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Abstract: The ability to produce robust fiber-based integrated optical systems operating over a
wide spectral domain (UV to mid-infrared), is one of today’s key challenges in photonics. This
work reports on the production of crystal-free, light guiding fibers from rich Ga;O3 oxide-based
glass compositions. These materials show optical transmission extending from ultraviolet
wavelengths (~0.280 um) up to 6 um in the IR for millimeter length scale while exhibiting
relatively high vitreous transition temperatures (~735 °C), nonlinear optical properties and
improved surface micro-hardness. This combination of superior thermal, mechanical and optical
properties represents a promising alternative for the development of robust fibers operating in the
visible up to the 3—5 um window.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With their endlessly tailorable structures, optical fibers have revolutionized the way light can
be manipulated. Their technological maturity has rapidly grown over time, and they now
offer an essential framework for the engineering of ever more innovative sensors, laser sources
and numerous other photonic devices. Still today, power scaling as well as extension of the
spectral range of operation of fiber-based systems keep on driving highly motivated studies.
Great efforts are for instance dedicated to the development and improvement of IR transmitting
glasses suitable for optical fiber drawing [1]. Several vitreous systems such as chalcogenides,
fluorides, tellurites and germanates, have emerged as strong alternatives to silica [2], offering new
opportunities in various application fields. Yet, fibered systems based on these materials are still
not able to reach silica’s performances in terms of power sustainability, mechanical properties
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or chemical stability. For instance, chalcogenide glasses suffer from poor thermal resistance
limiting their use for high-energy applications despite being the most adequate materials in terms
of nonlinear responses and transmission in the IR [3,4]. Fluorides are currently the most mature
non-silica glasses for technological purposes. They possess low optical losses in the fiber form
(~ 1dB.km™") as well as greatly advanced integration (connectors, Bragg gratings, splicing)
and functionalization (end caps) possibilities [5,6]. However, their performances are impaired
by poor corrosion resistance, recrystallization during splicing, and low mechanical strength in
general.

During the past fifteen years, significant efforts were devoted to the development of a fiberizable
oxide-based alternative to silica, which could offer wide transparency from the UV to the Mid-IR
with reinforced thermal and mechanical properties. In particular, lead and bismuth-free BGG (20
BaO - 10 Ga, 03 - 70 GeO,) compositions were patented [7]. These gallo-germanate oxide glasses
offer a wide optical transparency, ranging from ~0.280 um in the UV up to ~6 um in the Mid-IR,
high glass transition temperature (7, ~700 °C) and superior mechanical properties and damage
threshold. [8,9] It has moreover been demonstrated recently that interesting 2 um emission can
be obtained from modified BGG glass fibers [10]. Most of the works dedicated to those vitreous
materials however studied multi-component compositions possessing GaO3,/GeO; ratio less
than 1:2, with gallium oxide behaving like an intermediate [10,11]. Ga,O3 possesses a relatively
low phonon energy (500 cm™!) as compared to other heavy oxides which contributes to extending
transmission at longer wavelengths, as IR transmission edge is mainly limited by the species
in the glass exhibiting the highest phonon energy. Its incorporation also enables to reinforce
surface hardness or to modulate the refractive index. Despite their numerous assets, few studies
have been devoted to fiber fabrication from glasses in which gallium oxide is acting as a network
former. This is mainly due to the high complexity of the elaboration route of lead or bismuth-free
gallate compositions which needs fast quenching techniques such as levitation [12,13] and that
does not meet fiber preform fabrication requirements. Here experimental results concerning
the fabrication of glass fibers obtained by the standard preform-to-fiber method in the GaOs3; -
GeOy; - BaO system stabilized with lanthanides (LaO3/, or YO3/,) are presented. Glasses with
Ga03/2/GeOy ; ratio up to 3:2 were produced and successfully drawn into tens-of-meters-long
fiber samples. Our study presents, for the first time, accurate nonlinear optical measurements and
Raman gain on rich gallium oxide environmental-friendly glass compositions compatible with
standard fiber fabrication technology.

