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Abstract

This work demonstrates for the first time the formation of nanogratings inside Barium Gallo-Germanate glasses using
femtosecond laser direct writing. These heavy oxide glasses, with a characterized transparency window up to 6 um,
along with the polarization sensitive birefringent nanostructures induced by femtosecond laser, offer an excellent
platform for the development of mid-Infrared photonic applications. The fabricated glasses, containing both rare
earth (Gd, Y) and transition metals (Zn, Ta), are directly compared to amorphous GeO> and commercial alumino-
germanate (Corning-9754) glasses commonly used in this field. The nanogratings processing window in each glass
was investigated by varying laser parameters (pulse duration, energy, repetition rate), and electron microscopy
imaging directly evidenced the porous nanostructures. Among the results, a strong form birefringence in 8% ZnO-
BGG glass, e.g., up to -0.029+0.001 was reported. Finally, birefringent embedded Fresnel GRIN plates were directly
written in a BGG glass, to demonstrate the functionalization potential of these materials.

Keywords: Femtosecond laser; Barium gallo-germanate glass; Nanogratings; Birefringence; Photonic

applications



1. Introduction

Almost two decades ago, a self-assembly phenomenon, frequently referred to Type II modifications or
nanogratings (NGs), and driven by femtosecond (f5) laser irradiation, was first observed in silica bulk glass [1].
Several proposed mechanisms of NG formation include plasma interference [1], material memory effects [2,3], and
interference of ultrashort-living exciton-polaritons [4]. Although still under debate, a number of intriguing properties
arise from these structures, such as anisotropic light scattering, highly selective chemical etching and form
birefringence associated with an extraordinary thermal stability. These properties have found practical use in
microfluidics [5], polarization selective holography [6], ultrastable SD optical memory [7,8] and 3D space variant
birefringent optical devices. Until recently, the NGs formed by nanoporous structures with reduced refractive index
in silica glass [9], were thought to be just observed in a handful of materials mostly limited to visible and near-Infrared
(IR) range. This contrasts with the general phenomenon of laser-induced periodic surface structures (LIPSS) observed
virtually on any type of material ranging from amorphous and crystalline dielectrics to semiconductors and metals
[10-13]. Recently, Wang et al. [14] and Sakakura et al. [15] reported a new intermediate regime called type X
modification (randomly distributed anisotropic nanopores induced by ultrafast laser), which is regarded as the early
structure of NGs and can be used for ultralow-loss birefringence devices. NGs induced in volume and by fs laser were
observed on several glasses or crystals among which we can cite GeO» glass [16-18], TeO: single crystal [19],
Sapphire [20], ALO3-Dy»Os binary glass [21], lithium niobium silicate glass [22] or titanium silicate glasses (ULE,
Corning) [23] and even in multicomponent aluminoborosilicate glasses (Borofloat 33, Schott) [23]. The silicate ones
[24], are the most ubiquitous glasses employed for femtosecond laser direct writing (FLDW), as they are readily
commercially available and offer both excellent optical transparency and physico-chemical stability. However, with
respect to photonic applications, these glasses are limited to the short wavelength IR range (SWIR, <2 um), and do
not match the increasing demand for mid-IR (ideally up to 8 um) applications requiring 3D laser 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 overcome this restriction imposed by silicate glasses and access the aforementioned mid-IR range, non-
silicate glass matrices must be employed, such as chalcogenides [25], fluorides [26], or heavy oxides [27]. Among
these potential optical materials, heavy metal oxide glasses (HMO), and more specifically barium gallo-germanate
(BGG) glasses appear as promising candidates as they are chemically stable, manufacturable by conventional means
(melt-quenching), mechanically resistant [28], and can exhibit an extended transmission in the IR range up to 7-8 pm
[29].

