the drying of precursor film on
a hot plate and the decomposition step of organic additives and complex
anions from the precursors are the two stages, sometimes performed at the
same time by a unique rapid thermal process. The type of nucleation toform
the microstructure depends on pyrolysis temperature, heating rate, and
crystallization temperature [85]. The thickness of each deposition can be
established from a few to hundredsof nanometersby changing the viscosity
of the solution or the spinning or dipping speed [86], [87]. The thickness
could be increased by repeating the deposition many times.

Some inconveniencescan resultfrom incorrect stoichiometry because of the
presence of crystallization water in nitrates and adsorbed water to be dried
before use. Another phenomenon to avoid is the precipitation of the
crystalline phase before the formation of the polymeric resin, considering
the complexation of the less-soluble salts. It can be solved by varying the
cation precursor or the chelating agent.

Some red-ox reactions between the organics and the cations can also occur
in some cases give elemental metal like Bi, which could be solved with the
same variation above [80].
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6.3.5 Towards successful composition: focus on three experiments

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

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

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

Fez203 ® Glass (Hashimoto)

o

100% © O Glass (Qiu)

.| O Crystallization (Qiu)

<Do.

of
80% i e B203 (40%) - Bi203 (30%) - Fe203 (30%)

e

L
=4
Oo
=

e =
z 2 =
g &

Figure 125: Glass-forming region for Bi,Os - B,Os3 - Fe,O3 system enclosed in yellow
[81]: the final and successful composition is reported in light blue point

A first preliminary synthesis test with binary system Bi-Fe was performed.
For producing bismuth ferrite (BiFeOs), the modified Pechini sol-gel method
was employed using citric acid as the chelating agent. A fundamental step
is the definition of a binary composition for the first experiment preparation
with Bi,Os and Fe,0Os for BiFeOs; nanoparticles following the synthesis re-
ported in Ref. [56].

The reagents used in the present work were analytical grade bismuth nitrate pen-
tahydrate (Bi(NOs)3-5H,0), iron nitrate nonahydrate (Fe(NO3)3-9H,0), citric
acid (CeHgOy), ethylene glycol (C;HO,) and acetic acid (CH3COOH).

Below, the description of various synthesis steps in detail before proceeding
with the BBF ternary system.
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The stoichiometric proportion of Bi(NOs3)3-5H,0 and Fe(NO3)3-9H,0 were in-
itially dissolved in 400 ml deionized water with an individual concentration
of 0.025 M. The solution was stirred for about 30 minutesto obtain a clear
solution. When the solution was transparent, 0.02 mole of citric acid
(CeHgOy) as the chelating agent was added to the solution to complex the
metal cations.

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

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

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

dropwise.

This first attempt has been interrupted at this point for the following ex-

plained reasons:

1) The solution has never become transparent after 30 minutes

2) A test with equimolarconcentrationsbetween precursorsalts and cit-
ric acid is required

3) It is necessary to verify if there will be complete salts solubility in wa-
ter, and the solution will become transparent
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4) In the modified Pechini process, water must be evaporated to form
the polymeric resin.

Six actions for the modified Pechini method employed in this research work

were necessary during the synthesis process to obtain the polymeric resin:

e Solutionofa suitable HNOs; concentration to dissolve Bi(NOs)3-5H,0 and
also to act on the difficult stability of the bismuth salt

e The proper molar ratio between citric acid and metals that it has to be
not more than 2

e Definition of introduction precursors order based on stability complexes
with citric acid

e Control of pH by ammonia

e Control of temperature

e Control of the amount of H,O and NH;3;

Successively according to the reasons and actions necessary explained

above, the three most important experiments for BBF system synthesis will

be illustrated below in a detailed way.

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

A composition of 60% B,03 — 30% Bi,O3 — 10% Fe,O3 (mol%) is the first that
provides small preliminary results for the synthesis of a ternary glass, and
the procedure is explained below and reported in Figure 127.

The methodology presents some modifications of Ref. [56] used for the na-
noparticles of BiFeOs. After preparation of a nitric acid aqueous solution 2M
and the successive addition of suitable moles of Bi(NOs)3-5H,0 in a falcon
vial, another aqueous solution with citric acid is stirred in a graduate cylin-
der. In another falcon vial, a solution with a suitable molar ratio of
Fe(NOs3)3-:9H,0 and H3BOsis made. It is necessary to proceed by the addition
before of Bi(NO3)3-5H,0 solution and successively the citric acid solution.
Only at this point, the solution was heated at 75°C to form a transparent
blackish-red sol, maintaining the pH of the solution between 1-2 by adding
ammonia solution dropwise and keeping revolution per minute under con-
trol as the water evaporates. The solution does notbecome blackish red, but
it remains yellow opaque. Only an increase in viscosity is visible when the
solution has reached the volume of approximately 1 ml. There are no anal-
yses of this sample. Then, the choice of another composition was the next
step to solve precipitates formation in the bottom of the container and a
few amounts of B,Os; former oxide.
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Figure 127: Sample in a falcon vial a) before the addition of Fe and B component;
b) after the introduction of all the precursors; c) in the beginning of its heating at
75°C; d) solution after a few hours of heating; e), f) suspension after heating not
finished yet, some white precipitates are visible in the bottom of the vial; g)
suspension at the end of the process is dark yellow not red; h) thin-film deposed
on glass slide after synthesis to check its consistency

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

A new composition is prepared by 40% B,0; — 30% Bi,O; — 30% Fe,0;

(mol%), with these two following crucial actions necessary in this

experiment compared to the previous one:

1. addition of boron excess due to the difficulty of the boron oxide to
enter the glass network

2. fast addition of the citric acid moles equal to the sum of one of the
three precursors to avoid the formation of precipitates.

The main process steps are shown in Figure 128. The solution became

blackish-red and jellified after 5 hours. The temperature was maintained

between 70 — 80°C during all the processes until the formation of a red

polymeric resin. Finally, it is deposited by spin coating on a glass surface,

as shown in Figure 128g.
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Figure 128: a) yellow and transparent solution after citric acid addition; b) solution
at 70°C with starting change of color to red; c) solution at 75°C; d) last 10 ml of
solution at 80°C; e), f) red resin at the final stage; g) glass slide with solution after
spin coating at 2000 rpm

After ten days, a few red aggregates on the glass surface are to be checked
for their possible crystalline nature that has to be avoided before laser irra-
diation, as highlightedin Figure 129.

Figure 129: Few red aggregates on the glass that probably indicate a surface crys-
tallization

A TG-DTA analysis of the resin is done and represented in Figure 130. This
is a preliminary step before carrying out further analysis necessary to iden-
tify the highlighted peaks. The drastic weight reduction at 200°C corre-
sponds to the removal of the liquid component.
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Figure 130: TG-DTA analyses of red polymeric resin

3. Third experiment with boric acid as a precursor of boron oxide
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The same previous composition and two necessary actions indicated above
in the precedent experiment were used in this last one, with the results
summarized in Figure 131. The solution became blackish-red and jellified
after 3 hoursand 30 min.

Figure 131: yellow and transparent solution after citric acid addition; b) solution at
38°C; c) solution at 66°C; d) solution at 70°C; e), f) solution at 76°C; g) solution at
78°C; h) red resin in the end of synthesis

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

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

An important remark is that, even though promising results have been
achieved, itis not yet possible to complete the synthesis, and the steps car-
ried out have been highlighted in Figure 133:

Aqueous solution of
stoichiometric ratio of precursors

Addition of polyhydroxy-
carboxylicacid

Addition of polyhydroxyalcohol

I
Drying and heating to 150-200 °C
for polyesterification

Decomposition of resin at~ 400 °C
forming porous structure

Heating for crystallization

Complex oxide

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

Indeed, it is possible to proceed with an XRD analysis of the resin to ensure
that there was no surface crystallization of heterogeneoustype. Further heat
treatments and thin-film depositions with spin coaters are desirable to con-
trol optical transparency, a limiting parameter for future laser irradiation.
After furtheranalysis, anotherexperimentwith the same composition would
be carried out to verify the repeatability of the process. The objective is to
make this procedure an innovative synthesis protocol for the ternary system
40% B,0s3 - 30% Bi,03 - 30% Fe0s.

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

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

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

7.1 MAIN ACHEIVEMENTS

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

On the one hand, the multiferroic Bi,O; - B,Os - Fe,O; (BBF) glass was cho-
sen, proposing an innovative sol-gel process carried out by modified Pechini
approach, after the study of different methodologies extensively explored
in literature. Even though promising results have been achieved, it has not
been possible to complete the synthesis and extend the work to femtosec-
ond laser irradiation yet. Then, after acting on the control of multiple pa-
rameters (precursors concentration, molar ratio of citric acid/metallicions,
precursors introduction order, pH, temperature, amount of H,O and NH3),
the perspective is to make this procedure an emerging synthesis protocol
for the ternary system of composition 40% B,0s - 30% Bi,O3 - 30% Fe;0s.

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

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

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

These values allow to investigate the static crystallization ones by detection
of SHG varying pulse energy and repetition rate. Green light emerged from
the sample is a first criterion to be validated for a nonlinear crystals precip-
itation. In addition, we found that incubation time, as fundamental parame-
ter characteristic of the static dots irradiation, is drastically reduced in LNSB
samples compared to LNS ones. Specifically, at a delivered power of 100
mW, LNS13B21 reveals an incubation time equal to ~1 second, that be-
comes of ~10 seconds for LNS20B14, until ~20 seconds for both LNS27B7
and LNS34 [2]. Thishas demonstrated that incubation time variesin function
of glass compositions.
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Nanocrystals size and orientation SHG measurements validated by EBSD
analysis have confirmed the presence of nanocrystals and the role of polar-
ization effect. Comparing 0.5 and 1.25 pJ/pulse, we found a strong modula-
tion at low pulse energy and the presence of two textures is characteristic
of two minima identified for configuration Y, but not for Yy, at increasing
pulse energy. Differences are evident for each glass composition, as the
pulse energyincreases. Butitis difficultto draw definitive conclusionsabout
trends as the amount of B,O; increases. A preferential orientation of ¢ polar
nanocrystals axis perpendicular to laser polarization is revealed at 0.5
p/pulse [2]. We have noted that, at increasing pulse energy, addition of
B,Os; made very difficult to classify a trend referred to a particular pulse en-
ergy valueina uniqueway for all the fourglass compositions. Unpredictable
effects have been reported with B,O3 addition on the shape of the SHG
curves and on the formation or not of two crystals textures. Then, in more
depth, it was necessary to verify by EBSD maps some correspondence with
SHG measurements, highlighting firstly nanocrystals precipitation and sec-
ondly large zones with the same textures at highest pulse energy. Fs-laser
has modified the material into its bulk bringing out the birefringence char-
acteristic of LiINbO;. We have studied the aspect of the irradiated lines by
retardance measurements at increasing of scanning speed: the LNS13B21
has highlighted an enhancement of the maximum response, precisely twice
larger than the one of LNS34 [1].

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

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

Finally, we have studied how femtosecond laser modified CCT and TTT dia-
grams, focusing the attention on time and temperature, as conditions to
definethe crystallization.In fact, we have characterized crystallization mech-
anisms by studying the spatial temperature distribution and the time evolu-
tion of the temperature, considering the laser as a localized continuous
heating source. Then, nucleation and growth rates entered to play into the
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CCT and TTT curves. Upper limitis constituted by melting temperature and
lower limit is defined by glass transition temperature. The consequence of
B,Os addition is an expansion of crystallization domain.

Specifically, no crystallized lines at 1 uJ/pulse and 200 kHz were detected at
scanning speed beyond ~100 um/s for LNS34 and beyond ~600 um/s for
LNS13B21. In conclusion, SiO, substitution with B,Os in increasing quantities
(from 7% to 21% mol) leads to a fast crystallization of LINbO3 nanocrystals
induced by fs-laser irradiation [1] .

7.2 FUTURE OUTLOOKS

This section containsthe specific guidelinestowards new scientificand tech-
nological developments based on this Ph.D. work. The next steps to take for
the advancement of this research should address the points listed below:
1) Femtosecond laser irradiation of B,Os— Fe,Os; — Bi>O3; (BBF);

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

3) Modeling of Fourier heat equation to give furtherinsightin the heat dy-
namics of the heat affect zone;

4) Synthesis, irradiation, and characterization of following ternary glass ma-
trix Li,O-Nb,0s-B,0;, starting from studying B,Os-containing glass be-
havior.

Regarding sol-gel synthesis, it is possible to proceed with an XRD analysis
of the dried gel to ensure that there was no surface crystallization of heter-
ogeneous type. Further heat treatments and thin-film depositions with spin
coaters are desirable to control optical transparency, a limiting parameter
for future laser irradiation. After further analysis, another experiment with
the same composition would be carried out to verify the repeatability of the
process. The objective is to make this procedure an innovative synthesis
protocol of the ternary system BBF to irradiate with femtosecond laser.

Then, in the future we consider making other attempts to find glass matrices

that do not promote crystallization upon glass fabrication, while enabling

fast crystallization during laser irradiation. The results obtained are to be
deepened by adding detailed analyses to find the amount and nature of the
elements present. Li* could easily migrate and remain on the surface, Nb>*
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instead in depth but there are analyses to be made to validate this, for ex-
ample by TEM. Also, the chemical migration is to be investigated carefully
to verify the presence and the amount of Li* on the surface by XPS analysis.
It is important to verify phase separation and obtain further SHG measure-
ments on samples with increasing scanning speed. During the in-depth
analysis of nanostructure, it is fundamental also to focus on a new investi-
gation of nanogratings. Connected with nanogratings formation, we intend
also to start from a preliminary examination of heterogeneities in glass be-
fore irradiation by SEM, to verify if they could be some trigger points for
nanogratings.

Considering the fact that boron does notenterinto LiNbOs3 network and the
small radius of the B** cation, it could be attractive to analyze if boron is
present really only in the vitreous lamellas of nanogratings.

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

It cannot make a general declaration in a comprehensive way about how
temperature affects boron coordination; it is necessary a more accurate and
in-depth analysisusing spectroscopic properties (e.g., Raman spectroscopy).
It would be necessary to make other measurements of SHG with varying
scanning speed, not only on LNS34 and LNS13B21 but also on the "inter-
mediate"” compositions LNS27B7 and LNS20B 14, to study the simultaneous
effect of the composition of the glass and the scanning speed on the SHG.

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

Further modeling work, in particularusing the Fourier heat equation, is re-
quired to study the temperature distribution and evolution during irradia-
tion, which could be very interesting to highlight a detailed comparison be-
tween LNS and LNSB.

Heat equation modeling could also become a further tool to promote the
choice and to select a suitable composition of this following glass matrix
Li,O-Nb,0s-B,0s. The first reason of this preference is chemical: boron ad-
dition in glass network is advantageous for crystal nanostructure. We found
and started to demonstrate this statement employing the quaternary glass
matrix Li,O—Nb,0s-SiO,—B,0;. We could foresee the relevantbenefitin hav-
ing a glass matrix free from SiO,, even though a cautious synthesis is to be
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made for the boron easy propensityto a surface crystallization afterquench-
ing. It is necessary a thorough study of Li,O-Nb,Os-B,03 phase diagram to
choose a suitable composition also to foster fs-laser induced crystallization.
This work is pioneering for future development in different research fields,
suggesting a multidisciplinary approach to be adopted: nonlinear optics
(nanogratings and specific applications), material chemistry, laser-oriented
crystallization of glass materials, plasma, and quantum physics, nonequilib-
rium thermodynamics. By combining the choice of laser parameters with a
suitable glass composition based on the nonlinear optical properties ex-
pected, it is possible to address towards the specific optical and photonic
applicationsto be achieved.
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APPENDIX

A - CLASSICAL NUCLEATION THEORY (CNT)

This model proposed by Gibbs is a theory about nucleation of a new ther-
modynamic phase, liquid, or crystal. Thermal fluctuation of the chemical
composition is the cause of homogeneous nucleation in the liquid phase or
glass.