2. Experimental section
2.1. Glass synthesis and fiber drawing

The glass performs are fabricated by the standard melt-quenching technique. High purity raw
materials Ga;03 (99.999%), GeO; (99.999%), BaCO3 (99.997%), LayO3 (99.99%) and Y,03
(99.99%) are weighted in adequate proportions and placed together in a platinum crucible. The
mix is heated up to 1550 °C in an electric furnace and melted for 12 hours. Then, the melt is
rapidly quenched by pouring it in a cylindric steel mold preheated at ~T, - 50 °C. The glass
sample is subsequently annealed at T, - 10 °C for 5 hours. Finally, the temperature is slowly
ramped down (2 °C.min~") to room temperature. A typical glass rod is 50 mm long, has a 10
mm diameter and weights approximately 40 g. The absence of crystallization were controlled
by XRD, confirming, within the accuracy of the technique, that the glass was at least 98%
amorphous. The fabricated preform is then thermally drawn under argon gas flow (2 L.min™")
into fibers using a dedicated 3 meters high drawing tower. The rod is placed in the furnace
and heated up to its softening temperature at a rate of 10 °C.min~!. After the fiber drawing is
initiated, the preform is slowly fed (I mm.min~") into the furnace while the drawing parameters
are continuously monitored in order to produce fibers with a controlled diameter ranging from
125to 175 pm + 1 pm.
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2.2. Physical properties

The characteristic temperatures, namely the glass transition (7,) were determined with+5 °C
accuracy using Differential Thermal Analysis (DTA). Curves for ~100 mg glass samples were
recorded under ambient atmosphere between 20—1000 °C at a heating rate of 10 °C.min~!. The
T, was taken at the inflection point of the endotherm, as obtained by taking the first derivative of
the DTA curve.

The Knoop microhardness (HK) measurements were carried out using a Leica WMHT Auto
Apparatus equipped with a CCD camera. A charge of 100 g (=0.981 N) was applied during 10
seconds in this case. Ten measurements performed all over the sample surface were averaged in
order to obtain the microhardness of the glass.

The UV-Visible-NIR transmission spectra of the glass were recorded in the 0.2 ym - 3.3 um
range using an Agilent Cary 5000 UV-Vis-NIR spectrometer. Transmission in the Mid-IR was
collected using a Bruker FTIR between 3 pm to 7 um. The measurements were carried out on
few millimeters (2 mm) optically polished glass slabs.

Optical losses measurements of single-index fibers were carried out using the cutback method
on several meters-long samples. A fibered tungsten source is injected into the gallate fiber.
Transmission of the sample is then recorded between 0.2um - 1.1 um by using a fibered
spectrometer Avantes AvaSpec-ULS4096CL-EVO while the transmission in the Infrared between
1.0 pm - 2.4 ym is recorded using a Fourier Transform Infrared (FTIR) spectrometer (NICOLET
6700). Additionally, the optical losses were measured at a discrete laser wavelength at 1.310 um
using the cutback method on a ~3 meters long fiber. A few mW 1.310 um laser source is coupled
into the gallate fiber by the means of a silica objective (x20 and 0,32 NA). The output power is
then measured for different sample lengths using a power-meter with uW sensitivity.

The Raman gain cross-section was calculated from spontaneous scattering spectra measured
in in V'V (vertical polarization for the excitation and the analysis) configuration using a micro-
Raman setup. The excitation wavelength used was 0.632 um. The Laser beam is focused on the
glass samples with a 100x objective with 0.9 numerical aperture and the signal is collected in
backscattering configuration. Scaling corrections with respect to a well-known standard sample
(fused silica) were implemented. They take into account variation in the solid-angle and Fresnel
reflection as described elsewhere [14].