In this study, four derived BGG glasses containing transition metals (Zn, Ta), rare-earth elements (Gd, Y),
and an undoped BGG glass serving as a reference (labeled Ref-BGG), were synthesized and subsequently irradiated
by fs laser. Furthermore, additional studies on commercial glasses, namely SiO», GeO, and Coming 9754 (a
germanate glass), were provided as comparison. The transition metals or rare-earth elements were introduced to
increase the glass stability by avoiding zeolite crystal formation while maintaining a wide transparency window [30].
The Y**-containing glass was employed to describe fs laser lasing modification thresholds. The Ta>*-containing glass
was used due to its high bulk refractive index (e.g. GeO2-Na,O-TaxOs glass with high refractive index of 1.89 at
wavelength of 600 nm) [31], and Gd**-containing glass for its high Verdet constant to induce Faraday electromagnetic
effects. Further, ZnO was added into one conventional BGG glass to increase its chemical stability and for its excellent
piezoelectric properties for potential applications. In this paper we demonstrate the formation of NGs in HMO glasses.
We highlight a maximum birefringence of -0.029 for 8% ZnO-BGG sample, which is higher than that of SiO; (typ.
up to -0.011). Furthermore, the ability to control the neutral axis orientation and to enable high refractive index
contrasts led to the engineering of unique integrated optical devices with 3D spatially varying birefringence or
refractive index changes. Subsequently, birefringent embedded Fresnel zone plates were demonstrated and

characterized in the BGG glass.

2. Experimental

2.1 Glass synthesis



BGG glass samples were prepared through conventional melt-quenching technique from high purity
reagents (Ga203: 99.999%, Fox Chemicals, GeO2: 99.999%, Fox Chemicals, BaCO3: 99.99%, Fox
Chemicals, Y203: 99.9%, Alfa Aesar, Gd2O3: 99.999%, Alfa Aesar, TaxOs: 99.993%, Alfa Aesar and ZnO:
99.999%, Alfa Aesar). 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 1550 °C for 1 h. The
liquid was then quenched onto a metal plate to room temperature. The samples made with different chemical
compositions are presented in Table 1. Additionally, a set of commercial glasses was added for comparison,
namely SiO2, GeO; and Corning 9754 (alumino-germanate).

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

Sample Composition (Mol %) Tg(x2°C) Tx(*2°C) Density ns32
(£0.01g-cm3) (£0.005)

Ref-BGG 20Ba0 - 15Gaz203 - 65Ge02 668 776 4.568 1.715

8% Y203-BGG 8Y203 - 18Ba0 - 14Gaz03 - 60Ge02 719 860 4.803 1.769

8% Gd203-BGG ~ 8Gd203 - 18Ba0 - 14Ga203 - 60Ge0: 719 857 5.169 1.810

8% Ta20s-BGG 8Ta20s - 18Ba0 - 14Gaz03 - 60Ge02 733 911 5.162 1.818

8% Zn0-BGG 8Zn0 - 18Ba0 - 14Gaz03 - 60Ge02 639 752 4.684 1.715

2.2 Pristine glass characterization

The glass transition temperatures (Ty) and onset of crystallization (Tx) 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 with a precision of £2 °C. The density
was obtained from the average of five measurements per sample using Archimedes' method by immerging
a glass chunk in diethyl phthalate at room temperature on a Precisa XT 220A weighing scale with an
estimated error of £0.01 g-cm™. The refractive indices (n4) were determined by measuring the Brewster
angle at 532 nm with an estimated error of £0.005. T, Tx and nq4 are reported in Table 1. Micro-Raman
spectra were recorded in backscattering mode on a confocal micro-Raman spectrometer (Renishaw inVia
Qontor) 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 Tin(A) [32] in
order to remove the Fresnel losses.

