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In this work, we report the experimental observation of supercontinua generation in two kinds of suspended-core microstructured soft-glass optical fibers. Low loss, highly nonlinear, tellurite and As 2 S 3 chalcogenide fibers have been fabricated and pumped close to their zerodispersion wavelength in the femtosecond regime by means of an optical parametric oscillator pumped by a Ti:Sapphire laser. When coupled into the fibers, the femtosecond pulses result in 2000-nm bandwidth supercontinua reaching the Mid-Infrared region and extending from 750 nm to 2.8 µm in tellurite fibers and 1 µm to 3.2 µm in chalcogenide fibers, respectively.
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GENERAL INTRODUCTION

The use of glass-based technologies in different fields such as telecommunication, photonics, spectroscopy, medical and other sectors is unavoidable in our daily modern life. Improving the technical and economic performance of these technologies is required. Thus, the glass has been subjected to continuous investigations in fundamental materials science allowing innovation in glass properties and fabrication processes. A variety of glass systems and geometries have been developed.

Among the various glass systems, chalcogenide glasses stand out as the only family of optical glasses that are transparent across the atmospheric transmission windows according to the glass composition [1]. In addition, these glasses may also be stably drawn into extended optical fibres [1,2]. Moreover, chalcogenides exhibit higher optical nonlinearities than most promising glasses in the mid-infrared region [3]. These exceptional features predict promising outcome in the sector of linear and nonlinear optics, among the others, supercontinuum generation. However, chalcogenides suffers from high material dispersion and low damage threshold. Thus, the requirements and specifications of chalcogenide fibres for spectral broadening demand more versatility to manipulate light that challenge the capabilities of traditional step-index optical fibres.

After the first report on Microstructured Optical Fibers (MOFs) in 1973 by Kaiser and al. [4], the fibre optics field has knew an exceptional leap following the development of photonic crystal fibers (PCF) from 1996 [5]. These structures exhibit unique optical properties and a high level of versatility, including the possibility of tuning the dispersion over a wide wavelength range and enhancing the nonlinear coefficient by strong light confinement. The advent of the PCF technologies allowed to engineer the dispersive properties of the chalcogenide-based optical fibers. After a first attempt in 2002 [6], the first guiding chalcogenide PCF was reported in 2006 [7], and have since been used in demonstrating supercontinuum generation. Following the fruitful experimental demonstration of near IR supercontinuum generation in As 2 S 3 PCF [8,9], the idea came up to explore further the potentials of these glass fibers, in view to generate a spectral broadening spreading from 1.0 to 6.0 µm.

The remainder of this dissertation is organized as follows:

-Part I is the theoretical background review. It comprises two chapters. Chapter 1 gives an overview of optical processes involved in supercontinuum generation, taking place as an optical pulse crossing an optical fibre. We focus on the linear and nonlinear phenomena allowing to understand results presented in later chapters. -Part IV focuses on the selection of new arsenic-and antimony-free germanium-based glass systems, with the goal to use them as substituent to arsenic containing glasses in optical fiber technologies. The synthesis procedure is optimized and successful fiber drawing attempts are reported.

-A summary of the results obtained in this thesis is presented in the end. 

I. Introduction

The study of light transmission is very old, already in 1841, J-D Colladon showed that light was guided into the filaments of a fountain in Geneva (Figure 1). The following year, in 1842, Jacques Babinet noted the same thing in the water streams and glass sticks. In 1880, William Wheeler employed glass tubes to illuminate a place with a light source placed elsewhere: light could be guided by the glass. In 1888, Roth and Reuss used glass tubes in medicine for illuminating cavities and viscera of the body [1]. [2]. In 1970, three inventors in Corning glass company succeeded to reduce the loss level down to 20 dB/km at ~1550 nm [3]. Their optical fiber was capable of carrying 65,000 times more information than a copper cable [4]. In 1979, NTT demonstrate losses of about 0.2 dB/km measured at the wavelength of 1.55 µm [5]. Such progress allowed a long distance (around a hundred km) transmission of information without using repeaters.

In parallel to efforts devoted to enhance the optical quality of silica glass fibers, other alternatives were explored for the same purpose. In 1973, P. Kaiser proposed a new geometry assumed to improve the light guiding efficiency of the fiber [6]. This work has given rise to a new type of optical fibers: microstructured optical fibers (MOFs).

In 1996, Group of Optoelectronics at the University of Bath described the manufacture of microstructured optical fiber obtained by implantation of a periodic array of air holes around a silica core [7]. This particular architecture induces unusual propagation properties unreachable using conventional fibers. This work signaled the beginning of the development of fiber geometries using glasses of different compositions.

After this history summary, we will discuss optical fibers in more details since they are the object of our work. We will describe the specific mechanisms of light guidance in optical fiber, the limitations due especially to optical loss, as well as the nonlinear optical effects involved during the propagation of light pulses along the fiber.

II. Light transmission in conventional optical fibers

II.1 Total internal reflection (TIR).

The guidance of the light beam through the optical fiber takes place because of total internal reflection. The mathematical expression that governs this phenomenon has appeared in the early XVII century. The modern laws explaining the TIR has been developed by Snell (1621) and Descartes (1637). Consequently, laws that rule this phenomenon are known as "Snell-Descartes Laws".

Part 1 : Optical Nonlinearities, Vitreous Materials: a General Overview Chapter 1 : Linear and nonlinear optical properties of fibers 9 Snell and Descartes introduced firstly the "refractive index" as the ability of each medium to "slow down and deflect" the light. The refractive index "𝑛" of a substance is equal to the ratio velocity of light in a vacuum to its phase velocity in that substance. It is given as follow:

𝒏 = 𝒄/𝐯 (1) 
Where 𝒄 (≈ 3 × 10 8 m/s) is the velocity of light in vacuum and -v‖ represents the velocity of light in the considered medium. When a light ray passes from one medium to another having a different refractive index, its velocity and direction of propagation change. The beam propagating in the same medium symmetrically (with respect to the normal at the incidence point) to the incident ray is called -reflected ray" (Figure 2-right). The reflection angle equals the angle of incidence. The transmitted beam is called "refracted ray" (Figure 2-left). According to Snell's law, if a ray is incident at the lower index medium interface, the transmitted ray is bent away from the normal, and the angle of refraction is greater than the angle incidence (Figure 2-left). These laws are described by the following equation:

𝒏 𝟏 𝒔𝒊𝒏𝜷 𝒊 = 𝒏 𝟐 𝒔𝒊𝒏𝜷 𝟐 (2) 
Herein, 𝑛 1 and 𝑛 2 represent the refractive index of the first and second medium respectively, whereas the angles that make the incident and the refracted rays with the normal are represented by 𝛽 𝑖 and 𝛽 2 , respectively.

β i < β c Refraction β i = β c Refraction limits β i > β c Total internal reflection β i β c β i β ref β ref n 2 n 2 n 2 n 1 n 1 n 1 β 2
Since the angle of refraction grows faster than the angle of incidence, refracted ray may be transmitted perpendicularly to the normal (Figure 2-middle). The angle of incidence, for which the angle of refraction with the surface normal is 90°, is known as the critical angle and is often denoted by 𝛽 𝑐 . It is expressed by:

𝜷 𝒄 = 𝒔𝒊𝒏 -𝟏 𝒏 𝟐 𝒏 𝟏 (3)
When the angle of incidence exceeds the characteristic critical angle 𝛽 𝑐 , the ray is not refracted anymore but reflected symmetrically at the same angle with respect to the normal.

This phenomenon is called "total internal reflection (TIR)". In this case, the wave theory of light implies that a portion of the energy of the incident wave is transmitted into the second medium as a so-called "evanescent" wave. Its energy density exponentially decreases through the normal at the interface, and eventually vanishes at a distance of the same order of magnitude of the incident wavelength. A schematic representation of the evanescence phenomenon is provided in the figure below.

Figure 3: Schematic illustration of evanescent wave

Previous knowledge of the refractive index of two mediums and of the angle of incidence allows to predict the behavior of the light beam (Figure 2). Thus, in the cases where the incident angle is lower than or equal to the critical angle, the reflection phenomenon is observed (Figure 2-middle & left). At normal incidence, the reflection coefficient (R) is given by equation ( 4), where 𝑛 1 and 𝑛 2 are the refractive indices of the two media:

𝑹 = 𝒏 𝟐 -𝒏 𝟏 𝒏 𝟐 +𝒏 𝟏 𝟐 (4)
The transmission coefficient (T) is given by T=1-R for non-absorbent medium. The decrease of the transmitted energy due to reflection is called "Fresnel losses". When light propagates in the atmosphere before entering a high refractive index material, the loss of intensity is 

II.3 Light transmission in optical fiber by total internal reflection.

All incident rays launched into the entrance facet of the fiber will not be guided in the core. There is a threshold (limit) incidence angle beyond which guidance of signal in the core is not insured (𝑖 𝑚 in Figure 5), hence defining the "acceptance cone" (Figure 5). Striking the fiber entrance with incidence angle smaller than the threshold, the ray will be guided in the fiber in a direction parallel to the axis of the fiber. A ray whose incidence is within the acceptance cone will be guided following the principle of total internal reflection at the core-cladding interface. A schematic illustration of these phenomena is gathered in Figure 5.

The sine of the limit angle (𝑖 𝑚 ) of the incident, often called "numerical aperture", is a characteristic parameter of optical fibers. It is given by the following equation: where, 𝑁𝐴, 𝑖 𝑚 , 𝑛 𝑐𝑑 and 𝑛 𝑐 represent the numerical aperture, the limit incidence angle, the clad refractive index and the core refractive index, respectively. 

II.4 Modes propagation inside an optical fiber

Geometrical optics presume that everything happens as if only a discrete number of incidence angles within the acceptance cone give rise to light propagation inside the fiber. These different values of incident angles are associated with different "propagation modes".

Rigorously speaking, the concept of "modes" results from solving the light propagation equation in the optical fiber through the involvement of the electromagnetic field boundary conditions (continuity at the core-cladding interface) and the symmetry of the medium (fiber geometry).

An estimation of how many modes can propagate along the fiber is furnished by the key fiber parameter "𝑉", often referred to as the "normalized frequency". For a step-index fiber, the "𝑉" parameter is given as follows:

𝑽 = 𝟐𝝅𝒂 𝝀 𝒏 𝒄 𝟐 -𝒏 𝒄𝒅 𝟐 = 𝟐𝝅𝒂 𝝀 × 𝑵𝑨 ( 6 
)
Where 𝑎 is the core radius, 𝜆 the light wavelength, 𝑛 𝑐𝑑 and 𝑛 𝑐 representing the refractive index of the clad and the core, respectively. If the normalized frequency is below 2.405 for a given wavelength, the fiber is single mode at this wavelength. In order to characterize a single mode fiber, we introduce the concept of cutoff wavelength as the wavelength below which the optical fiber is no longer single-mode.

In multimode fiber, the approximate number of distinguishable modes that can propagate in the fiber is given by:

𝑴 = 𝑽 𝟐 𝟐 (7) 
Where 𝑀 represents the number of modes.

II.5 Conventional glass optical fibers

Conventional fibers are mainly classified, on the one hand by the index profile of the fiber, and on the other hand by the mode propagation ability. As was previously suggested, there are therefore single and multimode fibers. A schematic presentation of the various categories of conventional fibers is provided in Figure 6. Fiber owing large numerical aperture exhibits an important light-gathering capacity. This allows to increase the amount of light coupled into the fiber. However, any given light source
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Step-Index Multimode Gradient-Index delivers signal which is never truly monochromatic but composed of various spectral frequencies. Thus, rays take different times to propagate through a given length of the fiber (Figure 6-top). In other words, pulses propagate in several modes inside a multimode fiber and undergo temporal broadening (intermodal dispersion) upon propagation.

Graded index fibers were conceived in order to reduce impact of the intermodal dispersion caused by the differences in the group velocities of the modes within a multimode fiber, while maintaining a high numerical aperture. These fibers exhibit a parabolic-index profile, with a maximum in the center and a minimum at the core-cladding bounding (Figure 6-bottom). The transmitted modes are guided following a sinusoidal path, from the center to the cladding.

Consequently, the velocity of modes is reduced in the center and increased with the radial distance. Modes undergoing a longer distance propagate at average higher velocity. The excess in distances are balanced by opposite excess in mode velocities, and the intermodal dispersion is significantly reduced.

A step-index fiber which exhibits a small core diameter (a few microns) and a low refractive index contrast (less than 0.5%), is denoted as single mode fiber (Figure 6-middle). Such fiber supports only one mode that propagates through the fiber. This mode is also referred to as the "fundamental mode". Unlike the multimode fiber, the intermodal dispersion within a single mode fiber is significantly neglected, which explains the pioneering role of such fibers in the transmission of light pulses over large distances.

II.6 Dispersion of guided signal

The signal dispersion also known as "intramodal dispersion" includes two components, the dispersion of the glass material and that of the waveguide.

The light pulse is never truly monochromatic but composed of various spectral frequencies.

Since the refractive index of the fiber material is wavelength dependent, the travel velocities for different signal components will not be the same, leading to a temporal broadening of the pulse.

The refractive index as a function of wavelength is given by Sellmeier equation [9,10]: The Sellmeier parameters are usually obtained from experimental data. The summation is extended over all material absorption resonances that contribute to the frequency range of interest. Since the propagation velocity of a monochromatic wave in a medium of refractive index 𝑛 (𝜔) is given by 𝑐/𝑛(𝜔) (𝑐 is the light velocity in vacuum), when a multi-component pulse propagates through an optical fiber, the velocities at which the different spectral components are traveling along the fiber vary. This results in significantly different transmission delays or arrival times for the various spectral components of the signal, leading eventually to pulse temporal broadening. In general, we use the propagation constant 𝛽(𝜔) which is expended in Taylor series about the central frequency 𝜔 0 of the pulse spectrum, in order to assess the dispersion effects of the fiber [9,10].

𝒏 𝟐 (𝝎) = 𝟏 + 𝑩 𝒋 𝝀 𝟐 𝝀 𝟐 -𝝀 𝒋 𝟐 𝒎 𝒋=𝟏 (8)
𝜷 𝝎 = 𝒏 𝒆𝒇𝒇 𝝎 𝝎 𝒄 = 𝜷 𝟎 + 𝜷 𝟏 𝝎 -𝝎 𝟎 + 𝟏 𝟐 𝜷 𝟐 𝝎 -𝝎 𝟎 𝟐 + 𝟏 𝟔 𝜷 𝟑 𝝎 -𝝎 𝟎 𝟑 (9) 
𝛽 2 parameter represents the dependence of the energy propagation velocity versus the frequency of the guided wave. It is called "second order dispersion parameter" and is expressed in ps²/nm. 𝛽 2 is also called "coefficient of group velocity dispersion" (GVD). The dispersion parameter 𝐷, related to 𝛽 2 by the following relation, is commonly used in place of 𝛽 2 [11]:

𝜷 𝟐 = - 𝟏 𝒗 𝒈 𝟐 𝝏𝒗 𝒈 𝝏𝝎 ( 10 
) 𝑫 = - 𝟐𝝅𝒄 𝝀 𝟐 𝜷 𝟐
By definition, the GVD represents the 𝛿𝜆 (I, nm) spectral width pulse time duration broadening (in ps) by fiber length unit (in km). Therefore, GVD is expressed in "ps.nm -1 .km -1 ".

The dispersion of a fiber is defined as the sum of the material dispersion (D material ) and waveguide dispersion (D waveguide ), which originates from the chromatic dispersion of the effective index. It is defined as follow:

𝑫 𝒕𝒐𝒕𝒂𝒍 = 𝑫 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍 + 𝑫 𝒘𝒂𝒗𝒆𝒈𝒖𝒊𝒅𝒆 (11) 
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The influence of the waveguide dispersion is lower and depends on the light confinement due to opto-geometric properties of the fiber. Generally, both phenomena exhibit an opposite evolution as a function of wavelength (Figure 7). Their opposite contribution can be balanced, so the disparities in material dispersion can be compensated by opposite disparities in waveguide dispersion. As a consequence, the total dispersion at certain wavelengths can be set to zero. This characteristic wavelength is often called "zero dispersion wavelength" (ZDW). One can also conceive a suitable ZDW by manipulating the core diameter and/or the refractive index contrast between the core and the cladding.

The pulse dispersion behaviors and the signal guidance regime within the fiber change depending on the sign of the GVD parameter. 

II.8.1 Light transmission in MOFs

The solid-core MOFs have many similarities with the standard step-index fibers. The periodic arrangement of air holes forms a cladding of effective index (𝑛 𝑔𝑒𝑓𝑓 ) lower than the index of the base material that makes up the core. In practice, 𝑛 𝑔𝑒𝑓𝑓 corresponds to the effective refractive index of the higher order mode allowable to propagate in the core. The light guiding is governed by total internal reflection. However, the confinement of light in a solid-core microstructured fiber is much stronger than that in a step-index fiber.

To ensure the light guiding in the MOF's core, the propagation constant β has to fulfill the condition (12), for which only an evanescent wave can exist in the cladding. The range defined in 12 determines the maneuverability range of β while maintaining an efficient guidance in the core. If the value of β is below the maximum propagation constant allowable in the cladding, the light will leak in the cladding.

𝒌𝒏 𝒄𝒍 < 𝜷 < 𝒌𝒏 𝒄 (12) 
where 𝑘𝑛 𝑐𝑙 define the maximum propagation constant allowable in the clad for efficient core guiding, 𝑘𝑛 𝑐 define the maximum propagation constant allowable in the core for efficient core guiding, 𝑛 𝑔 and 𝑛 𝑐 represent the refractive index of cladding and core, respectively.

II.8.2 Single mode MOF

The guiding properties of the MOF depend on their opto-geometrical parameters. For example, for a high core index fiber, appropriate ratio of hole area to total cladding area (d/Ʌ) allow to achieve single-mode propagation throughout the transparency range of the fiber. For step-index fiber, the single-mode propagation corresponds to a normalized frequency (𝑉) less than 2.405. In order to calculate the normalized frequency (𝑉) for MOFs, we use the same equation (13) as that applied for the step-index fiber, wherein the refractive index of the cladding is replaced by the effective index of the microstructured cladding.

Thereby, for a ratio of hole diameter to inter-hole spacing (d/Ʌ) below 0.4, the fibers may be single mode regardless of the wavelength. It is therefore possible to achieve a broadband pulse. One generally distinguishes those originating from the material (absorption, diffusion) of those revealing a "leakage" of energy from the fiber (propagation). Figure 11 shows the attenuation spectrum on As 2 S 3 glass as printed from [15]. optical fibers as printed from [15]. This spectrum shows a typical Urbach tail, multiphonon absorption, scattering losses as well as extrinsic absorptions. Extrinsic absorption bands appear as inclusions interrupting the transmission window.

III.1 Material absorptions

There are two types of material's absorption: intrinsic and extrinsic absorptions. The intrinsic one is caused by interaction of the guided light with major constituents of the glass: in the short wavelengths range, the radiation energy is sufficient to excite the outer electrons of the atoms constituting the glass and curtail the transmission spectrum. By analogy with crystalline semiconductors, corresponding cut-off wavelength is called "gap". In the long wavelengths range, the radiation energy corresponds to vibrational energy of the constituent chemical

Multiphonon absorption Band gap

Scattering Losses

Extrinsic OH absorption bands bonds of the glass (multiphonon absorption), and beyond the glass becomes opaque. These two absorption bands limit the transparency window of the glass and determine the minimum possible losses within this window.

Extrinsic absorption originates from the interaction of the guided light with impurities present in the glass. These impurities may be transition metallic ions (such as Fe 2+ , Cu 2+ , Cr 3+ , V 4+ ) [16], which absorb in the wavelength range lying between 600 nm and 1600 nm. In silica fiber, a concentration of 1 ppm of these metallic impurities results in attenuation losses ranging between 1 and 3 dB/km. Rigorous purification of raw materials allows to significantly reduce the concentration of these impurities to 1 ppb threshold. Hydroxyl ions (OH) present in glass are also considered as extrinsic impurities. Corresponding absorption bands appear within the wavelength range extended from 600 nm to 6300 nm. These impurities are difficult to remove. Currently, with new manufacturing technologies, it is possible to obtain silica fibers with concentrations of OH ions below 1 ppm [17].