Third harmonic generation (THG) experiments were carried out using a femtosecond oscillator
(TPulse200 from Amplitude Systéme, central wavelength 1.030 um, mean power 2.4 W, 9.2 MHz
repetition rate, 390 fs pulse duration (FWHM)), focused across the polished glass interface with
a Olympus air objective (20x — NA 0.75). THG traces were recorded at different positions of the
glass sample and averaged for both the glass under study and a reference Silica sample, to allow
for the calibration of the THG signals. THG trace processing was carefully conducted so as to
extract the cubic nonlinearity [15], which specifically requires to know accurately the involved
refractive indices. A spectroscopic phase modulated ellipsometric measurement had thus been
performed with an UVISEL apparatus (HORIBA Jobin-Yvon) to determine the refractive index
n of the GGBLaY glass, after a fine calibration of the ellipsometre with the reference Silica
glass over the spectral range between 0.260 um to 2 um thanks to the comparison to literature.
This allowed estimating the dispersion behavior of this glass, especially between the 1.030 um
fundamental beam and the THG radiation at 0.343 ym. The preparation of a I mm thick sample
with a low surface roughness and slightly wedged permitted to consider it as a bulk material.
Hence, the refractive indices were directly retrieved with an accuracy better than 0.01, leading to
the ' estimation with 22% uncertainty.

3. Results and discussion

The glass (in cation mol. %) 40 GaO3 - 26.4 GeO, - 16.4 BaO - 8.6 LaO3/, - 8.6 YO3,, (namely
GGBLaY) was selected for the present study. Measurements of the thermal properties, refractive
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index dispersion, Raman gain cross section, third order susceptibility, optical transmission as well
as Knoop micro-hardness were performed in order to fully grasp the potential of the GGBLaY
glass for photonic applications in the Mid-IR. The glass properties are summarized in Table 1
and compared to the main existing infrared materials.

Table 1. Physical properties of Infrared transmitting glasses, hamely glass transition temperature
(Tg), Third order susceptibility (x¥®), Raman gain cross-section (gg) and Knoop micro-hardness

(Hx)-
Transmission X(S) (x10722 gr (x10713
Glass Main component T, (°C) window (um) m2 V=24 mWwW1) Hg (GPa)
Silica [3,16,17] SiOy 1250 0.19-4.0 2 0.9 59
Gallate Ga03 735 0.28 - 6.0 28 54 54
Germanate [3,18-23] GeO, 5007 -700¢  0.28 -5.5" ~34 . 25" ~4d 15" 390514
Tellurite [3,14,24] TeO, - ZnO 260 - 370 04-6.5 74 20 29-33
Fluoride [3,14,17,25] ZrF, - BaF, 260 0.2-8.0 2.6 2 22
Chalcogenide [3,4,26] AsyS3 230 0.55-12.0 1251 44 1.1-2.0

“¢Calculated from ng and n; values given in literature at 1.06 um for silica, germanates, tellurites and fluorides and at 1.55
um for As;S3 [3,19,21]

bFor GeO, — PbO glasses with GeO, content > 40 mol. % [23,26]

“For BaO - GeO; — Ga, 03 glasses with GeO, content > 40 mol. % [18]

dFor lead-free GeO, — SiO, glasses with GeO, content > 40 mol. % [19,20].; (for estimation of optical window the
material thickness are the following: Silica: 2 mm, gallate: 2 mm, germanate: 12 mm, tellurite: 1 mm, fluoride: 2 mm,
chalcogenide: 3 mm)

The characteristic temperatures of the glass, namely the glass transition (7y) and crystallization
onset temperatures (7), were determined in a previous study through differential thermal analysis
[27]. The T, is found to be 735 °C while the onset of the first crystallization peak appears
T, =910 °C. Because of its high T, the present composition can be considered for the design
of devices operating in harsh environments with elevated temperatures or to sustain the heat
effects occurring during high power Laser operations for instance. Additionally, the glass
possesses a high difference AT value between T, and T, (AT =T, - T, =175 °C), which gives
GGBLAaY fibers practical advantages for its splice-based integration into all-fiber architectures
where connections to important components such as pump sources, isolators, Bragg gratings
and others, are necessary. Functionalization of the fiber (end-capping, tapering, lensing, etc.)
can also be considered in this instance without risking recrystallizations of the glass during
temperature-based post-processing steps.

