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The synthesis and fundamental properties of non-oxide glasses are overviewed. Applications are illustrated by the latest results in fields of technological or societal importance. The first one is the generation of supercontinuum of infrared light by using fluoride and/or chalcogenide optical fibers; the second one is the detection of green-house-effect gases, like CO2, by using optical sensors based on rare-earth-doped chalcogenide fibers.

INTRODUCTION

Vitreous materials based on fluorides or chalcogen elements (S, Se, Te) show large transparency windows in the infrared. Indeed, fluoride glasses are transparent from the UV to 7 µm in the infrared, while chalcogenides can be transparent from the visible up to 12-15 µm, depending on their compositions [START_REF] Sanghera | Optical Properties of Chalcogenide Glasses and Fibers[END_REF]. This is due to the lower phonon energies of non-oxide glasses, which are also responsible for enhanced luminescence of rare-earth ions embedded in such matrices, as compared to oxides. Thus, these glasses allow light emission at wavelengths not accessible with silica. In addition, chalcogenide glasses contain large polarisable atoms and external lone electron pairs that induce exceptional non-linear properties. The non-linear properties of chalcogenides can be 100 to 1000 times as high as the non-linearity of silica. Specific fluoride and chalcogenide glasses can be obtained in the form of optical fibers. Applications are directly related to the combination of unique optical properties and shaping abilities. The paper deals with an overview of the synthesis and fundamental properties of non-oxide glasses, supplemented by the latest results, in terms of applications, in two fields of technological or societal importance. The first one is the generation of supercontinuum of infrared light by using fluoride and/or chalcogenide optical fibers [START_REF] Martinez | [END_REF][3][4]; the second one is the detection of green-houseeffect gases, like CO2, by using optical sensors based on rare-earth-doped chalcogenide fibers [5].

GLASS COMPOSITIONS AND SYNTHESIS

Fluoride glasses

One of the most stable fluoride glass is ZBLAN glass, whose composition is shown in Table I. In this glass, ZrF4 is the glass former, BaF2 and NaF are defined as modifiers, and AlF3 and LaF3 are the stabilizers. Other compositions like fluoroaluminate (AlF3), fluoroindate (InF3), and fluorogallate (GaF3) glasses have been developed [START_REF] Poulain | Fluoride glasses : synthesis and properties[END_REF][START_REF] Miranday | New transition metal fluoride glasses isolated in the PbF2-M II F2-M III F3 systems[END_REF]. Fluoride glasses are usually synthesized either directly from a mixture of metallic fluorides or from a mixture of metal oxides and ammonium bifluoride in excess that react between 250-400 °C to form the fluorides. The fluoride mixture is then melted between 800 and 1000 °C during 30 minutes under inert atmosphere, and poured in a brass mold preheated at a temperature close to the glass temperature (Tg). Finally, the glass sample is annealed at nearly Tg and cooled down to room temperature. An indication of the glass stability towards crystallization is given by ΔT, the difference between the crystallization and the glass transition temperatures. Stable glasses, suitable for the preparation of optical fibers, show a stability parameter ΔT of nearly 100 °C and above, associated to critical cooling rates (Rc) of 1 °C/min or less. ZBLAN glass fulfills these requirements.