III.2 Optical scattering

The scattering losses are due to the interaction of guided light with the material constituting base of the guiding structure. There are two types of scattering: linear scattering (elastic), for which the scattered photons maintain the same frequencies as the incident photons, and the nonlinear scattering (inelastic), for which the scattered photons change their frequencies compared to incident photons. There are two sub-types of linear scattering, Rayleigh and Mie scattering.

III.2.1 Rayleigh scattering

The electric field of an electromagnetic wave incident onto an atom distorts the electron cloud of this atom, leading to the creation of an induced electrical dipole. This induced dipole emits isotropic radiations at the same wavelength of the incidence ray. This interaction process is known as the Rayleigh scattering.

The scattering intensity is inversely proportional to the fourth power of the wavelength: 𝐼~1 𝜆 4 . Thus, the attenuation due to Rayleigh scattering increases towards shorter wavelengths [18].

III.2.2 Mie scattering

Mie scattering is caused by the interaction of the guided light with particles of size of the same order of magnitude as the incident wavelength. This scattering originates from the presence of refractive index fluctuations in the core and the cladding (glass inhomogeneities, impurities, defects...). The scattered intensity is inversely proportional to the square of the wavelength: 𝐼~1 𝜆 2 . Reduction or even elimination of this diffusion process is possible by improving the glass quality. Nowadays, silica fibers with low Mie scattering levels are available in the market [19].

III.3 Bending losses

Bending can increase the attenuation of optical fiber by two mechanisms: macrobending and microbending. Propagating modes within the fiber might be accompanied with an electric field distribution with maxima inside the fiber and evanescent fields that extend outside the fiber core into the surrounding cladding. 

III.3.1 Macrobending losses

Macrobending losses of an optical fiber are associated with bending or wrapping the fiber.

Electromagnetic field can leak out of the fiber when it is bent. As the bend becomes more Part 1 : Optical Nonlinearities, Vitreous Materials: a General Overview Chapter 1 : Linear and nonlinear optical properties of fibers 23 acute, leakage becomes more severe [20]. Bending losses are related to the curvature radius.

The critical radius of curvature 𝑅 𝑐 is the threshold radius at which bending loss sharply increases from negligible values to intolerably high values. This is delineated as follows [21]:

𝑹 𝒄 = 𝟑𝒏𝝀 𝟒𝝅 𝑵𝑨 𝟑 (14)
Where 𝑅 𝑐 is the critical radius of bending, 𝑛 is the refractive index of the clad, 𝑁𝐴 is the numerical aperture of the fiber and 𝜆 is the wavelength.

III.3.2 Microbending losses

Microbending losses of an optical fiber lead to attenuations associated to random axial distortions of the core-clad interface generated from mechanical tensile forces during drawing when the fiber is pressed against surface that is not perfectly smooth [20]. These losses may be avoided by careful fiber drawing, avoiding excessive mechanical forces, and controlling the temperature variations of the fiber.

III.4 Optical pumping and coupling losses

The term pumping losses refers to an optical fiber not being able to propagate all the incoming light rays from an optical source. This phenomenon occurs during the process of coupling light into the fiber.

There are also initial face (Fresnel) losses due to reflections at the entrance aperture. The Fresnel losses are greater if the fiber-source coupling is performed in free space. Coupling losses are associated with the coupling of the output of one fiber with the input of another fiber or other components. Significant losses may arise in fiber connectors and splices of the cores of the joined fibers having unequal diameters or misaligned centers, or if their axes are tilted. There are other connection losses such as offsets or tilts or air gaps between fibers, and poor surface finishes. Some of these are illustrated in Figure 13. 

III.5 Loss measurements by cut-back technique

Any process that results in a reduction in the light intensity during propagation through a material contributes to the observed optical attenuation. According to Beer-Lambert law, optical power exhibits an exponential decrease with distance as it propagates within the fiber:

𝑷 = 𝑷 𝟎 𝒆 -𝜶 𝒕𝒐𝒕𝒂𝒍 𝒛 (15) 
𝑻(%) = 𝑷 𝑷 𝟎 (16) where P 0 is the power at distance z=0, P the power at distance z, 𝛼 𝑡𝑜𝑡𝑎𝑙 the total attenuation coefficient and T the transmission.

As clearly seen in equation 15, a rigorous measurement of the input and output powers is required in order to calculate the total attenuation coefficient. Such measurement is not trivial.

The cut-back technique as illustrated in Figure 14 allows overcoming this limitation by 

IV. Nonlinear optics

In the frame of this work, we are interested in the effect of spectral broadening of a high peak power pulse as it propagates into a fiber made of a highly optically nonlinear material, wherein the confinement of guided modes is important. This spectral broadening, called "supercontinuum" (SC) originates from a number of nonlinear optical effects. An important parameter to obtain a supercontinuum is the peak power of the pump pulses.

From a historical perspective, nonlinear optics experiments was not possible until the 1960s with the advent of laser technology [22], and particularly pulsed lasers. The first significant spectral enlargements were observed for the first time in 1963 [23]. Generation of a wide spectrum covering the whole visible, in a bulk material (a borosilicate glass BK7) was performed by Alfano and Shapiro in 1970 [24] using picosecond pulses (5 mJ energy at 532 nm). In 1976, and for the first time, Lin and Stolen have reported on spectral broadening in fiber (silica fiber) [25]. The spectrum spread over 200 THz toward wavelengths greater than those of the pump [25]. The most remarkable results have been obtained with the development of the microstructured optical fibers (MOFs) in the 1990s. These fibers are known for their ability to effectively confine the light. The freedom degrees provided by these fibers through their geometry allow to adjust their dispersive properties to the pump wavelength. At the same time, the high nonlinearity of MOFs enables the use of lower peak power pulses. In 2000, JK Ranka and al [26] coupled 100 fs pulses at 770 nm in a 75 cm microstructured optical fiber whose zero dispersion was located around 770 nm. The coupled signal enabled a spectral broadening extending from 400 to 1500 nm. SC generation has found applications in spectroscopy, metrology, medicine and military fields [27][28][29][30].

The efficiency of the spectral broadening observed at the output of a MOF depends on several parameters (fiber length, injected peak power and wavelength of the pump pulse), but the phenomena originate from the nonlinear optical properties of the material. We will therefore in the following, after a brief reminder of the linear and nonlinear polarizations generated in a material subjected to an electromagnetic field, describe the resulting nonlinear optical phenomena involved in the supercontinuum generation.

IV.1 Interaction light-matter and polarization behavior in isotropic medium

When a dielectric medium is submitted to an external electric field, it becomes polarized.

When the applied electric field is weak, the induced polarization is proportional to that field.

Whereas, when the applied electric field reaches values of the same order of magnitude as the intra-atomic electric fields, the induced polarization is no longer proportional to that field: at this stage, we enter the domain of nonlinear optics.

From a microscopic point of view, each atom or molecule of a dielectric medium is surrounded by an electron cloud susceptible to deformation under the effect of an electric field, thereby creating an electric dipole (electronic polarizability). This dipole, for a small deformation, is proportional to the field, but this is no longer the case when the deformation becomes more acute.

The vectorial summation of microscopic dipoles generates macroscopic polarization. This polarization can be written in its most general form as follows:

𝑷 = 𝜺 𝟎 {𝝌 𝟏 𝑬 + 𝝌 𝟐 𝑬. 𝑬 + 𝝌 𝟑 𝑬. 𝑬. 𝑬 + ⋯ } ( 19 
)
where 𝑬 is the amplitude of the electric field, 𝜀 0 is the electrical permittivity of free space, 𝜒 𝑖 represents the i th order of dielectric susceptibility, which are characteristic of the material.

This polarization consists of a linear component (21) and a nonlinear contribution (22), expressed as follow:

𝑷 = 𝑷 𝑳 + 𝑷 𝑵𝑳 (20) 
𝑷 𝑳 = 𝜺 𝟎 𝝌 𝟏 𝑬 (21) 
𝑷 𝑵𝑳 = 𝜺 𝟎 {𝝌 𝟐 𝑬. 𝑬 + 𝝌 𝟑 𝑬. 𝑬. 𝑬 + ⋯ }

The linear component (21) describes the conventional linear optics (Snell laws, Rayleigh ...), for which the resulting (irradiated) wave maintains the same frequency as that of the incident wave.

Nonlinear effects can be classified according to different orders.

For amorphous (glasses) or crystalline materials having a center of symmetry (center of inversion), the nonlinear susceptibility of the second order 𝜒 2 vanishes. This is of course valid for all the even (pair) orders of polarization effects.

Nonlinear phenomena of the third order have lower amplitude than those of the second order.

However, in practice, they are very important because they are the first non-linear effects encountered in the glass.

According to the involved mechanism, the nonlinear polarization effects induced by the third order susceptibility can be divided into:

 elastic effects without any exchange of energy between the incident radiation and the crossed medium (Kerr effect),

 inelastic effects or nonlinear scattering, which involve an energy exchange between the incident radiation and the material (Raman and Brillouin scattering).

IV.2 Optical Kerr effect (OKE)

The optical Kerr effect (OKE) can be described as the modification of the refractive index of a material under the effect of an electric field. Materials whose are prone to this phenomenon are known as "Kerr media". In particular, when a Kerr medium is exposed to the electric field of a light wave of intensity 𝐼, its refractive index can be written as follows:

𝒏 = 𝒏 𝟎 + 𝒏 𝟐 𝐈 ( 23 
)
where 𝑛 is the refractive index, 𝑛 0 is the linear refractive index, 𝑛 2 is the nonlinear refractive index and 𝐼 is the intensity of the light beam.

As claimed in equation ( 23), the refractive index consists of a linear component related to first-order dielectric susceptibility, and a nonlinear component related to the third order dielectric susceptibility. When the intensity of the applied electric field is high, the nonlinear contribution to the refractive index must be taken into account.

For silica glasses, the nonlinear refractive index is measured around 3,2 x 10 -20 m 2 /W at 1.06 µm [10]. As 2 S 3 glass exhibits a nonlinear refractive index around 594 x 10 -20 m 2 /W at 1.55 µm [29].

The Kerr effect leads to various nonlinear effects, like self-phase modulation (SPM) and cross-phase modulation (XPM) phenomena.

IV.2.1 Self-phase modulation (SPM)

Upon interaction between an electric field and a nonlinear Kerr medium, a modification occurs in the refractive index due to the Kerr effect. This momentary and local change induces in turn a phase modulation of the electric field. This effect leads to the decrease of the instantaneous frequency of the leading edge of the pulse, and to the increase of the frequency of its trailing edge (Figure 15). Self-phase modulation introduces therefore a broadening of the pulse's spectrum, but the corresponding temporal envelope remains unchanged. The combination of dispersion and self-phase modulation allows to generate low dispersion pulses often called "temporal solitons". These solitons are usually used in telecommunication technology to carry data over long distances. 

IV.2.2 Solitons

In general, a soliton is defined as a pulse which propagates without changes in its temporal shape, ignoring the classical laws of dispersion of energy. This pulse is sufficiently intense to induce a nonlinear effect that will counteract the normal dispersion effects [31,32]. In optics, one distinguishes two types of solitons:

 temporal solitons resulting from dispersion effects and Kerr nonlinearity  spatial solitons resulting from the diffraction effects and Kerr nonlinearity

IV.2.3 Cross-phase modulation (XPM)

Another consequence of the Kerr effect is observed in the case where multiple pulses propagate in the fiber. The refractive index induced by one of these pulses is modified by the Kerr effect generated by others copropagating pulses. This phenomenon is known as cross phase modulation (XPM).

IV.2.4 Four wave mixing (FWM)

This phenomenon corresponds to the interaction of three co-propagating electromagnetic waves, which generate or amplify a fourth one. Their frequencies are related by the following expression:

𝝎 𝟒 = 𝝎 𝟏 ± 𝝎 𝟐 ± 𝝎 𝟑 (24) 
Theoretically, different combinations of frequencies are possible. However, in general, it is difficult to have FWM of high efficiency in optical fibers owing to the difficulties in satisfying the phase-matching condition for such processes.

IV.3 Inelastic nonlinear effects

Inelastic nonlinear effects involve energy exchange between the electromagnetic field and the dielectric medium. We distinguish two effects: Raman and Brillouin scattering [33]. At low pulse power, their contribution is negligible but can become important at high power. The first experimental observation of Raman and Brillouin scattering in optical fibers has been reported in 1970 [34][35][36][37].

IV.3.1 Raman scattering (RS)

This effect consists of an exchange of energy between the incident photon and the atom (or molecule) via the creation or annihilation of an optical phonon. As the result of such interaction is obtained, in addition to a phonon, a photon with upshifted frequency (lower energy) from the incident photon, called "Stokes shift". (Figure 16-middle). If the interaction of an incident photon with a phonon leads to the emission of a photon having energy higher than that of the incident photon, it is called -anti-Stokes shift‖ (Figure 16-left). In both cases, the scattered photon does not have the same wavelength as the incident one.

If such interaction does not involve any energy exchange between the incident photon and the molecules or atoms, the scattering is elastic and the wavelength of the scattered photon is not shifted, one finds the Rayleigh scattering already described (Figure 16-right). 

IV.3.2 Brillouin scattering (BS)

The light scattering caused by interaction with acoustic phonons of a medium is called The generated acoustic wave modulates the refractive index of the medium by creating a local network of Bragg grating type, which then reflects a portion of incident light in the form of Stokes photons. Brillouin scattering is therefore produced in the opposite direction to the incident light propagation direction.

The BS frequency shifts are observed in the range of 1 to 200 GHz, compared to Raman shifts (over 300 GHz). Brillouin bandwidth is narrower than that of the Raman bands.

Brillouin scattering may be observed spontaneously even at low pump power. However, the development of stimulated Brillouin scattering (SBR), wherein the involved acoustic phonons are generated by the optical photon itself, requires significant power.

IV.4 Supercontinuum generation

The set of non-linear effects discussed above contributes to generate a spectral broadening of the light pulses propagating in a Kerr medium. This is known as supercontinuum. The magnitude of this broadening strongly depends on the time-regime of the input pulse launched from the pump source. Thus, so-called "ultra-short" femtosecond pulses promote self-phase modulation and the creation of solitons, while nanosecond pulses regimes foster the Raman and Brillouin effects.

In optical fibers, Raman scattering and self-phase modulation are responsible for spectral broadening towards longer wavelengths [38], whereas cross phase modulation intervenes in the spectral broadening towards the shorter wavelengths. Spectral components generated by four wave mixing (FWM) can also contribute to the spectral broadening.

In addition to Kerr nonlinearity introduced by the material, other parameters can influence the efficiency of nonlinear effects involved in supercontinuum generation, particularly the fiber length used for this purpose (cumulative effect). However, the optical losses in this case must be taken into account.

V. Conclusion

This chapter provides a theoretical background of the main optical topics required to understand some of the results presented in this dissertation.

An introduction of the pulse transmission along the fiber, with the emphasis of the guidance mechanisms and the general definitions are given. In addition, a brief preliminary description of various conventional, as well as microstructured fibers geometries is provided.

The general background of the dispersive and the nonlinear effects in optical fiber is described in this chapter. Finally, a few of the most relevant nonlinear effects and concepts are reviewed for reference in following chapters.

Chapter 2 : Glass materials for infrared supercontinuum generation: state of the art.

I. What is a glass?

I.1 Definition of glass system.

The American Society of Testing Materials (ASTM) defines the glass as: an inorganic product of fusion which has cooled to a rigid condition without crystallizing (absence of Xray diffraction pattern) [1,2]. Another definition of glass system is proposed by Zarzycki, who defines the glass as a non crystallized solid which exhibits the phenomenon of glass transition [3].

I.2 Thermodynamic properties of glass system.

The dynamics and thermodynamics of solidified material depend on temporal and thermal regime of cooling process [4]. It allows to explain physical properties of solidified materials.

In general, during cooling of molten solution, at critical temperature, solidification and brutal reduction of molar volume occur, Figure 17. This is due to the growth of crystals. It is the melting temperature (T m ). It is characteristic of crystalline phase. It is adopted as first orderphase transition. Resulting liquid material that manages to get below T m without crystallization are so called supercooled liquid [4]. Its viscosity undergoes gradual increase on temperature reduction. They become harder with further lowering of temperature. Gradual decrease of molar volume is registered. Maintaining cooling rates avoiding crystal's nucleation and growth, leads to form glassy materials. Such state is achieved at the secondorder transition phase localized at the glass transition temperature (T g ), see Figure 17.

Temperature at which mobility inside glass materials is almost blocked; it takes long time compared to the time scale of the experimental observation. Viscosity of cooled materials attains an order of magnitude of 10 13 Poises, the same as that for solid materials. Glass molar volume is relative to expansion coefficient. It continues to decrease as temperature is lowered but maintain values higher to that of crystalline state. In both cases, atomic vibrations which are very similar dominate thermal expansion coefficient [4]. Figure 17 shows that glass formation is kinetically dependant process.

I.3 Structure of glass materials

All solids that do not have long range periodicity in their atoms arrangement can be termed as amorphous or -structureless‖. They are best defined when compared to a crystalline solid which has a distinctive regular spatial arrangement of atoms throughout the whole material. In fact they are often simply referred to as non-crystalline materials. Although their structure appears random over the long range, an amorphous substance still has a high degree of short range spatial order in its atomic structure. This is because individual atoms in an amorphous solid must still fulfill their requirement for valence bonding. However, unlike their crystalline counterpart, there are some small deviations in the bonding angles between adjacent atoms and this leads to a disruption of the periodicity in the material. An example of crystalline and amorphous material is given in Figure 18 showing the difference between the atomic arrangements. Zachariasen proposed this model of a relatively open structure of glass (Figure 18.b) as compared to the crystalline structure ( Figure 18.a) of the same material, in this case silicon oxide [6]. 

II. Optical properties of soft-glass materials.

Soft-glasses (low T g ), can be classified in three main families: heavy oxides as tellurite, fluoride and chalcogenide glasses. In the following section, the fundamental characteristics of these glass families will be reviewed from the viewpoint of use as infrared transparent and highly nonlinear glass fibers. Nonlinear optics (NLO) requires intense incident light beam and a strong interaction with material. Planar waveguides and fiber geometry are of major interest.

They allow to reduce waveguide's core dimension down to the submicron scales. This permits a tight mode confinement increasing the light power density. Fibers provide long light path, lengthens its interaction with the glass, these scale factors provide apparent enhancements of nonlinear (NL) effects in glasses [7][8][9].

The first successful SC generation in optical fiber was reported in 1976 [8,10]. In particular, the spectral broadening was registered in standard silica-based optical fiber with zero group velocity dispersion (GVD) wavelength around 1.3 µm. Consequently, it was obvious that the following researches will focus on the silica fiber. Thus, supercontinuum generation (SCG) in silica based fibers was extensively studied in the following years. It yielded to commercialize a silica-based fiber supercontinuum source, delivering energy in a wide output spectrum that covers the entire 450-2400 nm region [11]. However, extending further the SC infrared edge is a challenging task due to the multiphonon absorption edge of silica glass network, which limits the transmission window in the infrared region [12,13].
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Part 1 : Optical Nonlinearities, Vitreous Materials: a General Overview Chapter 2 : Glass materials for infrared supercontinuum generation: state of the art. Thus, beyond a wavelength of 2.4 μm (Figure 19-b), it is necessary to consider the use of nonsilica glasses also known as soft-glasses. SCG research with soft glass fibers has benefitted from the understanding of the mechanisms leading to the formation of the continuum obtained from prior work with silica fibres [7,9]. Soft-glasses are low phonon energy materials, having their phonon absorptions in the long wavelength region. In addition, they are known as soft-glass materials due to their low melting temperature and fragile nature comparing to silica glass. The main advantage of soft glasses over silica glass is that the first glass category has a wider IR transmission window, and therefore allows further spanning of the SC IR edge. But the losses for the soft glasses fibers are higher, and for some, the material's dispersion is located far in the MIR.