The refractive index dispersion curve of the present gallate glass is given in Fig. 1. It exhibits
a typical normal dispersion with a decrease of the refractive index versus the wavelength. The
refractive index is 1.778 £ 0.01 at 1.550 pm. Fine refractive index is of great importance for
the development of complex fiber structures suitable for photonic applications. It allows for the
engineering of waveguiding properties as well as the excitation of specific nonlinear dynamics
through dispersion management and light confinement. In the present case, modulation of the
refractive index can be achieved by tailoring for instance the Ga;O3 content in the glass offering
very versatile possibilities for fiber developments. Indeed, waveguides with different index steps
can be built from those easily tunable compositions and depending on the application, single-mode
fibers with either large mode area (LMA) can be targeted for laser operation or on the contrary,
fibers with small effective area can be produced as they are more profitable for the triggering
of particular nonlinear effects. For refractive index engineering, precise measurements will be
needed on fibers to estimate the refractive index profile, involving for instance interferometry
methods to reach the necessary accuracy.
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Fig. 1. Refractive index dispersion of the GGBLaY glass.

The third order susceptibility and the Raman gain cross section were measured to confirm the
great potential of high Ga;O3 content materials as promising candidates for the next generation of
nonlinear photonic devices in the spectral region covering the transition between NIR and Mid-IR.
The third order susceptibility value was determined through third harmonic generation (THG)
measurements at 0.343 um. An IR laser emitting at 1.030 um was used to ensure a non-resonant
configuration measurement in the transparency window of the glass matrix while taking into
account the refractive index dispersion presented further below.

The third harmonic measurement, as compared to Kerr effect measurement for instance,
allows accessing mainly to the electronic contribution of the nonlinear response. It permits in
particular to avoid a possible nuclear contribution to a nonlinear index measurement as it has
been reported for germanium containing silicate or niobium containing phosphate glasses in
which, the nuclear contribution to the n, can reach 40% depending on the pulse laser duration
and the pump probe measurement configuration [35,36]. The y values as function of the linear
refractive index for various materials, namely silicates, germanates containing heavy oxides,
fluorides, borophosphates, phosphates, tellurites, chalcogenides and some simple oxides are
plotted in Fig. 2 [3,19,21,28-34]. For the GGBLaY glass, the X(3) values measured by THG
is 2.8 x1072! m? V=2 which is approximately one order magnitude stronger than for SiO,. The
value is above the reported ones for germanates. There are only few studies concerning nonlinear
optical properties of gallium oxide containing glasses beside materials with lead or bismuth in
which the property is mainly driven by those latter anions. Nonetheless, since there is correlation
of the nonlinear optical properties with the linear refractive index, one can have information
about the effect of gallium oxide from the linear optical responses of gallate glasses for which the
literature is more extensive. Indeed, as previously measured, the gallium oxide when associated to
germanium oxide contributes to the increase of the linear refractive index of glasses [37]. Similar
effect is also observed in the case of alkali and alkaline earth gallo-silicate glass, where the
introduction of gallium in the germanate glass network leads to the formation of GaOy tetrahedra
where the alkali and the alkaline earth ions act first as charge compensator ions leading to limited
amount of polarizable Ge-O-Na bonds called NBO (non-bridging oxygen). Such NBO bonds
on germanium or silicon are expected to exist only after the fourfold coordinated gallium ions
has consumed the equivalent amount of modifier ions to form GaOy4 [38,39]. In the GGBLaY
composition, the glass network is composed of connected GeO4 and GaOy4 units surrounded by
alkaline earth or rare earth ions acting as charge compensators. This yields a dense glass network
with increased density as compared to germanate matrices, despite the fact that the molar weight
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of gallium and germanium are comparable [40]. Such effect is most probably at the origin of the
largest linear and nonlinear response of the gallium containing glasses as compared to germanate.
Such effet was previously proposed by Line, who claimed in early 1991 that gallate glass matrices
could be promising for nonlinear optical applications, despite the few investigations that had been
reported concerning those materials at that time [41].
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Fig. 2. x<3) values as function of the linear refractive index for various glass families. Values
were either directly extracted from literature or calculated from available ng and ny values
[3,19,21,28-33]. *Megajoule Glass: Phosphate glass amplifier designed for the French
Meégajoule Laser ignition facilities [34].