In case of formation of a spherical nucleus, change in free energy corre-
sponds to the sum of surface term (positive) and bulk term (negative) as:

AGr = 4y + g nrAGy (A49)

Where AGr is the total free energy change, r is the radius of the nucleus, y
is the specific surface free energy of the critical nucleus-meltinterface, and
AGy is the difference between the free energies of crystal and liquid per unit
volume.

In super-cooled liquid, AGy is associated with the liquid-crystal transfor-
mation, given as:

AGy = AHy - TASy (A50)
AHy = -L, (A51)

Where AHy(< 0) is the change of volume enthalpy, L,is latent heat, T is the
temperature, and ASy is the change of entropy.
If AH\, corresponding to the release heat during the crystallization, is con-
stant, at T,,, AGy = O:

AHy AT

AGy = —— (A52)

Tm
AT =Tp-T (A53)

In correspondence of critical nucleusradius(r), the total free energy reaches
the maximum and the one with the highest value of AG'.

dAGr

When — = 0, we obtain:
dr
* —2'}/
r= A_G,, (A54)
AG = _temy® (A55)

"~ 3(46,)2
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when r < r, the nuclei are not stable; when r > r, the nuclei are stable, and
they continue to grow.

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

The free energy trend and the variation of critical nuclei radius r” are repre-
sented in the following Figure A134.

The classical homogeneous nucleation theory wants to give a thermody-
namic description of initial stage of nucleation from embryo to nucleus with
a little larger size than r'[1]. The change of parent phase in the system is
negligible due to the largeness in volume and mass comparing that of nu-
clei. The nucleation curve reported in Figure A134a passes through a single
maximum pointatr.

a)

AG

Crystal

Liquid

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

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

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

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

%z N'K exp (— %)oc exp(

AGD+AG*) (A57)

kpT
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Where AGp is the activation energy to cross the glass-crystal interface (ki-
netic barrier), AG is the energy barrier to form a nucleus stable to grow, and
ks is Boltzmann's constant (1.38 x 10-3 J/K).

T affects the size of r'. Because AG, is a function of AT, we obtain:
roc (AT) 1 (A58)
AG o« (AT) ~2 (A59)

Then, r* increaseswith T, whenT < Ty, asrepresentedin Figure A134b. When
T is close to T, AG, that play a dominantrole in the nucleation rate (very
low), is high. Otherwise, the diffusion termis high at this temperature. When
T and AG decrease, the possibility of seeds formation increases. Moreover,
the viscosity of material increases sharply, restricting atom movement, in-
hibiting the ordered crystal structures formation, and thus decreasing the
nucleation rate.

There is an optimal T for the maximum nucleation rate. When T is close to
Tq AG’ decreases and nucleation rate increases sharply, reaching a possible
maximum when AG" and AGp, are of the same magnitude order.

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

A heterogeneous nucleation occurs when the process starts at some pre-
ferred sites than at other ones. If it compares to the homogeneous one,
there is an effectmainly because diminishesthermodynamicbarrier, leading
to a decrease of the contribution of the effective surface energy to the work
of critical cluster formation [4].

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

kic — kg = koexp (— %) ko [exp( AGa- AG")] ko exp( AG"‘) [1 —
exp (— LM)} (A60)

kpT T

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

231



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

If glassis heated, the crystallization is not limited to the above overlap zone
anymore. In addition, chemical composition has an influence on crystal
growth [5].

If we want to obtain nanosized crystal in glass, the temperature has to be
low enough to stay in the nucleation zone, and then to prevent growth. A
glass volume crystallizationisobtained, if the temperature necessary for nu-
cleation is maintained a time long enough and successively a temperature
for growing is achieved.

Nucleation and T
Configuration parameter crystal growth

Figure A135: a) Scheme of free energy according to configurational parameter; b)
a superimposition of the nucleation and growth [2]
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B - GENERIC MICROSCOPIC MODEL OF THE ORIGIN OF OPTICAL
NONLINEARITY

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

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

In conductors the charges are free to move through the material giving rise
to a weak electric current. In dielectric materials instead the charges are
localized and can be schematized as bound oscillators with a certain
elasticity, as shown in Figure A137.

Figure A137: Scheme of dielectric materials as bound oscillators [6]
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In low intensity, the electric field associated with the wave causes a slight
displacement of the particles from their equilibrium position and generate
an oscillating induced polarization. Because nuclear charges have much
larger mass of electrons follows that, at optical frequencies, only the nega-
tive charge undergoes a significant shiftand contributes. The induced po-
larization resulting propagates with the field to the same optical frequency
and radiates field in the medium.

Neglecting the positive ion displacement and for one-dimensional case, the
single electron position varies according to this following equation of mo-
tion:

m [%“+ 2r =+ 02x+ (§Px2+ E@x3+...)| = -eE) (A61)
where x is displacement from the equilibrium position, Q is the resonance
oscillator frequency, e the electron charge and I' indicates the dissipation.
The equation right term represents the force applied to the electron from
the wave field generating the oscillations. Neglecting the anharmonic tems
E@x2+ E®x3+. ., and considering only the harmonic response generated
from an electric field of this following form:

E(t) = Eycos (wt) = %Eo[exp(—iwt) + exp (iwt)] = % Eolexp(—iwt) + c.c.]
(A62)

where w is the optical pulsation and c.c. indicates the conjugate complex
term. The solution of (A63) is to be searched in the form of x(t) = %
[Xoexp(—iwt) + c.c.], where X, is a complex quantity including both ampli-
tude and phase responses. Substituting this expression and the (A64) in
(A63) a linear equation is obtained and solving it, electron displacementin
function of time results expressed in the following form:

X(t) =§ [‘eE° exp (Ciwh) | c.] (A63)

m 0N2-w2-2il'w

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

P(t) = — Nex(t) (A64)
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Then, the polarization dependence with respect to the field is linear by the
complex susceptibility ¥(w) giving:

P(t) = % 0d(w) Eoexp(-iwt) + c.c. (A65)

where:

O] e — (A66)

gom Q2-w?-2il'w

The trend of the susceptibility real and imaginary part is shown in the fol-
lowing Figure A138.

Im x

|
Q

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

The polarizationinduced in medium oscillatesat same frequency of incident
optical field, radiates in medium and modifies the wave propagation. The
medium losses are included in imaginary part ¥(w) that considering the
component of P in quadrature with the field E.

The dielectric constantis given by the following expression:

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

where n and k, called refractive index and extinction coefficient, determine
the refractive and absorbent properties of the material. In this case, the fol-
lowing expressions apply:

g = n? — k2 (A69)

£ = 2nK (A70)
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from which it is possible to derive the trend, or dispersion, of n and k in
function the pulse w of the electromagnetic wave.

Considering the anharmonic termsm| (@ x2 + E®x34... )] where ¢ and
¢ are constant, the potential of attraction V(x) in symmetric media is ex-
pressed by:

V(x) = §92x2+§5<3>x4+... (A71)

In symmetric media, in which is it possible to determine a symmetric center
in the structure, the electron potential energy is to be reflected in the me-
dium symmetry.

Dueto the symmetry of the material, V(x) includesonly the even exponential
terms of the equation in x, in such way that V(x)= V(-x).

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

F(x) = — Z—‘; ——m02x — mEB)x3 (A72)

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

V(x) = %sz2+%§(2)x3+... (A73)

In which corresponds this elastic force:

F(x) = — Z—Z =—m(2%x — mE@x2+...) (A74)

To find the expression of the nonlinearpolarization, considerthe case where
the forcing electric field is the sum of two different pulsation fields:

E(t) = E; cos(w,t) + E, cos(w,t) (A75)

In this case the equation of nonlinear harmonic oscillator is reduced to:
Cx L or 4 02y 4 E@x2= e - mE®D) (A76)
dt? dt

Generally, small values of nonlinear term are more interesting in nonlinear
optics applications. Precisely, the electric field forcing term does not cause
the particle ionization undergone the field generating the breaking of the
material.
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Then, the previous equation solution may be expressed, in according to a
perturbative approach, in this way:

x(t) = xVt) + x2(t) (A77)

in which x”(t) is the solution of (A78) without considering the anharmonic
term, whilst x?(t) is considered as a small correction for the x’(t). By replac-
ing the (A79) in the (A78), developing and eliminating the terms that satis-
fied the harmonic oscillator, itis obtained:

2
D@+ 2rx@ @) + 02x@(@) = — @ (xV" (o) (A78)
from which the x(@(¢) satisfies a differential equation not homogeneus

where the source term is the square of the linear solution.

Similarly, the first order solution that comparesin (A79) is expressed as:
xMW(t) = %[f(l)(wl)e‘i“’lt + @D (wy)e w2t 4 c.c.] (A79)

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

x@(t) = %[f(Z)(wl + wz)e—i(a)1+w2)t + f(z)(wl _ wz)e‘i(“’l‘“’z)t n

@ Q2w,)e 201t 4 §@D(2w,)e 202t 4 ¢, c. | (A80)

Replacing (A76),(A81) and (A82) inthe (A80) and if the terms oscillate at the
same pulse, the following expressions are obtained for the complex ampli-
tudes:

2
@(w: FTw,)= —+ §@(e/m) .
¥ (wr Fwy) 2 (02- w?-2ilrw,)(02- wi-2ilw,;)
E1E;
[02(w1+w2)—4i1"((w1iw2)] (A81)
And generally:
1 £@(e/m)® 2

xPQuw,) = — (A82)

2 (02— wi—2ilwy) (02— 4w —4iTwy) Ei

k=12
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We noted thatthe second order solution leadsto the generation of different
pulsation from forcing ones. In particular, the presence of sum and differ-
ence pulsation (w; + w,) and second harmonic pulsation (2wy).

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

After this excursus, the polarization induced is expressed:

P(t) = —Nex(t)= —Ne[x® (t) + x@(t)] (A83)
that it may be which can be schematically rewritten as:
P(t) = Pi(t) + Pnu(1) (A84)

where the linearterm P,(t) and the nonlinear one Py, (t) appear.

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

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

In the case shown in Figure A139b, the polarization containsin addition to
the input frequency w also components at frequencies 2w, 3w, .., and zero
frequency continuous component.

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

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

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

where P, (¢t) is the linearterm and Py, (¢t) is the nonlinear one.

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

From the previous expressions, it is possible to note that when the forcing
frequencieswy (k = 7,2) or one of theirlinearcombination + wy tw; (kj=1,2)
coincide with the resonance oscillator frequency Q, the linear susceptibility
x® becomes very high. Comparing x® with x*¥, it is noted that high values
of linear susceptibility are necessary to have high values of nonlinear one.
Then, optical nonlinearities are high in proximity to system-specific reso-
nances, where the extinction coefficientis high. Thisis relevant for the pho-
tonic applications where there will be the tendency to maximize the nonlin-
ear response.

However, operating under a resonance regime is likely to increase optical
absorption, limiting the transmittance of the device and the ability to cas-
cade many of them.

Fixed then the wavelength, or the pulsation, at which the device must oper-
ate, a nonlinear material, whose resonance frequencies characteristics are
such that the nonlinear response is sufficiently high, and absorption is neg-
ligible, is chosen.

A nonlinear phenomenon is present in case of anisotropic material, as a
glass ceramic in which crystals and glass matrix coexist. The glass is an iso-
tropic material and then it is not subjected on effects of second order non-
linearity as second harmonic signal. It is necessary to transform the glass
into a glass ceramic to be able to detect a non-linear response to laserirra-
diation. There isa connection between crystal properties and physical ones:
in this case the appearance of non-linear terms of y (physical property)
shows how centrosymmetric crystal property has been broken. y(? vanishes
identically for a material possessing a center of inversion symmetry (a cen-
trosymmetric medium). Non-centrosymmetric and centrosymmetric me-
dium exhibit potential curve and polarization signal completely different,
and this may explain the role of material symmetry in nonlinear optics, as
illustrated in the following Figure A140.
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Figure A140: how potential curve (U) changes in non-centrosymmetric and centro-
symmetric medium, the signal of the electric field and the curves of the respective

polarization signals (Lorentz atomic model) [7]
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C - SECOND HARMONIC GENERATION

Second harmonicgeneration (SHG) is a nonlinearoptical effect,in which the
frequency of incident lightis doubled. Virtual energy transition and not the
absorption of the photons involves SHG, and the energy is conserved, as
shown in Figure A141.

" optical medium Virtual level

(2) NN N, "
asa=10 f'\""'f'H‘H » 2m

Energy diagram

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

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

second harmonic wave
(\.) ®,=2
original photon
("pump wave”)
1 —~
) S 47 ~ I
laser light source -li )
9 non-linear crystal prism residual wave

Figure A142: SHG scheme

The x coefficients of terms higher than the first are such as to contribute to
polarization only for electric fields of very large size. This explains why non-
linear phenomena were not observed prior to the development of lasers,
which provide high intensities. It is possible to estimate the second-order
coefficients, and therefore the intensity necessary to observe the phenom-
enon, exploiting considerations on the electronic behavior of the atom.
Wave propagation problems, energy transfer, and boundary conditions are
dealt with using Maxwell’s equations. Macroscopic differential form is given
by:
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VxE=- ‘;—f’ (A86)
vxH=]+2 (A87)
V-D=p (A88)
V-B=0 (A89)

Where E is the electric field vector, B is the magnetic flux density, H is the

magnetic field vector, | is the current density vector, D is the electric flux
density, and p is the sources for the electromagnetic field (volume charge
density). For the source free regionJ = 0andp = 0.

The constitutive relations are the following:

D=gE+ P (A90)
E=pH+ M (A91)

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

Considering the above equations, it is possible to write:

= 0%E a%pP
VXVXE=-/J()€0W—M0§ (A92)

Where c is the speed of lightin vacuum, pego = 1/c?
Several simplifications are assumed to solve the above equation:

1) The Py is treated as a small perturbation to the total induced polariza-
tion, considering the nonlinear effects are relatively weak in matter;

2) VXV XE=V(V-E)-VE=-V2E. Then, we write:

>z _ 1 9%E %P
VE =2 57 Moy (A93)

This equation can be translated in the Fourier domain:

V2E(w) = 2 F (w) + Py (w) (A94)
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Where ¢ is the dielectric constant. The temporal variation of electric field at
w and 2w are neglected, and the wave at second harmonic frequency will
follow the wave equation:

77 £ (2w) = 229 F (2w) + ‘;’—22 F@ (2w) (A95)

Considering low conversion efficiency, the amplitude of E,, remains essen-
tially constant over the interaction length, L, the intensity of SHG is given by:

ol = 92 AL 2 (5D ) (A96)
2 geoc3 nZnze (AkL/2 @
1 = 12
12 = - eocnu| Ey | (A97)
Ak = ko, — 2k, = 22Ce=re) (A98)
L=Z (A99)

Where L is the nonlinear matter length, Ak is the wave vector mismatch, k is
the wave vector of the electric field, and L. is the coherence length where
the SHG efficiency reaches the maximum (SHG intensity oscillates as a func-
tion of L, with period L).