2.3 Fs-laser irradiation and characterization of modified regions

The glass samples were individually double side polished to an optical grade. A commercial Yb-doped fiber
amplifier fs laser (Satsuma, Amplitude Systémes Ltd. Pessac, France.) delivered the pulses of 1030 nm at
varied pulse duration (250, 500, 800 and 1000 fs) with a typical average power up to 10 W. The beam was
focused to 400 um in depth beneath the surface of each sample using 0.6 numerical aperture (NA) aspheric
lens (estimated beam waist w, ~1.5 pm) and pulse repetition rate 100 kHz (except for 8% Y203-BGG glass
whose pulse repetition was at 10 kHz). Furthermore, a series of rectangle patterns, 10X100 um?, were
inscribed in all samples. Each rectangle was in fact composed of 10 lines being 100 um long with a spacing
Ay of 1 um and a laser scanning speed of 10 um/s (it meant 10000 pulses/um at 100 kHz) for avoiding any
diffraction effect. Moreover, the pulse energy E, was varied from 0.025 to 3 pJ and the laser polarizations
were in Xx and Xy configuration (X, laser writing orientation and X, y so-called laser polarization direction
0° and 90°, respectively) [33]. After fs laser irradiation, the inscribed sample was observed using an
Olympus BX51 (Olympus, Tokyo, Japan) polarizing optical microscope equipped with "De Sénarmont"
compensator which possessed a high precision quarter waveplate coupled to a rotating analyzer, providing
a measurement of retardance [33]. The retardance is defined by R = B X [, where B is linear birefringence
(i.e. ne — no) and [ the thickness of birefringent layer induced by fs laser.

Subsequently, the structural analysis of the laser traces was carried out by performing a field-emission gun
scanning electron microscope (FEG-SEM, ZEISS SUPRA 55 VP) operating in secondary electron imaging
mode. The FEG-SEM allowed examining uncoated insulating or dielectric specimens using a few pA

current and 1 kV accelerating voltages.



3. Results and discussions

Both the transparency in the mid-IR region (3-5 pm) and the higher nonlinear index of GeO> based
glasses, when compared to fused silica, makes it a natural candidate or host for many applications in the
near-/mid-IR region [34,35]. In particular gallo-germanate glassy systems investigated here offer the
advantages of high glass transition temperatures, and an extended IR transmission window. The resulting
absorption coefficient (1) measurements for each glass sample are presented in Fig. 1 (a). Each BGG glass
presents similar optical absorption characteristics with an absorption coefficient, « < 2 cm’!, revealing a
prominent optical transparency from 0.5 to 5.5 pm, hence covering the mid-IR window. One asymmetric
broad absorption band could be observed around 3 pm corresponding to the hydroxyl stretching vibrations,
arising from glass synthesis performed under the ambient environment. For most glasses, the IR
multiphonon cut-off is made up of a peak at 6.25 um and a strong absorption edge above 6.5 pm.
Furthermore, porous nanostructures, namely NGs, are formed in our glasses upon fs laser irradiation. The
morphology of these structures, along with associated fast/slow axes, are presented in Fig. 1 (b). In addition,
the formed O>— containing nanopores, as it is the case of silica glass [36] and further discussed below, agree
with the results of Fig. A.1 (b) (Appendices).

Insert Fig. 1 here

The presence of laser-imprinted birefringent structures with a polarization dependent slow axis in these
glasses was first characterized and measured using an Olympus BXS51 polarizing optical microscope
equipped with "De Sénarmont" compensator. Such a polarization-dependent birefringence is characteristic
to the presence of NGs, which were further confirmed under observations made by FEG-SEM. This
observation contrasts with our previous research work in similar glass matrices but with different
compositions and for which NGs were not detected [37]. These derived BGG glasses include rare-earth
(La**, Y*) and/or alkali (Na*, K*) ions. Despite a wide range of laser parameters were investigated (300-

800 fs, 10-100 kHz, 1-100 pm/s), no formation (and the observation) of NGs was detected. In recent work,



it was revealed that NGs are much easier to form in glasses with a high amount of strong network former
and especially in so called “long glasses” from the viscosity (T) point of view [38]. In contrast, it is very
difficult to imprint NGs in “short glasses” like alkali borosilicate (BK7, Schott) or previously studied alkali
BGG glasses [37].