The Raman gain spectral response of the GGBLaY glass is plotted in Fig. 3 and is compared to
Si0,. It exhibits two main vibration modes centered at 525 cm™! and 800 cm™!. The band around
525cm™! can be attributed to the mixed symmetric stretching and bending vibrations of T-O—T
bridges with T = Ge or Ga. Regarding the broad band around 800 cm™!, the assignment is either
germanium non-bridging oxygen or antisymmetric vibration of T-O-T bridges [39,42]. Indeed,
as detailed in [39] which combines DFT calculations with IR and Raman characterizations of
gallo-germanate glasses, we attribute the non-uniform charge repartition on oxygen ions along
the gallo-germanate chains (as expected with the [GaO4]~ tetrahedra charge compensated by
neighboring barium, yttrium or lanthanum ions) to be responsible for the intense vibration
between 650 cm™! and 900 cm™! also observed using infrared spectroscopy [39]. One has to
note that the maximum Raman cross section of such gallium-rich glass system is ~5.4 times
stronger than the fused silica one, outranking fluorides (~2.2 times silica for ZBLAN [14,17]) as
well as common germanate materials (~4.5 times silica for lead-free GeO; glasses [9]). Such
value has to be related again to the germano-gallate glass network structure favoring high density
T-O-T network with inhomogeneous charge distribution on oxygen atoms and part of the barium,
yttrium and lanthanum ions acting as charge compensators for GaOy tetrahedra.

Optical transmission of the GGBLaY bulk glass is shown on Fig. 4(a). The transmission
window for a sample of 2 mm in thickness spans from ~0.280 pm up to ~6.0 um in the Mid-IR.
One can observe a significant absorption at 3.0 um usually attributed to free T-OH groups (with
T used for Ga or Ge) or molecular water traditionally measured on glass prepared with no special
purification steps [43,44]. Attenuation measurements were performed on optical fiber samples
by the cutback technique in the visible and Near Infrared spectral range, between 0.400 um and
2.4 um. As a comparison, the same measurement was conducted using a discrete laser wavelength
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Fig. 3. Raman gain cross section of the GGBLaY glass (red line) compared to silica (black
line)

at 1.310 pm. The results are summarized on Fig. 4(b). They reveal a typical transmission of a
fiber made from unpurified heavy-oxide glass. The background loss level is ~ 6 dB/m and the
transmission is limited towards longer wavelengths by strong water-related absorptions usually
attributed to harmonics of bonded-hydroxyl or free H,O vibrations [44]. One has to keep in
mind that the viscosity of the melt is particularly high, making difficult the homogenization and
the casting operations. The preform and the fiber presented visible striae as observed in the
insert of Fig. 4(b). Regarding impurities, the synthesis under dry atmosphere and addition of
dehydration reagents to the melt (halides like ZnF,, BaF,, etc.) should allow to effectively remove
water-related impurities from the glass and extend the optical transmission in the Mid-IR [13,45]
and would widen the fiber transmission to ~ 4.5 um in the IR. Opening the important 3—5 um
widow would allow for the development of sources based on rare-earth Mid-IR emissions from,
for instance, Er’*, Ho’*, Pr’* and Dy?* ions. Gallate matrices possess high RE-ions solubility,
as reported in literature [46], and as confirmed by the high amount of lanthanide and yttrium
oxides (17 mol. % of YO3,,+La03,) already incorporated in the present GGBLaY composition.
This ability to integrate a large amount of RE-ions makes gallate glasses attractive for the design
of high power, extremely short laser configurations. Additionally, the present composition does
not contain alkali ions which are known to be responsible for color centers formation in glasses.
It is worth noting that the GGBLaY fiber keeps good transmission at lower wavelengths down to
0.5 um, meaning that those glasses possess great potential for applications both in the visible and
Mid-IR spectral domains.

