N
N

N

HAL

open science

Photosensitivity of barium germano-gallate glasses under
femtosecond laser direct writing for Mid-IR applications

Heng Yao, Rayan Zaiter, Maxime Cavillon, Benjamin Sapaly, Florian

Calzavara, Pierre Delullier, Thierry Cardinal, Ye Dai, Bertrand Poumellec,

Matthieu Lancry

» To cite this version:

Heng Yao, Rayan Zaiter, Maxime Cavillon, Benjamin Sapaly, Florian Calzavara, et al.. Photosen-
sitivity of barium germano-gallate glasses under femtosecond laser direct writing for Mid-IR appli-
cations. Ceramics International, 2021, 47 (24), pp.34235-34241. 10.1016/j.ceramint.2021.08.333 .

hal-03376874

HAL Id: hal-03376874
https://hal.science/hal-03376874v1

Submitted on 13 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03376874v1
https://hal.archives-ouvertes.fr

Photosensitivity of Barium Germano-Gallate Glasses under Femtosecond
Laser Direct Writing for Mid-IR Applications

Heng Yaol?, Rayan Zaiter®, Maxime Cavillon?, Benjamin Sapaly?, Florian Calzavara?,
Pierre Delulliert*, Thierry Cardinal®, Ye Dai', Bertrand Poumellec?, and Matthieu
Lancry?®”

! Department of Physics, Shanghai University, Shanghai 200444, China
2 Institut de Chimie Moléculaire et des Matériaux d’Orsay, SP2M, CNRS, Université Paris-Saclay, 91405

Orsay, France

3 Université de Bordeaux, CNRS, ICMCB, UPR 9048, F-33608 Pessac, France

4 ONERA-The French Aerospace Lab., Palaiseau F-91761, France

Corresponding authors: T yedai@shu.edu.cn

* matthieu.lancry@universite-paris-saclay.fr



Abstract

Barium germano-gallate glasses are attractive glass hosts for photonic applications in the mid-infrared region up to
6 pum. In this work, we investigate the photosensitivity of such glasses under femtosecond laser, with an emphasize
on the formation of refractive index changes. Six glasses with varying compositions (including addition of K, Na, Y,
and La) were studied. We observed several transformation regimes in the pulse energy — repetition rate landscape:
Type I (isotropic refractive index change) and a spatial broadening regime with a phase shift Ag > 2 rad at 550 nm.
This translates into refractive index changes An > 102and is comparable to values obtained in most chalcogenide
glasses. The effect of glass composition on A appears correlated to the number of non-bridging oxygen presented
in the glass and is brought to evidence by monitoring the Cations/GaOs. ratio. This provides a way to design a range

of germano-gallate glasses suitable to imprinting high refractive index contrast.
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1. Introduction

Femtosecond (fs) laser direct writing (FLDW) is a versatile tool that enables permanent modifications of physical
properties inside transparent materials, including glass, polymer and crystal [1]. FLDW is achieved by focusing an
fs-laser beam on or below the surface of transparent materials. The tightly focused light can reach intensities of several
Twi/cm?, yielding to nonlinear light absorption and permanent transformations of the pristine glass within few pm?
in and around the laser focal volume. Consequently, this technique has attracted attention in fields such as, but not
limited to, optomechanics, integrated photonics, graded index and diffractive optics for laser, spectroscopy and
imaging applications [2-10].

The most ubiquitous glass materials employed for FLDW are silica and silicate (i.e., silica-rich glasses) [11], as
they are readily available and offer both excellent optical transparency and chemical stability. However, for photonic
applications, these glasses are limited to the short-wavelength-IR range (SWIR, < 3 um). This intrinsic limitation
prevents their use in applications requiring longer wavelengths. This operating wavelength window is interesting in
the 3D manufacturing of miniaturized, low weight and cost optical systems, for civilian (domotics, smartphone,
automobile) but also security and military applications (vehicles steering, survey, weapons guidance, unmasking,
countermeasure identification). Hence, to circumvent this restriction imposed by silica / silicate glasses and access
the Mid-infrared (Mid-IR) range (up to 5-8 pum), non-silicate glass matrices must be employed, such as chalcogenides
[12-14], fluorides [15], or heavy oxides [16]. Among these potential candidates, heavy metal oxide (HMO) glasses
can exhibit an extended transmission in the IR range up to 7-8 um. More specifically barium gallo-germanate (BGG)
glasses, appear as materials of choice since they are chemically stable, manufacturable by conventional means (melt-
quenching) and mechanically resistant [3]. Moreover, hydroxyl impurities could be eliminated by a purification
method based on halogens, which produce gallo-germanate glasses with improved transparency up to ~6 um [17].