Chalcogenide glasses

Chalcogenide glasses refer to glassy materials based on S, Se, or Te, possibly associated to nearby elements of the periodic table such as Ge, As, in a lesser extent Ga, Sb, and also halides. Addition of these elements results in glasses with improved properties like stability against crystallization or optical properties [8]. Bondings between these elements, with close electronegativity, are essentially covalent in nature, contrary to more common glasses like silicates, where bondings are more polarized or even ionic. Chalcogenide glasses usually have relatively low Tg ranging typically from about 150 °C, for selenium-rich glasses, to a maximum of around 400 °C for glasses from the Ge-Ga-S (Se) system, as shown in Table II. The technique for synthesizing chalcogenide glasses should allow to avoid or more reasonably to minimize the presence of impurities like oxygen, hydrogen and water, which could altered the optical transparency. The raw materials are generally elements such as sulfur, selenium, germanium, antimony, arsenic, and tellurium typically with 4N -5N purity. Most of these elements are sensitive to oxidation. This is the reason why the contact with atmosphere should be avoided/minimized during transportation, storage and manipulation, even if the formed glasses are stable in normal air condition. Consequently, the synthesis of chalcogenide should be done in inert atmosphere or in vacuum. The commonly used procedure is the following: the raw materials are introduced in a pre-cleaned silica tube, which is then evacuated to vacuum with a residual pressure of about 10 -5 mbar. Then, the silica tube is hermetically sealed and put into a rocking furnace to ensure a thorough reaction and homogenization. The homogenization temperature is between 600 and 950 °C, depending on the glass composition during several hours. The quenching of the melt can be performed by putting the silica tube in water, ideally iced water, or in air. Similarly to fluorides, the glass sample is then annealed at nearly Tg and cooled down to room temperature. Other techniques like synthesis of As2S3 in open system under gas flow and synthesis in the Ge-Ga-Se system by ball-milling followed by spark plasma sintering have been also employed [START_REF] Guillevic | Fabrication of highly homogeneous As2Se3 glass under argon flow[END_REF][START_REF] Hubert | An innovative approach to develop highly performant chalcogenide glasses and glass-ceramics transparent in the infrared range[END_REF] OPTICAL PROPERTIES

Optical transmission

Optical transmission is probably the one optical parameter that best characterizes non-oxide glasses. Indeed, their ability to transmit mid-IR light has been known for decades. Figure 1 shows the infrared edge of some typical glass families. Silica glass transmits light up to 3 µm only. This limitation is related to the high frequency of intrinsic fundamental vibration modes due to Si  O stretching, which are around 1100 cm -1 .

In fluoride glasses, the infrared edge is located at longer wavelengths, around 7 µm. This is because vibrations modes are at much lower frequencies, as compared to oxides. Thus, in fluorozirconate glasses for instance, the fundamental Zr  F vibration in ZrFn polyhedra is equal to 570 cm -1 .

In chalcogenides, which contain heavier chemical elements, the main fundamental vibration modes are located at even lower frequencies, typically at 340 cm -1 in sulfide glasses where Ge and S are the main constituents, and at 220 cm -1 in Ge-Se selenide glasses. In Ge-Te glasses the main fundamental mode is around 130 cm -1 . These low frequencies, attributed to the "breathing" mode of Ge(S/Se/Te)4 tetrahedra, are responsible for the shift towards longer wavelengths of the infrared edge due to multiphonon absorption, in the series S < Se < Te. 

Non-linear optical properties

Fluoride glasses like ZBLAN show standard non-liner properties with a non-linear refractive index n2 of 0.021 10 -18 m²W -1 , similar to that of silica [START_REF] Agger | Supercontinuum generation in ZBLAN fibersdetailed comparison between measurement and simulation[END_REF][START_REF] Milam | Measurement of nonlinear refractive-index coefficients using time-resolved interferometry: application to optical materials for high-power neodymium lasers[END_REF]. On the contrary, chalcogenide glasses are well known for exhibiting high third-order nonlinear properties in presence of a strong electric field, which results in phenomenon like optical Kerr effect, four-wave mixing, third-harmonic generation, or two-photon absorption. Applications related to third-order nonlinearities are, for example, all-optical switching, generation of continuum of light, optical limitation, etc. A complete review on optical nonlinearities in chalcogenide glasses can be found in Ref [START_REF] Barney | Correlating structure with nonlinear optical properties in xAs40Se60 -(1-x)As40S60 glasses[END_REF].

As shown in Table III, nonlinear refractive indices of chalcogenide glasses are 2 to 3 orders of magnitude higher than that of silica glass, because of the hyperpolarisability of chalcogen elements, as compared to oxygen. In the As-S-Se glass series, n2 increases gradually from 2.3 to 10.5 10 -18 m 2 W -1 when highly polarizable Se substitutes for S. 