II.1 Transmission window and loss characteristics

II.1.1 Multiphonon absorption

Figure 19 compares the transmission spectra and the position of infrared wavelength edge, routinely registered for different families of glasses according to their composition.

Family of heavy metal oxide (HMO) glasses exhibit lower phonon energies than silica. HMO glasses include among others tellurite and germanate compounds based on the glass-network formers tellurium and germanium dioxide (TeO 2 and GeO 2 ). Certain compositions of these glasses can transmit light beyond 5 μm up to 7 µm [14].

The cut-off edge of fluoride glass family is more extended in the IR compared to silica. Heavy metal fluoride glasses are transparent in the infrared (IR) region up to 5-6.5 µm [14][15][16] depending on the thickness of the sample and the glass composition. By analogy with harmonic oscillator law, phonon resonance frequency is synonymous with weak bond strength [17] and large atomic masses. The IR cut-off is shifted by the nature of the lighter cation and its concentration. As a general rule, the position of IR edge is shifted toward longer wavelengths according to the sequence: AlF 3 < ZrF 4 < HfF 4 < ScF 3 < GaF 3 < InF 3 [18]. The most popular fluoride glass for fabrication into fibers is the fluorozirconate glass of which the most common are ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF). ZBLAN fibers exhibit a transmission window from 0.3 µm to 4.5 µm (Figure 19). This transparency window is IR shifted on indium fluoride glasses. Indium fluoride glass fibers have a transmission window extended from 0.3 to 5.5 µm. It is 1.5 µm much larger than ZBLAN fiber's window, without any absorption peaks [19]. specimen is 12 μm for sulfide based glasses, 15 μm for selenide glasses and 20 μm for telluride glasses [20]. However, this characteristic wavelength decreases on fiber samples to reach 7 μm, 10 μm, and 12 μm, respectively (Figure 19-b) [21,22]. Chalcogenide glasses suffer from small band-gap edge resulting in a poor transparency in the visible region [22].

Sulfides usually are transparent in the high wavelength range of the visible region where selenides or tellurides are completely opaque [14,[22][23][24].

II.1.2 Extrinsic transmission losses.

The presence of impurities is responsible for optical absorptions bands at characteristic frequencies in the transmission window edge. This interrupts the continuity of the transmission and reduces the width of the fiber's bandwidth. One of the primary absorbing species common to all families of glass fibers are hydroxyl groups (H 2 O or -OH) [14,15,[26][27][28][29][30][31]. The fundamental resonances for hydroxyl species, associated with bending and stretching modes of vibrations, occur mainly around 2.8 µm [26,29,[31][32][33]. Other absorption bands arise at different wavelengths, depending on the considered glass system, as well as, according to the combination of different vibration modes of a variety of hydroxyl groups tightly as weakly linked to the glass network [15,26,28,30,31].

In photonic applications such as supercontinuum generation (SCG), low OH content has become relevant for fibers whose optical performance is related to OH overtones absorption bands [29,[34][35][36][37][38]. These absorbing moieties severely reduce the efficiency of the various nonlinear optical effects, responsible of the spectral broadening, and consequently prevent the extension of the SC spectrum further in the IR region [29,34,37,39]. This has serious implications for the development of low-loss fiber optic [29,37,38,40].

The use of reactive chemicals and batch drying method can substantially reduce the amount of impurities incorporated into the glass [29,[41][42][43]. Such techniques allow to remove the moistures traces present on the grain surface and / or interface in the starting products used to fabricate different glasses such as tellurite, fluoride and chalcogenide. Others allow to trap the hydroxyl components present within the glass melt. This technique was successfully used on tellurite glasses in our laboratory. Fruitful work of fluoridation of the melt batch allowed to reduce by one order of magnitude the optical losses on single index fiber [29].

Several researches were conducted to develop low loss fluoride glass fibers. This technological achievement, has resulted in impressive low transmission loss values [44][45][46][START_REF] Saad | Fluoride glass fiber: state of the art[END_REF].

ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) glass system are the most known to fabricate fluoride fibers. Early in the 1990 th , the minimum optical loss in ZBLAN fiber was lowered to 0.45 10 -3 dB/m around 2.35 µm [44]. Nowadays, commercial ZBLAN fibers are available in the market with typical background loss of 10-100. 10 -3 dB/m due to the extrinsic scattering and absorption that are relatively difficult to control in the fabrication process [45]. Nishida and al. [46] have reported low loss PbF 2 -InF 3 based fluoride glass fibers with a minimum attenuation of 0.043 dB/m at 3.33 μm [46]. One year later, they succeeded to reduce this value to 0.025 dB/m on InF 3 -GaF 3 glass fibers [START_REF] Kanamori | Fluoride glass fiber[END_REF]. Recently, a multimode fluoride-based fibers with an optical loss of 0.85 dB/m at 1.3 μm was achieved using a fluorination process during the glass melting [START_REF] Saad | Fluoride glass fiber: state of the art[END_REF][START_REF] Mitachi | Reduction of impurities in fluoride glass fibers[END_REF][START_REF] Mailhota | Reactive atmosphere synthesis of solgel heavy metal fluoride glasses[END_REF][START_REF] Bei | Reduction of scattering loss in fluoroindate glass fibers[END_REF].

In light of efforts to produce low loss chalcogenide glasses, binary glass system such as As-S, As-Se, Ge-S and Ge-Se compounds were investigated [START_REF] Snopatin | High-purity chalcogenide glasses for fiber optics[END_REF][START_REF] Snopatin | High purity arsenic-sulfide glasses and fibers with minimum attenuation of 12 dB/km[END_REF][START_REF] Dianov | Single-mode As-S glass fibers[END_REF][START_REF] Churbanov | High-purity As 2 S 1.5 Se 1.5 glass optical fibers[END_REF][START_REF] Shiryaev | Single-mode infrared fibers based on TeAsSe glass system[END_REF][START_REF] Sanghera | Fabrication of low-loss IR-transmitting Ge 30 As 10 Se 30 Te 30 glass fibers[END_REF][START_REF] Shiryaev | Recent propgress in preparation of chalcogenide As-Se-Te glasses with low impurity content[END_REF][START_REF] Devyatykh | Low-loss infrared arsenic-chalcogenide glass optical fibers[END_REF][START_REF] Shiryaev | Infrared fibers based on Te-As-Se glass system with low optical losses[END_REF]. These efforts have coincided with extensive studies in order to reach high-quality optical fibers in view of special features of chalcogenide fibers. Snopatin and al. [START_REF] Snopatin | High-purity chalcogenide glasses for fiber optics[END_REF][START_REF] Snopatin | High purity arsenic-sulfide glasses and fibers with minimum attenuation of 12 dB/km[END_REF] have optimized the synthesis process of As 2 S 3 glasses and managed to beat the record of minimum optical losses in optical fibers produced from As 2 S 3 glass. The minimum optical losses registered on optical fiber produced from this glass were 12.10 -3 dB/m at 3.0 μm and 14.10 -3 dB/m at 4.8 μm [START_REF] Snopatin | High-purity chalcogenide glasses for fiber optics[END_REF][START_REF] Snopatin | High purity arsenic-sulfide glasses and fibers with minimum attenuation of 12 dB/km[END_REF]. This loss threshold slightly increases in single-mode As-S glass fibers, but remains below 0.1 dB/m in the 2.2-2.3 µm range [START_REF] Snopatin | High purity arsenic-sulfide glasses and fibers with minimum attenuation of 12 dB/km[END_REF]. Here, glass fibers with a core diameter from 3 to 20 µm and a clad diameter of 125 µm were prepared by the double-crucible method. In optical fibers from As 38 S 25 Se 37 (core) and As 38 S 27 Se 35 (clad) produced by the double-crucible method with core/clad diameters of 300/400 and 200/400 µm and numerical aperture of 0.28, the lowest optical loss was found to be 0.06 dB/m at 4.8 µm and 0.2-0.3 dB/m between 4 and 6 µm [START_REF] Dianov | Single-mode As-S glass fibers[END_REF].

Te-As-Se glass compounds were extensively developed. Consequently, low loss single-index and multimode core-clad Te-As-Se based fiber are reported in the literature. An unclad fiber from As 40 Se 30 Te 30 glass with optical losses of 3.5 dB/m at 10.6 µm was reported in [START_REF] Devyatykh | Low-loss infrared arsenic-chalcogenide glass optical fibers[END_REF]. The minimal optical loss was enhanced to reach 0.07 dB/m at 7.3µm for As 40 Se 35 Te 25 glass fiber and decreases to 0.04 dB/m at 6.7 µm for As 30 Se 50 Te 20 based fiber [START_REF] Shiryaev | Infrared fibers based on Te-As-Se glass system with low optical losses[END_REF]. Recently, new record of minimum loss level of 0.33 dB/m at 7.5 µm was reported on As 39 Se 42.4 Te 18.6 / As 39 Se 42.7 Te 18.3 core-clad single-mode optical fibers [START_REF] Churbanov | High-purity As 2 S 1.5 Se 1.5 glass optical fibers[END_REF]. These fibers were drawn with core diameter of 20 µm embedded within clad of 450 µm external diameter [START_REF] Shiryaev | Single-mode infrared fibers based on TeAsSe glass system[END_REF]. A single-index fiber based on Ge 30 As 10 Se 30 Te 30 glass has been reported with optical losses of 0.11 and 1.88 dB/m at, 6.6 and 10.6 µm, respectively [START_REF] Shiryaev | Single-mode infrared fibers based on TeAsSe glass system[END_REF]. These are the minimal optical losses ever registered for Ge 30 As 10 Se 30 Te 30 glass fiber [START_REF] Sanghera | Fabrication of low-loss IR-transmitting Ge 30 As 10 Se 30 Te 30 glass fibers[END_REF]. Using double crucible technique, Shiryaev and al. [START_REF] Sanghera | Fabrication of low-loss IR-transmitting Ge 30 As 10 Se 30 Te 30 glass fibers[END_REF] have succeeded to improve the fiber quality, and to manufacture high purity GeAsSeTe based step index fiber. The fiber exhibited 210 µm core diameter that consisted of Ge 2 As 38 Se 40 Te 20 and 330 µm clad diameter which consisted of Ge 2 As 36 Se 44 Te 18 glass. This Multimode fiber exhibited a minimum optical losses of 0.15-0.20 dB/m in the wavelength range of 6-7 µm and losses less than 1.0 dB/m in the 3.5-9.5 µm range [START_REF] Sanghera | Fabrication of low-loss IR-transmitting Ge 30 As 10 Se 30 Te 30 glass fibers[END_REF].

Table 1: Lowest loss levels achieved on silica, fluoride, tellurite and chalcogenides glass fibers.

Glass

Minimum optical losses on fibers α min (10 -3 .dB/m) λ (µm) Silica [61] SiO 2 0.2 1.5

Tellurite [62] TZN < 2.0 2.2 Fluoride [29] ZBLAN 0.45 2.3 [48] InF 3 -FaF 3 /ZBLAN 200 1.2

Chalcogenide [63] As 2 S 3 12 3.0 [53] As 38 S 25 Se 37 60 4.8 [60] As 40 Se 35 Te 25 [START_REF] Kim | Nonlinear optical properties of TeO 2 -based glasses: Li(Na and K) 2 O-TeO 2 binary glasses[END_REF] 7.3 [56] Ge 30 As 10 Se 30 Te 30 110 6.6

In addition to extrinsic absorption species, local defects induce scattering losses and contribute to increase the transmission losses. These scattering centers (bubble, metallic impurities….) come from starting products, synthesis and drawing process. These imperfections can be divided into volume and surface defects. These scattering sites depend on the melting and quenching conditions during glass fabrication. Volume defects such as bubbles, un-dissolved particles and crystals are imperfections within the glass matrices that are principally formed during glass melting. Surface defects grow with surface contaminations, micro-cracks and surface crystallization originate from the reaction of the glass surface with moisture from the atmosphere of fiber fabrication or storage [START_REF] Snopatin | High-purity chalcogenide glasses for fiber optics[END_REF].

Records of purity reported on different glass families are gathered in Table 1.

II.2 Linear and Nonlinear refractive index

The linear refractive index "n" is a macroscopic material parameter characterizing the phase propagation velocity of the light depending on microscopic dielectric polarization p(ω) of the medium by the optical E-field. Hence, it is related to the chemical composition of the material and depends on individual ions present in the glass, their packing along with their polarizability. Furthermore, the refractive index generally increases with increasing size of ions [25], as by introducing a heavy-metal components within the glass medium.

Below we briefly report several studies to provide a complete picture of evolution of both linear and nonlinear optical properties of different soft glass families.

In tellurite glasses the nonlinearity is presumably due to large non-linear electronic polarization of TeO 2 entities [START_REF] Nasu | Third harmonic generation from Li 2 O-TiO 2 -TeO 2 glasses[END_REF]. Tellurite based glass TZN (TeO 2 -ZnO 2 -Na 2 O), exhibit significant improvement of nonlinearity by introducing Nb 2 O 5 components. Whereas, opposite behavior appears when Nb 2 O 5 is replaced by BaO. The increased nonlinearity with Nb 2 O 5 doping is likely associated with the higher oxygen-to-cation ratio effectively increasing the polarizability of the glass [START_REF] Nasu | Third harmonic generation from Li 2 O-TiO 2 -TeO 2 glasses[END_REF] although the exact mechanism is not clear [START_REF] Fanderlik | Optical Properties of Glass[END_REF]. While Nb 2 O 5 appears to function as a intermediate network former [START_REF] Kim | Nonlinear optical properties of TeO 2 -based glasses: MOx-TeO 2 (M = Sc, Ti, V, Nb, Mo, Ta, and W) binary glasses[END_REF], resulting in a more stable glass matrix, BaO should enter the glass network as a network modifier, which are known to decrease the nonlinear properties of TeO 2 based glasses [START_REF] Hoppe | Structure of zinc and niobium tellurite glasses by neutron and x-ray diffraction[END_REF]. Similar results are also reported in [START_REF] Santos | Evaluation of the third-order nonlinear optical properties of tellurite glasses by thermally managed eclipse Z-scan[END_REF], where the presence of GeO 2 decreases the value of the nonlinear refractive index [START_REF] Souza | Femtosecond nonlinear optical properties of tellurite glasses[END_REF].

Refractive index in heavy metal fluoride glasses is changed by systematic substitution of cations elements in standard glass fluorozirconate glasses including ZBLA (ZrF 4 BaF 2 LaF 3

AlF 3 ) and ZBLAN (ZrF 4 BaF 2 LaF 3 AlF 3 NaF) [18]. This process allowed to modify the polarizibility within the glass network. However, substantial change of refractive index has not been reported by composition manipulation. Here, the maneuver merge is limited by a set of requirements, in particular the minimum stability of the vitreous phases against devitrification.
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In chalcogenide glasses, depending on the chemical composition, the nonlinear refractive index n 2 has been measured to be between 100 to 1000 times larger than for silica glass [START_REF] Kim | Nonlinear optical properties of TeO 2 -based glasses: Li(Na and K) 2 O-TeO 2 binary glasses[END_REF].

In sulfur-and selenide-based chalcogenide glasses, both S and Se exhibit two electronic lone pairs [24]. It has been confirmed that Se-based chalcogenide glasses possess higher nonlinearity than S-based chalcogenide glasses which may be attributed to the excess of selenium-selenium or selenium-sulfur covalent bonds [24]. One can note also that in case of selenium, electronic lone pairs are higher in energy than that of sulfur. On the other hand, the minor substitution of selenium having two electronic lone pairs by germanium exempt of electronic lone pairs, sharply decreases the non-linear refractive index. Furthermore, it seems that addition of tellurium does not enhance significantly the nonlinear refraction index, but exalts more the nonlinear absorption [START_REF] Smektala | Chalcogenide glasses with large non-linear refractive indices[END_REF]. Table 2 presents evolution of nonlinear optical properties of various chalcogenide glasses according to corresponding chemical composition. Composition n 2 (10 -18 m 2 .W -1 ) [23,[START_REF] Smektala | Chalcogenide glasses with large non-linear refractive indices[END_REF] As 40 S [START_REF] Shiryaev | Infrared fibers based on Te-As-Se glass system with low optical losses[END_REF] 2.5-5.2 [23,[START_REF] Cherukulappurath | Linear and nonlinear optical characterization of tellurium based chalcogenide glasses[END_REF] As 40 Se [START_REF] Shiryaev | Infrared fibers based on Te-As-Se glass system with low optical losses[END_REF] 12.6 [23] Ge 20 Se 80 13 [72] Ge 10 As 10 Se 80 16.5 [23] Ge 20 As 40 Se 40 8.5 [72] Ge 10 As 10 Se 70 Te 10 19 [72] Ge 10 As 10 Se 60 Te 20 20 [23] Ge 20 Se [START_REF] Hudson | Octave spanning supercontinuum in an As 2 S 3 taper using ultralow pump pulse energy[END_REF] 13

Figure 20 displays the merges of nonlinear refractive index, and its relation to linear index with the glass classification. It is clearly seen that the glass nonlinearity follows the polarizability of anions, and as a general rule, both linear and nonlinear refractive index increase according to the sequence: F -< O 2-< S 2-< Se 2-respectively.
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Microstructured optical fibers (MOFs) technology allowed to overcome limitations of the material's dispersion [25,[START_REF] Frosz | The role of the second zero-dispersion wavelength in generation of supercontinua and bright-bright soliton-pairs across the zero-dispersion wavelength: erratum[END_REF], especially for those owing ZDW far in the IR such as chalcogenide glasses. MOF geometry successfully permitted to modify the guidance properties within the glass fibers and to tailor the fiber chromatic dispersion [START_REF] Frosz | The role of the second zero-dispersion wavelength in generation of supercontinua and bright-bright soliton-pairs across the zero-dispersion wavelength: erratum[END_REF][START_REF] Frosz | Soliton collision and Raman gain regimes in continuous-wave pumped supercontinuum generation[END_REF][START_REF] Apolonski | Spectral shaping of supercontinuum in a cobweb photonic-crystal fiber with sub-20-fs pulses[END_REF][START_REF] Genty | Enhanced bandwidth of supercontinuum generated in microstructured fibers[END_REF] and are well suited as the basis of a supercontinuum source. These effects are achievable by carefully engineered patterns of well defined parameters of the MOF.

III. Supercontinuum generation records in soft-glasses

Despite numerous successful [START_REF] Liao | Ultrabroad supercontinuum generation through filamentation in tellurite glass[END_REF][START_REF] Liao | Five-Octave-Spanning Supercontinuum Generation in Fluoride Glass[END_REF] spectral broadening reported on bulk specimens by self focusing (filamentation) technique, we believe that such strategy is disadvantageous at many levels. First, self-focusing requires the use of high pulse intensities, usually close to the damage threshold of the operated glass system [START_REF] Hudson | Octave spanning supercontinuum in an As 2 S 3 taper using ultralow pump pulse energy[END_REF][START_REF] Szpulak | Chalcogenide As 2 S 3 suspended core fiber for Mid-IR wavelength conversion based on degenerate four-wave mixing[END_REF]. In addition, output SC suffers from reduced brightness and coherence, caused by the multiple filament that can occur within the illuminated bulk when power above the self focusing threshold is applied [START_REF] Yu | Mid-infrared supercontinuum generation in chalcogenides[END_REF]. These constraints are overcome on fiber geometry. In a first approach, a fiber provides a long path length requiring relatively low power to enable the spectral broadening. In addition, special structure of fiber, known as MOF allows to engineer its ZDW and improve the light confinement highly suitable for the sequence of events in supercontinuum generation [START_REF] Yu | Mid-infrared supercontinuum generation in chalcogenides[END_REF].

Thus, in this section, we exclusively review experiments on mid-infrared supercontinuum generation on dispersion engineered fluoride, tellurite and chalcogenide glass fibers.