The presently investigated derived BGG glasses were irradiated by fs laser with varying pulse energy (0.01
ul to 5 pJ) and pulse duration (250 fs to 1000 fs). The pulse energy - pulse duration (£, - T,,) processing
window of 8% ZnO-BGG glass is shown in Fig. 2 as an example, but the presented trends are valid for all
the glass samples. The different “typical” modification regimes are clearly distinguishable: Type I
(permanent isotropic refractive index), Type II (form birefringence attributed to self-assembled
nanogratings) and, spatial broadening regime (laser tracks becomes much larger than the beam size) as
illustrated in Fig. 4. With varying pulse duration, the onset of Type II threshold (i.e., appearance of
birefringence) is found to only weakly vary, which agrees with Ref [39]. Here we highlight a relatively
broad energy-pulse duration window for Type II modifications making such composition an attractive host
of integrated optical devices. S. Amoruso et al. [40] have proposed an empirical scaling law of the
breakdown threshold fluence Fin o< 25, where Ty, is the laser pulse duration. Also, Du et al. reported an
increase of the thresholds with the decrease of the pulse duration for 7,, <1 ps. This is mainly explained by
an impact ionization rate scaling with the square root of the laser intensity [41,42]. Here, we reveal the Type
I threshold decreases (below 800 fs) and then increases (beyond 800 fs) with pulse duration, which is only
partially in agreement with the results of S. Amoruso and Du. Note that for all samples, the onset of Type
I threshold is a little lower for Xx writing configuration compared to Xy configuration indicating that
polarization impacts NG formation primarily at high pulse duration [43].

At short pulse duration (<350 fs), the Type I window is broad, making these fabricated glasses excellent
candidates for inscription of 3D waveguides, gratings or graded index mid-IR lenses. Furthermore, the

spatial broadening regime (due to heat affected zone) also presents an interest to imprint low loss single



mode or multimode waveguides with a circular profile at high speeds [44], from optimization of the index
changes and mode field diameter by adjustment of exposure conditions.
The inset of Fig. 2 displays a polarized optical microscope image where a first order full waveplate is
inserted, enabling the identification of the slow and fast axes of the laser tracks, indicative of the existence
of Type II modifications.
Insert Fig. 2 here
To further study the impact of Type II regime formation with respect to the chemical composition in our
derived BGG glasses, we investigate once again the energy vs. pulse duration landscape for Xy
configuration, but this time for all the glass samples. The results are displayed in Fig. 3. Actually, all BGG
glasses present similar trends on the onset energy of Type II formation, i.e., the amount of energy E,
necessary for the onset of Type II formation only slightly depends on z,,.
® Firstly, 8% ZnO-BGG owns a progressively large Type II processing window as one increases the
pulse duration up to 800 fs, e.g., from 0.075 to 1.8 pJ. There is a slight decrease observed at 1000 fs.
With an increase of 7, the Type II threshold is decreased.
® 8% Y203-BGG exhibits a similar trend with respect to 8% ZnO-BGG.
® 8% TaOs-BGG presents a similar trend as above, but goes down for long 7,, and reaches the widest
Type Il window at 800 fs, which extends from 0.15 to 2.8 pJ.
® Finally, 8% Gd>03-BGG also presents a similar trend as referred above. Specifically, here no
processing windows were found below 500 fs whereas the processing window E-7,, is quite wide at
800 fs.
® Here GeO, and Ref-BGG glasses are also investigated for the sake of comparison. The Type II
window of GeO; glass remains quite limited (typ. from 0.15 to 0.7 pJ, at 1000 fs compared to most
BGG glasses including Ref-BGG (i.e., from 0.075 to 3 pJ at 1000 fs). For GeO», Type II threshold

exhibits a slight increase in accordance with previously reported work [39]. Thus our results confirm



that derived BGG glasses are good candidates for integrated photonic components compared to GeO>
glass.
Insert Fig. 3 here