Luminescence

As described earlier, non-oxide glasses are characterized by intrinsic low-energy phonons responsible for the broad transparency window in the mid-IR. Low-energy phonons are also responsible for the low probabilities of non-radiative relaxations in non-oxide glasses, then the luminescence of rare-earth ions (RE) exhibits enhanced quantum efficiencies. Rare-earth-doped non-oxide glasses possess a high potential for generating light at wavelengths where rare-earthdoped oxide glasses cannot operate, especially in the mid-IR domain. Thus, with rare-earth-doped fluoride glasses, luminescence and lasing has been demonstrated at discrete wavelengths from the UV (Nd 3+ ) to 3.9 µm (Ho 3+ ) in the mid-IR [START_REF] Adam | Fluoride glass research in France : Fundamentals and Applications[END_REF][START_REF] Adam | Lanthanides in non-oxide glasses[END_REF][START_REF] Zhu | High-power ZBLAN glass fiber lasers: review and prospects[END_REF]. While luminescence can be observed in bulk samples, lasing is obtained usually with optical fibers, which provides better conditions for laser cavity pumping and heat evacuation. With lower phonon energies, rare-earth-doped chalcogenide glasses can generate luminescence at even longer wavelengths, up to 8 µm with Tb 3+ ions [START_REF] Abdellaoui | Tb 3+ doped Ga5Ge20Sb10Se65-xTex (x = 0-37.5) chalcogenide glasses and fibers for MWIR and LWIR emissions[END_REF]. Emissions at wavelengths nearly 3 µm and above have been achieved in both sulfide and selenide glasses, most of them with quantum efficiencies as high as 80 % and more. These transitions are of interest as sources for the 3-5 µm transparency window of the atmosphere, or for optical sensing of molecules that show specific fingerprints in that spectral region. Thus, the broad 4.4 µm emission (FWHM=300 nm) of Dy 3+ , displayed in Figure 2, has been successfully utilized to perform quantitative detection of CO2 gas [START_REF] Charpentier | Mid-IR luminescence of Dy 3+ and Pr 3+ doped Ga5Ge20Sb10S(Se)65 bulk glasses and fibers[END_REF][START_REF] Pelé | Dy 3+ doped GeGaSbS fluorescent fiber at 4.4 µm for optical gas sensing: comparison of simulation and experiment[END_REF], as described further. In that same spectral region, the combination of Pr 3+ transitions at 3.9 and 4.8 µm leads to a super-broad band spanning from 3.5 to 5.5 µm in Ge20Ga5Sb10S65 bulk glass and single-index fiber [START_REF] Chahal | Fiber evanescent wave spectroscopy based on IR fluorescent chalcogenide fibers[END_REF]. A similar band profile is recorded with Ge-As-Ga-Se small-core double-index fiber [START_REF] Tang | Mid-infrared photoluminescence in small-core fiber of praseodymium-ion doped selenide bases chalcogenide glass[END_REF] Figure 2 -Fluorescence spectrum around 4.4 µm of a Dy 3+ -doped Ge20Ga5Sb10S65 single-index glass fiber under excitation at 920 nm, modified by the presence of CO2 gas

PREPARATION OF OPTICAL FIBERS

Fibers are essential optical components for applications where light must be transported (power delivery, remote sensing) or confined (high non-linearity). Several types of architecture have been investigated from single-index fibers to single-mode core-clad fibers, not to mention photonic crystal fibers (PCF) with their extreme versatility in terms of cross-section design. Thanks to an appropriate viscosity-temperature behavior, fluoride and chalcogenide glasses can be obtained in the form of wires and fibers by heating a preform in a drawing tower, described elsewhere [START_REF] Shiryaev | Infrared fibers based on Te-As-Se glass system with low optical losses[END_REF].