Quin and al. [START_REF] Qin | Ultrabroadband supercontinuum generation from ultraviolet to 6.28μm in a fluoride fiber[END_REF] succeeded to registered a 6000 nm supercontinuum spectrum in a fluoride fiber by 2009. The fibre used in this experiment was a ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF (ZBLAN)

step-index fiber. The fiber has a core diameter of 9 µm, a numerical aperture (NA) of 0.2. A short 2 cm length of fibre was used in this experiment to overcome the substantial propagation losses that occur at longer wavelengths. The specimen was seeded in the normal dispersion regime at 1450 nm using femtosecond laser. When the fiber is seeded with peak power of 50 MW, it enables a broadening extended from ~0.35 nm in the UV up to 6.28 µm (Figure 21). Shaw and al. [START_REF] Gattass | All-fiber chalcogenide-based mid-infrared supercontinuum source[END_REF] reported a SC spectrum spreading over ~2.9 µm from a As 2 S 3 step index nonlinear optical fiber. The 2 m long fiber used in this experiment exhibits a 10 µm core diameter and is pumped in the normal dispersion regime at 2.45 µm by means of fibered femtosecond laser source. Following light coupling in the fiber, the spectral broadening extends from 1.9 to 4.8 µm (Figure 23). The relatively high loss level can be mitigated using short fiber length and / or by ensuring anomalous dispersion pumping increasing the non linear effects efficiency. Both scenarios can not be reached on step index fiber which imposes a transition to MOF allowing chromatic dispersion engineering in order to pump in the anomalous dispersion regime. In addition, MOF ensure high confinement of coupled signal, enhancing thus the non linear optical effects efficiency and reducing significantly the fiber length required to ensure the spectral broadening. 

IV. Conclusion

Chalcogenide glasses are characterized by a wide IR transmission and high nonlinearity comparing to fluoride and tellurite glasses. These features make these glasses promising candidate for SCG covering both atmospheric transmission windows, extended between 3-5 and 8-12 µm, respectively. Sulfide based chalcogenide glasses are the most transparent in the near visible range, it is around 500 nm for As 2 S 3 [14]. Compared to the previous glass materials, chalcogenide nonlinearity is very high. As 2 S 3 ZDW (4.8 µm) is one of the lowest among chalcogenide glasses, furthermore microstructured profile allows to lower the ZDW of the fibres [25,[START_REF] Hudson | Octave spanning supercontinuum in an As 2 S 3 taper using ultralow pump pulse energy[END_REF][START_REF] Lamont | Supercontinuum generation in dispersion engineered highly nonlinear (γ = 10/W/m) As 2 S 3 chalcogenide planar waveguide[END_REF][START_REF] El-Amraoui | Strong infrared spectral broadening in low-loss As-S chalcogenide suspended core microstructured optical fibers[END_REF][START_REF] El-Amraoui | Emission in the region 4000 to 7000 Å via four-photon coupling in glass[END_REF]. Moreover, in suspended core case, sulfide glasses low ZDW leads to core diameter bigger than selenide glasses which is an advantage for light coupling.

In addition, latest improvement of glass fabrication technology allowed to fabricate chalcogenide fibers with optical losses close to their corresponding theoretical threshold.

Besides that, microstructured optical fiber technology has enabled engineering of the fiber chromatic dispersion allowing thus to pump the fiber with commercially available laser sources. The combination of these features predicts promising results for supercontinuum generation.

For the following works about supercontinuum generation in fiber, among chalcogenide glasses we selected a sulfide one: As 2 S 3 .

Part 2 :Mid-Infrared Supercontinuum Generation In As 2 S 3

Microstructured Optical Fibers

I. Introduction

Supercontinuum generation (SCG) describes a process, in which, the spectrum of a narrow bandwidth incident pulse undergoes a substantial spectral broadening through the interplay of various nonlinear processes, as it propagates throughout a nonlinear medium. Supercontinuum (SC) generation was first reported in the early 1970s in bulk by Alfano and Shapiro [1]. Six years later, Lin and Stolen [2] reported on the first continuum in glass fiber. Ever since, broadband SC generation in optical fibers is of particular interest because of the optical fibers' unique advantages in their pump interactions with the nonlinearities of the fiber materials.

Over the past decade, the introduction of special fibers, and in particular photonic crystal fibers have enabled major strides in obtaining a broad continuum, leading to development of compact and efficient broadband sources [3][4][5][6][7]. SC generation in MOFs has found potential applications in such diverse fields as spectroscopy, metrology, telecommunication or biology [8,9].

Continuum generation has been demonstrated in silica photonic crystal fiber in the visible and near infrared. Broadband sources based on silica photonic crystal fibers operating from visible to near-infrared range have been already commercialized. However, further extension of the SC infrared edge is a challenging task due to the multiphonon absorption of the silica glass network, which limits the transmission window in the infrared. Consequently, supercontinuum spectra have only been able to span to about 2.2 µm [10,11].

A high power mid-IR SC source operating in the atmospheric transmission windows that lie between 3-5 µm and 8-12 µm, has numerous applications in the field of IR such as biology, sensing, spectroscopy, and other fields. Thus, the recent trend is to provide alternative materials so as to spread further the SC in the mid-infrared (MIR) region. However, to generate SC spectrum in the MIR region, optical fibers of low optical losses in the corresponding wavelength range and suitable nonlinearity are required. For instance, there have been several demonstrations of mid-IR supercontinuum generation using chalcogenide, fluoride, and tellurite-based optical fibers [11][12][13][14][15][16][17][18][19][20][21][22][23][24]. However, the intrinsic multiphonon absorption edge in fluoride and tellurite glasses remains the main limitation of further spanning of the continuum MIR edge [25]. Partial overcoming of the limitations due to Introduction 63 multiphonon absorption edge has been demonstrated in tellurite [12][13][14][15] and fluoride fibres [26] using short lengths of fibre and high pump power.

Chalcogenide glasses (ChGs) stand out as the only family of vitreous materials that are widely transparent across the infrared on both, bulk and fiber forms [27]. Moreover, ChGs exhibit relatively high linear refractive index (n 0 ) giving rises to highest nonlinear refractive index (n 2 ) of glass systems. According to glass composition, it might be 1000 times higher than silica [10,11].

Although ChG fibers were first demonstrated decades ago, and have since found uses in a wide range of linear and nonlinear infrared applications [28][29][30], the first guiding ChG PCFs were reported in 2006 [31]. This delay was in large part due to several limitations, in particular their high normal group velocity dispersion (GVD) [11], since their material's zero dispersion wavelength (ZDW) is located far in the MIR, above 5µm [11]. In some applications such as supercontinuum generation, the GVD sign and magnitude play a crucial role, and hence must be precisely controlled [7]. In order to overcome these limitations in ChGs and allow broad spectrum spanning, novel approaches and fiber designs are proposed.

Among the various proposed strategies, microstructured fibers [32][33][34] have shown promising potentials and results. One of the attractive features of microstructured fibers is their greater tolerance in tailoring various fiber properties. The main advantage of microstructured fibers is that they enable GVD engineering in order to compensate the material-GVD [16,35].

Adopting adequate microstructured pattern allows to adapt the ZDW to suitable pump wavelength and to reduce the effective mode area, enhancing consequently the nonlinear interaction for efficient SCG [11,16,36]. In addition, because suspended-core microstructured fiber can be made from a single material, it is possible to eliminate the problems potentially caused by the core-cladding interface of two different glasses.

As 2 S 3 -based chalcogenide glass fibers are highly suitable for the purpose aimed from this work. Although other chalcogenide-based system can be used as long as it is highly nonlinear and meets other prerequisites, it has been determined that As 2 S 3 -system is the composition of choice for purposes herein. As 2 S 3 glass has linear refractive index n 0 of 2.44 at 1.55 µm, nonlinear refractive index n 2 100 times higher than silica, around 594x10 -20 m 2 /W [11],

material ZDW around 5 µm, and the fibre MIR transmission edge is located at 7.4 µm [11]. 

II. Glass Synthesis, Preform fabrication and Fiber drawing

As preamble to the articles, the experimental part concerning As 2 S 3 glass preparation and optical fibers drawing used for this study is presented.

II.1 Synthesis of bulk.

The As 2 S 3 glasses were prepared by the conventional melt-quenching technique inside a vacuum-sealed silica ampoule in order to maintain the composition's stoichiometric since the sulfur exhibit high volatility at the synthesis temperature. In addition, as for all the chalcogenide glasses, syntheses are performed under secondary vacuum in order to avoid the pollution by the water and oxygen naturally present in atmosphere.

The experimental system designed in this context is described in The sulfur is introduced into the container comprising a small capillary (Figure 25 and Figure 26) while arsenic is placed in the second ampoule (Figure 24 and Figure 25). High purity elemental arsenic and sulfur (5N) reagents used in these experiments were of analytical grade purity. The quoted purity levels are based on the metallic content only. In this figure, content of oxygen, hydrogen, carbon and surface deposits are not taken into account. Since the purpose of this job is to fabricate a high purity glasses, the starting products are purified by thermal treatment from their respective impurities under a dynamic vacuum (10 -6 mbar).

After that the necessary vacuum (10 -6 mbar) is established, the charges are separately purified by thermal treatment. The purification of arsenic consists in heating ampoule with charge at 290°C for several hours in order to remove volatile inclusions such as moisture, oxides and gases adsorbed by charge materials. Heating temperature correspond to the arsenic oxide sublimation point (T sub =290°C) [37], thereby removing As 2 O 3 and As 2 O 5 from the surface.

On the other hand, purification of sulfur consists in heating in a dynamic vacuum to its melting point (T f =120°C). The evaporated sulfur condenses on the walls of the silica glassware locally cooled using a cooler (Figure 26 as water are removed by the pumping system. Once all of the sulfur is condensed in the upper part of the glassware, they are melted down to be collected in their original container (Figure 26-2). This corresponds to a cycle of distillation of sulfur. We can then continue to perform multiple distillations in order to remove every time the persistent residual impurities. Figure 26 presents the sequence followed in this job.

At the end of this step, the arsenic is transferred into the ampoule containing the sulfur, the set-up is then sealed at the point #1 (Figure 26-2), and fed into a furnace for mixture purification under statistic vacuum (Figure 27). Distillation was performed by heating the upper portion of the tube to 480°C and the lower portion was kept at room temperature. At these temperatures, the As and S were volatilized in the upper portion and condensed in the lower portion over a period between 16 and 24 h. This allows us to isolate carbon and nonvolatile impurities in the upper portion of the tube. Corresponding temperature profile is shown on Figure 28. The synthesis process is carried out in special rotating electric furnace. The melt is held at 700°C for several hours, until glass-forming comes to the end. Glass homogenizing is carried out by rotating the furnace about the minor axis. After the last mixing, the furnace is placed vertically, cooled down, and maintained at 525°C for several minutes, it leads to increase glass viscosity and reduce the steam above the melt. At this point, the melt is quenched in water at room temperature to solidify the liquid in the vitreous state. The time-temperature schedule adopted during the synthesis process is presented on Figure 28.

Mechanical stress in the amorphous medium makes it mechanically fragile. Thus, thermal treatment at adequate point around (210°C) glass transition temperature is necessary for stress relieving. Corresponding time-temperature regime is shown in Figure 28.

II.2 Preform elaboration.

The stack and draw technique is the most commonly used to fabricate most of the microstructured optical fibers. It is based on stacking of fiber capillaries and it is systematically used to fabricate silica-based microstructured fibers. However, the use of materials of lower glass transition temperature (Tg) such as heavy metal oxides and polymers enables the use of other techniques such as extrusion and drilling.

In the frame of our work, the mechanical drilling technique was used for the preparation of glass preforms with a variety of geometrical patterns in view of MOFs drawing. This technique was previously developed on chalcogenide glasses in our laboratory [16]. It consists to drill holes in the chalcogenide glass rod. The position of the holes as well as the thickness of bridges between two neighboring holes are precisely controlled. This technique has allowed to prepare versatile patterned preforms [16]. Preform design adopted in this work consist in three holes placed in a triangular arrangement around a solid core. For all these preforms, the outer diameter is 16 mm, the diameter of holes is equal to 0.8 mm and their length to about 30 mm. The cross-section images of the elaborated glass preform is presented in Figure 29. 

II.3 Fiber drawing.

The drawing of glass fibers is governed by the force of gravity or by a mechanical tension applied on a glass rod vertically suspended, and sufficiently softened to be able to drawing.

Hence the need for a heat source to enable the melting and deformation of glass. Figure 30right represents the various elements from which a drawing tower is composed. The translation system allows a continuous and controlled vertical penetration of the glass preform inside the heating zone. The furnace provides a localized and symmetric heating zone, optimal for drawing process. The inert gas is used to continuously purge the interior of the furnace. It forms a protective curtain avoiding the diffusion of the unsuitable oxidizing atmosphere inside the heating zone. The pressurized inert gas allows to avoid the collapse of the microstructure and to control the holes dimension upon drawing. The diameter and tension measurement devices allow to monitor the fiber diameter and the drawing force.

Prior the heating, the furnace is purged for several hours by a flow of nitrogen (or helium), in order to remove traces of moisture present in the chamber and on the preform's surface. This flow is maintained throughout the fiber drawing process.

A heating rate of 10 ° C / min maintained until the softening temperature of the glass (T>Tg), causes the formation of a droplet of glass at the lower end of the glass rod. Under the effect of gravity, the droplet fall downward, shrink in diameter into a fine-diameter filament and gives a glass fiber, subsequently fixed on the winding drum. A schematic illustration of this process is displayed in Figure 30-left.

Following drawing process of the preform's design adopted in this work, resulting microstructured fiber consists in a triangular lattice of air holes which extend along the fiber.

They surround a small central core with triangle geometry attached to robust jacket by three thin struts. Figure 31 shows the general cross section profile of the MOFs drawn from the preforms obtained using the mechanical drilling technique (Figure 29). IV. Article 1

Introduction

Because of combined properties of high coherence, large bandwidth, brightness and potential compactness, supercontinuum generation has been a topic of high interest in nonlinear optics.

Indeed, broadband light sources have found many applications in the field of spectroscopy, metrology, telecommunication or biology. To this aim, numerous efforts have been first dedicated to investigate supercontinuum generation in fused silica fibers with record brightness and spectral expansion ranging from ultraviolet (UV) to mid-infrared (MIR) [1][2][3][4][5][6][7][8].

However, since intrinsic transmission window of fused silica makes supercontinuum expansion a challenging task above 2.2 µm [9,10], the recent trend is thus to provide alternative materials so as to spread further in the MIR region [11][12][13][14][15][16][17][18][19][20][21][22][23][24][25][26]. In this context, larger transmission windows and stronger nonlinear materials have been proposed as an alternative to the conventional fused silica such as tellurite [11][12][13][14], chalcogenide [15][16][17][18][19][20], heavy oxides [21,22] or fluoride glasses [23][24][25][26]. Tellurite and chalcogenide glasses have serious advantages because of their wide transmittance window, chemical durability and high nonlinearity. Depending on their composition, infrared transparency can exceed 10 µm while the Kerr nonlinearity can be 500 times stronger than fused silica [27]. These different features make them serious candidates for broad mid-infrared supercontinuum generation. For example, supercontinuum as broad as 4000-nm bandwidth has been generated in a sub-cm long Tellurite microstructured fiber by Domachuk et al. in Ref. [12] thanks to a femtosecond pulse pumping at telecommunication wavelength. Regarding chalcogenide fibers, pumping in the anomalous dispersive regime is a much challenging task since the chromatic dispersion contribution of the material generally induces a zero dispersion wavelength far in the infrared region (typically around 5 µm) and thus far from commercially available femtosecond pulse sources. Consequently, a careful design of the waveguide structure has to be performed so as to shift down the zero dispersion wavelength (ZDW) and thus allowing an anomalous dispersion pumping. To this aim, several strategies have been considered such as waveguide fabrication, tapering, nanowire and microstructured optical fibers, which give rise to efficient spectral broadening and supercontinuum generation [19,20,[27][28][29][30]. In this work, we report the experimental fabrication and characterization of two kinds of soft-glasses, low loss, suspended-core microstructured optical fibers. More precisely, both tellurite and As 2 S 3 chalcogenide suspended-core fibers with nearly 3-µm core diameter have been designed and pumped in their anomalous dispersion regime by means of an optical parametric oscillator delivering 200-fs pulses between 1700 and 2500 nm. When coupled into the fibers, the nJ-level femtosecond pulses result in 2000-nm bandwidth supercontinuum spreading in the midinfrared region until 2.8 µm in Tellurite fiber and 3.2 µm in chalcogenide fiber.

Tellurite fiber design

The fiber preform is first elaborated from a tellurite 80TeO 2 -10ZnO-10Na 2 O glass (mol. %) synthesized by the fusion method under oxidizing atmosphere. High-purity, commercial raw materials are used for the glass fabrication without any additional purification: tellurium (IV) oxide (Alfa Aesar, 99.9995%), zinc oxide (Alfa Aesar, 99.999%) and sodium carbonate (Alfa Aesar, 99.997%). The oxide mixture is melted in a platinum crucible at a temperature of 800-850°C between 1h and 2h. The resulting melt is then poured in a brass mould preheated at 270°C. The annealing of the glass sample is finally completed around its transition temperature (Tg = 285°C) during several hours before being slowly cooled down to room temperature. The resulting glass rod is thus characterized by a typical length of 4.5 cm and a round diameter of 16 mm. The preform elaboration is achieved by means of a mechanical drilling process, which ensures better loss performances than the traditional time-consuming, numerous handy manipulations stack-and-draw technique [16,31]. The resulting preform consists in a triangular solid core surrounded by three holes of typically 0.8-mm diameter and 30-mm length. In a final stage, the preform is then drawn to fiber under a helium atmosphere.

Indeed, from glass classical DSC measurements at a heating rate of 10°C/min between room temperature and 400°C, no exothermic crystallization peak is registered. Thus, the temperature difference between Tg and crystallization temperature is higher than 115°C, making indeed the glass suitable for fiber drawing which is performed around 360°C.

The transmittance of the bulk was first measured using a FTIR Fourier Transform InfraRed spectrometer (Perkin-Elmer Spectrum One) on a 4-mm thick rod sample for two casting processes, more precisely under room atmosphere conditions and under dry atmosphere in a glove box. Figure 32 shows typical transmittance spectra recorded in the range of 1300-6700 nm. The crucial point here is the residual OH absorption which induces excess of losses. Indeed, the tellurite glasses, as all oxide glasses, are known to suffer from a strong water absorption in the infrared range that decreases the glass transmission [31][32][33]. In the case of the glass elaborated under air atmosphere (red line in Figure 32), we can clearly observe two main OH bands: strongly bonded OH (strong OH) and weakly bonded OH (weak OH) combined with free OH. This OH pollution is mainly due to reaction between the atmospheric moisture and the glass batch during glass synthesis. The central positions of these bands depend on the degree of OH hydrogen bonding (H-bonding) present in the glass [34]. The strongly bonded OH absorb around 4350 nm, while the combination of weakly H-bonded OH and free OH in the glass provides a huge 1-µm bandwidth absorption band located around 3350 nm, which results in a poor 15% transmission at 3.3 µm and thus preventing any practical application beyond 3 µm. In order to overcome this issue, we have completed the glass fabrication process under a dry atmosphere inside a glove box. Resulting transmission spectrum is then depicted in Figure 32 thanks to the blue solid line. We can notice a high flatness of the transmittance level around 76% until 2.8 µm as well as a significant reduction of the OH absorption band around 3.3 µm, for which transmittance is greatly improved from 15% to More precisely, the concentration of OH-groups can be estimated by means of the following equation [35]:

) 1 ln( T L N N A OH     (25)
where N A is the Avogadro constant, L the sample thickness (cm), T the transmittance, and ε the molar absorption of the free OH groups in the glass. In the calculations we use the molar absorption of the OH groups in silicate glasses (49.1x10 3 cm 2 /mol) [36]. Then the amount of OH-groups can be presented in parts per million (ppm) [37]. After calculations, we found that the glass fabrication under dry atmosphere allows us to reduce the OH-ions concentration by a factor 36: 510 ppm under air atmosphere vs 14 ppm in the glove box. In this latter case the origin of the remaining OH-groups is attributed to the initial pollution of the raw materials.