Then the retardance R (proportional to the birefringence, B) was measured using "De Sénarmont"
compensator (a quarter waveplate based technique). It is well known that the deposited energy and pulse
duration are key parameters that can affect the formation of form birefringence in oxide glasses [39]. Fig. 4
exemplifies the amplitude of the retardance as a function of energy for 8% ZnO-BGG and Ref-BGG glasses
in both writing configurations at 250, 500, 800 and 1000 fs. Note that repetition rate was set to 100 kHz and
the writing speed to 10 um/s resulting in a pulse density of 10,000 pulses/um. Overall, retardance roughly
increases monotonously up to a maximum and then strongly decreases for the highest energies. This
corresponds to the formation of inhomogeneous and disrupted NGs that can be assigned to a significant heat
accumulation at larger pulse energies [39]. Fig. 4 also shows that the minimum pulse energy required to
induce detectable retardance in these derived BGG glasses is in the range of tens of nJ. As can be seen, 8%
Zn0O-BGG glass shows a broad Type II window at 800 fs as it is currently observed in SiOz or GeOz [45].
Moreover, we reveal that the maximum retardance in the plateauing region is increased with longer pulse
duration. It can be explained by 1) an elongated focal spot yielding to longer laser tracks and 2) a lower
peak power leading to a more efficient multiphoton absorption by the free electron plasma [46].
As for the dependence on polarization, both Xx and Xy writing configurations follow quite similar trends
for all investigated pulse durations. Gecevicius et al. [47] have reported that Xx writing configuration would
produce stronger retardance than that of Xy configuration due to the stress in and around the nanolayers, i.e.
the stress-induced birefringence for a polarization perpendicular to the writing direction is stronger than for
a parallel configuration [48], which is in agreement with the results in Fig. 4 (a). Interestingly, 8% ZnO-
BGG exhibits a large processing window (0.35 ~ 2 uJ) at 800-1000 fs and a high retardance (up to 120 nm).
Comparatively, Ref-BGG presents an even broader processing window (0.075 ~ 3 uJ) at 500-1000 fs and

retardance up to 115 nm. These BGG glasses are promising hosts for polarizing devices for mid-IR



applications (bulk or fibers) since they offer a strong and controllable birefringence compared to classical
IR glasses like fluoride (e.g., ZBLAN), or chalcogenide glasses where no NGs have been reported so far.

Insert Fig. 4 here
As characteristic of NGs, self-organized, and quasi-periodic nanoplanes are formed perpendicular to the
laser polarization. Under adequate laser exposure conditions yielding to NGs formation, the length of the
porous nanolayers zone can be measured from SEM micrographs and the resulting birefringence calculated
(see Fig. 5).
Calculated birefringence values from retardance measurements, and as a function of glass composition (i.e.,
Corning 9754, 8% ZnO-BGG, 8% Gd203-BGG, 8% Ta»0s-BGG, Si02, GeO; and Ref-BGG) are presented
in Fig. 5. As an illustration of the periodic structure observed in NGs using FEG-SEM imaging, the cleaved
sample cross-sections of the fs laser-modified regions are presented in insets of Fig. 5. Overall, each glass
exhibits similar trends so that birefringence is decreased with the length of the nanoporous zone. Firstly, 8%
ZnO-BGG presents the maximum birefringence (-0.029+0.001) at 0.9 pJ among these studied glasses,
which is ~2.6 times higher than that of SiO; (-0.011). The span of birefringence of 8% ZnO-BGG is very
large (from -0.0052 to -0.0288) making it an attractive candidate for birefringence-based devices. Ref-BGG
shows a birefringence up to ~-0.0123, which is as high as SiO» [49]. Then, the 8% Ta,0s-BGG irradiated
sampled was found with a birefringence range between -0.004 and -0.007. These values are comparable to
that of GeO», which is the “model glass” in the field. On the other hand, average NGs period is found to be
around 240-300 nm, as shown in Fig. 5 (b)-(d), and is a function of glass composition (writing conditions:
800 fs, 1.2 uJ, Xy configuration). These results demonstrate the potential of these glasses for index-contrast
devices, such as patterned waveplates, waveplates array, Fresnel zone plates and polarization gratings [50]
in near-/mid-IR range.