The gallo-germanate glass family has already been investigated for a series of optical applications, including high-
energy Mid-IR laser output windows [18], waveguides [3], or as active optical fiber hosts [19, 20]. Although this

glass family has shown a consequent potential, it still must be photosensitive to laser fs-light in order to imprint



specific functions. Shortly, in silica glass, which is the most common glass material investigated by the community,
there exists three types of fs-laser induced modifications. They are commonly referred in the literature as IR-fs Type
I, Type Il and Type IlI, respectively [5, 21, 22]. Type | is generally observed at low pulse energies, and is characterized
by a smooth and homogeneous structural modification beyond a given threshold [5]. It is also worth noting that
composition fluctuation has little impact on the Type | threshold [23]. The expected material response is a permanent
and isotropic refractive index variation: these conditions are desired for applications like optical waveguide or lenses.
Type Il regime is generally observed for slightly higher deposited energies, and is characterized by the formation of
birefringent self-assembled periodic nanostructures [21]. Finally, the Type Il regime is reached when the intensity of
pulse energy exceeds ~10** W/cm? in silica [22], and voids issued from micro-explosions are created inside the
irradiated volume. Alternatively, another regime is commonly defined in the literature, labeled "heat accumulation
regime™. The latter is achieved at high repetition rate of the fs-laser system. This regime corresponds to the conditions
where the inter-pulse period approaches or becomes shorter than the heat diffusion time needed to fully evacuate the
heat deposited after each pulse. This causes a net temperature increase from pulse to pulse, and a spatial broadening
of the fs-laser modified area with a size that overcomes the beam size itself (provided the deposited energy is high
enough) [24]. However when discussing the energy thresholds, it is not accurate to speak about heat accumulation
threshold, but rather about a temperature threshold and its spatial extension. More details are provided later in this
article.

The most common macroscopic photosensitive response desired is a refractive index modification with a strong
index contrast (An, Type I), which can subsequently be employed to inscribe 3D free form objects and functions,
such as Bragg filters, waveguides, and diffractive or exponential gradient planar lenses. In this paper we will therefore
focus on this regime. In the literature, only few studies report on the photosensitivity of BGG glasses by fs-lasers. The
first one, in 2017, investigated fs-response of a BGG with a molar composition of 12.5%Ba0O — 75%GeO; —
12.5%Ga;0s, and the authors obtained a maximum positive refractive index contrast (An) of 8x107 with respect to
the pristine glass, after varying both scanning speed and pulse energy. In the same study, the authors investigated the

effect of glass composition on its photosensitivity, in x%BaO — (100-2x)%GeO. — x%Ga,0z glass molar



compositions, with x taking values of 20%, 17.5%, 12.5%, and 7.5%; each glass exhibited a similar response upon
fs-laser irradiation. Very recently, the same team showed the possibility to inscribe waveguides in a 17.5%BaF, —
17.5%Ga,03 — 65%Ge0; glass and managed to obtain a An of =3x1073 [25]. Addition of a halogen component has
the effect to mitigate water content during the glass synthesis [26]. However, the An is reduced by approximately 60%
with respect to its all-oxide counter-part [25].

In this work, we investigate the photosensitivity of 6 BGG glasses, labeled GGK, BGGLaY1, BGGLaY?2,
BGGLaY3, BGGK, BGGN with capitalized letters corresponding to the principal cation species presented in the
respective glass compositions. The latter are provided in Table 1. These modified BGG glass compositions would
present good assets between relatively high nonlinear optical properties, important hardness, high transition
temperature, and fiber drawing ability, in particular for yttrium- and lanthanum-containing glasses [27, 28].

Table 1. Label, molar composition, and physical characteristics of the BGG glass samples

Sample Composition (%) Tg (£5°C) Ns3znm (£0.01)
GGK 25Gaz03 - 50Ge02- 25K20 661 1.63
BGGLaY1 21Gaz03 - 43Ge02 - 24Ba0 - 6La203 - 6Y203 728 1.805
BGGLaY2 15Gaz03 - 60Ge02 - 13Ba0 - 6Laz203 - 6Y203 736 1.796
BGGLaY3 28Gaz03 - 37Ge02 - 23Ba0 - 6La203 - 6Y203 735 1.780
BGGK 30Gaz0s - 35Ge0z - 24Ba0 - 11Kz0 642 1.701
BGGN 29Gaz0s - 39Ge0z - 23Ba0 - 9Naz:0 671 1.725