After drawing process, we obtained the fiber profile illustrated in Figure 33 (a) captured by means of a scanning electron microscope (SEM). The resulting tellurite fiber is characterized by a 120-µm outside diameter with a typical suspended-core shape consisting in a triangular 3.4-µm solid core surrounded by three petal-like holes with 1 µm thickness bridges. Because of the critical small size of the microstructured fiber core, a measurement of fiber spectral losses could only be successfully performed on a large core quasi mono-index profile fiber, which is drawn just before the microstructured fiber itself, in the early stage of the drawing process, when the holes of the microstructure are not yet under pressure. It is thus possible to correctly inject the light coming from a Fourier Transformed InfraRed (FTIR) spectrometer in this large core fiber. The cut-back technique is implemented for that purpose. Typically, cut back measurements are performed on 5 meters of fiber, with around 20% accuracy, attributed to variations of the fibre cross section when cutting the fiber. Note additionally that fiber losses were also measured punctually at 1.55 µm for the small-core microstructured fiber itself, at a level of 1.5 dB/m, thus corroborating previous results on quasi mono-index one.

Spectral fiber losses are nearly flat up to 2.5 µm but increase rapidly beyond 2.7 µm. This flatness was also confirmed experimentally by the resulting supercontinuum spectrum obtained in section 5. It is also important to notice here that, even if we achieved a strong reduction of the residual OH absorption in the bulk glass, the cumulative effect of these linear losses in the fiber remain dramatic for practical application above 2.8 µm. This point underlines the fact that an order of magnitude improvement is still required regarding the OHgroups concentration, so as to achieve a concentration below 1 ppm. Group velocity dispersion of the tellurite fiber has been also measured thanks to the wellknown low coherence interferometric method, which has been proved to be convenient to characterize short segments of optical fibers [27]. Experimental results are compared to numerical simulations of modal properties based on the fiber geometry derived from the SEM analysis (see Figure 34). The good agreement confirms that our fiber exhibits a zerodispersion wavelength (ZDW) close to 1660 nm while the bulk glass is characterized by a ZDW close to 2.2 µm. The suspended core profile has then successfully allowed us to manage with the chromatic dispersion and to shift the ZDW to shorter values more suitable for SC generation. 

As 2 S 3 chalcogenide fiber design

For sulfide fibers, first of all, the As 2 S 3 glass is prepared from elemental high-purity 5N starting products: arsenic and sulphur. However, initial sulphur is generally polluted by water and carbon, while the metallic arsenic surface is often polluted by As oxide [38]. Thus, the starting products have to be purified from their respective impurities by thermal treatment under a dynamic vacuum (10 -6 mbar). Sulphur and arsenic are thus dried by heating for a few hours at respectively 120°C and 290°C [39]. Arsenic is then mixed with sulphur and the batch is sealed under vacuum in a silica setup. A static distillation is performed which allows the separation of carbon while the mixture is collected in a silica ampoule. Finally, the silica ampoule is sealed under vacuum, placed in a rocking furnace and heated up to 700°C at a slow heating rate (1 -2°C min -1 ). The heating treatment allows the fusion and the reaction of the starting products. Obtained liquid batch is refined at high temperature for 10 to 12 hours.

The melt is then quenched at room temperature. Resulting solid glass rod is then annealed at its glass transition temperature Tg (Tg ≈ 200 °C) for 12 hours and slowly cooled down to room temperature. A thick glass rod (7-cm long, 16-mm in diameter) is finally obtained at the end of this stage. As in the previous case of tellurite glass, DSC measurements at a heating rate of 10°C/min between room temperature and 400 °C do not exhibit any exothermic crystallization peak so that the glass can be drawn into fiber at a temperature around 270°C, at which no re-crystallization phenomenon takes place.

The technique used to elaborate the chalcogenide microstructured optical fiber was the same as the previous tellurite one. The elaboration of the preform was based on a mechanical machining of the rod. Our process presents the originality to be performed entirely mechanically with the help of mechanical tools only and without the need of any ultrasonic assistance. This mechanical drilling process has been largely used in order to prepare a variety of geometric profiles and to control the positions and diameters of the holes, inner surfaces and core surfaces by optimization of the drilling conditions [16,39,40]. We designed a preform with three holes of typically 0.8 mm diameter and 30 mm length placed in a triangular arrangement around a solid core. Such a preform was then drawn into fiber in our laboratory under optimized conditions, leading to a 3.2-µm suspended-core fiber with 0.6 µm thickness bridges, which transversal section can be observed in Figure 35(a). More precisely, the drawing process has been performed in an inert and dry atmosphere, at a temperature of 270°C and at a drawing speed of 5 meters/min. As in the previous study on tellurite fibers, linear losses were first characterized on the predrawing mono-index chalcogenide fiber sample by means of the FTIR spectrometer.

Experimental data are depicted in Figure 35 (b) in the range of 1 to 4.5 µm (blue solid-line).

Experimental measurements show relatively flat spectral losses in the range from 1.5 to 2.5 µm with a minimum below 1 dB/m around the pump wavelength at 2.3 µm.

The attenuation curve obtained for this glass (Figure 35 (b)) shows that the material losses contribution is quite similar to our previous results in [16] and [39]. We can also see narrow and large extrinsic absorption bands, centered at characteristic wavelengths which corresponds to residual OH and SH pollution of the glass. SH concentration (≈2.5 ppm) can be estimated from the spectrum referring to [41] for which extinction coefficient associated to the SH vibration at 4 µm is 2.5 dB/m/ppm. Finally, note that results of Figure 35 As in the previous study on tellurite fibers described above, group velocity dispersion of the chalcogenide suspended-core fiber has been also characterized using the same interferometric Fiber without pressure a set-up [27]. Experimental results are depicted in Figure 36 and compared to numerical analysis of the modal properties. We clearly reveal a zero-dispersion wavelength close to 2330 nm, which has to be compared to the ZDW of the bulky sulfide glass located around 5 µm. 

Experimental set-up

The experimental set-up depicted in Figure 37 consists in an optical parametric oscillator (OPO) pumped by a Ti:Sapphire laser. The OPO delivers 200-fs pulses at a repetition rate of 80 MHz with an average power close to 450 mW. The idler output, tunable from 1.7 to 2.6 µm was used to pump both tellurite and chalcogenide fibers under test in the anomalous dispersion regime and close to their ZDW in order to efficiently generate supercontinua [6]. Figure 38 (b) presents the numerical simulation corresponding to these experimental data and obtained through the split-step Fourier-based solving of the generalized nonlinear Schrödinger equation [6] taking into account the full dispersion curve from Figure 34, measured fiber losses as well as self-steepening and analytical model of the Raman gain spectrum [42][43][44].

The numerical results fit quite well the dynamics observed in the experiments and confirm that the spectral broadening is not mainly limited by the intrinsic linear losses for the optimized power and fiber length used here. However we cannot extend the supercontinuum bandwidth in the mid-Infrared region with a longer fiber due to the residual OH absorption which, even if it has been greatly reduced in the fabrication process under dry atmosphere, still prevents some application beyond 3 µm. 

Sulfide fiber supercontinuum

Figure 40 (a) illustrates the experimental results obtained from a 45-mm-long segment of our suspended-core chalcogenide fiber. Figure 40 (a) shows the resulting supercontinuum for a pump wavelength of 2300 nm and an injected power of 70 mW (4.6 kW peak power). Here, the output power is ~70% of the input power. The nonlinear index of the material is n 2 ~ 2.8x10 -18 m 2 /W at 1550 nm [45], which gives a nonlinear Kerr coefficient  = 1175 W -1 /km -1

(the effective mode area is 6.5 µm 2 ). The injected pulse corresponds to a high soliton number N=84 and a pulse energy of 0.9 nJ. The chalcogenide fiber is here clearly pumped close to the zero-dispersion wavelength, in the anomalous dispersion regime, and is characterized by a strong and rapid self-phase modulation process followed by soliton fission in the earlier centimeters of fiber. In this case the fission occurs randomly due to the significant role of modulation instability when N >> 20 [6]. Subsequent propagation is then associated with a degradation of the coherence. The resulting supercontinuum extends from 1200 nm to 3200 nm in the -20 dB range (excluding the absorption peak at 2.9 µm). Note however that large residual OH absorption bands are clearly visible around 2.9 µm, which implies to work with only short fiber lengths. This point underlines the fact that OH and SH absorption bands characterized on the pre-drawing mono-index fiber and depicted in Figure 35 (b) are undervalued by this measurement method and that the drawing process as well as resulting OH induced absorption time deterioration of the microstructure dramatically increased these extrinsic absorption losses. Nevertheless, the resulting spectrum also indicates that supercontinuum extension is performed in the early millimeters of the fiber, allowing the solitons to shift out the spectrum above the absorption band. 

Conclusion

In summary, we report here the experimental generation of supercontinuum in two kinds of suspended-core microstructured soft-glass optical fibers, namely tellurite and sulfide fibers.

Thanks to an optical parametric oscillator pumped by a Ti:Sapphire laser and delivering 200fs pulses between 1700 and 2500 nm, we achieved efficient pumping of both fibers above their respective zero-dispersion wavelength in the anomalous dispersion regime. When coupled into the fibers, the femtosecond pulses result in 2000-nm bandwidth supercontinua reaching the mid-infrared region and extending from 750 nm to 2.8 µm in tellurite fibers and 1 µm to 3.2 µm in sulfide fibers for input pulse energy of ~1 nJ, respectively.

Introduction

Expanding the wavelength range of supercontinua towards the mid-infrared region is of high technological interest in numerous applications such as spectroscopy, sensing, biology, metrology or defense. However, exceeding the fused silica transparency limits beyond 2 µm remains a challenging task [1]. To this aim, several strategies and alternative materials have been proposed so as to push back the edges of supercontinuum (SC) sources still further in the mid-infrared region. In particular, wider transmission windows and stronger nonlinear materials have been studied as an alternative to fused silica such as tellurite [2,3], fluoride glasses [4,5], heavy oxides [6] or chalcogenide glasses [7][8][9][10][11][12][13][14][15]. Given their remarkable optical and chemical properties, chalcogenide-based materials have been found to be promising candidates. Indeed, depending on their chemical composition, the infrared transparency can exceed 10 µm, whereas the Kerr nonlinearity can be three orders of magnitude higher than standard fused silica [7]. This combination of both properties makes them particularly attractive for broadband mid-infrared SC generation. However, chalcogenide glasses suffer from a large normal group velocity dispersion (GVD) in the infrared, which dramatically reduces the efficiency of SC expansion. Indeed, the zero dispersion wavelength (ZDW) is commonly located far in the mid-infrared and far from standard commercially available laser sources. For instance, the ZDW of sulfide glasses are usually located around 5 µm, which makes them challenging to pump in their anomalous dispersion regime. Therefore, a welldesigned geometry is required to shift down the ZDW to lower wavelengths. To this aim, several scenarios have been considered such as waveguide design [8][9][10], tapering [11][12][13] and microstructured optical fibers [2,14,15], which give rise to record spectral expansions in the mid-infrared [2,[8][9][10][11][12][13][14][15]. In this paper, we report the generation of a 3500-nm bandwidth SC in a 2-cm long segment of low loss As 2 S 3 suspended core microstructured optical fiber (MOF).

Fiber geometry was carefully designed for an efficient pumping close to its ZDW in the anomalous dispersion regime by means of an optical parametric oscillator delivering 200-fs pulses at an operating wavelength of 2.5 µm. To the best of our knowledge, this is the largest SC bandwidth generated in chalcogenide fibers.

Glass and fiber elaboration

In order to fabricate the MOF, commercially available high purity elemental precursors (S and As of 5N purity) were first used to prepare a glass rod. Nevertheless, their subsequent distillation remains mandatory since the sulphur powder is generally polluted by water and carbon, while the surface of metallic arsenic by oxides. Thus, starting products were subjected to thermal treatment under vacuum inside a silica set-up to get rid of their respective impurities. Sulphur is thus dried by heating for a few hours at 120°C under dynamic vacuum.

Simultaneously, the arsenic is heated few hours at the oxide sublimation temperature (290°C) [2]. At a later stage, the mixed batches are enclosed inside silica glassware prior to static distillation. By means of the static distillation process, the batch collected inside the silica synthesis ampoule is exempt of unsuitable carbon. Finally, the synthesis ampoule was sealed and placed inside a three zone melting rocking furnace. The ampoule was then heated up to the reaction temperature (700°C) and maintained at this stage for several hours (12 h). At such high temperature, the melt reagents interact to form the glass. Enforced by high volatility of sulfur, the ampoule was slowly heated to avoid its explosion. Finally, the silica ampoule containing the liquid batch was quenched in water. The obtained sulfide glass was subsequently annealed at the glass transition temperature (Tg= 210°C) for 12 hours. A mechanical drilling technique was adopted to elaborate the glass preforms. Thanks to this original technique, a variety of geometrical designs conceived to achieve well controlled parameters (core size, holes positions, inner surface) were prepared [2,7]. Here, the preform geometry consists of three holes centered on a central solid core. The length of the fiber preform is 40 mm and the diameter of air holes is 1 mm. Following the drawing process, the fiber microstructure consists in a triangular lattice of air holes which extend along the fiber.

They surround a small central core with triangle geometry attached to robust jacket by three constraints, the spectral losses cannot be directly measured on this resulting small core MOF.

However, an estimation of fiber optical losses by means of Fourier Transformed InfraRed (FTIR) spectrometer can be performed on a mono-index large core multimode fiber [2]. The SH concentration level is quite high, above detection limits of our detection set-up (integrating sphere connected to an InSb detector) which explains the noisy aspect of the depicted spectrum and the lack of the SH absorption peak around its fundamental vibration wavelength at 4.0 µm. Taking advantage of the cut-back technique, and using a continuous
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wave laser source, we confirmed previous loss measurements for the suspended-core fiber at 1.55 µm (star in Figure 41 c). However in our previous work [2], we have suspected a dynamic time variation of the attenuation, especially related with OH absorption, which could be at the origin of limitation of the extension of the supercontinuum further in the infrared region. Thus, in order to confirm the aforementioned hypothesis, as well as to avoid any unsuitable variation of the attenuation of the fiber sample, the microstructured fiber freshly drawn has been permanently preserved under suitable conditions. Chalcogenide fibers were stored under anhydrous Nitrogen atmosphere inside a sealed box. This procedure allows us to control the moisture content of atmosphere at which the glass fibers are exposed and therefore to prevent the suspected aging process of As 2 S 3 fibers. Our suspended core fiber exhibits a zero-dispersion wavelength (ZDW) close to 2.4 µm. The core size mainly governs the fiber dispersion properties and it was chosen in such a way that the ZDW fits in the wavelength range of maximal power of the tunable mid-infrared laser source used below. 

Experimental set-up

Experimental results and discussions

A series of in-situ tests that evaluate the measured spectral broadening versus pump wavelength allowed us to select the suitable anomalous regime pump wavelength at 2.5 µm.

From Figure 42 we evaluated the group-velocity dispersion β 2 to -0.06 ps 2 .m -1 . The incoming average power was measured after the focusing lens, before being injected into the fiber. The maximum peak power available was 12 kW at an average power of 194 mW. Next we measured the coupling coefficient about 40% when using low input powers. Figure 44 shows the output spectra recorded for the tested fiber under 2.5-µm pump wavelength according to injected peak power increasing from 1.25 to 4.86 kW.

The nonlinear index of the material is n 2 ~ 2.8 10 -18 m 2 .W -1 at 1550 nm, which corresponds, from the 6.1-µm 2 effective mode area depicted in Figure 42, to a nonlinear Kerr coefficient In our previous work [2], the output spectrum bandwidth was critically correlated to MOF attenuation, especially to OH and SH absorptions, whereas numerical simulations neglecting these dramatic absorption peaks revealed that dynamics of supercontinuum generation could be extended until 5.5 µm. Here, the control of aging combined with a gradual reduction of the length of the fiber sample under-test allows to overcome the issue of OH absorption, but not completely that related to SH absorption. Hence, only 2 cm of fiber was used for this experiment to extend the SC long wavelength edge further to the MIR region. The broad spectrum cuts off in the MIR side at around 4.1 µm. It is primarily due to fiber attenuation, especially SH absorption around 4.0 µm. The signature of OH absorption can be observed using longer fiber segments, it depends at the same time on its concentration, its vibration modes and the degree of OH hydrogen bonding present in the glass. The combination of different vibration modes (stretching and bending) of weekly H-bonded OH and free OH in the glass provide a 500 nm bandwidth absorption band located around 2.76 µm spreading from 2.5 to 2.99 µm. Here, solitons successfully overcome these crucial absorptions and subsequently allow a better expansion of the spectrum in the MIR compared to our previous studies [2] However, the impact of SH absorption at 4.0 µm appears for high input pulse power. Gradual increasing of the pump power allows shifting the spectrum long wavelength edge further in the MIR region. However, note that the high SH absorption prevents here the efficient expansion of the spectral broadening beyond 4.1 µm.

Conclusion

In conclusion, we report here an As 2 S 3 fiber-based supercontinuum source that covers 3500 nm extending from near visible to the mid-infrared by using a 200-fs pulsed pump with about 1 nJ energy at 2.5 µm. In particular, the SC bandwidth extends from the glass bandgap limit at 0.6 µm to the mid-infrared region around 4.1 µm. To our knowledge, this is the largest SC bandwidth generated in chalcogenide fibers. The remaining limitation of SC bandwidth is mainly related to the presence of the SH absorption peak. Additionally, we find that deleterious temporal evolution of the OH species of As 2 S 3 MOF has been limited by the dry atmosphere storage technique, confirming thus the proposed aging hypothesis. A detailed study is in progress in order to discern the aging process and their inherent deleterious phenomena.

Introduction

Among the wide range of functionalities currently realized by photonic devices, providing reliable and stable light source that covers a broad spectral bandwidth is of major importance.

Such supercontinuum (SC) sources can be obtained through nonlinear propagation of a pump beam into an optical waveguide by exploiting various nonlinear wavelength conversion processes [1]. For efficient SC generation, one has to use a low loss and highly nonlinear medium pumped with high power density close to its zero dispersion regime. Many applications exist for broadband mid-infrared (MIR) sources operating in the chemical and biological fingerprint regions within the atmospheric transmission windows [2][3][4][5]. To this end, MIR SC sources based on chalcogenide fibers and waveguides appear as an attractive solution thanks to their wide transparency, high nonlinearity [6][7][8], and thanks to the latest achievements of synthesis of low loss As 2 S 3 fibers [6, 9-13]. However, this glass composition suffers from weakness represented by an uncontrolled drift in performance over time. This is mainly due to physical and chemical aging processes [14]. Thus extending efficient MIR SC generation requires a detailed understanding and control of the evolution of optical and chemical properties for such a material [9,15,16].

We previously reported on experimental observation of MIR SC generation in low-loss As 2 S 3 suspended-core MOFs [Article 1-9]. The spectral broadening was beyond 2000-nm bandwidth from 1 µm to 3.2 µm. Numerical simulations were performed in order to check the underlying nonlinear processes. When considering the fiber losses which were experimentally measured in a single-index fiber, numerical results predicted a theoretical broadening with the MIR edge until 5.5 µm, whereas that experimentally recorded was located around 3.2 µm. In order to better fit the experimental SC, in particular close to the SH and OH absorption bands, extra losses were taken into account around 2.9 µm and 4 µm. This confirmed the under-evaluation of extrinsic absorption bands experimentally measured, or an aging process of our fibers under room atmosphere. Optical degradation is a natural consequence of the aging process [9,15,16]. However, the origin, mechanism and kinetics of chemical as well as optical aging of As 2 S 3 MOFs remain unclear. The objective of this study is to show unequivocally the aging process of an As 2 S 3 based suspended-core MOF in atmospheric conditions and its impact on SC generation. We perform numerical simulations that confirm the dynamic evolution of spectral broadening and its relation to extrinsic losses related to aging process evolving over storage at ambient atmospheric conditions. We identify the chemical and the inherent optical aging behaviors of the sulfide MOF by using a Fourier Transform InfraRed (FTIR)

spectrometer. We present a first attempt to follow and prove the evolution occurring on the surface is also studied thanks to X-ray Photoelectron Spectroscopy (XPS). Such an analysis confirms that the aging process substantially reduces the optical quality of the MOF, thus limiting SC generation further in the MIR. 