Phase matching

Phase matching occurs when generated and propagating wave present a
constant phase relationship indicated by Ak = 0. Efficient SHG in homoge-
neous media comes from decreasing Ak. There are many methods to
achieve phase matching. Precisely, for birefringent phase matching (BPM),
certain angle 6, the ordinary polarized fundamental and the extraordinary
polarized second harmonic own the same refractive index, achieving Ak =
0. In thatcase, BPM is sensitive to the propagation angleandthiskind phase
matching is known as critical phase matching.

Another technique, noncritical phase matching can be used, in which the
beams propagate down one of the axes of the nonlinear crystal and the
temperature of the crystal is adjusted (generally, neis much more tempera-
ture sensitive that no, indicating a phase matching condition can be
achieved). In this case a material with spatially modulated nonlinear proper-
ties can be used instead of a homogeneous nonlinear crystal material. This
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is the basis quasi-phase matching, which can be achieved by periodic poling
of nonlinear crystal materials.

SHG can also be obtained from the random distributed nanocrystals be-
cause the emission from a nanocrystal can lose its phase relation with the
order nano-crystals due to multiple scattering. Vigouroux et al. [8] have ob-
served isotropic bulk SHG signalsin lithium niobium silicate glass ceramics.
It is fundamental to study the radial distribution of the LiNbO; crystalline in
spherulite domains: a macroscopic 10-15 pm c-axis oriented poly-crystallite
with consecutive domainsspatiallyradiatingincoherent SHGsignal. Because
spherulites are sparsely distributed in the matrix with distances larger than
the coherence length, i.e., 8-10 um, they radiate uncorrelated SHG field. The
total SHG intensity is the sum of the individual contribution.

SHG is forbidden in the bulk of centrosymmetric matter within the dipolar
approximation. However, this symmetry is broken at the interface between
two centrosymmetric media, allowing for SHG. At a surface or interface, the
bulk symmetry is broken, allowing the second order nonlinear process even
in a centrosymmetric matter.
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D - TRENDS OF SHG INTENSITY FORALL THE FOUR GLASS COMPOSITIONS:

CURVES AND POLAR REPRESENTATIONS
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Y, at 2 pJ/pulse
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E - QUANTITATIVE PHASE MICcROScOPY (QPM)

Quantitative Phase Microscopy (QPM) uses a partially coherent illumination
and ordinary transmission microscope to extract non-interferometric quan-
titative phase data. This technique can recover phase even in the presence
of amplitude modulation, making it significantly more powerful than exist-
ing methods of phase microscopy. Another peculiarity of this technique is
the production of quantitative images of the profile of the sample without
phase unwrapping. Also, the spatial resolutionisin the range of micrometer
with the sensitivity on the order of 10 An example of QPM technique
phase information of the line written in pure silica by femtosecond laser
irradiationisshownin the nextFigure A143. Thoselinesimagesderived from
an integration of the whole picture using MATLAB code. In this case, the
background level is quite homogenous,andits fluctuationsare on the order
of +/-0.005 rad. The phase in the line center is positive while it becomes
negative on the border. Also, the uncertainty of this measurement is less
than 5%.

a) ¥
—— Phase (rad)
{k‘ —— Background
0.1 '
=)
g 0.05+
2
g Of
o
/ =
-0.1 : ;
T r 0 5 10
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Figure A143: Quantitative phase measurement of the written lines with a line spac-
ing of 50 um in pure silica: a) phase image and b) profile (line’s cross section)

A set of three images was captured by the camera mounted on the micro-
scope: one in-focus (Ig) and the other two very slightly positively/negatively
(I./1.) defocused images. The scheme was reported in the next Figure A144.
The images were converted into intensity data by a computer code. There is
a transport of intensity equation that represents the propagation of light
field along the optical axis z in microscope:
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where ¥ = (x, y) is a two-dimensional vectorin the transverse plane, / is the
intensity distribution of the image and M is the magnification of the micro-
scope. The differential informationof the propagation of the field on the left
side of the previous equation is given by:

aI(Y I4—1_

20 bk (A101)
where Az is the defocus distance. The transport of intensity equation can be
solved by a specific algorithm. This technique is based on coherent illumi-
nation, even if there is a partially coherentillumination source in QPM sys-
tems that provides same results to the coherent case. The irradiance distri-
bution of the illumination source shows inversion symmetry. A motorized
stage (Physic Instrument) was used for translating the microscope objective
to capture the de-focused images. IATIA Ltd creates the image acquisition
and the algorithm for phase map calculation in QPM system. The refractive
index variation of the laser modified region is given by:

ApA

An = 2= (A102)
2ntd

where A is the wavelength of 515 nm (green filter) used by IATIA software to
calculate the quantitative phase image, d is the thickness of the modified
region and A is the phase variation between the modified and bulk of the
material measured from QPM.

-
w1 | [

Microscope :
Olympus : :
BX51
20X Pl stage
Sample ———

o 1

Figure A144: Schematic of quantitative phase microscopy setup
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An example of QPM measurement of the waveguide structures, specifically
type-l modifications, is reported in the next Figure A145. A 20X objective
andan 8-bit mega-pixel CCD camera captured the three brightfield images.
The NA of the condenser was set to be 80% NA of the objective. We can
obtain different typologies of information: the phase of modified structure
is shown in a) and represented in b); the differential interference contrast
(DIC) image was emulated by the calculated phase information of the struc-

ture in c).
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Figure A145: QPM measurement provides different information: a) three bright
field images: one in-focus (lp) and the other two very slightly positively/negatively
(1./1.) defocused images were captured to calculate the quantitative phase image
@; b) Quantitative phase change information of the arrow in cross the waveguide
structure; ¢) DIC image of the waveguide structure using the calculated phase in-
formation from a) [9]
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Résumeé substantiel en Francais

La cristallisation par impulsions laser ultrabreves des matériaux vitreux est
un domaine de recherche de l'optique et de la photonique émergentet a
fort potentiel. En particulier, il est intéressant d'étudier l'interaction de la
lumiere avec un matériau fonctionnel tel que le verre, en utilisant I'écriture
directe par laser femtoseconde (fs, 1fs = 107"° s), dont la finalité est la nano-
structuration et multi-fonctionnalisation par des processus d'absorption
non-linéaires, pour la fabrication de nouveaux dispositifs photoniques actifs
en 3D.

Le but de ce travail de recherche porte principalement surl'analyse des ef-
fets des conditions d'irradiation laser, grace au contréle de quatre para-
metres laser accordables (énergie d'impulsion, fréquence de répétition, po-
larisation et vitesse de balayage), surla cristallisation du verre et cela en 3D.

En se basantsur les résultats des travaux sur les verres LNS (Li,O — Nb,Os —
SiO,) du groupe de MAP, nous avons étudié la cristallisation dans les verres
borosilicatés notés LNSB (Li,O — Nb,Os — SiO, — B,0s), avec pour but de
maitriser les modifications fs-laser dans ce matériau, telles que la cristallisa-
tion, la nanostructure, les propriétés optiques et non-linéaires.

L'étude des régimes d'interaction fs-laser — verres LNSB est une étape im-
portante afin d'examiner la redistribution chimique et I'évolution de la mi-
crostructure du verre selon les parametres du laser et I'impact d'une aug-
mentation graduelle (7% - 14% - 21% molaire) de la quantité de B,O3 dans
la composition du verre.

La premiere partie de ce travail porte sur la synthése des verres boratés
(Bi,O3 — B,O3 — Fe;O5; (BBF)) par technique sol-gel, et des verres silicatés
(LNS) et borosilicatés (LNSB) par voie classique dite fusion-trempe. |l y a
aussi une partie des travaux consacrés au processus de synthese chimique
du sol-gel, en particulier pour les matériaux multiferroiques, Bi,O; — B,O3 —
Fe,O; (BBF). La possibilité de controler de nombreux parametres nous a
orienté vers cette approche chimique plutot que vers une trempe classique.
L'exploration des particularités du systéme ternaire vitreux choisi nous in-
dique que la méthode de Pechini modifiée est le meilleur procédé sol-gel
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pour les matériaux BBF. Le choixde lacomposition chimiqueinitiale est étu-
dié au travers du diagramme de phase ternaire, en se concentrant surl'idée
d'étre a la limite de la zone de cristallisation mais sans aller au-dela afin de
rester vitreux.

L'objectif est tout d’abord de préparer les échantillons de verre qui seront
ensuite irradiés par laser femtoseconde. Ainsi, une caractérisation appro-
priée (DSC, SEM-EDS, spectres d'absorption UV, diffusivité thermique) des
tous les échantillons de verre est nécessaire ainsi qu‘avoir une vue d'en-
semble surles propriétés optiques et cristallographiquesdu produit LINbOs.

Ensuite, une partie considérable de nos travaux est consacrée a l'irradiation
par laser femtoseconde des échantillons. L'objectif est ici de déclencher, et
de contréler, la cristallisation localisée et orientée de nanocristaux non cen-
trosymétriques de LiNbOs. Des motifs géomeétriques tels que points et des
lignes ont été écrits a I'intérieur des échantillons de verre, et des énergies
de seuils de modifications de la structure des matériaux ont été identifiées.
Pour bien étudier les modifications 3D des propriétés optiques photo-in-
duites dans le verre, le processus d'investigation des échantillons se con-
centre d'abord sur l'irradiation du verre de référence LNS. Ensuite, les ma-
trices de la LNSB sont également etudiées de fagon approfondie.

Malgré les innombrables avantages de I'utilisation du laser femtoseconde,
les mécanismes qui induisent des modifications structurelles dans les maté-
riaux diélectriques ne sont pas encore clairement compris. Dans ce travail,
sept parametres laser — énergie d'impulsion, ouverture numérique et pro-
fondeur de mise au point, durée de I'impulsion, fréquence de répétition des
impulsions, longueur d'onde du laser, vitesse de balayage et configuration
d'écriture — sont variés pour étudier comment ils affectent la nanostructure
photo-induite parle laser (la cristallisation) et les propriétés optiques asso-
ciées. Trois régimes délimités par trois seuils (changement de l'indice de ré-
fractionisotrope, formation de biréfringence etformation de vides) sont ca-
ractérisés et comparés au matériau de verre le plus omniprésent: la silice
(SiOy). Les verres comme la silice sont centrosymétriques et ils ne peuvent
pas générer de génération de seconde harmonique (GSH). Dans ce travail,
cette propriété non linéaire a été utilisée comme moyen de confirmer la
formation et |'orientation des cristaux non-centrosymétriques dans le verre.
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L'effet de la polarisation laser sur l'orientation des nanocristaux a été étudié
ainsi que la dépendance angulaire de I'intensité de la GSH en fonction de la
polarisation du laser. Cette étude de I'orientation des nanocristaux a été lar-
gement développée autour de l'effet de la substitution de SiO, par B,0O;
dansla matrice vitreuse.

En ce qui concerne les caractérisations des échantillons irradiés, I'analyse
QPM a été utilisée pour quantifier 'amplitude etle signe des variations d'in-
dice de réfraction photo-induites. En outre, I'analyse MEB a démontré la
presence de nanoréseaux assemblés de facon lamellaire qui se developpent
dans la direction perpendiculaire a la polarisation laser, mettant clairement
en évidence le rOle de la polarisation laser sur la séparation de phase obser-
vée a |'échelle nanométrique. Pour identifier les parameétres a, b, ¢ et le
groupe de symétrie des nanocristaux, la morphologie, la nanostructure et
I'orientation, une analyse de diffraction des électrons rétrodiffusés (EBSD) a
éte effectuée de facon extensive, démontrant un accord avec les résultats
obtenus de la GSH.

Des nanoréseaux, c'est-a-dire des structures lamellaires se développant per-
pendiculairement a la polarisation laser, ont été observées dans les verres
silicatés et borosilicatés. Ces nanostructures présentent une période sub-
longueur d’'onde et induisent une réponse biréfringente qui a pour origine
lavariationlocaledesindicesde réfraction entre la phasevitreuse et la phase
cristallisée. En outre, il a été constaté que les verres riches en B,0; favorisent
la fabrication de ces structures biréfringentes, précisément en augmentant
uneréponse biréfringente et ce a des vitesses d'écritures plus élevées (>150
nm a A=550 nm) que le verre LNS pris comme référence.

Enfin,nousavons analysé les mécanismes a I'origine de ces observations, en
proposant une interprétation de la nucléation-croissance des cristaux pro-
duits dans les verres LNSB par rapport a ceux des verres LNS. L'effet de la
vitesse de balayage sur les mécanismes de cristallisation est discuté a partir
des diagrammes de transformation de la température dans le temps (TTT)
et de transformation de refroidissement continu (CCT). La facilité de nucléa-
tion et de croissance des cristaux dans les verres riches en B,O3; (21% mol)
rend le domaine de cristallisation plus large par rapport aux verres sans
BzOg.
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Nous avons seulement commencé l'investigation de la matrice LNSB, et
une analyse supplémentaire sera nécessaire a I'avenir, comme le TEM par
exemple, pour avoir unevision plus claire des mécanismesde cristallisation
déclenchésa l'intérieur du matériau par irradiation avec le laser femtose-
conde. Enfin, un choix approprié de parametres laser est essentiel pour
controlerla taille etl'orientation desnanocristaux non-linéaires photo-pré-
cipités. Une conséquence directe est alors une meilleure ajustabilité des
propriétés optiques essentielles pour des applications photoniques.
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Abstract: This work investigates the role ofa B,O3 addition (up to2 1 mole %) into a lithium niobium
silicate glass matrix, focusing on the orientational dependency of second harmonic generation (SHG),
induced after femtosecond laser irradiation. We detected the sharp emission oflight at 515 nm, charac-
teristic of SHG, in both static and scanning configurations, using pulse energy, repetitionrate, and laser
polarization as varying parameters. Among theresults to highlight, the SHG signa ture appears within a
few seconds in highly doped B,Os glass, i.e., one order of magnitude smaller than in B,Os-free glass.
Additionally, we found that the orientability of the polaraxis of LiNbOs nanocrystals by writing laser
polarization canbe obtained in glasses when SiO; is substituted with B»O;. These preliminary results
open the door to the fabrication of crystal/ glass based photonic devices with lower laser power depos-
ited and much faster crystallization kinetics.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Femtosecond (fs) laser direct writing (FLDW) is a powerfuland versatile tool enabling a large varety
of optical components to be fabricated in transparent materials such as glasses (e.g. Bragg gratings,
waveguides, graded index lenses, birefringent optics) [1-3]. In addition to surface modifications, the
femtosecond laser irradiation has allowed the 3 D-nanostructuring of optical properties induced by per-
manent effectson material structure. By controlling the fs-laser parameters (e.g. pulse energy, repetition
rate, scanning speed, polarization), it becomes possible to induce crystallization insidea glasssubstrate
with a high spatial selectivity (few tens of pm? or less). Some examples of crystals induced by FLDW in
glasses canbefoundin therecentreview of Komatsuetal. [4], among which we can cite B-BaB,O4[5],
Ba,TiS1,08[6],0r LiINbO; [7]. A particular focus is about fs-laser crystallization of LiINbO; in silicate
matrix, a crystalthat allows many applications in different fields because of its properties: ferroe-
lectricity, pyroelectricity, piezoelectricity and a large second order susceptibility. In particular, because
of its axial symmetry, the second order susceptibility tensor (X(®) of LINbO; crystal is such that its
nonlinear coefficient value along the polar axis (d33=34.4pm/V [8,9]) is much greater than the nonlinear
coefficients values along the otheraxes (ds1 = 4.88 pm/V, d»=2.58 pm/V [8,9]). Therefore, it presents
an angular dependence of X®-related processes, such as second harmonic generation (SHG). This trans-
lates into a modulation of the SHG signal during FLDW that occurs when the crystals can be oriented
alongthe direction oflaser polarization.