2. Experimental

A. Glass synthesis

These BGG samples were prepared through conventional melt-quenching technique from high purity
reagents (Ga203: 99.998%, Strem Chemical, GeO2: 99.999%, Strem Chemical, BaCOz: 99.95%, Alfa Aesar,
K2COs: 99%, Sigma Aldrich, La,03: 99.9%, Sigma Aldrich, Y203: 99.9%, Alfa Aesar and Na>COs: 99.95%,
Sigma Aldrich). The reagent grade BaCOs decomposed at high temperatures to form BaO. The powder
precursors were mixed in a platinum crucible and melted at a temperature of 1300 °C for 30 min. The liquid
was then quenched onto a metal plate to room temperature.

B. Pristine glass characterization



The glass transition temperatures (T4) were measured by differential scanning calorimetry (DSC) and
differential thermal analysis (DTA) Netzsch Pegasus 404 apparatus and with glass chunks inserted in a Pt
pan, at a heating rate of 10 °C/min. The refractive indices (ng) were characterized by the prism coupling
method on an M-line Metricon 2010/M at 532 nm. Both T4 and nq are reported in Table 1. Micro-Raman
spectra were recorded in backscattering mode on a confocal micro-Raman spectrometer HR (Horiba / Jobin
Yvon) equipped with a Synapse CCD detector using 532 nm excitation wavelength. The room temperature
optical transmission measurements for each glass sample, in the UV-Visible-NIR and the IR ranges, were
respectively obtained from Agilent Cary 5000 and Bruker Equinox 55 spectrophotometers. From the
attenuation measurements, the absorption coefficients (a, in cm™) of the glass samples were calculated using
sample thickness of 1 mm. Note that a was obtained after calculating internal transmittance Tint(A) [29] in
order to remove the Fresnel losses. This further allow to calculate the excess loss Aa between before and
after irradiation.

C. Fs-laser irradiation and characterization of modified regions

The glass samples, individually double-side polished to an optical grade, were placed on a translation stage
for subsequent fs-laser irradiation. A commercial Yb-doped fiber amplifier fs-laser (Satsuma, Amplitude
Systemes Ltd. Pessac, France.) was used, with the following conditions: pulse duration = 300 fs; wavelength
(A) = 1030 nm; numerical aperture (NA) = 0.6; focusing depth = 300 um. The beam size was defined by its
lateral and longitudinal waist, respectively noted w, and w,. Moreover, the repetition rate and the pulse
energy were varied. The inscription patterns inscribed in all samples were a series of rectangles with the
dimensions of 100x10 pm?. Each rectangle was in fact composed of a series of 10 lines being 100 um long
and with a spacing Ay of 1 um. We used a constant pulse density f/v = 1000 pulses/pm, with f being the
pulse repetition rate (Hz, or pulses/s) and v the scanning speed (um/s). The repetition rate f was varied
between 20 kHz to 400 kHz and, therefore, the laser scanning speed was varied from 20 pm/s to 400 um/s
accordingly. Moreover, the pulse energy Ep was also varied, from 0.025 to 5 pJ. Finally, the linear laser

polarization was oriented parallel to the laser scanning direction.



Following the laser irradiation, each sample was placed on an Olympus BX51 polarized optical
microscope. In addition to a typical optical microscope observation, each sample was investigated using
quantitative phase microscopy (QPM, latia). This technique measures the phase retardation (A, in rad)

caused by the irradiated object with respect to the surrounding pristine glass. From this measurement, the
refractive index modifications can be calculated through the following relationship: An = %, where 4 is

the wavelength of the illuminating microscope light (550 nm), and d is the thickness of the modified region.

3. Results and discussions

Figure 1(a) displays the Raman spectra normalized to the total scattered intensity cross-section from 200 to
1400 cm™. The Raman spectra confirmed the glass nature of all samples. Moreover, and for completeness,
the principal band at the vicinity of 500-550 cm™ corresponds to vibrations of X-O-X (X = Ga or Ge) bonds
from connected tetrahedral XO4 units [30]. It is worth noticing that the signature of vibrations involving Ga
or Ge cations cannot be distinguished by Raman spectroscopy due to their similar masses.