Preparation of glass and fiber samples.

Wavelength (µm) Attenuation (dB/m) OH bonds

Similar spectral loss measurements could not be successfully performed on suspended core fiber because of the small core diameter. However, cut-back measurements for the small-core MOF were performed using a continuous laser source emitting at 1.55µm, again readily after drawing, confirming thus the previous results registered on single-index fiber. Note that fundamental OH and SH absorption peaks emerge around 2.9 and 4.0µm respectively.

According to the extinction coefficient ε = 5 dB/m/ppm (wt.) [17,18], the OH absolute content is about 0.5ppm (wt.). SH concentration (≈3.2 ppm) can be estimated from the spectrum referring to [19] for which extinction coefficient associated to the SH vibration at 4 μm is 2.5 dB/m/ppm. The peak arising at 4.26 µm is due to CO 2 absorption. This absorption does not evolve over time unlike those of OH and SH groups. Consequently, the CO 2 absorption was neglected in this study. Absorption peaks around 3.4 µm are unequivocally assigned to C-H bonds present in the modeling clay systematically used to fix the fiber during cut-back measurements. They are not always eliminated through cut back data treatment because of the possible irreproducibility in the way we fix the fibers. Note that clay is not used during SC generation experiments. The MOF design is such that it allows to tailor its zero-dispersion wavelength (ZDW) as close as possible to the range of maximum emission capability of the pump source near 2.3 µm while keeping a very high nonlinear coefficient as well as an efficient coupling of light into the core. We computed the fundamental mode properties of suspended core MOF based on the cross-section profile (see Figure 35 and [9]for more details). The combined material and waveguide modal dispersions result in a ZDW wavelength located close to 2.3 µm for the 3.2 µm core size. The corresponding effective mode area is about 6.5 µm 2 at the ZDW. Combined with high nonlinear refractive index ~2.8x10 -18 m 2 /W at 1.55 µm, the resulting nonlinear Kerr coefficient γ is 1175 W -1 .km -1 [9].

SC generation and impact of absorption bands

Figure 46 (a) shows the experimental SC spectrum obtained with a 12-days aged 45-mm-long MOF segment pumped by 200-fs pulses at 2.3 µm with 4.6 kW injected power (see Figure 37 and [9] for more details about the setup). The spectral broadening extends from 1.2 to 3.2 µm in the -20dB range with a dip around 2.9 µm, where the different combinations of strongly and weakly bonded OH groups manifest themselves (Figure 45). Eventual influence of atmospheric absorptions in this wavelength range have been checked by registering the atmospheric spectrum in the conditions of our measurements. The absorptions of atmospheric water remains in the noise of the experimental measurements and are not detectable in the configuration of our set up. Here we provide a detailed analysis based on numerical simulations and chemical analysis to elucidate the strong limitations imposed in the nonlinear dynamics of this SC generation. Numerical results are obtained through the split-step Fourierbased solving of the generalized nonlinear Schrödinger equation [1] taking into account the full dispersion curve from (Figure 36) [9], measured fiber losses as well as self-steepening and analytical model of the Raman gain spectrum [9]. We recall that our pumping condition induces a strong and rapid self-phase modulation process followed by random soliton fission in the earlier centimeters of fiber [1,9]. The generated SC is then associated to significant fluctuations from pulse to pulse and high degradation of the coherence degree. As a result, averaging over 50 simulations with different input noise imposed on the pulse pump was carried out to obtain spectral smoothing, similarly to our optical spectrum analyzer. Taking only into account the loss level experimentally measured for the single-index fiber (see Figure 45 and Figure 46 (b2)), the simulated SC spectrum does not match with the experimental one, as shown in Figure 46 (b1). Indeed considering measured losses on fibers freshly drawn implies a theoretical spectral broadening up to 5.5 µm, Figure 46 (b1). In order to reach a good agreement, extra losses at 2.9 and 4.0 µm have to be taken into account as previously suggested in (Article 1 [9]). This underlines that a time evolution of deleterious extrinsic absorption bands occurs over time upon exposure to atmosphere. This aging is mainly related to the chalcogenide glass sensitivity to ambient moisture [14][15][16].

To reveal the impact of OH and SH absorption bands on SC generation, we simulated extra losses at 2.9 and 4 µm by considering a simple Gaussian envelope for each absorption band while keeping background losses at the same level. We increased step by step absorption peaks of the two bands as shown in Figure 46 (c2)-2(e2) until retrieving a good agreement between the simulated SC and the experimental one. The amount of losses added for each step corresponds to approximately 10 times increase of OH and SH contents in ppm. We used the same factor for the two bands. Corresponding simulated SC spectra are shown in Figure 46 (c1)-2(e1). The impact of absorption peaks on SC generation in few centimeters of fiber becomes noticeable when considering extra losses at the level of several dB/cm (see Figure 46 (d1)-2(d2)). In particular, one can note the small dip around 2.9 µm in the MIR SC as well as a clear limitation of the SC expansion near 4 µm (in the -20dB bandwidth range). Finally, we have to extend losses up to 25 dB/cm for OH-peak and 75 dB/cm for the SH-peak so as to better match with our experimental SC spectrum. Such optical losses correspond to OH and SH concentrations near to 500 and 3200 ppm, respectively. We can then notice in Figure 46 (e1) an erosion of the MIR SC upper edge, which is now limited close to 3.35 µm as well as the clear presence of the OH absorption band centered at 2.9 µm. The output energy is about 60% of the input energy in Figure 46 (e1) (without taking into account Fresnel reflections), while being ~80% in Figure 46 (d1), thus corresponding to the range of the experimental measurement from (Article 1) [9]. From these considerations, we highly suppose that an aging process occurs on the surface of the suspended MOF core, leading to an increase of OH and SH absorptions. 

Optical and structural aging

In order to confirm the preceding dynamics, we investigated the effect of atmospheric conditions on our sulfide MOF as a function of exposure time, in particular for hydroxyl species. We used a 3-m-long segment of 10-µm-large-core As 2 S 3 MOF for FTIR analysis.

Unlike the previous small core MOF, with such a large core MOF, spectral recording of transmission is possible with our FTIR setup and transmission spectra were systematically recorded over a 46-h period until a significant evolution of the transmission around 2.9 µm was obtained (Figure 47).

This study was performed at a temperature varying from 15 to 20°C and relative humidity between 50 and 60%. The fibre sample was mounted onto 3 axis holder in order to optimize coupling and detection of the light signal exclusively transmitted through the core of the MOF. An infrared camera was used to ensure that light was effectively coupled within the core of the MOF only. One can note that the suspended core is embedded in a robust clad which acts as a filter absorbing the unsuitable surrounding radiations potentially inducing photo-oxidation phenomena [20]. Despite that, the probed fiber was preserved in dark throughout the study period. A NICOLET 6700 Fourier Transformed InfraRed (FTIR) spectrometer was used to characterize the transmission spectra. The FTIR is seeded by an external halogen lamp providing higher power within the range of study (1.6-3.3µm) comparing to the standard light sources integrated within the spectrometer. In addition, signal outgoing the probed fibre was detected by means of external In-Sb detector, exhibiting high sensitivity within the range of interest. Our measurements are depicted in Figure 47 and show a naturally induced decrease in transmission and a substantial extinction of the signal around 2.9 µm upon exposure to atmospheric conditions. The deleterious impact of atmospheric moisture on As 2 S 3 MOF occurs in the short time frame over the first hours (Figure 47). Few hours are sufficient to completely attenuate the light signal in this wavelength region. These results prove the critical need for a moisture-free storage immediately after the drawing process and prior to nonlinear experiments. Additionally, a degradation of the transmission occurs (Figure 47), in the short wavelength range. After 46 hours of exposure, this degradation reaches almost 20% below 2.0 µm. Such a phenomenon could be due to surface defects that emerge on the surface of the waveguide [15,16], thus leading to light scattering. To confirm this point, we therefore investigated the impact of the atmospheric moisture on surface roughness of As 2 S 3 bulk glass. For that purpose, a glass sample was polished using SiC paper and diamond suspensions. One can precise that there is a difference in initial surface quality between AFM bulk samples and fiber samples, due to the polishing of bulks that might enhance aging through preliminary OH contamination or As 2 O 3 formation.

However, the impact of polishing does not interfere substantially in the aging process studied here. Indeed, rectangular fiber samples carefully prepared under dry atmosphere and exposed to similar conditions show, as on bulk samples, a substantial increase of their surface roughness. The specimen was stored under atmospheric conditions similar to those reported for fiber transmission study. Since all the surface of the sample is exposed to the environment, it is thus most prone to any contaminations. The evolution of glass surface at the nanometric scale was observed through AFM analysis (Bruker, Nanoscope 8) under controlled atmosphere in Peak Force mode. Throughout the exposure period, the bulk specimen was kept in a cleanroom dedicated for AFM measurements, in dark away from any surrounding light.

As shown in Figure 48, the exposure to the previously defined conditions during 12 days, induces the appearance of random bumps which develop into faceted pyramids with square cross-section. However, the dimensions of these evolving defects substantially increase from 
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~15 nm on fresh sample to reach ~60 nm after 12 days of exposure to ambient conditions. The similarity of morphology in the present work and previous studies [21,22] strongly suggests that surface defect are As 2 O 3 crystals. Finally, all of these results suggest an initial reaction of the glass with the atmospheric moisture surrounding the MOF core, which leads to the rapid apparition of absorbing -OH and -SH groups in the glass, with a subsequently evolution towards As 2 O 3 species formation associated with an increase of glass surface roughness. These different phenomena contribute to increase the optical losses of As 2 S 3 MOFs and degrade all their optical properties, including SC generation. However, it might be mitigated by the storage of freshly drawn MOF samples in dry atmosphere. In order to confirm the aforementioned hypothesis, the previous nonlinear experiment was recently reproduced using a sample stored in dry atmosphere [10]. Thus, an improvement of SC generation in the protected sample was indeed achieved by reaching a longer MIR edge around 4 µm without significant OH-induced dip at 2.9 µm as shown in Figure 50. Finally, all of these results suggest an initial reaction of the glass with the atmospheric moisture surrounding the MOF core, which leads to the rapid apparition of absorbing -OH and -SH groups in the glass, with a subsequently evolution towards As 2 O 3 species formation associated with an increase of glass surface roughness. These different phenomena contribute to increase the optical losses of As 2 S 3 MOFs and degrade all their optical properties, including SC generation. However, it might be mitigated by the storage of freshly drawn MOF samples in dry atmosphere. In order to confirm the aforementioned hypothesis, the previous nonlinear experiment was recently reproduced using a sample stored in dry atmosphere [12]. Thus, an improvement of SC generation in the protected sample was indeed achieved by reaching a longer MIR edge around 4µm without significant OH-induced dip at 2.9 µm.

Conclusion

Through FTIR, AFM and XPS measurements, we demonstrate the deleterious time evolution of As 2 S 3 MOFs upon exposure of the MOFs core to atmospheric moisture. FTIR experiments confirm that extra losses related with OH bands at 2.9 µm occur in the MOFs. Moreover a deleterious evolution of SH absorption band is likely to occur simultaneously. The exposure of As 2 S 3 glass to atmospheric conditions leads to the development and the growth of pyramidal shapes surface defects, which increase glass surface roughness observed by AFM.

These surface structures arise from reaction with the atmosphere and strong suggestion for 

VII. Conclusion

In summary, we successfully demonstrated an experimental supercontinuum spanning over 2000 nm in few centimeters of sulfur-based chalcogenide suspended-core microstructured optical fiber. The later bandwith was increased up to 3500 nm when fibers were subject to preventive protection procedures. Such procedures allow to control the naturally induced drift of optical and chemical properties of the fiber device. The global SC system consists in optical parametric oscillator pumped with Ti-sapphire laser, followed by the low loss, highly nonlinear As 2 S 3 MOFs segments. The seed source generates ultrashort pulses of 200-fs FWHM at 80 MHz repetition rate. Advantageously, it is tunable between 1.7 and 3.2 µm, allowing thus a suitable fiber pumping in the anomalous dispersion regime, highly favorable for efficient SCG.

A continuous supercontinuum of 2000 nm bandwidth, extending from ~1.2 µm to ~3.2 µm, with characteristic dip around 2.9 µm, were registered in 4.5 cm segment of As 2 S 3 MOF, pumped in the anomalous dispersion regime, close to its ZDW. The dip is consistent with the extrinsic OH absorption band mostly related to the glass synthesis technique and the aging phenomenon. The supercontinuum bandwidth is successfully increased on protected fibers.

Protection of fiber devices is realized by continuous storing of the freshly drawn fiber's specimen under dry atmosphere prior to nonlinear optics experiments. We successfully registered a flat spectrum spreading over 3500 nm, extending from ~0.6 µm to ~4.1 µm, in 2.0 cm segment of As 2 S 3 MOFs. Herein, no dip is interrupting the spectrum flatness. In both cases, As 2 S 3 fibers with comparable geometric design and optical loss level have been used in the experiments.

Theoretical simulations and modeling have been carried out to study the SC generation mechanism and investigate the limits of SC long wavelength edge limits of SC in the chalcogenide fibers. The supercontinua generated within the fibers are characterized by a strong and rapid self-phase modulation process followed by soliton fission in the earlier centimeters of the fiber. In this case the soliton fission occurs randomly due to the significant role of modulation instability when N >> 20. 

Introduction

Chalcogenide glasses of different compositions are progressively developed for their potentials in a widespread variety of applications in the field of optic, spectroscopy [1],

telecommunication [2] or biology. The reputation of these materials is attributed to their combined properties of broad transparency window, reasonably low optical losses, nonlinear properties, reasonable chemical and physical durability [3,4]. The performance of chalcogenide based devices is strongly related to these combined fundamental characteristics.

However, the scientific reliability and economic profitability impose a long-term service of the considered device, even if exposure of chalcogenide based devices to the real operation environment will eventually result in changes in the original physical and chemical properties.

These changes correspond to an aging process, through chemical and physical processes.

Glass chemical aging is defined as a process of chemical interactions between glassy materials and their environment. It refers to chemical and structural modifications over time trough different mechanisms. Thermo-oxidative [5,6], photo-induced [7,8] and hydrolytic [9,10] are the most known chemical degradation mechanisms. These processes become increasingly severe by extending exposure time, as by raising temperature levels, simultaneously as well as separately. Among others, this evolution is characterized by changes in glass transmission spectrum; new absorption bands appear while others are significantly amplified. Such process could eventually be of major benefits for different applications such as chemical sensing.

Glass physical aging is a process of structural relaxation [11]. The material evolves toward thermodynamic equilibrium. This is related to the preparation procedure of inorganic glasses [6,12]. Glasses are defined as liquids which are frozen on time scale of experimental observation. They are considered thermodynamically metastable compared to crystals. Their enthalpy, free volume and entropy levels are higher than those of most stable forms. Thus, a glass matrix is continuously relaxing toward the equilibrium state of crystals over time.

During real-time aging, this continual evolution of bulk properties is too slow to be measured and frequently unnoticeable. According to [6,12] few and up to many years are needed to detect measurable changes in the mechanical properties for example. By heating glass above Tg at sufficiently high temperature and quenching of the glass melt, initial material could be recycled. Therefore, physical aging is a thermo-reversible process.

Previous studies [6,[12][13][14] have shown a natural and induced physical as well as chemical aging of chalcogenide glasses. R.Ya. Golovchak and al. [6] showed that AsSe based-glasses exhibit physical aging after several months of storage. These phenomena might be accelerated by exposure to sub-band gap and above-band gap light. Herein, Se-based samples subjected to aging influences, lose their excess of configurational entropy, enthalpy or free volume (gained during melt quenching) to reach a more favourable thermodynamic state. M.F. Churbanov and al. [13] studied the stability of optical and mechanical properties of As-S-Se based chalcogenide glass fibres under different conditions. They underlined an essential preventive function of fibre coating, which allows maintaining the original properties of the fibres.

Uncoated fibres have shown a tremendous decrease of mechanical and optical properties after few days of exposure to atmospheric conditions. This collapse becomes more dramatic under hostile conditions such as water [15] and acetone. The observed changes during storage are due to the nucleation and propagation of cracks on the fibre surface, impurity adsorption and other microstructural changes. Toupin and al. [14] have briefly reported an optical aging on As 2 S 3 six holes-design microstructured optical fibre upon exposure to air. The optical aging was associated with a dynamic grow of OH and H 2 O attributed absorption bands. Recently, our group has demonstrated the deleterious time evolution of As 2 S 3 suspended core MOFs upon exposure of the MOF's core to atmospheric moisture and its impact on mid-infrared supercontinuum generation [16]. The kinetic of these changes reported in the literature has been studied on time scale from few hours to several years. It demonstrates that the optical properties are highly sensitive and severely degenerated in a few days. It was reported that 24 h are sufficient to completely quench the transmission of an As 2 S 3 fibre immersed in water [15], whereas after 64 days of immersion in water, an As 2 S 3 bulk sample lost almost 20% of its initial transmission [9]. In the case of fibres, optical losses level remains the most critical We have undertaken a detailed study of components contributing to optical aging using infrared spectroscopy and we report results on real time monitoring of this optical aging in As 2 S 3 MOFs. The transmission spectra were systematically registered until sixteen days of exposure under ambient thermal and hygrometric conditions. An estimation of content of absorbing species was calculated based on their attenuation measurements and their extinction coefficient. Finally, a preventive solution allows reducing aging kinetics and controlling resulting effects.

Samples preparation.

The highly pure As 2 S 3 ingots were prepared by the conventional melt quenching method under vacuum inside silica ampoule using elemental highly pure starting products. Sulphur and arsenic were loaded into silica glassware and subjected to purification process under vacuum prior to their enclosing in the synthesis ampoule. Synthesis ampoule was loaded into a rocking furnace and heated up to the synthesis temperature for several hours. The final glass rod was obtained after quenching the melt and annealing the glass around the glass transition temperature. The mechanical drilling technique previously developed on chalcogenide glass in our lab permits to prepare the preform which is then drawn into suspended core MOF with specific parameters adapted for ease handling and technical requirements. The detailed used procedures have been already described elsewhere [19,21,22]. The fibre has 310 µm outer diameter and 10 µm of core diameter. No external coating is applied. Figure 51 shows a cross section picture of tested fibre captured by means of Scanning Electron Microscopy (SEM). 

Experimental measurements.

The transmission spectra were recorded for wavelengths from 1.0 µm to 3.9 µm on 2.80 m of suspended core MOF sample. Measurements were carried out over 16 days at temperature ranging from 20 °C to 26 °C and relative humidity (RH) varying between 50 and 60%. A NICOLET 6700 Fourier Transformed InfraRed (FTIR) spectrometer was used to obtain the transmission spectra. Its source is an external halogen lamp emitting in the 0.1-5 µm range, providing higher output power than the optical source initially integrated in the spectrophotometer and allowing performing successfully this study on MOF sample within the range of interest. The MOF was mounted onto 3 axis holder in order to optimize light coupling exclusively in the MOF core. An infrared camera is used at the output end of the fibre to ensure that light is effectively guided in the core of the MOF only. This is important to stultify the possibility of any significant contribution of the fibre clad in the aging process since the fibre is not coated. At the input end a reflective objective is used to avoid chromatic effect. The beam transmitted along the fibre core is focused into an In-Sb detector using an optimal aspheric AMTIR lens. Note that previous in-situ experiments have proved the stability of the measurement system through the experimental period. Figure 52 shows the ratio of As 2 S 3 MOF transmission spectra measured over time in conditions as described above. The transmission spectra (T t ) registered at different time are normalized to the initial one (T 0 ) plotted shortly after fibre drawing. Therewith, dramatic degradation of the optical transmission is observed in the whole transparency window over time. Furthermore, for 16 days of exposure, a significant decrease at a rate of 90% (resp.