Insert Fig. 5 here
The maximum birefringence in these derived BGG glasses along with commercial glasses (Si02, GeO; or

Corning-9754 glasses) are displayed in Fig. 6 for comparison. Interestingly, the nanopores contained within



the porous nanoplanes (e.g., Xx/Xy configuration of 8% ZnO-BGG), as shown in insets of Fig. 6, and
accompanied with the formation of dissolved O: inside these nanopores as shown by Raman spectra in
supplementary information [36]. Moreover, from the down inset of Fig. 6, the mean period A of NGs is 201
nm. It is around or smaller than the A/2n value and depends slightly on the pulse energy and the number of
laser pulses [1]. Here n was the refractive index of these glasses measured at 550nm. Indeed, according to
this expression with experimental parameters (A = 1030 nm, n = 1.715 for Ref-BGG glass), we can obtain
the average spacing equaled to 300 nm, which approached the value in our experiment.
Insert Fig. 6 here

According to the interesting characteristics of FLDW method (high flexibility, single-step, 3D), practical
optical applications could be tentatively developed such as polarization-sensitive, integrated optical
components and on-demand 3D micro-optics. Here, a demonstrator is fabricated in the 8% Ta>0s-BGG
glass composition, taking the form of a single-step birefringent Fresnel zone plate with a 2 mm outer
diameter and written. The design of the Fresnel GRIN plate was chosen to be a gradient thickness lens. It
consists of creating a single value of refractive index variation An and superimposing layers of uniform
index changes to create a lens in the bulk of the glass material. Here a 4 layers approach was used with 50
um spacing between each written layer [51]. The Fresnel zones plates were optimized for a working
wavelength of 632 nm. The pulse energy, pulse duration and writing speed were respectively set at 1.6 pJ,
800 fs and 0.1 mm/s, such that a /2 phase retardation is reached at the designed wavelength for each layer
and thus a maximum of 2m. In our writing conditions it takes around 5 hours for inscribing this Fresnel
GRIN plate. The odd zones of embedded Fresnel zone plates exhibited in Fig. 9 (b) show strong
birefringence. Finally, the written lens is characterized by measuring the primary focus at 632 nm and its
waist along the defocus distance as exhibited in Fig. 9 (a). We demonstrate that the theoretical and
experimental results of beam size measured at a cutoff intensity value of 1/e? are in good agreement, with

only 6% deviation. The typical primary focal spot is also shown in Fig. 9 (c). Overall, our investigation



proves that derived BGG glasses possess promising mid-IR optical properties and prime potential for
practical applications.

Insert Fig. 7 here

4. Conclusions

Polarization dependent and birefringent nanostructures, so-called Type II modifications, were
successfully imprinted by fs laser in a range of dedicated heavy oxide glasses with an emphasis on Barium
Gallo-Germanate (BGG) glasses. Absorption coefficients below 1.5 cm™ in the 0.25 - 5.5 pm range were
obtained. SEM revealed nanostructures containing self-organized porous nanolayers associated with the
formation of O in the fs-laser irradiated region confirmed by Raman spectroscopy. Retardance and
birefringence measurements indicated that derived BGG glasses own high birefringence values (e.g. -0.029
for 8% ZnO-BGG) compared to model glasses like SiO: (typ. up to -0.011) and GeO: (typ. up to -0.008).
Moreover, a birefringent embedded Fresnel GRIN plate was successfully inscribed in the derived BGG
glass as a demonstrator. The micro-engineering of optical properties in derived BGG glasses by ultrafast
laser direct-writing opens the door towards new applications for mid-IR photonics among which we
envision polarization maintaining waveguides, bulk retarders and their array, 3D space variant waveplates

or polarization converters and more generally 3D micro-optics.
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Figure captions:

Figure 1 (a) Absorption coefficient of Ref-BGG, 8% Gd»03-BGG, 8% Ta,0s-BGG, 8% Y203-BGG, 8% ZnO-BGG and
Corning-9754 glasses as a function of wavelength. (b) Sketch of femtosecond laser induced nanogratings in bulk glass. The
optical axis of the self-organized nanostructures is perpendicular to the self-organized nanoplanes with t; the nanoplane

thickness and t; the period. n; and n, are the corresponding refractive index indices.

Figure 2 Energy vs. pulse duration landscape showing the various fs laser transformation regimes encountered in the
experimental conditions: no modification, Type I, Type II and spatial broadening regime. The selected sample is 8% ZnO-
BGG with Xx (a) and Xy (b) configurations, respectively. Inset shows the polarized optical microscope image (bottom

light illumination) with crossed polarizers and a full waveplate inserted at 45°.