Fluoride glass fibers

Among the numerous vitreous compositions based on fluorides, only a few of them are sufficiently stable against crystallization upon heating to allow fiber drawing. Today, fluoride fibers based on zirconium, gallium or aluminum are commercial products [23,24]. The best performances, in terms of optical attenuation, are obtained with ZBLAN fibers. Figure 3 shows the attenuation curve of a single-mode ZBLAN fiber, with a minimum of attenuation of nearly 2 dB/Km at 2.6-µm wavelength. For comparison, the minimum loss of single-mode silica fibers, utilized for telecommunications, is less than 0.2 dB/Km at 1.55 µm. If fluoride fibers can not compete with silica for long distance applications, they are well adapted for short and medium ranges for applications like sensors, optical amplifiers, lasers, and transmission of infrared signals, where silica can not operate. The most efficient technique to prepare core-clad fluoride fibers is drawing from a solid prefom heated above Tg. Core-clad preforms can be elaborated by various methods, the most developed ones being the rotational casting technique and the rod-in-tube technique. In the first technique, the cladding glass in the liquid state is introduced in a cylindrical mold preheated at Tg. The mold is then rotated at high speed (ca 3000 rpm), which results in the formation of a glass tube on the inner wall. Then, the core glass is poured into the tube leading, after cooling to room temperature, to a preform with a good quality core-clad interface. The second technique necessitates, in a preliminary step, to elaborate separately a glass rod (core glass) and a glass tube (cladding glass). The two pieces are then inserted one in another, forming the preform. This technique is easier to implement and allows a broader combinations of glasses for the core and the cladding. But, the core-clad interface is usually of lower quality. At the end, singlemode ZBLAN optical fibers are obtained with core/clad diameters of 6.5/125 µm. The refractive index contrast between the core and the clad is 10 -2 typically, which gives a numerical aperture of 0.23.

Chalcogenide glass fibers

Single-index fibers are obtained usually from rods prepared by a classical melting-quenching procedure. Core-clad fibers are drawn from preforms elaborated by the rod-in-tube technique described above. Chalcogenide photonic crystal fibers or microstructured optical fibers (MOF) are drawn from specific preforms obtained by either the stack-and-draw process [START_REF] Brilland | Fabrication of complex structures of holey fibers in chalcogenide glass[END_REF], or the direct molding process [START_REF] Coulombier | Casting method for producing low-loss chalcogenide microstructured optical fibers[END_REF], or the drilling process [START_REF] Zhang | Fabrication of chalcogenide glass photonic crystal fibers with mechanical drilling[END_REF].

Several laboratories worlwide have developed intensive research on chalcogenide MOFs, with the aim to exploit the intrinsic third-order non-linearities of these glasses by controlling the design of the fiber, which is based on a periodic arrangement of air holes in a single-index matrix. Typical designs are portrayed in Figure 4 [START_REF] Trolès | Low-loss microstructured chalcogenide fibers for large non-linear effects at 1995 nm[END_REF][START_REF] Toupin | Small core Ge-As-Se microstructured optical fiber with single-mode propagation and low optical losses[END_REF][START_REF] Toupin | Comparison between chalcogenide glass single-index and microstructured exposed-core fibers for chemical sensing[END_REF][START_REF] Adam | Chalcogenide Glasses for Infrared Photonics[END_REF]. Provided that the ratio be smaller than 0.42 (d is the holes diameter, and Λ is the distance between two holes) and that the number of rings be large enough, the second mode is never confined in the core of the fibers. As a result, the fiber is singlemode whatever the wavelength. The optical losses of microstructured fibers prepared by the molding technique are less than 1 dB/m at the telecommunication wavelength, and less than 0.1 dB/m at 3.7 µm [START_REF] Trolès | Low-loss microstructured chalcogenide fibers for large non-linear effects at 1995 nm[END_REF].