To produce crystallization by FLDW, the typical glass matrix used in previous works is composed of
33%Li,0—33%Nb,0s—34%Si0, (LNS) (molar %) [7,10]. Although interesting results have been pub-
lished, the impactofthe glassmatrix hasnotbeen studied extensively yet.

#417461 https://doi.org/10.1364/OME.417461
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In particular, if SiOs is partially substituted with B2Os, the impact on thecrystallization rate can dras-
tically increase, unlocking in such a way the industrial potential of this direct writing technique. Indeed,
the incorporation of B2Os into the glass matrixis of interestasit is expected to lower the glass transition
temperature and, thus, to improve the kinetics of LINbO; crystallization compared for LNS glass [11—
14].

In this work, we report on the impact of LINbO; crystallization by FLDW by adding a significant amount
of B20; in the glass matrix (through modification of the starting glass batch composition). We revealed
the creation of polarization dependent X® by the SHG detection and confirmed this is related to LINbO;
nanocrystals by electron backscattered diffraction (EBSD) measurements. As a reference, we start with
the crystallization of a typical LNS glass. We,

then, intend to analyze the impact on fs-laser irradiation on glass crystallization, when SiO» is partly
substituted with B2Os. More specifically, we aim at determining whether it is possible to induce tunable
SHG angular modulation in these glassy matrices and to identify the orientation ofthe laser-induced
nanocrystals in theseborosilicate glass matrices compared to LNS glass (i.e., BoOs-free glass).

2. Method

Four glasses, with increasing B.Os content up to 2 1%, were fabricated using melt-quenching technique.
Compositionsand labels arereported in the Table 1. A powder mixture of 30 grams per batch composed
0f Si0, (99.9%, SERLABO), H;BO; (99.5%, PROLABO), Li>CO;3 (99.9%,

SIGMA ACSreagent) and Nb2Os (99.5%, STREM CHEMICALS) powders in stoichiometric amount,
was first homogenized using acetone. The mixed powder was then placed inside a platinum crucble
and dried at 200°C for 2 hours before increasing the temperature at a heating rate of 5°C/min up to
1000°C. The mixed powder remained at this temperature for 1 hour. After that, to obtain the melting, the
temperature was increased to 1400°C for LNS34 and 1350°C for LNS27B7, LNS20B14, LNS13B21 at
a heating rate of 10°C/min. Finally, the molten mixture was quenched between two metal plates pre-
heated at around 350°C and maintained at this temperature for about 30 minutes.

Table 1. Glass labels and batch compositions

Glass label Glass batch composition (mol%)
LNS34 33% LiO, —33% Nb,Os — 34% Si0,
LNS27B7 33% LiO; —33% Nb,Os — 27% SiO; — 7% B,0;
LNS20B14 33% LiO; —33% Nb,Os — 20% Si0; — 14% B,0;
LNS13B21 33% LiO, —33% Nb,Os — 13% Si0, — 21% B,0;

The obtained glasses had the shape of a slab of about 1 mm thickness. For laser irradiation, samples
were double side polished toreach optical quality and then they were placed onthe FLDW system that
comprises a motorized translation stage and a commercial femtosecond laser (Satsuma, Amplitude Sys-
témes Ldt, A = 1030 nm, pulse duration =250 fs). Each irradiation was performed by focusing the laser
beam approximately 240um below the sample top surface usinga 0.6 numerical aperture (NA) aspheric
lens. We choose this focusing depth to avoid any surface ablation when scanning over long distances and
to avoid heterogenous nucleation preferentially triggered atthe surface.

The translation stage enables a displacement in the XY plane, while the laser beam propagation direction
is alongthe Z direction as depicted in Fig. 1(a). Three different laser polarization configurations refer-
enced relative to the laser writing direction, along the Y-axis, were used: parnallel: parallel (Yy), at 45°
(Yass) and perpendicular (Yx) to it. The SHG intensity was recorded in transmission using a spectrometer
(Jaz,Ocean Optics) equipped witha multimode optical fiber
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and a coupling lens to maximize light collection from the sample. A more detailed description ofthe
setup isreported in Ref. [7].
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Fig. 1. a) Typical image of SHG detected after few seconds understatic irradiation that corresponds to the
end of the incubation time; b) Optical microscope image in transmission and white light of static irradiation
until the onset of SHG of LNS34 glass sample with varying laser parameters;c) Incubation time as a function
of'the power (in mW) delivered by the laserin static conditions for four glass compositions. Laser conditions
used: A = 1030 nm, NA = 0.6, f =200kHz, focus depth =240 um in air. In Fig. 1(c), each data set was fitted
with a power law (ax?); the latter only serves as a guide-to-the-eye.

We started by performing a static irra diation to investigate the influence oflaser parameters during la ser-
induced crystallization. This experiment, carried out on each sample, served to determine the incubation
time as a function of glasscomposition. The incubation time is thetime taken, upon fs-laser irradiation,
untilthe observation of the SHG signal (Asug = A/2 = 515 nm) and is indicative of the early birth of non-
centrosymmetric crystals, typically LiNbO; is expected in our case [7]. At this stage, only two laser pa-
rameters were varied, i.e., the pulse energy, ranging from 0.25t02.5 uJ, in steps of 0.25 pJ and the laser
repetition rate, with values of 100 kHz, 200 kHz, 340 kHz, and 510 kHz. Thelaser polarization was fixed
alongthe X-axis that is defined by the plane of laser compressor. The minimum incubation time to in-
duce crystallization, found from the above experiments, is also needed for writing lines structures. First
the laser was set in static mode for the minimum incubation time until green light was detected; then
the laser scanning was started. Line writing parameters were setat a fixed repetition rate of 200 kHz and
writing speed of 1 pm/susing different pulse energies (0.25 pJ to 2.0 pJ, step of 0.25 pJ). This was
repeated for the three different laser polarization configurations to assess their influence on the crystal
orientation, namely parallel (Yy), at45° (Yss) and perpendicular (Yx).

Foreach written line, we measured the SHG intensity in the XY plane according to the azimuthal angle
(B) of the probe beam polarization, up to 180° starting from the polarizer referenceposition in corre-
spondence 0f0°,i.e.,along X. The probe beam propagation direction was set perpendicular to the XY
plane andits electric field direction was parallel to this plane.

In our samples, the SHG intensity was measured in transmission mode with the fundamental beam(1030
nm)propagatingperpendicularlytothesample XY planeatpulse energy =0.1 pJ/pulse.
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The spot size (diameter) of the probing beam was approximately 30 ym, well overlapping each laser
track during SHG measurements. The repetitionrate during the measurement was set at 100 kHz. The
transmitted SHG light (515 nm) was recorded after passing an IR low pass filter mounted before the
spectrometer collector.

Finally, to investigatethe correlation between the laser induced microstructure and the SHG response,
we proceeded with an analysis at field-emission scanning electron microscope(FEG- SEM ZEISSSU-
PRA 55 VP) with electron backscattered diffraction (EBSD) detector (TSL-EDAX Velocity Camera and
OIM Analysis software).

3. Results and discussion

In Fig. 1, we report respectively: a) the SHG signal detected upon irradiation, b) the laser induced modif+
cationsobservation under optical microscope with varying conditions, and ¢) incubation times measured

for each glass sample under static irradiation. In particular, Fig. 1(b)illustrates the dependence of the

laseraffected zone onboth pulse energy (E,) andrepetitionrate (RR). As the deposited power (P = RR x

E,) increases, thearea ofthe modified region becomes wider than the spot size, which is characteristic

of thermal accumulation in and around the focal spot (of radius wo 1.2A/(2NA) 1 ym). Figure 1(c) shows

that the measured incubation time decreases as the delivered power P increases. For similar expert
mental conditions, these measurements clearly indicate the tendency for LNS13B21 glass to crystallize

at a much higher rate compared to other glasses. For example, at a delivered power of 100 mW,

LNS13B21 sample exhibits an incubation time of 1 second, while it is of 10 seconds for LNS20B14

and 20 seconds for both LNS27B7 and LNS34, asrepresented in Fig. 1(c). In term of laser-affected

volume, we observethat bothlaser track width and length (measured within the cross section) increase

alongwith the pulse energy. This behavior is characteristic of more heat deposited insidethe glass upon

irradiationandit is in agreement with results from Fig. 11 in Ref. [7].

To assess the effect of the orientation of the writing laser polarization on the crystals, we investigated
the angular dependency of the SHG intensity. Allthe measured values, asa function ofthe azimuthal orr
entation of the probing linear polarization, were normalized relative to their highest valueas shownin
Fig. 2. Here we compared two writing configuration schemes: Yy and Yas. In particular, we chooseto
represent those relative to two characteristics pulse energies, i.e.,

0.5 pJand 1.25 pJ, because of important SHG trends variations thatare visible in Fig. 2(a) and 2(b), for
the four investigated glasses. For the lowest energy value, a strong SHG modulation is found with an

azimuth-0 0f90° forall glasses. For pulse energy of 1.25 pJ, the evidence of SHG “directionality” is

strongly reduced for all four samples, as it is more easily visible from the polar representations referring
to LNS1B21sample, reported in Fig. 2(c). Here we notethe occurrence of a second maximum on the

SHG (8) curve alongthe polarizationdirection.

More specifically, from Fig. 2, we observethat at the lowestenergy (0.5 pJ/pulse), the normalized SHG
intensity (I/Imax) follows a sinusoidal behavior with a strong contrast (Imax- Imin)/ (Imax+Imin) up to 0.9 for
LNS20B14. Wenote a maximum for a direction perpendicular to the laser polarizationi.e., 90° and 135°
for Y« and Yss configurations, respectively. In contrast the minimum SHG is found for a probing angle
perpendicular to themaximum one. This is in agreement with Ref. [10], where the polar axis of LINDOs
is oriented perpendicularly to the laser polarization. Interestingly, this behavior is preserved evenafter a
large substitution of SiO» with B,O:s.

Asthe pulse energy is increased, from 0.5 to 1.25 pJ, the SHG intensity profile becomes more “isotropic”,
which could be caused by the presence of several crystalline textures with different orientations [15].
Indeed, from Fig. 2(c) we can see that the low energy texture (populationleadingto SHGmax for 8 per-
pendicular to writing polarization) is still appearing at 1.25 pJ. However, thereis another contribution
that appears in the SHG (8) response, and is indicative of a second texture (i.e.,a second population of
LiNDbO; crystals with a preferential orientation).
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0.5 pJ/pulseand 1.25 pl/pulse; b) same as a) but for the Y45 configuration. Both the writing direction and

the laser polarization during writing are reported on each graph; c) polar representations for LNS13B21
glass for 0.5 pJ/pulse and 1.25 pJ/pulse with three configurations: Yy, Y45 and Yx (the polarization orien-
tations with respect to writing direction are indicated by double headed arrows in the coordinates of the ref-
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Thisis also clear with the configuration Yss for which thereis no maximum in the direction of writ-
ing.

One could expect the minima and maxima ofthe SHG modulation to be positioned exactly 90° apart
from the laser polarization. However, a slight departure from this angle is observed, and

a) LNS34 LNS13B21
075w 125w || 075w 1.25W

Polar. Polar.

Qe ©«

Laser polarization:
Parallel to writing

direction @
Perp. to writing
direction ¢

Laser beam
direction

Scanning

direction s

Scale:

S5um

z

1007 0751 Y, 100+ 125 WY,

90
80+
LNS34
704 LNS13B21

70

60
50 -
40
30
20

Number of crystalline domains
g
Number of crystalline domains

104

Y T T T T J 0
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

Size of single texture regions (nm) Size of single texture regions (nm)

Fig. 3. a) Electron Back Scatter Diffraction (EBSD) micrographs of the laser track cross sections for both
LNS34 and LNS13B21 glass samples, fortwo pulse energies (0.75 pJ/pulse and 1.25 pJ/pulse) and with laser
polarization either parallel or perpendicular to the scanning direction. The inverse pole figure (IPF) color
code is based on LiNbO3 space group, with coding along the laser polarization direction; b) Size distribution
of'single texture regions for LNS34and LNS13B21 for the Yy configuration and two different pulse energes
(0.75 pJand

1.25 WJ). Irradiation conditions: A=1030nm, NA = 0.6, f =200kHz, focus depth =240 um

in air, writing speed = 1 pm/s.
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may bedue toanasymmetric orientational writing effectas previously observed atlow speeds (1 pm/s,
similarto this work)in LNS glass [15].

Finally, to validate the presence of the LiNbOs crystals and to study their orientation inside the laser
track cross sections, electron backscattered diffraction (EBSD) analysis was performed on LNS34 and
LNS13B21samples[16,17]. The resultsare presented in Fig. 3(a).

We first observed that LINbO; nanocrystals were effectively precipitated. Secondly, from the inverse
pole figure (IPF) color code, the crystal ¢ axis (along the 0001 direction) is found to be oriented per-
pendicular to the laser polarization (absence ofred color on the EBSDmap).

This is obviously the case at the lowest pulse energy, whereas at higher energies crystal ¢ axis orientation
is observed to vary and be only partially oriented along the polarization direction. Note that these ob-
servations are in agreement with the SHG experiments: at low pulse energies the crystals are well ori-
ented with their c axis perpendicularto the writing laser polarization and corresponding to a maximum
SHG contrastwith a nearly single texturation. However, athigher pulse energies, a partofthenanocrys-
tals population exhibit c axis orientation along the polarization leading to a more spatially distributed
(hence isotropic) SHGresponse.

From the EBSD data (Fig. 3(a)) we could distribution of single texture regions of nanocrystals (a ssuming
they are spherical) within the investigated lasertrack area. In Fig. 3(b), we report this distribution for
LNS34 and LNS13B21 forthe Yy configuration and two different pulse energies (0.75 pJ and 1.25 pJ).
Atthe highest pulse energy (1.25 pJ in this comparison) we observe thetendency to form larger regions
with sametexturescomparedto the low energy conditions (0.75

pJ, 20 nm — 300 nm diameter range).