40%

) is registered at 1.0 µm (resp. 2.4 µm) transmission wavelength, whereas for the same 16 days exposure period, 15% average decrease is noted in the region above 3.3 µm. This phenomenon has been correlated to local structural modifications that occur on the surface of the fibre core such as cracks and roughness [9,23]. In addition to the surface defects, nucleation and growth of nanometre and micrometre-sized particles at the exposed surface may induce additional scattering losses. The impact of these effects is more severe in the short wavelengths range because of the dimensions of concerning defects [10,24,25]. The growth and the contribution of these defects were unequivocally demonstrated in our previous study [16]. Figure 52 (a) shows a highly deleterious impact of moisture on fibre over the first 24 h. The transmissions severely decreases at characteristic absorption bands centred on 2.77 µm and 2.84 µm. These characteristic bands can be assigned to the vibration modes of OH bonds in isolated adsorbed H 2 O molecules [26][27][28][29][30][31][32][33][34]. At these wavelengths, OH absorption reaches 40% (resp. 33%) in less than 6 h and continues to rise until 90% (resp. 85%) after 24 h before reaching the detection limits after 46 h of storage in ambient conditions. These facts reflect a severe water-sorption on the surface of the guiding medium. Consequently, the first aging process corresponds to the adsorption of water molecules on the surface of the core of the MOF, where water molecules are weakly bonded to glass network. The water comes from the ambient atmosphere present in the holes surrounding the core of the MOF. Note that at this stage, no dramatic decrease is registered on transmission window despite the almost 20% of transmission loss below 1.3 µm. Following this early extinction of light signal around 2.8 µm, a gradual broadening of the absorption band occurs upon exposure time to natural atmosphere (Figure 52 (b)). This enlargement progress to the short wavelength side more than the opposite side. It reaches a maximum width of 800 nm centred at 2.8 µm after 384 h. This phenomenon is explained by the participation of the combination of different vibration modes of weakly H-bonded OH and free OH bonds, which are embedded under the overall peak. It is also reported in the literature that SH and OH absorption bands may occur above 3.0 µm [26].

Thus, the shift of the absorption signature towards 3.2 µm is the results of the implication of SH vibration modes at 3.11 µm [33] and vibration modes at 3.18 µm that we assume due to molecular water [9].

The survey of transmission spectra of tested MOF over time verifies thus a dramatic deviation of molecular water absorption band. However, additional vibration components remain embedded under the whole band. In order to discern and to attribute the set of vibration components involved in the aging process, a careful fitting of experimentally plotted spectra was conducted. The whole spectra have been fitted, assuming different peaks specific to 4.

Each spectrum was subjected for background correction by subtracting a linear background between the long and short wavelength edges of concerned peaks.

Figure 53 shows a typical ratio (T t /T 0 ) of transmission spectrum after 32 h and 103 h respectively. Figure 54 shows the evolution of spectra over time between 4 h and 32 h, where spectra have been subjected to the fitting process with Gaussian components. We arranged different scales related to the spectra for better contrast. In 4) [33]. 2.70 µm [35,36] and 3.0 µm [31] bands are caused by OH vibrations modes (Table 4). The 2.54 µm absorption band is assigned to the combination of vibrations modes of hydrogenous tightly linked with the sulphur atoms of the glass network [32]. The spectrum continues to evolve upon exposure. Eight hours later (Figure 54 (d)), new peaks centred at 3.11 µm and 3.18 µm have appeared. Similar behaviour is registered for 1.92 µm absorption peak simultaneously, which appears after 24 h of exposure and then continues to grow. The 3.11 µm absorption band is assigned to the stretching vibration mode of S-H bond [33], the 3.18 µm peak is related to molecular water absorption [9], whereas the 1.92 µm corresponds to the combination of the fundamental OH symmetric stretching vibration and the vibration due to hydroxyl strongly bonded to arsenic of the glass network (Table 4) [33]. It appears that an active dissociation mechanism occurs at the glass surface. It leads to produce =As-O-H and =As-S-H bonds with their absorption signature at characteristic wavelengths. From all these considerations, the proposed mechanism of chemical aging is the following: in the first hours of As 2 S 3 MOFs exposure to ambient atmosphere, growing water adsorption occurs at the surface of the MOF core, because of the atmospheric steam present in the holes surrounding the fibre core. This adsorption leads progressively to a chemical reaction between adsorbed water and the sulphide glass in which =As-S-As= bridges are broken to form As-OH and H-S-As bonds. 

Absorption at 4 hours (a.u.)

Wavelength (µm)

Cumulative Fit peak Abs (4 h) 2,77 µm 2,84 µm 2,91 µm

Absorption at 24 hours (a.u.) 

Wavelength (µm)

Absorption at 6 hours (a.u.)

Wavelength (µm)

Cumulative Fit Peak Abs ( 

T 103h /T t0 (a.u.)

Wavelength (µm) 10000 8000 6000 4000

Time evolution of OH attenuation.

Figure 55 illustrates the temporal evolution of additional attenuation due to aging, added to the initial optical loss spectrum of the as-drawn As 2 S 3 suspended core fiber, during storage in ambient atmosphere ranging from 1 h to 384 h, for 2.8 meters of fiber. The attenuation at any time (t) is estimated using the relationship:

  0 10 log t t I dB I      (26) 
where I t and I 0 are the transmitted intensity at (t) and (t 0 ) respectively.

In the long wavelength range, the attenuation is dominated by the absorption of extrinsic impurities. After 6 h of exposure, 2.5 dB are added to the initial attenuation at 2.77 µm. This value increases to reach 11dB, 23 h later. Finally, the first 24 h are sufficient to severally attenuate the signal. These dynamics continue to develop and reach the detection limits of our detection device after 46 h, thus plotted spectra become noisy and follow evolution of peaks at 2.77 and 2.84 µm becomes impossible. However, the overall peak steadily extends over time due to the emergence of new absorption components as described above. Previous fitting procedure can 5.

These dynamics continue to develop and reach the detection limits of our detection device after 46 hours, thus plotted spectra become noisy and follow evolution of peaks at 2.77 and 2.84 µm becomes impossible. However, the overall peak steadily extends over time due to the emergence of new absorption components as described above. Simultaneously to this emergence, the background evolves in the short wavelength side. This is attributable to aging dynamics governed by the scattering losses (see paragraph 5.1) [10,11,24]. ----------0.9 0.74 0.1 ------ . Distribution of absorbing species along the fibre.
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The previous analyses indicate that aged As 2 S 3 MOF contains hydroxyl groups from water adsorbed on the MOF core as well as tightly bonded hydroxyl groups coming through chemical reaction between adsorbed water and the sulphide glass. The water comes from atmospheric steam which diffuses from the MOF's extremities in the holes along the core. We therefore investigate the spatial distribution of absorbing species along the fibre. To that purpose, the following experiment was carried out on the MOF exposed to ambient atmosphere during 384 h. Taking advantage of the cut back technique, a series of absorption spectra were registered along the tested fibre at different point from the output edge (Figure 57). Admitting that the diffusion dynamic is similar from both ends, our study has been limited to one half of the concerned fibre. From these spectra we obtain the attenuation α Sn of different sections (S n = L n-1 -L n ) along the MOF from the output to the middle, using the relationship: The spectra illustrate a non-homogenous repartition of the hydroxyl groups along the aged MOF. By moving deeper in the fibre from an edge, the absorption in the 2.6-3.2 µm region (due to molecular water, Table 4) as well as absorption around 1.92 µm (due to OH groups 4) decrease. After 384h of exposure to room atmosphere, near the MOF edge in the first 7 centimetres (section S 1 ), the attenuation due to OH groups reaches around 50 dB/m at 1.92 µm, whereas it exceeds the 60 dB/m threshold in the 2.6-3.2 µm range. It decreases to ~3 dB/m (resp. ~6 dB/m) at 1.92 µm (resp. in the 2.6-3.2 µm region), near the middle of the MOF, in section S 4 at ~1 m from its edge. In both cases, absorptions in 2.6-3.2 µm region are strong, and the transmitted light signal is weakly detected by the detection device, explaining thus the noisy aspect of the attenuation spectra in this wavelength range. The distance-dependent nature of the hydroxyl-groups attenuation at 1.92 µm is more clearly presented on Figure 59, where the corresponding variation of OH groups' concentration with the position in the MOF is also indicated. The quantitative estimation of the hydroxyl absorbing species is given by Equation 28:

11 10 log n n S n n n T L L T        (dB/m) (27) 
∆L = L 0 -L n , ∆L = L n -L n+1 , L 0 =2.
  dB m ppm OH    (28) 
absorption band. A previous knowledge of hydroxyl groups' extinction coefficient of corresponding vibration modes remains mandatory. Numerous research activities were devoted to elucidate the OH absorption and determine its absolute content in silica glasses [38,39]. Such detailed studies on sulphide glasses were not reported. Thus, in order to from the molar absorptivity ε (l.mol -1 cm -1 ) of OH groups in silica glasses. According to Stolper and al. [37], the molar absorptivity of OH groups around 1.9 µm calculated in silica glass from absorbance measurements is = 1.8 l.mol -1 cm -1 . We assume the same value for in of 1 ppm weight in As 2 S 3 glassis then given by:

    2 3 1 1 1 1 6 . . . 10 . As S OH cm ppm l mol cm M                   (29) 
Where ρ As2S3 =3.2.10 3 g/l is the density of As 2 S 3 glass and M OH =17 g.mol -1 is the OH molar definitions:

    1 1 1 1 . . 1000 . dB m ppm cm ppm       (30) 
in the different section S n of the fibers according Equation.28 and reported on Figure 59.

Finally, for 384h of exposure, the most deleterious effect of atmospheric moisture occurs, from an end, over the first centimetres of the As 2 S 3 MOFs which contain ~147 ppm of OH tightly bonded to the sulphide glass. The OH concentration then decreases exponentially towards the middle of the fibre to reach a minimum of ~9 ppm at the fibre mid length. Figure 59 (a) illustrates the experimentally measured fiber losses and calculated OH content cumulated over exposure time for one half of the fiber. It is worth to note that throughout the experiment, both ends of the tested fiber were exposed to the same atmospheric conditions (pressure, relative humidity, temperature). In addition, the fiber exhibits constant holes dimensions along its length. Then, we can wisely assume that the diffusion mechanism is the same from both sides and Figure 59 (b) reproduces the similar evolution of losses and OH content for the second half of the fibre. Finally, the distribution of all OH impurities along the fiber exhibits two maxima located at the input and the output ends of the fiber and a minimum in the middle. One of the main goals of As 2 S 3 MOFs studied here lies in the possibility to achieve an efficient nonlinear interaction as the light signal propagates in the fibre, and especially to enable an important spectral broadening known as supercontinuum generation. These nonlinear optical processes take place within the first centimetres, even the first millimetres of the As 2 S 3 MOFs [21,40]. To achieve such efficient interactions, low optical losses are then required in this part of the fibre. However, the rapid and important contamination of the edge of these waveguides by OH absorbing groups, that we demonstrate in this work, sharply limits their efficiency and explains for IR SC extension limitation we previously observed [16,40].

Thus, precautions and protection of the core MOFs, immediately after drawing process are necessary.

5.4.

Prevention of aging.

Based on the foregoing, a control of the diffusion of atmospheric steam in the holes of the MOF is required in order to limit the aging process. For that purpose we have airproofed the fibre ends by means of a methacrylate-based polymer. The fibre ends were soaked in the liquid polymeric solution, and then let to polymerize in free atmosphere at room temperature.

Thereafter, rigorous polishing of the fibre facets allows to get rid of the thin polymer layer formed on the cross section of the fibre and to reach the core of the fibre. Herein, the diffusion of the polymer through the holes is ensured by capillarity. In order to enhance this process, polymer viscosity was adjusted using water-free solvent. Thanks to this technique, the holes of the MOF were sealed while the core of the fibre remains free for MOF's infrared transmission measurements as a function of time to investigate the evolution of absorption peaks related with OH pollution. Figure 60 presents several absorption spectra registered on 50 cm length of an As 2 S 3 MOF exposed until 216 h to room atmosphere.

These spectra maintain a remarkable stability and no evolution of OH related absorption bands is noticed. Note that exposure conditions are similar to those reported for the previous aging study. These results indicate that it is possible to protect the MOF core from OH aging.

What's more, they confirm that the aging of sulphide MOF is due to atmospheric moisture diffusion in the holes of the fibre. 

Conclusion

We report a detailed IR spectroscopic study of unsuitable process of atmospheric moisture adsorption and reaction onto the core surface of As 2 S 3 chalcogenide microstructured optical fibres, leading to incorporation of absorbing OH groups weakly as well as tightly bonded to the MOFs core, which finally results in important additional losses. A detailed assignment of absorption bands and corresponding vibration modes is presented. The continuous evolution of the concentrations of hydroxyl groups in the MOFs as a function of exposure period is proved at least until 384h of exposure. The observed changes upon exposure period show that the deleterious effect of moisture, which corresponds to diffusion of atmospheric steam in the holes of the MOF, occurs rapidly over the first few hours and is the most important in the early centimetres of the MOF. This early part of the fibre is of major importance for implementation of non-linear optical effects such as supercontinuum generation. In order to protect the MOF core from this aging process a first successful attempt to airproof the MOF is presented herein.
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Introduction

Chalcogenide glass finds widespread applications as both active and passive optical elements in integrated-optics systems and devices. The chalcogenide vitreous system could be successfully doped with rare earth element, providing thus additional more efficient potential functions [1]. Apart from their bulk optic components, chalcogenide glasses have found various applications in different geometric forms, including fiber form, planar waveguides geometry and microspheres, leading to different applications including infrared laser power transmission, imaging and spectroscopy, chemical sensing [2] or supercontinuum generation (SCG) [3][4][5][6]. Indeed, for infrared supercontinuum generation, these glasses are highly suitable because they exhibit a wide transmission window extended further in the IR as well as high third-order non-linearity estimated at two to three order of magnitude greater than silica [7,8].

Thus, thanks to these combined properties chalcogenide glass fibers have gained attentions and lead to striking achievements [3,7]. Microstructured fiber geometry allowed to overcome and to adapt the opto-geometrical parameters of the fiber, providing a powerful technique for fabrication of special structure and fibers with tight mode confinement, allowing thus an efficient nonlinear interaction, leading for promising results. Detailed studies allowed a better understanding of the interactions between the glass system and the transmitted light beam [9]. However, extending the current spectrum broadening further in infrared (IR) requires a delicate engineering of the glass optical quality. Ultrapure glasses are needed. Over recent years, the synthesis techniques of chalcogenide glasses have been extensively developed.

Well adapted purification and synthesis strategies allow to fabricate low loss fibers [7,[10][11][12][13][14][15]. Furthermore, optimized fabrication strategies to elaborate glass preforms designed to draw microstructured fibers are well developed to avoid any additional losses [16]. According to Aggrawal and al. [17], efficient supercontinuum generation in chalcogenide microstructured fibers requires optical loss low enough to spread the continuum in the mid-IR, typically less than 1 dB/m, a threshold which has been reached by several labs [7,[10][11][12][13][14][15]. Despite the success of the previous techniques, there is still a number of serious issues that limit the fiber efficiency. Chalcogenide glasses suffer from a shift of their properties in time due to the aging process. During aging process, many physicochemical changes occur. The physical aging changes correspond to structural relaxation. They are generally related to the preparation result from a deleterious reactions process between the glass and the surrounding medium [18][19][20][21][22][23][24]. Physicochemical aging studies have been carried out by many researchers over the last years. A detailed durability studies performed on bulk samples were reported by Niu and al. [18,24]. On the other hand, similar investigations were carried out on other geometries. In this context, the photoinduced aging of chalcogenide films was extensively studied [25][26][27].

Chalcogenide glass fiber has been also investigated on the long and short term. In frame of these investigations, Churbanov and al. [19] has reported studies performed on the long term scale (up to many years), whereas Curry and al. [20] have reported other studies conducted on the short time scale (few hours up to several days) under extreme conditions. Concerning MOFs, Toupin and al. [21] have briefly reported on optical aging behavior of chalcogenide MOFs with six-holes structure. Among the various chalcogenide compositions covered by these studies, all glass systems were prone to OH contamination, whereas the aging rate depended on the glass composition. Recently, our group has demonstrated [23] and studied [22] the tremendous deterioration of optical quality of three-holes As 2 S 3 suspended core MOFs under ambient atmosphere. Investigations of aging and degradation of MOFs have pointed out a glass hydrolysis process [22,23]. This process denotes that adsorbed water coming from atmospheric steam undergoes chemical reaction with the glass and locally modifies its composition. This conclusion was essentially based on IR studies of OH groups absorption bands evolution and preliminary AFM and XPS studies [23]. However, the simultaneous evolution of SH groups IR absorptions as well as detailed investigations of glass surface modifications resulting from this process were not presented. The present study focuses then on exploring the aging behavior of As 2 S 3 optical fibers in atmosphere by considering previous parameters, in order to further demonstrate the glass surface hydrolysis process undergone by the fibers.

Experimental

Samples fabrication.

As 2 S 3 glass was synthesized by the conventional melt quenching technique as detailed elsewhere [16]. High purity elemental arsenic and sulfur in stoichiometric quantities were enclosed under vacuum inside a sealed silica ampoule which was then loaded into a rocking furnace and heated at 700°C for several hours. The melt batch was then water-quenched to glassy, followed by a 12 hours annealing around the glass transition temperature (T g =210°C)

for stress revealing allowing sample manufacturing. Resulting glass rod is of 16 mm of diameter and 80 mm in length. The cylindrical glass rod was sliced to two preforms using a diamond saw. The first preform was designed to draw large mode area microstructured fiber.

The mechanical drilling technique previously developed on chalcogenide glasses [16] in our lab permits to prepare the preform which is then drawn under dry atmosphere into suspended core fibers with specific parameters adapted for handling and technical requirements. The This fiber was maintained in a fix position all along the experimental period in such a way the coupled power remains unchanged, whereas collected intensity exclusively depended on the dynamic evolution of optical characteristics of the vitreous core. For light coupling a reflective objective was used to avoid chromatic effects. At the output, the signal transmitted along the fiber core was focused into an In-Sb detector using an optimal aspheric AMTIR lens. An infrared camera was used at the output end of the fibre to ensure that light was effectively guided in the core of the MOF only. This is important to stultify the possibility of any significant contribution of the fibre clad in the aging process since the fibre is not coated.

The stability of the incident beam intensity has been previously verified, to assure that it remains unchanged through the experiment. The optical aging, after a time t of exposure to room atmosphere, is given in terms of the relative transmission T t /T t0 defined as the ratio between the transmission at time t and the transmission registered at t 0 immediately after drawing.

3.

Results and discussions.

FTIR spectroscopy.

Figure 62 shows the FTIR survey relative transmissions registered immediately after drawing and after well defined periods of exposure to room atmosphere in dark as described above.

The depicted spectra show a time deviation in shapes, intensities and positions of characteristic absorption peaks present on the initial transmission spectrum T t0 . In parallel, new peaks arise revealing a dynamic evolution of chemical composition upon exposure time. evolving strongly over time. This set of characteristic absorption bands have previously been attributed to different vibration modes of OH groups strongly and weekly bonded to the glass network and a detailed study of OH groups absorption evolution and absolute content was reported in our previous work [22]. Regarding SH groups IR signature, another set of absorption bands located around 2.0, 2.05, 2.54, 3.11, 3.64, 3.69 and 4.03µm appear upon exposure time (Figure 62) [29,30]. They always maintain the same relative intensity with respect from one to another, but whose absolute intensities increase with exposure to atmospheric conditions. These bands are attributed to S-H vibrations and their combinations with other vibration modes [29,30]. The absorption band located at 4.03 µm is attributed to the fundamental SH stretching vibration [29]. The peaks around 2.0-2.05 µm correspond to the first overtones of the fundamental SH stretching vibrations [29,30]. The absorption at 2.54 µm is produced by the first fundamental stretching mode of SH combined to two vibrations of As-S-H, whereas the absorption peak at 3.11 µm is due to the first fundamental stretching mode of SH combined to a unique vibrations of As-S-H [29,30]. It is also reported in the literature a set of peaks assigned to combination of fundamental stretching vibration of SH bonds combined to the fundamental stretching vibrations of the As 2 S 3 glass network which manifest themselves in the 3.64-3.69 µm region [29,30]. Thus, absorption peaks in the 3.64-3.69 µm region (Figure 62) are due to the aforementioned vibrations.