The two bands centered at 780 cm™ and 870 cm™ for GGK glass are attributed to stretching modes of Ge
and Ga tetrahedral units, respectively. They are likely in an annular configuration or chain in which the
charge on oxygen varies depending on the location of the potassium compensating charge cations. For all
glasses beside GGK, a band located around 830 cm™ is observed. For all these compositions, the charge
compensation of gallium oxide tetrahedra is guaranteed by the sufficient amount of positive charges Na™,
K*, Ba?*, Y3 or La®" and the excess leads to the formation of non-bridging oxygens (NBOs) vibrating at
830 cm™. Here, the introduction of the excess cations promotes the formation of NBOs with the
depolymerization of gallium oxide based glass network [31]. The positive charge ratio of modifiers versus
Ga can be estimated as follows: (2Ba+3La+3Y +Na+K)/Ga, and without taking into account the real charge
compensation ability of each cation. Following this, the ratio is in the following order: BGGLaY?2 (3.24),
BGGLaY1 (2.84), BGGLaY3 (2.11), BGGK (1.19), BGGN (1.12), and GGK (1.00). Moreover, the

remaining Ba%*, Y3+ and La®* (i.e., which do not compensate the charge of [GaO4]" polyhedra), participate



in the formation of NBOs on GeO4 units [18]. The slight shift of the 830 cm™ band position is thus attributed
to the nature of the cation modifier involved.

Figure 1(b) presents the absorption coefficient measurements for each glass sample. Two broad
absorption bands can be observed at 3 um and 5 um. They correspond to the two broad asymmetric
absorption bands assigned to the hydroxyl (OH) stretching vibrations due to the absence of purification
steps during the glass synthesis. Previously a deconvolution with four Gaussian bands has been proposed in
the Ga203—GeO2—BaO glass system, where the highest frequency ones are attributed to Ga—OH and Ge—OH
vibrations (free hydroxyl), while the lowest ones may be attributed to either T— O —H — O (T= Ga or Ge)
strong, or very strong, hydrogen bonds [32]. Other authors have proposed, for tellurite glasses, that the
vibrations around 5 pm could be due to the overtone of OH bending modes [33]. One can notice that the
glasses exhibiting the highest germanate content also present the highest intensity OH-associated vibrations.
This effect may be related to the purity of the germanium oxide precursor but also its hydrophilic nature.

The IR multiphonon cut-off is made up of a peak at 6.25 pum and a strong absorption edge above 7 pm.
There are two main points to discuss: the effect of modifiers as well as the Ga/Ge ratio on the position of
the IR cut-off. The origin of the multiphonon absorption edge can be difficult to elucidate. Thus, various
aspects must be taken into consideration, such as the rare-earth/Ba content and their atomic mass, the
harmonic combinations of fundamental vibrational modes or the overtone of OH vibrations. The peak at
6.25 um seems to decrease when the Ga/Ge ratio increases and where the band associated to Q® GeOs units
decreases. The IR spectra show a signature of the band associated to Q3 GeO4 units located at 800 cm™,
which could lead to an overtone in the 6 um spectral region [30].

The fabrication of Mid-IR photonic devices will require first reducing the OH content and if possible,
avoiding Q® units to benefit from an extended IR transmission.

Insert Fig. 1 here

Insert Fig. 2 here



Figure 2 displays the various types of modifications, in a pulse energy — repetition rate landscape, induced
by fs-laser irradiation for BGGLaY1 glass sample and characterized by optical microscopy. The other glass
samples follow similar trends and the BGGLaY1 is consequently provided as an exemplar of the typical
features being observed. The pulse energy — repetition rate is framed between several contributions that
dictate the glass photosensitivity. At very low energies (<0.20uJ), there are no permanent modifications
detected in the glass. As the energy is progressively increased (moving vertically upward in Figure 2), we
observe the onset of Type | modification. This corresponds to an isotropic and positive phase change (hence
refractive index increase) with respect to the pristine glass. This Type | corresponds to the data points in
blue in the Figure 2. This regime is opposed to the so-called “transition regime” and “spatial broadening
regime” in a sense that there is no broadening of the laser track. This is particularly attractive to imprint
compact and highly localized photo-induced transformations. The observable laser track broadening arises
from two different origins depending if one moves vertically (increasing pulse energy, case 1) or
horizontally (increasing repetition rate, case 2).