Figure 3 Energy vs. pulse duration showing the Type II processing window of glass groups in Xy configuration: (a) GeO,,
8% Y203-BGG and 8% ZnO-BGG glasses; (b) 8% Gd203-BGG, 8% Ta0s-BGG and Ref BGG glasses. Numbers on the

graphs correspond to pulse energy values.

Figure 4 Mean retardance of laser-written structures as a function of pulse energy and pulse duration (250, 500, 800 and
1000 fs) for (a) 8% ZnO-BGG glass and (b) Ref-BGG glass. The insets indicate typical modification regimes: Type I, Type

II, and spatial broadening regimes. The laser parameters were 1060 nm, 0.6 NA, 100 kHz for 8% ZnO-BGG.

Figure 5 Birefringence as a function of porous nanolayers length for Corning 9754, 8% ZnO-BGG, 8% Gd>03-BGG, 8%
Tax05-BGG, Si0,, GeO> and Ref-BGG glasses. 3 insets of FEG-SEM secondary electron micrographs of the cleaved
surfaces of laser traces cross sections for (b) 8% ZnO-BGG; (c¢) 8% Ta,05-BGG; (d) 8% Gd203-BGG. The red and green
arrows indicate the laser polarization and laser scanning directions, respectively. For simply presenting birefringence
evolution, we use the positive birefringence values (Note all the birefringence values are negative due to the characteristics

of uniaxial negative birefringence of NGs).

Figure 6 Birefringence range as a function of refractive index (measured at 550nm) for various glass samples at 800 fs in

Xx configuration (left bar) and Xy configuration (right bar). Additional insets show FEG-SEM secondary electron images



of 8% ZnO-BGG in Xx and Xy configurations, respectively. For simply presenting birefringence evolution, we use the
positive birefringence values (Note all the birefringence values are negative due to the characteristics of uniaxial negative

birefringence of NGs).

Figure 7 (a) Beam size at 1/e? (um) vs. defocus (mm) with experimental and theorical radius values. (b) Microscope image

of fs inscribed Fresnel zone plate. (c) Image of the primary focus at 632 nm in the 8% Ta,Os-BGG glass sample.
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Fig. Al. (a) Normalized Raman intensity of 8% Gd03-BGG, Ref-BGG, 8% Ta>Os-BGG, 8% Y203-BGG and
8% ZnO-BGG pristine glasses as a function of Raman shift. (b) Normalized Raman intensity of 8% Gd03-BGG,
Ref-BGG, 8% Ta,0s-BGG, 8% Y203-BGG and 8% ZnO-BGG fs-laser modified glasses as a function of Raman

shift, writing conditions: 800 fs, 1 puJ, Xx configuration.

The Raman spectra normalized to the total scattered intensity cross-section from 200 to 1600 cm™ are displayed in
Fig. Al(a) for each pristine glass sample. The Raman spectra confirm the glass nature of all samples. As shown in
Fig. A1(b), each fs-laser modified derived BGG glass exhibits similar Raman spectrum features with respect to the

pristine Ref-BGG glass excepted for 8% Y203-BGG which presents probably a partial crystallization indicated by



the peak at 280 cm™'. Generally, features at low frequencies, namely below 300 cm™, are attributed to network-
modifying cation vibrations in large interstitial sites or to acoustic modes involving motions of the tetrahedral cations
in large atom clusters [1]. Furthermore, it is well known that the Raman shift at 1553 cm™ is related to formation of
molecular oxygen, O [2] indicating the breakdown of T-O-T (T= Ge or Ga). Here it can be explained that thanks to
the strong intensity of ultrafast laser, Ge-O bonds are decomposed i.e., oxygen is displaced from Ge-O-Ge bond and
leave an ODC together with an interstitial oxygen. This is initiated in a fraction of ps and a few separated pulses,
electrons excited by MPI are trapped in glasses and then form self-trapped exciton (STE), and after STE relaxation,
the interstitial oxygen atoms combine and are neutralized to form dissolved O mostly inside the nanopores [2], as
exemplified in the inset of Fig. 6. For more details on the characteristic features of the absorption and Raman spectra
in these similar family glasses, the Reader is directed to the Refs [3,4].
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