4. Conclusion

In this work, we demonstrated that tunability of SHG in lithium niobate silicate glass can be extended
to the borosilicate glass family, through anadequate control of the laser parameters. More specifically,
the substitution of SiO, with B,O; is foundto be advantageous as it promotes faster crystallization of
LiNDbO; crystals while preserving the tunability of SHG. The latteris related to thelarger SHG response
alongthe c axis of the crystals, which is preferentially aligned perpendicular to the laser polarization at
low pulse energy. Currently, the LINbO; orientation is understood as being due to alignment of the larger
linear susceptibility matrix element (  to ¢ axis) with the electric field [18]. We also observe that
LNS13B21 glass exhibits a shorter incubation time and thus likely a faster crystal growth with respect
LNS34 thatmay explain the larger crystals at 1.25 pJ, and more experiments are ongoing to confirm this
hypothesis. Several key properties of the written structures related to photonic devices fabrication will be
investigated in the future, including refractiveindex changes and birefringenceresponse.
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Abstract Femtosecond (fa)laser dimct writing is a powerhul bechnique to enable a large vacety
of integrated photonic functions in glass materials. One possible way to achieve functionalization
is through highly localized and controlled crystallization inside the gliss volume, forexample by
precipitating nanocrystals with second-order susoe plibility (frequency converters, optical modu-
lators), and /or with langer efractive indices with respect to their glass matrices (graded index or
diffractive lenses, waveguides, gratings). In this paper, this is achieved through f-laser-induced
crystalliz ation of LiNDO, nonlinear crystals inside two differsnt glass matrices a silicate (mol’s
33Liz 033Nk Oe- 3145100, labeled as LNS) and a borosilicate {moel%: 33020 330bz Os- 13560- 21 Bz Ok,
labeled as [NSB). More specifically, we investigate the effect of laser scanning speed on the crystalliza-
tion kimetics, as it is a valuable parame ter for glass laser processing. The impact of scanning enengy
and spead on the fabacation of crented nanocrystals and nanogratings during fs-laser irradiation
is studied Fs-laser direct writing of crystallized lines in both LNS and TINSB glass is inv estigated
using both optical and electron microscopy Echniques. Among the main findings to highlight, we
observed the possibility to maintain cry stallization durng scanning at speeds -5 times higher in
LMNSE mlative to LNS (up to 600 pmy/s i ourexpermental conditions). We found a speed megime
whene lines exhibited a large polarization-controlled metardance msponse (up to 200 nm in LNSB}
which is attributed to the exturabion of the crystal/ glass phase separation with a low scatbering level.
These characteristics are megarded as assets for future elaboration methods and designs of photosic
devices involving crystallization. Finally, by wsing emperatune and irradiation ime variations along
the main laser parametens (pulse energy, pulse mpetition rate, scanning speed), we propose an
explanation on the origin of (1) crystallization hmitation wpon scanning speed, (2) laser track width
variation with mapect to scanning speed, and {3) narrowing of the nanogratings volume but not the
heat-affected volume.

Keywonds: femtosecond laser; crystalliz ation; silicate glasses

1. Introduction

As the world is progressively evobving towards a photonic future, there is a need for
miniaturization and functionalization of photonic devices (including photonic chips, wave-
length comwerters, lenses, etardation waveplates, waveguides, etc.) [1]. In this context,
femtosecond (fs)-laser irradiation in glass materials is an attractive way to functional-
ration [2,3]. By using temporal ultra-short laser pulses (e.g., 10-1000 fs) with very high
intensities (up to 10-100 TW/ am?}, highly selective local modifications (few um® involume)
can be achieved thanks to multiphotonic absorption of the laser light.
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Different kinds of materials modifications can be obtained, depending on the glass
material considered, as well as laser parameters (e.g., pulse energy, repetition rate, and
scanning speed). For instance, in silica glass, both positive and negative index contrasts
can be achieved [4,5]. The glass response to fs-laser is manifold, and includes, for instance,
formation of defects, densification, fictive temperature changes, stress fields, aystallization,
and so forth. The latter (crystallization) is a promising pathway in the functionalization
of optical devices. The precipitation in glasses of several crystals has drawn interest for
their nonlinear, or electro-optic properties, among which we can cite Fresnoite (barium
or strontium-based [6]), barium borate (BaB,0y) [7], LaBGeOs [8,9]. or again Lithium
niobate (LiNbO;) [10], but many others exist (see, for instance, [11] for an extended and
thorough review).

Given the plethora of aystals that can be induced from glasses, it is therefore important
to comprehend the mechanisms that may lead to property tunability. In this work, we
investigate the role played by scanning speed (v) vs. the energy during the crystallization
process, and specifically draw our attention to nano-crystallization orientation and self-
organized phase separation (so called nanogratings). From an application standpoint, the
goal is to provide means to target future glass fabrication in order to maximize scanning
speed and property response (e.g., second harmonic generation i.e, SHG, birefringence),
while keeping scattering losses as low as possible. From a fundamental perspective, this
work aims to better understand the mechanisms that drive light matter structuring in these
glasses. More specifically, we intend to highlight links between scanning speed and the
resulting structuring (crystallization, its size and orientation distribution, and nanograting
formation). To conduct this study, two glasses were fabricated with the melt-quenching
technique, with the following batch composition (mol%): 33Li;0-33Nb;04-345i0; (labeled
as LNS), and 33Li,0-33Nb,0s-135i0,-21B,0; (labeled as LNSB). The addition of B0,
is known to lower the crystallization temperature and increase the crystallization rate.
Subsequently, each glass sample was irradiated by fs-laser while laser parameters are
varied (scanning speed, pulse energy, and laser polarization).

In the subsequent Introduction Sections 1.1-1.4, we provide a brief discussion on
several important points that will give the reader context in order to better comprehend
the Results and Discussion Sections. First, we discuss background information on ori-
ented crystallization in lithium niobium silicate glasses. Secondly, we consider the role
played by the incubation time and its impact on the time-temperature-transformation
(TTT) crystallization diagram in LNS glass. Then, the temperature profile evolution (in
space and time) after laser irradiation inside the glass is addressed, as well as the impact
of pulse temporal overlapping. Finally, we highlight the choice of laser parameters, us-
ing a pulse energy-repetition rate landscape, which are prerequisites to induce oriented
nano-crystallization.

1.1. Oriented-Crystallization of LiNbO; Induced by Fs-Laser in Lithium Niobium
Borasilicate Systems

In a series of papers [10,12-16], our group has extensively investigated fs-laser-induced
crystallization in lithium niobium silicate (generically labeled as LNS) glass, and more
specifically the material response upon laser parameter changes including pulse energy
(Ep), pulse repetition rate (f), and laser polarization direction (with respect to the scanning
direction). Among these studies, it was pointed out that precipitated nanocrystals inside
NS could be oriented in space through a control of laser polarization. At low pulseenergies
(typ. ~0.5 uJ/pulse as per this paper), a maximum SHG optical response was observed
perpendicularly to the writing laser polarization direction, no matter its orientation. This
SHG response was attributed to the crystallization of LiNbO; nanocrystals, the latter
having their polar axes perpendicular to the laser polarization. This texturing of LINbO,
nanocrystals was later confirmed by electron backscatter diffraction (EBSD). At slightly
higher pulse energies (typ. ~1.25 u]/ pulse as per this paper), a second texture appeared,
indicating that LINbOa polar axis was partly oriented in the direction of laser polarization
in these conditions. The existence domain of this texture still must be confirmed. These
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results are in agreement with previous results [17]. Very recently ([18]), we reported that
By incorporation into LNS glass preserved the dynamical modifications yielding to SHG
response, while keeping its polarization-dependence This added an important parameter,
namely the laser polarization, to the engineer's toolbox for optical device elaboration
and tuning.

1.2 Incubation Tirre and Temperafure-Time-Transformation (TTT) Curve in Static Mode

In the same previous work [15] as described above, we observed that the addition of
By drastically reduced the incubation time with respect to ByOs-free (ie., LNS) glass.
The incubation time is the time taken, upon fslaser irradiation, until the observation of
the SHG signal. The variation of the incubation time with respect to the average laser
power and upon the addition of ByO; to the glass produces a displacement of the time-
temperature-transformation (TTT) curve. Using results from [18], the incubation time is
represented in Figure 1a, while the TTT curve for LNS is mported in Figure 1b.

Mow, to further pinpoint the decrease in the incubation time when adding B, O into
LNS glass, and to make the link with the TTT diagram, we must consider the tempera-
ture distribution upon (pulsed) laser irradiation. For a single pulse with a given pulse
energy (Ep), the associated thermal deposition (transfer to the lattice vibrations) leads to a
temperatume distribution profile T(r, t). The latter is as wide as the beam waist diameter
immediately after the pulse is deposited, which corresponds to the period start as defined
by ty in Figure 1c. Following this initial step, the T profile broadens very rapidly due to
heat diffusion follewing a bell shape, and consequently, the maximum Emperature {(at
the center) conversely deceases since the amount of heat given to the system is constant.
Finally, at the end of a period, T slowly reaches a minimum value, Ty, towards the end of
the period. This temperature profile evolution is illustrated in Figure 1c.

Mow in the multipulses regime, at radius r including the center, the temperature Tix, £)
oscillates between Ty (L W) and Ty, it N} [19]. N cormesponds to the number of pulses
deposited before the time t, and T, is the period of the pulses. When T, t) is computed
within one time period, it is clear that close to the center (r < Jwy, wy being the width of
the beam at 1/e) and for weak time overlapping pulses (tp>>1p, the heat diffusion time)
there is no crystallization:

(1) meither at the beginning of the period, T is too high (several thousand degrees) during

a short time
(2) nor at the end of the period, T is too low during a long part of the period (specifically

when the pulse time overlapping is small).

S0, the "active part” of the period is between Ty, and Ty, Consequently; our reasoning
is based on the averaged power delfemd within a pulse time pericd. The average tempera-
tume T (the mathematical expression can be found in Appendix A Equations (A2) and (A3))
appears to be a function of the averaged power P = Ep-fand of the number of pulses N.
Mote that T is constant within each period.

For a given P, the T distribution is thus a bell shape curve around the beam axis that
does not oscillate anymore but slow by evolves with respect to time ie., N. Now looking at
the TTT diagram in Figure 1b, several scenarios can be enwisioned. First, if maximum T is
just above the crystallization onset temperature, Ty, and if the irradiation time is at least
equal to the incubation time, crystallization will occur. Now, if the maximum T increases
slightly (though an increase of P) approaching to Ty (crystallization temperature peak),
a larger area will be above Ty and crystallize. Finally, if Twmax > Tp, there will be a radius
r > Dwhere T = Ty, that will crystallize first rather than the center of the bell The apparent
incubation time measured with the laser is thus a uniform deceasing function on T and so
on T (see Section 4.3) as in Figure la.
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Figure L (a) Evolution of the incubation time as a function of LNSB glass composition. The results are recalled from [18].
(b) Representation of the crystallization domain for LNS glass in TTT (time-temperature-transformation) scheme; 'I‘P:
crystallization peak eemperature, Ty: glass transition temperature. (¢) Scheme of the tempe rature spatial distribution T(r, t)
evolution after pulse deposition inside the glass, and as time evolves. We note that as the maximum tempe rature decreases
with time, the width of the distribution increases (the heat energy in the system remains constant). As a side note, the beam
waist radius wp is typ. around 1 to 1.5 um.

1.3. Heat Accumulation (Multi-Pulse Irradiation) Considerations and Impact an Crystallization
Within heat accumulation regime, the spatial temperature profile evolution (Figure 1¢)
described above for a single pulse is expected to be modified by subsequent pulses while
the contributions from the former ones are not vanished yet This will influence the
temperature distribution in space. The time needed to reach a steady state of overlapping
pulses (in time) can be associated with a minimal number of pulses, labeled as Ny, (1) in
Appendix A (Equation (A5)). In this case, a memory effect is at play from one pulse to the
other. It scems that growth of nanocrystals and nanogratings is of such category. This may
also explain that the incubation time is dependent on the average power and not only on
pulse energy. Several key features can be extracted from modeling heat deposition and
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temperature profile in multi-pulse regime (see Appendix A for mome details regarding the

hypotheses and the calmulations used):

(1)  when there is no prlse overlap in fime; typ. when the pulse period (Tp) is greater than a
few hundreds of the diffusion time (To~wo® /40T, wo is the beam waist radius at 1 /e
and I is the thermal diffusivity):

#  Fp(and momwe specifically the absorbed part of Ep) sets the temperature amplitude
(T in Appendix A, Ty = E-A-EF.I[-’l-Ir-p-CP-wa and this is not dependent on
the thermal conductivity Om the contrary, the shape of Tz, t) is from the solution
of the Fourier's equation with one pulse and is defined by w, f and the thermal
diffusivity Dy.

o  DNote that f/v controls the density of pulses per um (Pp) or the pulse overlap
in space. Pp is ranging from <2000 to 200,000 pulses/ um in this present work.
Momeowver, the number of pulses deposited punctually is given by 2wy Pr (wy is
the beam radius).

(2) awhen there (s an imporfant overlap befieen pulses in tine (typ. Tp < TR0k
»  The average power P = Ep, - fcontrols the temperature amplitude that is now de-

pendent on the thermal conductivity , Le., i;ﬁ:ﬁ with ot being the absorption
coefficient. The profile in space and time is close to the solution of the Fourier's
equation with a continuous wanve (CW) laser source [20] and the width of the
distribution is simply dependent on o

» Dot that as in the previous situation, f/v controls the density of the pulses per
um (or their overlap in space) = duration of irradiation per point (=Ttp-2w-f/v)

(3)  awhen the pulse overlap is nfermediate (typ. Tp-Tpk An average approximation may be
considered for the temperature.

o  Casen"l:T(r,N} = .ﬁ:m-md - %dt this corresponds to an average tempera-
ture during the total pulse period, numbered M.

« (Casen"2 we can say that below a given temperature (T, no effect hap-
pens (e.g, below Ty for a crystallization, but another Ty, can be used for
another process depending on the kinetics invobred). No effect ooours also
above a given Ty (e.g., Tw or liguidus temperature in the case of crystalliza-
tion). Consequently, the average temperature is bound as in the next expres-
sion T(r, N} = rm!n] mr-:r:_":l"T(r, t)dt where t;(N) = inf (Tyudr, N), Ty, and
ta(N) = sup {I'E_,'Tm{n Nl It is worth pointing out that for this suggestion,
ta(r, N} — ty(r, N} = T Mote: sup(.,.) and inf(,.) mean the largest and the
smallest values of the quantities in the brackets.

Therefore, the important parameter to consider is the pulse overlapping in time. It
is ruled by the ratio R, = t,/tp. For the glasses to be considered in this study, R, = 18
as Dy = 8- 1077 ml/s either for LNS or LINSB glasses. The number of overlapping
pulses is around 10-1% (see Appendix A Equation (A5)). This means that pulses deposited
between 10 and 15 time periods before the last pulse have a negligible contribution to
the pulse’s summation. Mote that our experiments herein ane rather in the conditions of
weakly overlapping pulses. Consequently, from the beginning of irradiation and after
10-15 pulses, a steady state is reached where T oscillations become repetitive. Howewver,
in most of the observed phenomena, the relevant quantity is the average temperature
T(r, N) that becomes time independent after 15 pulses. It is written T(r, o) in Appendix A
Equation (A4) (for instance) and its time-independent shape is thus very convenient to
discuss the effect of thermal treatment in scanning mode with a laser.

In this work, we will mostly focus on the effect played by the scanning speed. As
shown above, the latter plays a different role than the pulse energy (Ep). [t must be pointed
out that the heat diffusion speed (~4Dy /wo, Le., a few 10 m/s in our experimental condi-
tions) is much larger than the scanning speed (typ. <1 mm/s). Consequently, the scanning
speed is expected to have a negligible effect on the temperature distribution profile.
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1.4, Phase Separation Induced by FsLaser m Lithinm Niobnum Sficate Glass and Choice of Laser
Paramefers in This Study

In addition to precipitate oriented nano-crystals in LNS glass, it is possible to induce
laser polarization-oriented phase separation upon laser irradiation under the form of
lamellar-like structures perpendicular to the laser polarization [13]. These lamellas are
quasi-periodic and form an array of crystalline phase (LiNBO5-rich) and glass phase (Si0,-
rich} at the sub-wavelength scale [13). A direct consequence of this re-organization is the
appearance of measurable form birefringence, which can be characterized under an optical
microscope with polarized light through optical retardance measurements [13,21).