A.Casel
At low repetition rate, when we increase the pulse energy, E,, the spatial distribution of the temperature
profile is unchanged according to the heat equation (Fourier’s law). However, the deposited heat also

increases, and so does the maximum temperature (Tmax) in the focal volume (yet there is no more heat build-

up from pulse-to-pulse). The maximum temperature in the pulse center is Tyax = A% [34] where

mpCpwrZw,
AXE,, is the energy absorbed per unit volume (A is the absorbed fraction), and p and Cp are the glass density
and the heat capacity, respectively. The T,,., €levation as E, increases leads to an enlarged spatial volume
within which the local temperature is higher than a transformation temperature, i.e., a temperature threshold
(here corresponding to an observable positive and permanent refractive index change).

B. Case 2



When the repetition rate f increases, the spatial temperature profile changes from Gaussian to Lorentzian-
Gaussian (Gaussian in the center, Lorentzian in the periphery). This has the consequence to decrease the
width at half height of the temperature profile, and therefore this is not what widens the laser track. Instead,

here the heat accumulation increases the amplitude, since now the expression of the maximum temperature

3A.Epf
8DmpCpw

can be describe as Ty.x = and thus the imprinted width for a given temperature that can overcome

the laser beam size (w,- and w,) by several orders of magnitude.

Following this view, the minimum time (zmin) Needed to evacuate 90% of the heat deposited within the
focal volume can be approximated by the following formula: Tmin = wo?/D, where wo is the beam waist radius,
D the thermal diffusion coefficient, expressed as D = «/(p-Cp), and with k being the thermal conductivity.
In our conditions wr = 1 um. For a typical germanate glass (e.g., Schott IRG-2), one can estimate D as
3.7-107 m2/s [35]. This leads to a tmin = 2.7 ps. To provide a comparison, for silica glass (D =9-107" m?/s)
we obtain tmin = 1.1 ps. These values translate to frequencies of = 370 kHz and = 890 kHz for germanate
and silica glasses, respectively. These calculations provide a crude estimate about the frequency onset of
heat accumulation caused by an increase in the repetition rate, and show that it is expected to be much lower
than what is found for silica glass. This is in a quite good agreement with trends observed in the Figure 2,
indicating that the spatial broadening regime is likely due to heat-accumulation that becomes preponderant
in the 200-400 kHz.

Now that the types of fs-laser induced modifications are identified and described, we focus to the
amplitude of the phase shift, hence refractive index contrast, generated during the laser irradiation. The
evolution of the phase shift as a function of the pulse energy, for each glass sample, is displayed in the
Figure 3. Here we chose to display the data measured at a repetition rate of 100 kHz since we can best
observe the transition from the Type | to the spatial broadening regime (see Figure 2). We distinguish two
groups of glasses: GGK, BGGK and BGGN and BGGLaY1, BGGLaY2, and BGGLaY3 in the Figure 3 (a)

and (b), respectively. The first group the glasses contain varying amount of alkali (K and Na), while in the



second group the Ge-Ga-Ba proportions are varied. Overall, we observe a positive phase shift, starting from
Type | onset, increasing with pulse energy and until it reaches a plateau. The maximum A measured in our
conditions exceeded 8 rad for GGK glass, and with a maximum value of 8.7 rad for BGGLaY3 in Figure
3(b). Some features are common to all glass samples. At low pulse energies (< 2 uJ), each group has a
similar A response. However, beyond 2 ulJ, we observe discrepancies in the Ag magnitude. In Figure 3(a),
comparing BGGN and BGGK, it appears that the addition of K atoms in the glass promotes higher phase
shifting compared to the Na-containing glass for pulse energies > 3 pJ. The variation could be related to the
fictive temperature effect, i.e., the dependency between viscosity and cooling rate. In the Type | regime, the
magnitude of the phase shift is not sufficient to observe composition dependence, the signal to noise ratio
being too weak. In the heat accumulation region, corresponding to pulse energy above 2 uJ, the situation is
clearer. The maximum phase shift in the spatial broadening regime (A in the 6 - 8 rad region) was higher
than that in Type | regime indicating the prime candidate of BGG glasses for the inscription of waveguides.
Insert Fig. 3 here

Figure 4 shows the maximum phase shift measured through QPM system as a function of Cations/GaO3zy2
(in cationic mol%) within the 6 studied glasses. Herein, we will limit our interpretation only to the spatial
broadening regime. Figure 4 helps us to establish a link between the phase shift and the structural network
in glasses. Hypothetically, the origin of the phase shift could be different between the rare earth and alkali-
containing BGG glasses, therefore the data are discussed separately. Overall, the maximum phase shift
decreased with the value of Cations/GaOzy. (in cationic mol%, Cations: 2Ba+3La+3Y+Na+K). For the rare-
earth-containing glasses, the trend of A is obvious; it increases in the following order: BGGLaY3 >
BGGLaY1 > BGGLaY2. One should note that the nature and concentrations and ratio of La and Y were
kept constant. Note that the aforementioned order is preserved in terms of GaO3/2/GeO., but is reversed in
terms of the number of NBOs before laser irradiation.