Figure 4 -Cross-sections of chalcogenide glass microstructured optical fibers, (a) three rings large-core fiber [START_REF] Trolès | Low-loss microstructured chalcogenide fibers for large non-linear effects at 1995 nm[END_REF], small suspended-core fiber [START_REF] Trolès | Low-loss microstructured chalcogenide fibers for large non-linear effects at 1995 nm[END_REF], three-ring small-core fiber [START_REF] Toupin | Small core Ge-As-Se microstructured optical fiber with single-mode propagation and low optical losses[END_REF], and exposed-core fiber [START_REF] Toupin | Comparison between chalcogenide glass single-index and microstructured exposed-core fibers for chemical sensing[END_REF] 

APPLICATIONS

Generation of infrared supercontinuum sources

First observed in silica optical fibers, the generation of supercontinuum (SC) with fluoride glasses became rapidly of high interest because of the intrinsic transparency of these materials in the infrared above 3 µm. One of the first SC, obtained with a ZBLAN core-clad single-mode fiber pumped at 1.55 µm, spanned from 0.8 to 4.5 µm with average output power of 23 mW [START_REF] Xia | Mid-infrared supercontinuum generation to 4.5 µm in ZBLAN fluoride fibers by nanosecond diode pumping[END_REF]. Then, thanks to optimized pumping, SCs with average power greater than 1 W have been obtained [START_REF] Xia | Power-scalable mid-infrared supercontinuum generation in ZBLAN fluoride fibers with up to 1.3-Watts time-averaged power[END_REF]. Fluoroindate fibers, whose infrared transparency is shifted towards longer wavelengths as compared to ZBLAN, permit the generation of SC up to 5.4 µm [START_REF] Gauthier | Mid-IR supercontinuum from 2.4 to 5.4 µm in a low-loss fluoroindate fiber[END_REF]. The combination of a ZBLAN fiber pumped at 1.55 µm with a sulfide glass fiber coupled itself to a selenide fiber lead to the generation of a SC with 417-mW average power from 1.6 to 11 µm [START_REF] Martinez | Mid-infrared supercontinuum generation from 1.6 to > 11 µm using concatenated step-index fluoride and chalcogenide fibers[END_REF]. Figure 5 shows the spectrum obtained at the output of a fluoride-glass-fiber supercontinuum source. This commercially-available device delivers an average power of 700 mw from 700 nm to 4 µm [23]. The nonlinear properties of chalcogenide glasses can be enhanced by using fibers with a very small core diameter, which can be achieved by tapering microstructured fibers. Tapered fibers permit to reach very small effective areas while maintaining good experimental conditions for light injection in non-tapered zone. Calculation of the nonlinear parameter γ (γ = 2πn2 / λAeff) allows a comparison between different fibers. In this equation, n2 is the nonlinear refractive index, Aeff is the effective area of the mode and λ is the wavelength. Thus, the nonlinear parameter is equal to 70 W -1 km -1 in silica MOF, while in chalcogenide MOF it can be as large as 46 000 W -1 km -1 for a tapered suspended-core As-Se fiber with an effective mode area of nearly 1 µm² [START_REF] Trolès | Novel designs of chalcogenide microstuctured optical fibers[END_REF]. Several nonlinear effects have been demonstrated in chalcogenide MOFS like self-phase modulation, fourwave mixing, and stimulated Brillouin scattering. But, the most promising application is probably the generation of infrared supercontinuum. Thus, a supercontinuum was observed from 1.7 to 8 µm, with an average output power of 15.6 mW, in a 18-cm long As-Se suspended-core fiber by pumping at 4.7 µm [3]. A broad continuum, spanning the 2 to 15.1 µm spectral range, was also demonstrated in a 3-cm long As-Se step-index fiber pumped at 9.8 µm [START_REF] Cheng | Mid-infrared supercontinuum generation spanning 2.0 to 15.1 μm in a chalcogenide step-index fiber[END_REF].