Mechanical strength was also assessed through Knoop indentation measurements. The
surface micro-hardness of the glass sample was found to be 5.4 + 0.3 GPa which confirms the
improved mechanical properties of gallium rich glasses. This value, despite remaining lower
than that of silica (5.9 GPa [16]), is greater than those exhibited by all other IR materials such
as chalcogenides (1.1 GPa for As;S3 [26]), fluorides (2.2 GPa for ZBLAN [25]) and tellurides
(2.5 GPa or slightly more depending on network modifier [24,47]). The germanate family places
just below with almost similar mechanical toughness but lesser Raman gain cross section and
third order susceptibility as described previously in Table 1. One can note that GeO,-PbO or
BGG glasses, which are the most profitable germanium oxide-based materials in terms of IR
transmission and nonlinear responses, exhibit lower surface hardness (respectively 3.9 GPa and
4.1 GPa [18,23]).
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Fig. 4. (a) Transmission spectra recorded for a 2 mm bulk GGBLaY glass. (b) Optical
attenuation of the glass fiber measured between 0.400 um and 2.400 um. A discrete loss
measurement performed with a laser source at 1.310 um was added to the graph (red star).
Inset: Cross-sectional view of a mono-material gallate fiber.

Regarding GeO,-SiO, and GeO,-Al,O3 systems, they show improved mechanical properties
(with surface hardness over 4.9 GPa [49]) but with reduced transmission in the Mid-IR or weaker
¥® and Raman gain. In order to increase nonlinear responses in those glasses, germanium oxide
content has to be risen [19,20], leading to lower chemical durability and poor optical quality.
In the end, for germanate matrices as opposed to gallate glasses, mechanical strength usually
has to be traded for either extension of the IR transmission or improvement of the nonlinear
responses. To emphasize the potential of gallium-rich glasses, Knoop micro-hardness of the
existing IR vitreous families versus their IR transmission edge is plotted in Fig. 5. For most of
the available glass families reported, their surface hardness decreases with the extension of their
IR transmission edge. Following this tendency, they can be organized in the following order:
silicates, germanates, tellurites, fluorides and finally chalcogenides. Gallate glasses however do
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Fig. 5. Knoop Micro-hardness measured of the available Infrared glass materials as function
of their transmission edge at longer wavelengths [16,18,23-26,47-49]. Compositions marked
with an asterisk refer to values measured with a Vickers indenter [47].
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not fall in this classification and keep high surface hardness with a moderate transmission limit at
longer wavelengths reaching nearly 6 um. In this context, Ga;O3-based materials offer a new
alternative for the development of highly robust fiber-based photonic devices exploiting either
linear (RE emissions) or nonlinear processes (Kerr effect, Raman gain, etc.) and potentially able
to operate in the visible up to the Mid-IR range.

4. Conclusion

Gallium-rich gallo-germanate glasses incontestably appear here as a serious alternative to silica,
as they uniquely combine reinforced thermal and mechanical properties, fiber-drawing ability,
high rare earth ions solubility. Such glass compositions offer a wide transmission window
with transmission expected to reach 4.5 um in fiber. They exhibit the highest nonlinear optical
responses among the friendly oxide glass compositions. However for the deployment of such
glass, the main target remains in term of synthesis conditions to reach minimal optical losses (~1
dB.km™") in the IR. Then it would lead to a new level of robust fiber laser sources and innovative
fiber components for manipulating light, with applications spanning important areas, such as
communication technology, metrology or sensing. Sources based on these materials will allow
increasing the output power as compared to existing devices, especially in the Mid-IR, enabling
the development of novel robust, more reliable, high energy photonic systems.
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