To study the effect of scanning speed on this phase separation, we first need to find
the adequate laser conditions to fall within the domain of orientable nanocrystals. Ina
previous publication on LNS glass with a close composition to the LINS glass used herein,
three laser-induced modification regimes wene stated [14] as highlighted in Figure Za using
a Epf landscape. There is a first regime at low pulse energies where the material remains in
a vitreous state. In this regime, both the refractive index and the etching rate are modified
(isotropically), which is associated with a change of fictive temperature (a parameter charac-
terizing the degree of disorder in glass). A second regime appears at higher pulse energies
(in fact abowe an averaged incident laser power of 0.16 W), where nano-crystallization is
observed, and that is textured such that the polar axis of the nanocrystals is perpendicular
to the writing laser polarization. Then, increasing the pulse energy, a third regime appears
(abowe an average incident power around 0.32 W) where larger crystallized zones with
the same orientation appear. In this case, a part of the heat-affected volume (HAV) is
melted and crystallizes driven by the peripheral part of the HAV that has not melted. In
our conditions and as will be detailed in the Materials and Methods Section, we used two
pulse energies: 0.5 and 1.0 u]/ pulse (at f = 200 kHz), which correspond to 0.1 and 0.2 W,
respectively. For completeness, based on previous experiments carried out in the samples
imvestigated herein [13], we could identify the thresholds (T1, T2, T3) for the 3 regimes.
Therefore, in Figure 2bwe place the thresholds on a similar Fp—f landscape found for LNS.
It is worth pointing out that the LNSE glass would exhibit slightly lower threshold values.
With the experimental conditions considered in this paper, we are in the regime of oriented
nano-crystals formation.

Finally, in [12], the effect of the scanning speed in regime 2 has not been investigated
deeply but pointed nevertheless an effect At an energy of 1.4 pJ, the orientable possibility
was seen for 25 pm/'s with the polar axis perpendicular to the laser polarization; but for
10 um/'s there was another texture with the polar axis parallel to the laser polarization [17].
Cm the other hand, at high pulse energies (42 pf), the authors from [22] obtained a perfect
single texture (a third one with the polar axis aligned along the direction of scanning) in
the whole heat-affected v olume (HAY) for speeds lower than about 25 pmy/s. However, at
this pulse energy, the laser track width is a bit large for a single-mode waveguide (25 um).
Mevertheless, these works showed that controlling the scanning speed may enable the
control of nane- /micro-crystallization of the laser track.
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Figure 2 {a) The three mgimes of laser induced modifications in the pulse energy—repetition rate plane (E,~f). The scheme
on the left is for a LNS glass with a close composition than the one used in this paper ([12]). {b) Begimes established
from results obtaimed with the glass composition and pulse duration used in the present paper We note that the enengy
thresholds ane a bit lower for the LINSB glasa. NLB, the mention “static” means no beam scanning {dot production, the
relevant parameter is the duration of irradiation) contranly to “scanning” (the relevant parameter is the scanning speed).

2 Materials and Methods

The two glasses investigated in this work wene fabricated using the conventional
melt-quenching technigue. These glasses are the same as the ones used in Ref. [18]. The
targeted compound concentration (in mol®:) of each glass is: 33Lip0 33N by (- 34500
(labeled as LMNS) and 33Lix0-330Mby0e-13500-218:0 (labeled as LNSB). Briefly, powders
of Lip(y, 510, and Wby (and H3yBOy, for LNSE glass) were crushed together in acetone
to homogenize the powder mixture. Subsequently, each powder batch was placed inside
a platinum crucible and dried at 200 “C for ~2 h. Following this, the temperature was
increased up to 1400 “C (LNS) and 1350 *C (LNSEB) and set at these temperatures for 1.5 h
Then, the molten mixture was quenched between two metal plates preheated at around
=350 *C and maintained at this temperature for about 30 min The quenched glass formed a
plate about 1-mm thick. Finally, few pieces of each glass sample werne polished on top and
bottom surfaces until optical roughness was reached. Each glass sample was thus placed
on a motorized translation stage and subsequently irradiated using a femtosecond laser
(Satsuma, Amplitude Systémes Ltd. Pessac, France, A = 1030 nm, pulse duration = 250 f5,
numerical aperture {MA) = 0.6). Each irradiation was performed with the laser focal point
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situated approximately 240 pm {in air) below the sample top surface. The translation
stage enables a displacement in the XY plane, while the laser beam direction is along the
£ direction. The experimental setup is displayed in Figure 3. Here, the eference in the
direction of writing laser polarization is given by +X in the XY plane (illustrated by € in
Figure 3); the scanning direction is identified as 5 in the same figume.

—— Femtosecond laser
e lk 1030 nm, 250 fs
direction (linearty polarized bewmm)y

¥

% € {laser polarization direction)

X

Mation stages

Figure 3. Experimental laser setup, and comvention for the reference on the sample and its relation to
the meference on the laser 5 and e cormspond to the scanning direction and the polarization direchion,
respectively. Moke: in this work, Yy configuration cormesponds to e paralle] to S (e is along Y), and ¥x
configuration toe perpendicular o5 (e is along X).

Lines were written in the plane perpendicular to the laser propagation direction (Le.,
the XY plane) at various scanning speeds (from 5 to 600 um/s). A halfFwave plate placed
along the beam path controlled the linear polarization. 5 mm-long lines (at £ = 200 kHz)
wemk written inside each glass sample (LM5 and LMNSB), using two laser polarization
configurations: parallel (labeled as Yy), and perpendicular (labeled as ¥x) to the laser
scanning direction (being along the Y axis, or 5). Other parameters were varied, induding
pulse energy (0.5 and 1.0 pJ), and scanning speed. At this point, it is worth to point out
that prior to each scanning, the sample was irradiated with a static beam with a time
at keast equal to the incubation time. The minimum scanning speed was set to 1 pm,/s,
and the maximum scanning speed was determined onee no green light could be detected
during the irradiation. This green light is characteristic of SHG induced by LiNbOs, and no
light detected was indicative that no more crystallization occurred during the inscription
(typically at speeds of few hundreds of um /s at a pulse energy of 1 pJ).

To investigate the differences of the lines inscribed in both LNS and LMSB and when
scanning speed is varied, we used an Olympus BX51 optical microscope (Olympus). A first
observation was done under white light to gain general insights on the laser track trans-
parency, homogeneity, and dimensions. A second analysis was performed under polarized
light to detect birefringence, characteristic of textured nano-scale phase separation, and
neutral axis directions. Using a first-order (full wave) etardation waveplate, the slow and
fast axes of the lines (if birefringent) have been determined. Finally, we measured the linear
retardance () at the center of the irradiated lines, using the De Sénarmont compensator
technique. B is proportional to the birefringence (B) through the relation E= B = L, where
L is the thickness of the birefringent object.

Finally, to better compmrehend the origin of the differences observed in optical mi-
croscopy, the laser track cross-sections of the LINSB sample (at different speeds and for
0.5 u]/ pulse) were brought under a field-emission gun scanning electron microscope (Carl
Zeiss Microscopy GmbH). (FEG-SEM ZEISS SUPEA 55 V) equipped with an e lectron
backscatter diffraction (EBSIY) detector. The samples were side polished perpendicularly to
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the scanning direction and until the laser-cross section was exposed. Crystalline texture,
size, and nano-/ micro-texturing could be observed.

3. Results
3.1. Effect of Scamming Speed: Optical Microscope Observation under White Light luninat ion
(Tranamisaon Mode)

In Figume 4a, the optical microscope images of some sections of the inscribed lines (Yx
configuration, in transmission mode, top view, and upon white light illumination) for LNS
and LINSH samples are displayed. At this point, it is worth pointing out that the black lines
(at low speeds, typ. < 25 pm/'s) wene associated with a bright and well visible green light
observation during the laser irradiation and the brown colored lines with less vivid green
light intensity (although still wisible). Finally, for the nearly transparent lines (at the highest
scanming speeds), no green light could be detected during the irradiation. Detection of SHG
is a direct indication if LiNbOy crystals were precipitated during laser scanning. As can
be seen from Figure 4, the samples are lightly colored {orange). Absorption spectra were
recorded and are presented in Appendix B, Figure A1, They revealed a linear absorption
tail starting below 500 nm and a cutoff wavelength in the UV region at around 350 nm for
both glasses. However, no absorption band is detected at the laser wavelength that could be
a source of strong linear absorption. From Figure 4a, a very different behavior is observed
with respect to each glass sample. For LINS at 0.5 pl/pulse no crystallization could be
detected at scanning speeds above ~50 pm/ s, and there was a sharp transition between
crystallized lines to no crystallization. For LNSB glass, crystallization was detected up to
~225 um/'s for the same pulse energy regime and configuration. Additicnally, the transition
regime from dark lines to transparent ones was incremental. Comparison made between
LMS and LNSB for a higher pulse energy (1.0 pJ) shows no crystallization at scanning
speeds beyond ~100 pmy/'s for LNS glass and beyond ~&00 pm /s for LNSB. Moreover, the
line width fluctuates in a periodic fashion for LN5 whereas it is very weak for LMSB. This
is rather similar to what has been reported in [23] using a CW laser 1080 nm, 14-1.8 W,
MA = 0.5, at the surface.

Finally, the averaged heat-affected volume (HAV) width for each line is reported in
Figure 4b, for ¥y and Yx configurations. In both LMNS and LNSB, increasing the pulse
energy causes, on the first order, an increase of the HAV width. For LNSB glass at low
pulse energy, the laser track thickness slowly decreases as the scanning speed incmeases.
O the other hand, at 1.0 p]/pulse, the laser track width increases and reaches a maximum
at around 150-250 pm//'s, then progessively decreases.

11 Birefringence Measurements md Folarizat iom-Diependent Orientation
Based on the previous observation under optical microscopy, we could classify three
{3) types of line inscription regimes: one at low speed (lines appear dark, little to no light
passing through them), one at medium speed (brownish lines, with light passing through
them), and cne at high speed (no detectable crystallization, and light fully passing through
them). These three-speed regimes are reported in Figure 5a for lines written in LNSB using
increasing speeds: 1, 75, and 350 pm/s. To further investigate the differences between
these speed regimes, we used different illumination conditions:
(1) transmission with natural light; we see rough modifications
(2) transmission with crossed polarizer (F) and analyzer (A ) (polarized light)
(3) same as (2) with a full waveplate inserted with its orientation perpendicular to the
scanning direction; see Figure 5a.
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Figure 4 (a) Optical microscope images of lines inscribed by flaser in silicate (LINS) and borosilicate
(LMEB) glasses at various scanning speeds and for bwo pulse energies: 0.5 and 1.0 p] (Yx config-
wratioa). (b) Heat-atected volume (HAV ) width as a function of scanning speed, measueed from
optical microscope images in LNS and LNSB glass samples, for 0.5 and 10 u], and in both Yy and
¥x configuration modes. Other (fixed) parameters ane: A = 1000 nm; £ = 200 kHe; NA = 06; pulse
duration= 250 f5; focal depthe 240 pm (in air).

In (2): the background iglass) whatever the sample crientation appears dark due to
glass isotropy. The lines are also dark when they are placed parallel to either P or A. On the
contrary, when the lines (low and medium speed regime) weme rotated at any other angle
than parallel (/ /) to P or A, light passes through them, with a maximum at an angle of 45°
with mespect to both A and P axes (with a precision of £5). This featune was maximized
for the medium speed regime (75 pm,'s in Figure 5a) indicating that the orientations of the
neutral axes are parallel and perpendicular to the line scanning direction

In {3} with the insertion of a full retardation waveplate and the neutral axes at 45
from A and F, we distinguish the slow axis from the fast axis. When the slow axis of the
line is parallel or perpendicular to the slow axis of the full retardation plate (at 550 nm), it
appears blue or yellow, respectively. Here, whatever the investigated configurations, the
slow axis of the written line is found perpendicular to the writing laser polarization. This
agrees with [21], and is attributed to (i) the formation of quasi-periodic lamellas with two
different refractive indices, and (ii) not to the birefringence related to the criented LilNbO:y
nanocrystals contained in one of the lamellas.

Finally, retardance (K) was quantitatively measured at the center of each irradiated
line as reported in Figure 5b,c. In LNS glass, the retardance arises from the formation of
a sub-wavelength and lamellar-like structure with perindic alternation of LiNbOs-rich
regions (cry stallized) with LiNBOs-poor (glass rich) ones, keading to form birefringence,
hence retardance [21].
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Figure 5. (a) Optical microscope images, under different illemination conditions, of lines written at different scansing
speads (1,75, and 350 wm, s) for LNSB glass sample at a pulse energy of 0.5 u]. F= polarizer; A = analyzer. Other (fixed)
parameters are: A (f-laser wavelength) = 1030 nm; § = 200 kHz; NA = (L6; pulse duration = 250 fs; focal depthe 240 pm (in
air}. Betardance (in nm) measured for (b) Yy and (€} Yx configurations at 550 nm at the center of the irradiated lines as a
function of scanning speed, for both LNS and LMSB glasses, at pulse energies of (1.5 and 1.0 ).

From Figure 5b,c, we observe general trends with respect to the retardance of the
lines. At the lowest speed (1 pm,'s) the measured retardance is null and this for each
glass and at every pulse energy (either 0.5 or 1.0 pJ). Mow, in LNSB, as the scanning
speed is progressively increased, the retardance also increases, until it reaches a maximum.
Lowering the pulse energy (going from 1.0 to 0.5 p]) results in the enhancement of the
retardance In LMNSH, this increase approximately corresponds to a factor of 4 (up to 200 nm).
At 0.5 p] retardance disappears beyond 350 pm,/s, whereas for 1.0 u] it is roughly constant
until 600 pm, 5. For LNS, the maximum is abways roughly 100 nm. However, if retardance
increases just from a few pm,/'s until 50 pm/s at 0.5 yf, it starts to increase the latter by
1.0 pJ but both exhibit a steep decay at 200 um,/s. Although at higher speeds the lines
are not crystallized, at low speeds crystallization occurs. Therefore, the low-speed regime
exhibits a birefringent response, but the white light is scattered as it travels through the
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cross-section due to the presence of large crystallites along the laser track. Finally no
writing polarzation effect is detected on the mtardance amplitude, and the maximum
retardance response found for LNSB is about twice larger compared to LNS.