Optical detection of green-house-effect gases

Infrared spectroscopy is an efficient, non-destructive and highly selective technique for chemical and biological sensing. The potential applications include environmental monitoring, food security [START_REF] Lucas | Chalcogenide Glass Sensors for Bio-molecule Detection[END_REF][START_REF] Bureau | Chalcogenide optical fibers for mid-infrared sensing[END_REF] and medical diagnostics [START_REF] Rodolphe | NASH screening with a fast diagnostic tool using mid infrared spectroscopy: a bi-centric study[END_REF]. The spectral region of 2-15 µm, where chalcogenide glasses are transparent, is particularly interesting because it corresponds to the fingerprint absorptions of many chemical molecules/bonds and biological species. Fiber evanescent wave spectroscopy (FEWS), using single-index chalcogenide fibers, has been implemented successfully to detect various biological compounds like pathogen elements in food matrices or to establish metabolic profiling in human fluids [START_REF] Bureau | Chalcogenide optical fibers for mid-infrared sensing[END_REF][START_REF] Brandily | Identification of foodborne pathogens within food matrices by IR spectroscopy[END_REF][START_REF] Anne | Fibre Evanescent Wave Spectroscopy using the Mid-Infrared provides useful fingerprints for metabolic profiling in human[END_REF][START_REF] Jiang | Engineering of a Ge-Te-Se glass fibre evanescent wave spectroscopic (FEWS) mid-IR chemical sensor for the analysis of food and pharmaceutical products[END_REF].

A second category of optical sensors has been developed with rare-earth-doped chalcogenide fibers. The broad spectral overlap around 4.4 µm, shown in Figure 2, between the CO 2 absorption band and the 6 H 11/2  6 H 13/2 emission band of Dy 3+ in sulfide glasses, has been utilized to detect CO 2 . The sensor head, depicted in Figure 6, is based on a 20-cm long, 1000-ppm Dy 3+ -doped Ge-Ga-Sb-S fiber excited with 920-nm light from a laser diode transported through a silica fiber to the input of the sulfide fiber. The incoherent 4.4-µm light is collimated in the glass cell by using an aspheric chalcogenide lens. The cell length is controlled by the position of the flat mirror. The reflected beam is then focused in the undoped chalcogenide fiber, which brings the attenuated 4.4-µm signal to a pyroelectric detector [START_REF] Starecki | Mid-IR optical sensor for CO2 detection based on fluorescence absorbance of Dy 3+ :Ga5Ge20Sb10S65 fibers[END_REF]. The sensor is fast, reversible, and show a low detection limit of 500 ppm of CO 2 . 
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 1 Figure 1-Infrared optical transmission of silica, fluoride and chalcogenide glasses
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 3 Figure 3 -Attenuation of ZBLAN fluoride glass single-mode fiber, from [23].
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 5 Figure 5 -Infrared supercontinnum spectrum obtained with single-mode fluoride glass fibers, commercially available from Le Verre Fluoré [23]
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 6 Figure 6 -Optical sensor for CO2 gas, using a Dy 3+ -doped chalcogenide (Chg) fiber emitting at 4.4 µm.

Table I

 I Examples of fluoride glass compostions with their thermal characteristics and refractive index

	Acronym	Composition (mol %)	Tg (°C)	T (°C)	Rc (°C/min)	nD
	ZBLAN	53ZrF4 20BaF2 20NaF 4LaF3 3AlF3	262	90	1-3	1.498
	ZBLA	57ZrF4 34BaF2 5LaF3 4AlF3	305	80	-	1.512

Table II

 II 

			Glass transition temperature of chalcogenide glasses	
		Ge33As12Se55 Ge30As13Se32Te25 Ge10As40Se50 Ge28Sb12Se60	As40Se60
	Tg (°C)	368	275	225	285	185

Table III

 III 

	Third-order nonlinear refractive index of silica, fluoride
		and chalcogenide glasses	
	Glass composition	n2 (10 -18 m 2 W -1 )	Reference
	SiO2	0.027	[12]
	ZBLAN	0.021	[11]
	As2S3	2.3 (± 0.5)	[13]
	As40S45Se15	2.3 (± 0.5)	[13]
	As40S40Se20	3.4 (± 0.5)	[13]
	As40S30Se30	4.5 (± 0.5)	[13]
	As40S20Se40	6.0 (± 0.5)	[13]
	As40S15Se45	6.1 (± 0.5)	[13]
	As2Se3	10.5 (± 0.5)	[13]