On the contrary, for the alkali-containing ones, we changed the nature of cation modifiers and their

concentrations. GGK glass exhibited the maximum phase shift, and is the glass sample that possesses a ratio



of Cations/GaOzs/2 equals to 1, or in other words the K atoms only occupy charge-compensating sites.
Comparing GGK to both BGGK and BGGN glasses, one can see that A decreased upon the introduction
of Q3 germanate units. This result highlights the importance of the charge compensation aspect concerning
its effect on the phase shift. Thus, charge compensation in the network may help in the mobility of modifiers,
probably inducing a higher refractive index variation.

For all studied compositions, we conclude that a lower number of NBO units (i.e., more charge
compensating cations), leads to an increased value in the phase shift.

Insert Fig. 4 here
Insert Fig. 5 here

Furthermore, the excess losses post fs-laser irradiation at 2500 nm for GGK, BGGLaY1, BGGLaY?2 and
BGGLaY3 glasses were measured using a FTIR spectrometer and are provided in Figure 5. Above 1.5 uJ,
the excess losses increased along with pulse energy, which can be explained by the inhomogeneities that
can be seen in the optical microscope images, resulting in high light scattering. However, the excess losses
remain below 2 cm™ for a fixed phase shift of 7 rad (a useful arrange for optical applications).

Finally, a review of the refractive index changes An measured in BGG, Fluoride, Chalcogenide,
Germanate and SiO; glasses is shown in Figure 6 (data collected from Refs. [36-42]). Using imprinted the
laser track lengths measured by optical microcopy we deduce the An from Ag. The An of BGG glasses
ranges up to 1.54 x 102 and were comparable to most chalcogenide glasses, and much higher than fluoride
glasses. With the range of refractive index from 1.63 to 1.805 and the quite high An, BGG glasses exhibit a
high potential and appear competitive compared to most chalcogenide glasses for Mid-IR applications.

Insert Fig. 6 here

4. Conclusions
A quick overview of the photosensitivity of high optical transparency (0.5 to 5.5 pm) BGG glasses exposed

to IR-fs laser light was presented. The results in energy—repetition rate window evidenced that above a



certain temperature threshold, a drastic increase of refractive index change An was observed that correlates
with a spatial broadening of the laser tracks. According to the comparison made in 6 BGG glasses
particularly in the spatial broadening regime, the ratio of Cations/GaOs> (cationic mol %) significantly
impacts the maximum refractive index changes of the irradiated areas which become more important due to
the charge compensation aspect and lower amount of NBOs on GeOg4 units, resulting in higher index changes.
Our results clearly demonstrated the potential of BGG glasses as prime candidates for the development of
embedded photonic devices in the Near-IR and Mid-IR including graded index optics, diffractive optics and

3D geometric phase optics.
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Figure captions:
Figure 1 (a) Normalized Raman Intensity of GGK, BGGLaY1, BGGLaY2, BGGLaY3, BGGK and BGGN
glasses as a function of Raman shift. (b) Absorption coefficients of GGK, BGGLaY1l, BGGLaY2,

BGGLaY3, BGGK and BGGN glasses as a function of wavelength.

Figure 2 Pulse energy — repetition rate landscape and identification of Type I regime, transition regime and

spatial broadening regime in BGGLaY1 glass.

Figure 3 (a) Phase shift (in rad) for GGK, BGGK and BGGN glasses as a function of pulse energy. (b) Phase
shift for BGGLaY1l, BGGLaY2 and BGGLaY3 glasses. Left inset: optical image of BGGLaY1 in low
energy. Right inset: optical image of BGGLaY1 (3 pJ and 2.5 pJ from left to right). Lines are guide-to-the-

eye.

Figure 4 Maximum phase shift (A, in Rad) as a function of Cations/GaOzy, (in cationic mol%).

Figure 5 Excess loss at 2500 nm as a function of energy for GGK, BGGLaY1, BGGLaY2 and BGGLaY3

glasses after fs laser irradiation.

Figure 6 Ranges of refractive index variations induced by fs-laser vs. refractive index (typ. measured at 532

nm) for the BGG, chalcogenide, fluoride, SiO2 and germanate glasses.
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