13 Investigation of Soannmg Speed Effect on the Laser Track Morphaogy in LNSE Glass

To better understand the various trends observed when the scanning speed is varied,
we investigated the morphology and nanostructure using scanning electron microscope
imaging and electron backscatter diffraction (EBSD). In Figure fa, we report the laser track
cross-section (for 0.5 w]/pulse, Yy configuration) SEM micrographs and EBSD diffraction
pattern images taken in LINSB sample, at three different speeds: 1, 10, and 75 pm/s. As
one can rotate the lamellas by rotating the laser polarization, the choice of Yy configu-
ration was decided for investigating the crystallization in the plane of the lamellas (see
for instance [14]). We first confirm the presence of LiNPC: nanocrystals, and no other
crystalline phase was detected, Le, all Kossel's figures were indexed. Secondly, we observe
that the crystallization is rather homogeneously distributed. As it has been seen before
in a similar analysis performed on 503 [24], there are some regions that are not phase
separated. We can suppose that this is the case at the center of the laser track, especially
for 25 and 50 pm,/s. However, we cannot completely rule out the possibility to partially
imvestigate some areas that are between two crystalline zones, hence they would appear
amorphous. We observe a concentration of nanocrystals at the laser track center in the
head as the speed increases, whereas at a low speed we observe larger regions of similar
crystalline orientation, ie., similar color in the inverse pole figure (IPF). The average size
of the regions of the same orientation (single texture) as a function of scanning speed is
reported in Figure 6b (in magenta), along with the error bag, which corresponds to the
standard dewviation (providing information of the size distribution). Additionally, we also
report the evolution of the number of regions as a function of scanning speed. This figure
emphasizes the observation of larger crystalline domains with the same orientation in
the low-speed regime relative to the high-speed one. Interestingly, beyond 25 pm /s, we
observe a plateauing in the crystalline size evolution (averaged size centered at 100 nm)
with a narrower distribution (small standard deviation). This is also accompanied with a
rather constant number of a single texture region: approximately 600 to S00 regions from
10 to 175 um,/s, while this number drops to 300 for the lowest scanning speed (1 pm,/s).

Lastly, in Figure &c, the pole figures of LilNbOy c axis reveal a dominant tecture, where
the ¢ axis is found preferentially perpendicular to the laser polarization for all laser tracks.
This is consistent with previous works (see for instance [10,18]). However, we observe
that, as the scanning speed increases, the preferential orientation of the ¢ axis becomes
less contrasted.

In addition, SEM imaging was performed on the laser track cross-section of LNSB
sample but this time in the Yx configuration. This allows seeing any lamellar-like nano-
structuring as already suspected based on the observation of birefringence. Thisw arletj. of
nanogratings, previously observed in LNS glass {[13]) within the oy stallized region, “grow ™
perpendicularly to the laser polarization. The SEM micrographs reported in Figure 7 show
some interesting features worth pointing out First, the observed crystallized volume be-
comes smaller as the scanning speed increases (in yellow ). Additionally, the length, but not
so much the width, of the region where lamella-like structuring is observed, framed by the
orange dashed line, progressively decreases as the scanning speed inceases. At low speeds
(=25 um, s), theme is a complete overlap between the crystallized and lamellas regions,
while it is much reduced at higher speeds. Similar observations have been reported in [12).
At low pulse energy (0.5 pl fpulse], the lamella area also coincides with the crystallized
one. But when energy is increased, the lamella area becomes smaller with respect to the
crystallized one, Le., the overlap is mduced. Note that lamellas forming nanogratings are
resulting from direct interaction with the laser light whereas crystallization is not.



Crystals 2021, 11, 290 15 of 28

Laser polarzation 0 Ceake: lPFd!:]I.iHbCIJ} -I:dgrl:;:tﬂE o

1 clirection & SCAnnmg on. 15un
e b e : 2 pm D001; ¢ axis orientation
Scarning direction ;\-__' — i = 1T 13

Tpmfs 10 pmfs 25 pmy's

I 3091 1 i . ] 1df) — . ! Scanning direciion \_
5 b) |2 Q Lariir beam
= . direction "
o 000 A
o *,‘ - A % +) omeniation -
m | = e "
B = 1 . a 0001 : © axis
2% B0 .* . \ - S0 pmfs 75 umds 100 pmfs rertaton
. - * L "3 ; .
o TEon{ e - g = ) ] Trieneity
?E ?J;II - e = 13,889
T ! LY W 12090
e ¥ apo- \ e @ L e ' i
» S o A N
E - - - i " : 125 umfs ]5I:I_um.l's 175 pmfs e
E .1'; LT ':
é <] - - 2081
a gg W 1441
] 50 100 150 . - ) 1004

Scanning speed (pmi's)

Figure 6. (2) Scanning electron micrescepe (SEM) micrographs and e lectron backscatter diffraction (EBSD) maps on the laser
track cross-sections induced by Es-laser on LNSB glass sample and for different scanning speads. Other (fixed) parameters
are: pulse energy = (L5 pf; configuration = Yy (laser polarization / / to the scanning directicn); & = 1030 am; f = 3200 kHz;
MN& = (L6; pulse duration = 250 fs; focal depthe 240 pm (in air). (b) Mumber of single textum pegions and their averaged
digmneter (assuming a spherical shape) as a funclion of scanming speeds, extracted from EBST data, e, (a). (¢) Pole figure of
the: LiMbB(y ¢ axis (labeled as 0001), also extracted from the EBSD data.



Crstals 2023, 11, 200

14 of 25

10pms 25 pmys SO0pmds  75pmfs  100pm/s 125pmfs 150 pmys

Laser polarization = =
Lzzser beamn direction

Figure 7. Scanning electron micrographs of the laser track cross-sections induced by fs-laser on LNSB glass sample and
tor different scanning speeds. The surrounded areas ane (i} in yellow: ama where erystallization within the laser track,
associated with crystallization, is detected; and (i) in orange: area wheme lamella-like nanogratings are observed (see for
example ingets). Other (fixed) parameters are: pulse energy = 0.5 ul; configuration = ¥x (laser polariz ation L o the scanning
direction); A = 1030 nung; § = 200 kHz; NA = 0.6; pulse duration = 250 fs; focal depthe 240 wm {in aic). M.B. the crystallized
volumes (in yellow) an similar bo the ones in the Yy configuration (Figuee 6).

4. Discussion
4.1. Temperature and Its Distribution Profife durmg Irradiation in LNS and in LN SB Glasses

The laser energy deposition inside the material is achieved through a nonlinear—
multiphotonic—absorption effect. The absorbed energy is then redistributed in the lattice
in form of heat, typically in a Gaussian-like shape (in space). After a short stage of non-
linearity, the absorbed energy proportion is independent of the pulse energy |25]. One
advantage of using a converging beam is that the absorption is triggere d in-depth and then
controllable.

In pulsed regime, the time for the instantaneous emperature to reach a steady state
for our compounds and laser conditions can be shown from the Fourder's equation to
be around 270-tp (see Appendix A), with 1 = wo?/ 4Dy, wy ~1 pm) and Dy(LNS) = 9
= 1077 m? /s [21]. This gives Tp = 0.28 s and thus 76 ps to reach the steady state or
15 pulses in our conditions (200 kHz). This is indicative that we have a weak temporal
overlapping between pulses, and that we are close to the so-called “single pulse regime”

discussed in the Introduction. Moreover, the thermal diffusivity Dy = &/ [PCF']" where k is
the thermal conductivity, p the density, and Cp the heat capacity, should not be drastically
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different when moving from LNS to LNSB. Indeed, the partial substitution of 21 mol™.
50y with BaOy into the glass system is not expected to change the thermal diffusivity by
much (see for instance Table 820 in Ref [26]). Additionally, the p and C,, values, extracted
from Sciglass software, are p(LNS, 20 *C) = 3482 kg/m?, Gp(LNS, 20 Eﬂ = 6292 [ /ikg-K),
p{LNSE, 20 *C) = 3535 kg/m, and CR(LNEB, 20 °C) = 657.8 ]/ (kg-K). The pCP product
differs only by 6% between the two glasses.

Consequently, the spatial temperature distribution profiles, for both LNS and LNSB
glasses, are very similar for a given set of conditions. This is in good agreement with our
experimental results whene the HAV widths appear not to vary much with the chemical
composition (Figure 4).

4.2 Nucleation and Growth in LNS and LNSB Glasses: Tendencies and Comparisons

Uhne inte resting parameter to investigate differences in arystallization kinetics between
the two glasses is the reduced glass transition temperature, Tgy, defined as Tgr = Ta(K)/Tr.(K),
where Ty is the glass transition temperature and Ty, is the liquidus temperature {or the melt-
ing emperature). To get Tg values, we ran differential scanning calorimetry (I¥5C) scans on
the samples (LNS and LN5B), in addition to two other glasses with an incremental amount
of B;0y. The results are reported in Figure 8 The Tg could not be easily distinguished
for LMS glass, and therefore we took the value provided by Sciglass ':TE =2 5791 *C). On
the other hand, we obtained T == 520 “C for LNSB glass with 21 mol¥ of ByOy. For both
glasses, we used Ty = 1257 “C [corresponding to the melting temperature of LiNbO; as
in [27]); we obtained Tg(LNS) = 0.56 and Tg(LNSB) ~ 0.52. Additionally, and for com-
pleteness, we observe that the progressive addition of ByOy shifts down the crystallization
peak to lower temperatures: by about 150 “C between LINS and LNSB with 21 mol BaOy.
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Figure & Differential scanning calorimetry (DSC) scans for four glasses with an increasing amewnt
of By0y in the batch compesition; in mol¥: 33Li;0-3Nb O (M- S0 B0y, with x = @, 7,
14, and 21. Heating rate was 10 “C/min. Black curve cormspends to LNS, while the pink curve
to LINSE. T, = glass transition temperatum; T, = crystallization peak emperatum; T, = onset of
crystallization temperature.

The Tgr values are only indicative and further work (including viscosity measure-
ments) is required to mome precisely ascertain these values, such as melting temperatures
{which in glass can be defined as the temperature for which the viscosity reaches log
(wiscosity, Pa-s) = 1). This will be important in the future, sinee the melting temperature of
LMSB glass is lower than LM3, and this would have the tendency to shift the Ty value of
LNSB slightly to higher values. Aside from these caveats, the differences of Ty, between
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the glasses can be, at least quantitatively, compared to the maximum nucleation rate (T, )
and time lag of nucleation (incubation time) reported in Figure 4.3 of [28]. Interestingly,
these observed differences in T can lead up to several orders of magnitude higher L,
values for LNSE relative to I_T\I{Fw hile the incubation time is correspondingly two orders
of magnitude lower [25,29]. The detection of SHG (through intense green light detection)
for LNSB is much faster than for LNS upon laser irradiation (up to 20 faster) [15] and indi-
cates a faster nucleation rate. Additionally, by looking at Figure 2 from [29], the maximum
grow th rate can be cudely estimated For LS, it would be in the 100 pm,/s range, while it
would be higher for LNSE by an order of magnitude. Onoe again, these tends agree well
with the experimental observations. At a pulse energy of 1.0 ], crystallization {through
SHG observation) is observed up to 100 pmy/s in LINS, while it is detected up to 600 pm/ s in
LNSE. For completeness, Tgy is determined for a glasé but excluding migration of chemical
species. [f the latter ocoours (e.g, in SraTiSix0y glasses as in [30] or other silicate glasses [3]),
the situation becomes more complex and growth will become composition-dependent and
temperatume-dependent.

Another interesting point to highlight is that the net crystal growth rate in glass is
directly related to the mobility of the atoms, ie., the diffusion coetfident (Wilson-Frenkel's
theory [31]), which, in turn, is proportional to the imverse of the viscosity through the
Stoke-Einstein's relation [28). Moreover, incorporation of B0y into the silicate glass melt
is known to decrease viscosity [26]. Another observation is that the LNSB glass yielded
to some occasional surface crystallization upon cooling, whereas it was not observed for
LNS glass. These ame the first indications of the more pronounced tendency to crystallize
for LNSB melative to LNS. Additionally, we can estimate the Hruby Criterion ky = (T
— Tg)/ (Te — Ta), which is indicative of the tendency of glass to crystallize (especially
upon heating) [32). In this criterion, Tx stands for the onset crystallization emperatune,
TE the glass transition temperatune, and Ty, the melting emperatue (hee taken as Ty, of
LiNBOs). For LNSB, Ty =2 520 °C and Ty =2 560 "C. For LNS, Ty = 579.1 "C (5iglass) and
Tx 72700 *C (see for instance Ref. [33]). This yields to ky = 006 for LMSB and kyy = 0.22
for LS. The smaller kyy value for LNSB (=24 times lower) with respect to LNS indicates its
higher tendency to crystallization

4.3 What Does Linut Crystallization as the Scanning Speed Is Inoreased?

To answer this question, let us first briefy recall what has been learmed from the Introduction:
s  The incubation time t; at a given temperature is the time for the glass to produce a

volumetric number of nanocry stals that gives rise to detectable SHG intensity. This

time provides information on the TTT curve that binds the domain of crystallization
in the frame of homogeneous nucleation assumption [34] (see Figure 1b).

*  The spatial temperature distribution Tjr, t{N)) (Figure 1c) has a maximum directly
related to the pulse energy (E;), the heat capacity (Cp) and the irradiated volume
{width and length): this situation is valid for pulses with no overlapping in time.

* Anaverage curve can be obtained by averaging the T{r, t{N)) curve on the period of
the pulse Tr, N} = _Lr 'Lﬂ:r-ﬂldt This curve becomes stationary after about 270
or N> Nyewa (0) = 15 pulses see A ppendix A Equation (AS5)).

+ A timeaveraged emperature curve is a convenient mean to consider the temperature
spatial distribution, and to understand the effective incubation time (t.y) obtained
from laser irradiation. This last is close to the shortest one in the possible crystallization
range from T, to the maximum average Emperatume | Ty, controlled by the average
light power ?‘ tg_ac{Epf] = mimdml_'l";ETzﬁTET“.ETu] where t(T) is the domain
boundary in Figure 1b.

Thus, for low-average power (F), T is close to Ty, toy is large, but as T increases, t.
decreases drastically until a value defined by the TTT curve (at the Ty temperature), and
then slows down weakly for further increase of I This explains the shape of the curve
shown in Figure 1a
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When the beam is moving (let us say along x), considering that the steady state is
rapidly reached, Ti{x — vt y, z, =) is a bell shape curve moving, Considering one point in
the material, its temperature travels along this curve, increasing and decreasing; this is the
local treatment and the bell shape thatwe know in space is translated in time domain. This
is what we call the thermal treatment curve.

Following these previcus considerations and based on our mesults, in Figure 9 we
sketch the TTT diagrams for LNS (Figure 9a) and LNSB (Figure 9b), considering the
ditferences in TE-' Te. TP‘ tg while Ty, is assumed constant. On this figure, several heat
treatments (heating-cooling curves) are drawn: note that the mean power is fixed so the
maximum T is a constant and will not change as a function of scanning speed, as discussed
earlier. Consider first the diagram of Figure %a, which is for LNS glass. The scanning speed
{v) is chosen so that the heat treatment does not reach the crystallization domain. Now, if
we consider scanning at a speed of v/2, the treatment may penetrate the cry stallization
domain (e, the nuclei have time to form and to grow). Reversely at higher scanning
speeds je.g, 2v in the sketched diagram) no aystallization will be detected. The situation is
different for LNSE as the incubation time is much shorter and Ty much lower. This has the
effect of shifting the crystallization domain to lower temperature and closer to the ordinate
axis, as illustrated in Figure b, Themfore, for the same scanning speed v, the treatment
curve will now penetrate the crystallization domain. It is thus possible to increase the
scanning speed until a value given by the experiment (ie., 5v) to reach the critical value
beyond which the crystallization stops.

Temperaturs (°T) Temperatare (L)
F F Y
Liguid a1l e gaibibrium LiguH 2t equilbrism
Tu= I2ET Ta=E57°C s
EA— Super-roelad e ol b
a) Iq-l:in::im Aietes by b) H-Ti:fgh.i. r'
LNE crystallization damain RN ol i
T=20%G /
ot vl
-5 L N
h Te-me
Tmnx ..--'{-‘l [ Tmax J
ol the cener - at the canter Buss
= hEfadng] L = E el -
Log (fime) oy timee)

Figure 9. Scheme of the effect of the scanning speed on the crystallization for the two glasses ({a) LMNS and (b) LN5SB}
imvestigated in this paper. (1) The crystalliz ation domains are sketched based on the following rules: they ane limited
by the T, on bottom side and Ty, on top side; the nucleation top side i not changed because it only depends on the
thermody namics driving forse of the nucked that we assume the same for both glasses [34]. However, the growth rate is
imcreasing with the strong decrease of the viscosity, These changes kead to a strong deceease of the incubation time. (2) The
midxinum sverage temperature is defined by pulse energy and the repetition rate (E;, - f). It does not change on the scanning
spead (v) and very little on the chemical composition Whatever the speed, the coincidence of the time scales between TTT
and teeatment curve is fived when the teatment curves cross Ty, considensd to be the starting time for crystallization (what
happens below T, is expected to have insignificant effect on the crystallization kinetics).

44 Em]'ldfm‘?"l'ﬁe Heat Affected Volume (HAV ) Width and Length with Eespect fo the
Soanning Speed |

Based on our previous discussion, we can now understand better the evolution of
HAV width with respect to the scanning speed (as observed in Figure 4, for instance).
To observe crystallization, the temperature should overcome T, and this temperature
is slightly dependent on the time of irradiation (or the equivalent in laser irradiation:
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the number of pulses). This can be visualized from Figure 10: when the heat treatment
time increases, the crystallization is possible at slightly lower emperatures (see the red
portion in the TTT diagram). Consequently, the slight decrease of the HAV width with v
observed in Figure 4b is attributed to the combination of (1) incubation time to reach the
crystallization growth boundary at a given temperature and (2) the decrease of deposited
pulse density when v is increased. There is also the possibility that a smaller number of
pulses yields to less created defect levels absorbing in the bandgap [5], decreasing the
energy transfer from the light through linear absorption thus decreasing T and HAV width.

Temperature (°C)

A

Liquid at equilibrium

T,=@S57°0
Super-cooled [T —
liquid or glazs

LNS crystallization domain

LM |

T=5meC

[lazs

—

Log (time)

Figure 10. Sketch explaining the effect of scanming speed on the heat-affected volume (HAV) width.
As the scanning speed decmases, the number of pulses deposited for a given volume increases.
Comsequently, the crystallization cnset is reached at lower e mperatures.

The length (or depth) of the HAV after the steady state is, like the width (defined by
the beam waist wy), defined by the light absorption length (ie, 1/ x at 1/e with o being an
effective absorption coefficient beyond the non-linear absorption stage [25]). Additionally,
the related diffusion time (say Toe) is w1 oD As 1 o e Wy (at least by a factor of 10),
T >> Tox and the steady-state temperatume along the beam propagation axis would be
reached much later (2 or 3 order of times later) than along the radial direction. The total
number of pulses deposited punctually (at f = 200 kHz) is abowve 400,000 (for v =1 pm/s)
and 4000 {for v = 100 um,/s). This is larger than the pulses needed to reach the steady-state
temperature (~1500). In this case, the length follows a similar effect than for the width, so
the length is shortened with the speed increase.

This is not the case at speeds such as v = 500 pm/s, for which the number of pulses
deposited is only 800. Therefore, the steady state is not reached, and the emperature is
smaller than the steady stake one, decreasing even more the length at T(r, N) = Ta.

4.5 Neamogratings Region Instde The HAV Area, but Not Always Comciding with It

In Figure 7, we highlighted the difference between the HAY area and the ara where
lamellas were present. At low speed (<25 pm,/s) and low energy (0.5 p]/pulse), both
regions coincide but it is no mome the case when either the energy or the speed are increased
(=25 um/s).

We mentioned before that the HAY dimensions are related to the T distribution because
HAY boundary is defined by a minimum T for inducing an effect (e.g., T, for crystallization).
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When the temperature amplitude increases, the temperature shape distribution (related to
the diffusion time) remains the same. However, the radius where T reaches T, is pushed
further out. On the other hand, the width of the nanograting region (where there are
lamellas) does not change much. Indeed, it is defined by the width of the beam since
nanogratings are enabled by a light-plasma interaction

At low energy and low speed, the top of the temperature distribution penetrating
the crystallization domain (as speed v/ 2 in Figure 9a) may define a minimum width and
coinddes with the width of the beam. Athigher energy; the amplitude of the T distribution
increases and the HAY width becomes larger than the beam width. When the speed is
increased, the T distribution does not change much, but the lamellar-structured volume is
likely to shrink. The latter can be explained making the following arguments:

(1) The length and the number of the nanoplanes increase with the deposited pulses
number [Zwo-Pp) above some number that is why the birefringence is also increasing [35].

(2) The form birefringence increases also with the pulse energy above a threshold. We
can thus assume that the self-organized volume depends on the dose (1(x, yz)-'o-D), where
lix,yz) is the local light intensity, and Dy is a dose threshold above which self-organization
structures appear.

(3) If we note that I[x, v, 2) = I{x, y, zo)- exp( —e(z — 2a) ), where z; is the depth where
nanostructure begins to appear [36], (4) therefore, the extension of the self-organized volumse
is defined by local dose above the minimum dose Dy, Le., Pp-l{xy,z0)- exp(—a(z — o))
>Dyorz —zp = %M(ED—IE‘E) Hence, when v increases, Pp decreases, and thus the
self-organized volume as it is observed experimentally:

4.6. Phenomenological Lok between Birgfringent Response and Scamming Speed

By investigating the microstructure and crystal size and distribution inside the laser
track (Figure &), we observe that larger aystallized domains made up by LiNbOy nanoorys-
tals with the same orientation are present at low speeds (<25 pm/ s} and can reach up
to several hundreds of nm in size. These “particles” with a size around Aare strongly
scattering light resulting in “black” lines in natural light transmission as we observe in
Figure 5a. On the other hand, increasing the scanning speed will avoid crystallites to
grow, and they will only be a few ten percent (in size) of the microscope light wavelength
(550 nm). Interestingly, we observed that this size distribution of crystallized domains is
rather similar for lines written at speeds = 50 um/s in LNSE (Figure &). Under optical
microscopy, theme is strong light scattering but nevertheless some light still passes through
them. This tuning of scanning speed may be an efficient way to control photonic device
scattering losses related to the crystals’ size. From Figure 7, the presence of lamellar-like
structures is taken responsible of the birefringent response of the inscribed lines [21]. The
volume occupied by the lamellar-like structure becomes smaller as the scanning speed
increases (and the retardance decreases). Maximizing this lamellarlike structuring would
therefore bring higher retardance values and low speeds may be preferred. However, an
associated low speed tradeoff is the formation of larger regions with single texture, which
ultimately would cause light scattering as well. Therefore, there exists a sweet spot in the
medium speed range regime where the laser track retardance response is maximized. This
sweet spot is much wider for LNSE melative to LINS: typ. by a factor of 4 or 5 as it can be
seen in the etardance measurements reported in Figure 5b,c.

5. Conclusions

In this work, fs-laser irradiation on two glasses, LNSB (33Li;0-33MboOs- 13510, -
21By(y) and LNS (3310 33NboOh-345104 ), was performed. The effect of scanning speed
on crystallization was investigated in various writing conditions. Experimentally we
determined that the beam scanning speed limit is 32 + 12 pm /s for LNSand 237 £+ 12 pm/s
for LNSB at 0.5 p] /pulse, and 112 + 12 pm /s for LNS and 612 + 12 pm//'s for LINSB at
L0 u]/pulse. In the conditions used, faster crystallization (»5:) can be achieved when
5 is substituted with ByOy (here 21 mol®: substitution).
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Based on SEM-EBSID analysis, we observed that both the width and the length of the
crystallized volume change slightly as the scanning speed is varied. We have determined
the orientation distribution of the nanooystals by SEM-EBSD. We found that a preferential
texture with LiNbOl ¢ axis perpendicular to laser polarization could be preserved when
scanning speed was increased, but its contrast decreased. In addition, while the width of
the nanogratings region does not change much, the length is drastically reduced when the
scanning speed increases.

By using a simple approach based on temperature distribution averaged on a pulse
time period, along with its characteristics in a stationary state, we showed that the irra-
diations wemre performed in the egime of weak time overlapping between pulses or heat
accumulation: only 15 pulses are needed to reach 94% of the temperature stead y-state
value. Key mesults can be summarized as follows:

*  We identified the variations of the thermal properties (Tx, Tp, incubation time) with
respect to the glass chemical compositions. From these data, we deduced the variation
of the crystallization domain in the time-temperature framework. The lower part of
the crystallization domain in the TTT diagram (growth limited) is shifted to lower
temperatures when By is added to the glass matrix. As a mesult for LNSH, the
minimum incubation time is 'educed by a factor larger than 5 with respect to LN5.

+  We stated that the effective incubation time is better translated by a number of pulses
whatever the repetition rate and is a function of the average laser power (rather than
pulse energy only) and the number of pulses (equivalent to irradiation duration ).

=  We specified the concepts of spatial pulse overlap (pulse density that means irra-
diation time) and time pulse overlap, which govemn the heat accumulation and the
average temperature.

»  Weexplained the scanning speed limit to induce arystallized lines as follows: them ex-
ists an effective irradiation time that is related to the width of the average temperature
spatial distribution, and that is translated in the temporal domain during scanning.
When the heat treatment time becomes smaller than the incubation time, crystalliza-
tion cannot oocur  Interestingly, we can deduce that faster scanning speeds while
preserving the nano-crystallization are possible when the mean power is increased as
illustrated in Figure 11.

* Weexplained the weak decrease of the HAV width when the scanning speed is in-
creased {or the decrease of dot diameter with the decrease of the irradiation ime in
static irradiation) by the decrease of the incubation time with the increase of the onset
temperature T,. Crystallization starts thus at a higher temperature and this corre-
sponds to a radius closer to the center. Two processes explain the length decrease: the
same phenomena as above but in addition the decrease of the temperatue amplitude
due to a smaller absorption coefficient for smaller pulse densities.

#  The width of the nanograting region coincides with HAV at low speeds and low
energy because only a small part of the T distribution {in fact the top) is touching the
crystallization domain. Assuming that these self-organized structures are dependent
on the light dose (Ijx,yz)-Pp) above a threshold dose (D), when the speed is increased,
the local dose decreases on all points of the irradiated volume. Consequently, the

volume whem the dose overcomes I also decreases.
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Figure 11. The figum shows the possibility of inceeasing the scanning speed in preserving the nanocry stal microstrsctue.
The objective is that the treatment curve crosses the nose of the crystallization domain. [F the speed s increased, the mean
power must be mereased in relation. Qhite rapidly, the treatment curve overcomes the melting temperature, and the
mechanism evolves from solid-solid to liquid-solid coystallization.

Finally, we observed that birefringence response of the inscribed line is a function
of scanning speed. This is related to the variation of the nanograting region volume as
explained above. On the contrary, the crystallized volume varied only weakly with the
scanning speed, as well as the nanocrystal density. As a matter of fact, the latter is defined
by the average temperature distribution, which is fived by both pulse energy and repetition
rate. Howewer, the contrast of orientation is larger for low speed and this is likely to be due
to the larger volume taken by nanogratings.
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Appendix A

Foreword: the formulas below are deduced from the Fourier's equation with tem-
perature independent and uniform coefficients, of a fs multipulse iradiation with the
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hypothesis that the pulse energy is deposited in a time shortenough before active thermal
diffusion with a spherical geometry around the focus. This simplified model is enough
for reasoning and allows to manage simple expressions. After a while comesponding toa
number of pulses MNg,, the system reaches a steady state, beyond which the temperature
at the distance r from the center of the focus oscillates bebween Ty (n o0) and Tp,, (T, 00
within the period [19,37]. In addition, when the temperature is averaged on the perind,
there is no mome tme dependence arising from the pulsed character and discussions on the
structural modifications are endered easier. We point out that a paper will be published in
the near futume that will extensively describe the subsequently established equations that
express analy tically the results obtained numerically in Refs. [19,37 ] and other references.
To help the Reader, the designation, definition, and units of each variable employed in the
equations below are listed in Table A1 at the end of Appendix A

The instantaneous emperature incease (T) from the room temperature at time t and
distance r from the center of the beam can be shown to be [38]:

N-1 2
Tlg:.',tj . ¥ 1 - Exp[ [x/weq) ] (A1)
d n=0o [1+[—P—n}ﬁ'r |_ 1+(ﬁ—ﬂ]RTJ
N —1=infeger part (t/p) -
with g, = 1/f, 1p= wil /Dy, R = /. To= S-A-EPE{JI-H-F-CP-WUS], fis the pulse
repetition rate, wy is a beam waist radius (at 1/e). Performing an asveraging on the period,
we get the average temperatume expression:

T{T N] =y 1 exp l——':”“”}'l ] dt (A2)
T L [14 (& —n)Rd] ™" 1+ (& -n)Re
That can be expressed as
e () - () e
This quantity increases at the beginning of the irradiation and reaches a steady state
limit that is: Tno) o 1,.-"_ T(u )
¥, ~ Rt (wu) T, R:: (Ad)

This ome is reached at the level of £ after a number of pulses Maw, (1) for a distance =

rfw

2
| —L _— - CENETr MNasm = :1 - T
Naam(r) = RT[( Hn‘(L}) Il.Atﬂn ter Nasa (D) = (1/ 1)/Rt (A5)

This means for £ = &%, =200 kHz, Dy =9-107 m?/s, T = 0.28us, Rt= 18, Nasm(0) = 15
pulses or 270
We note that the maximum temperature according to the radius is at the center and

has the value: AT
T(0,00) = ARt (AB)

Brr-k-wpy
M.R.: for cylindrical geometry, the expression of the maximum termperature is slighthy
modified with the introduction of an absorption coefficient resulting from non-linear
absorption. We read:
AFEyo A- EP oo
_ P
To = m-‘r T{ {‘Il::l — {A?j
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Table AL Parameters, defindtions and units wsed in the above equations.

Paramters Definitions Units
A Fraction of reflecked Light by —

the: plasma
i Light absorption coefficient Ly t

A amnall quantity for
! Tioe

£ computation needs
Tp Pulse period s
Heat diffusion time
T W =
™ = IR
R= T/ TD i
Wi Beraan weaist radius (at 1/a) 15 1]
Dy Mermal d:il:l.l.lbi\- ity @25
Dr=55
K Thermal condwctivity W/ im-K}
Ep Pulse enengy ]
F Pulse pepelition rake MHz
] Deensity kg m®
G Specific heat capacity 14 (k- K)
Appendix B
1.0 7
‘:_i“ 0.8 1
L
i 0.6+ —sio,
=
g -y
0.4 4
@
E ]
™ &
21— : :
500 1000 1500 2000

Wavelength (nm)

Figure Al Absorption spectra for LM5, LNSB, with 5i05 (Suprasil) added as a reference. The data
wene taken using a Cdr:,'E-II.'l.l spectrophotometer There is no specific absorplion band situated at
1030 num that could cawse a drastic multiphoton absorption diffe nence bebwesen the two silicate glagses.
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