These absorptions bands which grow with exposure to ambient atmosphere come from an interaction between glass and atmospheric steam. As we previously reported [22], the proposed mechanism of chemical aging is the following: in the first hours of As 

3.2.

Surface evolution of aged fiber.

Atomic Force Microscopy (AFM) analysis on fiber samples.

Scattering losses are present on FTIR spectra Figure 62 and are function of the incident wavelength. This impact severely occurs in the high frequency range, whereas such tendency is lowered and less significant in the low frequency range. Such phenomenon is due to surface defects arisen on the glass surface [23]. To determine the nature of this surface changes, a detailed study of the evolution of the core surface was needed. However, because of experimental constraints, such detailed study was impossible. Thus, in order to perform AFM measurements on a glass fiber surface, a rectangular fiber was conceived and drawn (Figure 61 b). The freshly drawn samples were stored in dark inside a close compartment at 50°C under well-defined relative humidity (RH) levels along the period of study. For sake of clarity, the samples were numbered according to their RH exposure: RH=35% (SI), RH=65% The evolution of the surface morphology was determined following the shape, the height and the fraction of area covered by these defects upon exposure. During the first days (Figure 63 (b)), the bumps maintain a regular pyramidal shape and corresponding heights continue to increase over time. This is the first stage of surface aging. As reported by John Berkes and al.

[26], these small bumps growth on the surface of As 2 S 3 samples are attributed to As 2 O 3 crystals evolving upon time. Here, we have unequivocally identified compositionally these As 2 O 3 crystals by electron dispersive spectroscopy (EDS) method. One can note that similar photo-induced defects morphology were reported on As-selenide films exposed to air, whereas for samples treated under vacuum, oxygen and moisture-free atmosphere, no significant changes were detected [27]. Extending the exposure period results in losing the pyramidal shapes, given rise to bigger structures (Figure 63 (c)). The growth process of large particles at the expense of smaller ones because of the decreasing surface energy is known as

Ostwald ripening [31] and such behavior has been previously reported by Berkes and al. [26] in the case of As 2 S 3 glass surface modification. This is accompanied by an increase in the sizes of phase regions and a decrease in their number and in the total surface area of the exposed facet. The Ostwald ripening ceases when the growing particles reach a stable state at a given time and given temperature. 10 nm, 89 nm and 157 nm were registered on SI, SII and SIII, respectively. 5 days later, these values increase and reach 50 nm, 147 nm and 270 nm respectively. After 18 days, the maximum heights rise to 100 nm, 339 nm and 640 nm, respectively. Herein, the impact of the RH is clearly pointed out: sample SIII stored at a RH 10% higher than that of SII, developed holes almost twice deeper than those measured on SII, for the same exposure period. 

Prevention of glass fibers aging.

The previously discussed data show a deterioration of the glass surface due to the corrosive action of atmospheric moisture. In attempts to block or delay the whole process, an As 2 S 3 fiber sample was stored in anhydrous atmospheric conditions during 6 months. Throughout this period, the sample was stored in dark, at temperature varying between 20-35°C, inside a glove box where moisture level was maintained less than 0.5 ppm. During the same period, another part of the same fiber was stored in ambient atmospheric conditions. Figure 66 gathers top views of AFM 3D-pictures registered on fresh sample (immediately after being drawn) and on the two previously described samples. This experiment confirms that the morphology changes occurring on the surface of glass fibers are significantly reduced under moisture-free atmosphere. The maximum defects height registered after six month of exposure did not exceed the 50 nm threshold for the samples stored in dry conditions (Figure 

3.3.

Depth diffusion of impurities.

Results previously discussed confirm a hydrolysis reaction taking place on the surface of the glass (Section 3.1), leading to locally deteriorate the glass network and giving rise to holes on its surface which continue to sink in depth over time (Section 3.2). Thus, a question arises about the limits in depth reached by the hydrolysis process, as well as the resulting changes in glass composition. The resulting local drift of the glass composition will induce a local shift of the glass nano-mechanical properties, especially the friction properties [32]. Thus, at the boundary between contaminated and uncontaminated zones, the friction properties change and become inhomogeneous over these two zones. Based on the aforementioned and in order to study the depth diffusion of the aging-induced structural modifications of the glass, we investigated the homogeneity of the friction properties on the cross section of glass fiber samples stored under wet and dry conditions. The qualitative evolution of the friction properties was studied by means of an advanced mode of the AFM technique, known as lateral force microscopy (LFM) with a scanning angle rotated at 90°. Figure 67 Theoretically, under the external surroundings, the glass structure undergoes a structural rearrangement to reach more stable equilibrium state consistent with the new conditions [33].

Consequently, the mechanical properties originate from the new structural rearrangement under the influence of applied stress will be different from those of the original sample [32].

In this context, water vapor and oxygen was found to be a hostile chemical environments for the chalcogenide glasses [19]. Traces of water in the glass structure may significantly weaken the glass [33]. For As 2 S 3 glass fibers exposed to ambient conditions, physical and structural properties of the glass are seriously affected. Studies performed on single-index fiber previously reported by Golovchak and al. [34,35] and Churbanov and al. [19] have shown an increase of the mechanical losses on uncoated fibers exposed to ambient atmosphere, whereas coated fibers did not show any deviation. These results are consistent with those reported herein, where non deviation of friction signature appeared within the sample stored in dry atmosphere (Figure 68 (a-b)), whereas opposite behavior was registered on sample exposed to wet atmosphere (Figure 68 (c-d)). Thus, heterogeneous friction response and mechanical damping of chalcogenide glasses are particularly due to the hydrolysis process of the glass induced by water adsorbed on its surface. These results indicate that the aforementioned phenomenon is dominated by the moisture vapor.

Cracks proliferation on the surface of aged fiber.

Results mentioned above confirm that atmospheric moisture deteriorate the glass network and diffuse from the surface deeply inside the glass. In addition, according [18,19], water is known to initiate crack propagation on the glass surface and to decrease the mechanical strength of chalcogenide glasses. However, such phenomena depends on the glass composition, the presence of protective coat, surrounding atmosphere as well as the temperature [18,19]. Niu and al. [18] reported the growth of cracks on the surface of As 2 S 3 corroded bulk when it is soaked in water. The previously described features are attributed to a corrosive surface reaction taking place between the glass and water, which is considered as an extremely deleterious surrounding medium. Note that the kinetic of the aforementioned reaction depend on the pH of the leach and the experimental temperature. On the other hand, Churbanov and al. [19] attributed the strength collapse of the aged fiber to cracks defects growing on uncoated As-S fibers. Herein, Figure 69 displays the growth of cracks on the surface of the fiber upon exposure to different atmospheric conditions obtained by scanning electron microscopy (SEM Jeol 6500). After 6 months of storage in moisture-free atmosphere, the glass fiber exhibits a surface exempt of cracks (Figure 69 (a)), and maintain a smooth surface as it originally appears immediately after drawing process. However, after 7 days of exposure to atmospheric moisture surrounding, cracks appear on the fiber surface and dig deeply over time (Figure 69 (b)). These results are consistent with the hydrolysis process between the glass and the surrounding moisture vapour. The black arrows point on the cracks and craters evolving on the fiber surface upon aging.

Conclusion

IR and AFM fiber studies performed upon exposure to different atmospheric conditions show that As 2 S 3 fibers undergo, under room atmospheric conditions, an optical aging, a degradation of their surface and a gradual alteration of the glass network which evolves in depth. When stored under ambient conditions, the As 2 S 3 glass optical fiber is severely attacked by atmospheric moisture which is the critical factor involved in this aging process. A hydrolysis process takes place associated with shrinkage of As-S glassy backbone. This aging is particularly to be taken into account when using microstructured fibers, for which a small glassy core is surrounded by ambient atmosphere and thus especially subjected to a strong impact of its reaction with atmospheric steam. This strictly implies to use that type of fibers in a dry environment. 

V. Conclusion

In conclusion, great strides have been made in the understanding of the optical aging behavior of the As 2 S 3 glass in fiber shape. We report on the first detailed spectroscopic study on unsuitable aging process of As 2 S 3 chalcogenide microstructured optical fibers after few days of exposure to laboratory atmospheric conditions. The evolution and the impact of moisturesorbed and hydroxyl impurities upon aging process have been studied on microstructured fibers using near-visible and infrared spectroscopy. The observed changes upon exposure period show that most of the deleterious effects of moisture occur over the first few hours.The rapid degradation recalls the dramatic increase of optical absorption in the 2.54-3.18 µm range, as well as at 1.9 µm and 1.44 µm. The growth of these bands results from a substantial reaction undergone between the glass and the adsorbed vapor moisture. This reaction is associated with breakage of As-S bonds glassy backbone within the glass matrix, associated with formation of OH and SH bonds.

The regular evolution of the absorption bands of hydroxyl components in glass fibers as a function of exposure period is pointed out. Based on experiments performed to investigate the local degradation in MOF's, it was found that the fibre degradation occurs heterogeneously along the fiber. This degradation decreases exponentially from the fibre ends towards the centre. Based on the changes of the loss levels that have been measured for different sections, depending on the position with respect to the end, the concentration of hydroxyl group is determined. The content estimates were performed on the basis of Beer-Lambert law, using the absorption coefficient of the concerned absorption band. Since there is no well defined absorption coefficient reported on chalcogenide glasses, we used as traditionally the parameters measured on silica glasses, and reported in literature. After 384 hours of exposure, the concentration of OH bonds vibrating at 1.92 µm is estimated to be ~147 ppm near the end of the aged fiber. This value decreases to ~10 ppm at 1.0 m from the end.

We also proved the naturally induced topological aging of the glass surface under ambient conditions. Great strides have been made in the understanding of origin of the scattering losses responsible for the transmission degradation at advanced stage. Advanced aging stages have showed an optical extinction of the fiber transmission attributed to surface defects evolving over time. The growth of surface defects is due to advanced chemical degradation at room temperature in presence of humidity, leading to formation of surface irregularities. Except the GaLaS system [1,2] and GeSe system [3,4], the presence of arsenic and/or antimony seems mandatory, in order to fabricate chalcogenide glasses owing physicochemical properties suitable for fiber drawing. However, at the same time, these elements present the drawback to be highly toxic, and according to European "Registration, Evaluation and Authorisation of Chemicals (REACH)" Reglementation [5], it is suitable to remove them from glass composition. The arsenic-and antimony-free GaLaS glass system suffers from relatively poor thermal stability and consequently difficult to be drawn into crystal free fibers [1]. On the other hand, GeSe glass system exhibits low Tg, is not transparent in the visible and has high material dispersion. For these reasons, our work has focused on germaniumbased sulfide glasses compatible with drawing process.

In the first section, we briefly describe the properties of the glass systems explored in this study. We first investigated the sulphur-based Ge-S and Ge-Ga-Ssystems. Because of fiber drawing difficulties, selenium was partially substituted for sulphur in GeSeS glass system.

The second section is devoted to detail the optimal operation conditions for producing chalcogenide glasses by means of the melt quenching technique. The last section of the chapter presents the fiber drawing attempts of previously fabricated glasses and discusses the results.

II. Glass systems II.1 Ge-S glass system

First study aimed to determine the phase diagram of the binary GeS x system was performed by A. V. Novoselova and al. [6,7]. For this purpose, the authors used the data of differential thermal analysis (DTA) an X-ray diffraction (XRD). Subsequent work studied carefully compositions neighboring to GeS and GeS 2 compounds and lead to refine the GeS phase diagram as shown in Figure 71 [7,8]. With further research of Kawamoto and Tsuchihashi Part 4 : Green Chalcogenide Ge-Based Glass Fibers Exempt of Toxic Arsenic and Antimony Components Glass systems 183 [9], improvements were introduced on the study of forming region for bulk glass. Glass formation with water quenching of the glass melt is possible when "x" in GeS x extends from 56.7 to 60 % atomic sulfur. Air cooling technique appears to be more optimum for glass formation when "x" lies in the 60-90 % range of atomic sulfur. Forming region for GeS x glass fibers seems to be limited by the crystallization in the Ge-rich region (x < 50%). According to I. Kanamori and al. [10], it ranges between 75 and 85 % atomic sulfur. Shibata and al. [11] succeeded to more extend this range down to 68% since they draw fiber of GeS 2.2 composition. The transmission window of germanium sulfide chalcogenide glass system spreads from 0.5 to 11 µm on bulk sample [11][12][13]. The thermal behavior of these glasses was investigated by different studies [12,14,15]. They showed that the glass transition temperatures T g exhibit arrow shape. It increases concurrently with the increase in the proportion of sulfur and reaches compounds. Unlike the evolution of T g , the glass stability regularly increases when the proportion of sulfur in the glass system increases [12].

II.2 Ge-Ga-S glass system

The first study of the ternary germanium gallium sulfide glass system was performed in the early 1975 th by Loireau-Lozac'h and al. [16]. Auhors used results of DTA and XRD to construct the phase diagram of the GeS 2 -Ga 2 S 3 system. Later, glass formation, phase separation crystallization and the physical properties of GeGaS glass system have been studied [12].

Sulfide glasses suffer from phase separation upon glass synthesis. This phenomenon clearly interferes in sulfur rich compositions. Crystallization arises in germanium/gallium rich (sulfur poor) compositions. The glass-forming regions of GeGaS system is shown in Figure 72. The ternary GeGaS glass system exhibits a transmission window similar to that reported for GeS compounds, it extends from 0.5 to around 12 µm [7,13,17] on bulk specimen.

Comparing to GeS system, GeGaS shows the same behavior concerning the transition temperature (Tg), and opposite behavior concerning the glass stability [12]. The glass transition temperatures T g in all the series have maxima at the tie line-compounds shown in Figure 72. Above this maxima, T g substantially decreases [12].

II.3 Ge-S-Se glass system

The glass forming regime in the ternary GeSSe system was constructed by gathering the work of several investigators [18][19][20]. The glass forming domain of this ternary system spreads over a wide region depending on the cooling rate of the glass melt. Alekseeva and al. [18,19] studied the glass formation for low solidification rate, achieved by switching-off the furnace or by cooling in ambient atmosphere. The presence of two separate glass domains was confirmed upon low cooling rate applied for glass weight of 5 g. The phase diagram built by Alekseeva and al. is presented in Figure 73. Figure 74 shows the glass forming region derived from sharp quenching of GeSSe melt as established by Migolinec and al. [19,20] for glass weight of 10-12 g. The high cooling rate quenching was achieved using ice-water or liquid nitrogen. Evidently, faster solidification of melt leads to significantly extend the region of stable glass over four domains (Figure 74). 

III. Preparation of chalcogenide glasses.

III.1 Generalities about glass fabrication

The varieties of binary and ternary chalcogenide-based glasses were prepared by the conventional melt-quenching technique inside a vacuum-sealed silica ampoule. Elemental germanium (5N), sulfur (5N) and gallium (3N) reagents used in these experiments were of analytical grade purity.

In this study, the first aim was to select optimal glass composition with the maximum stability of the vitreous phases against devitrification upon fiber drawing. Thus, raw materials were not Part 4 : Green Chalcogenide Ge-Based Glass Fibers Exempt of Toxic Arsenic and Antimony Components Preparation of chalcogenide glasses 187 subject to purification processes prior to glass preparation. In these experiments, glass batches of 10 g to 50 g were prepared inside sealed silica ampoules. Germanium ingot was grinded into powder, since it increases the specific surface and consequently accelerates the glass forming reaction comparing to pieces of large size.

Grinding was performed inside an inox mortar in ambient atmosphere. Thereafter, germanium particles were mixed with other elements in different molar ratios which are represented by blue stars and summarized in Figure 71, Figure 72 and Figure 74 (see Annex 4). The charge was then loaded into silica tube (see Table 6 for dimension) and connected to turbo vacuum pump then sealed as for As 2 S 3 synthesis (see Synthesis of bulk.) This allows to prepare a glass rod by solidification of the glass melt through quenching either in air, pressurized air or water (Table 8 & Table 9) according to glass composition and batch weight. After melt quenching, the glass rods were annealed near, but below, their glass transition temperatures for 12 hours and in most cases thermally induced stresses were annealed out

III.2 Silica ampoule

During the first attempts of GeS x glasses synthesis we encountered numerous ampoule explosions because of the high internal pressure in the ampoule at synthesis temperature due to sulfur vaporization; hence it is necessary to consider its vapor pressure evolution with temperature. Indeed vapor pressure of germanium is negligible compared to sulfur one [21].

In [21] a sulfur vapor pressure of 6.4 bars at 590°C is emphasized. For higher temperature no data are available in the literature. However, the small volume of the ampoule (10 -5 m 3 ) Part 4 : Green Chalcogenide Ge-Based Glass Fibers Exempt of Toxic Arsenic and Antimony Components Preparation of chalcogenide glasses 188 compared to the amount of sulfur (≥10g) allows to assume that the liquid-vapor equilibrium is reached in the silica ampoule at the synthesis temperature. In that case an estimation of the pressure inside the ampoule is possible by using the Clapeyron relationship (Equation 31),

𝒅𝑷 𝒅𝑻 = 𝑳 𝑻∆𝑽 ( 31 
)
where P is the pressure, T the temperature, ΔV is the specific volume and L is the specific latent heat of the considered transition. In the case of vaporization and/or sublimation, the condensed phase volume (liquid and/or solid) is negligible. Thus ΔV is approximated by the gas volume V gas which is estimated from perfect gases law. Finally after integration the following relationship between pressure and temperature is obtained:

𝑷 𝒆𝒒 = 𝑷 𝒓𝒆𝒇 𝑳 𝑹 𝟏 𝑻 𝒓𝒆𝒇 - 𝟏 𝑻 𝒆𝒒 (32) 
where P ref (bar) and T ref (Kelvin) are the parameters for known conditions, L is the specific heat of vaporization of sulfur (considered fixed at 45 kJ.mol -1 ) and R is ideal gas constant (8.314 J.K -1 .mol -1 ). T eq (Kelvin) is the synthesis temperature at which we consider equilibrium is reached and P eq (bar) is the corresponding pressure we want to estimate. When taking as reference the standard (P ref = 1 bar) boiling point of sulfur (T ref = 717K) and the synthesis temperature of 950°C (Teq = 1223K) we obtained P eq = 23 bars.

In order to overcome the difficulty coming from this high ampoule internal pressure we worked on two aspects: the mechanical properties of the silica ampoule and the thermal synthesis profile.

III.2.1 Ampoule dimensions

Despite the approximations in previous internal pressure estimation, the numerical result is consistent with experimental observations about ampoule explosions and mechanical resistance of silica tubes. Indeed, according to silica based glasses data sheet [22] the allowable pressure for a glass tube with the dimensions we currently used (16 mm inner diameter and 2 mm thickness) is around 17 bars, explaining thus the occasional ampoule explosions.

In accordance with Barlow formula (see Equation 33), increasing the thickness and/or decreasing the diameter improves internal pressure resistance of the ampoule. Batches of mono-and di-chalcogenide glasses of weight up to 50g were successfully and repeatedly prepared inside a silica ampoule, typically of 20 cm length, 22 mm outer diameter and 3 mm wall thickness.

III.3 Glass-melt quenching.

Glass is obtained by cooling the melt in water, air or pressurized air. The quenching technique depends on the glass composition, the batch weight and the wall thickness of the synthesis ampoule. In general, higher cooling rates are needed when the weight of the batch or/and the wall thickness increases.

In the experiments, homogenous and solid glass rods of GeS mono-chalcogenide binary system were systematically quenched in free air (Table 6). Prior the quenching, the melt was kept in vertical position and gradually cooled down 50°C below synthesis temperature. This allowed to evacuate bubbles from the melt and leaded to a glass rod exempt of defects. When compressed air replaced the free air cooling strategy, the glass rods were weakened and showed deep cracks which persisted after annealing. These defects became more crucial when the batch was quenched in water. In the last case, it was not possible to obtain a glass rod.

Ternary mono-chalcogenide GeGaS system showed greater sensitivity to crystallization upon quenching. Free air quenching seemed to be unconvincing strategy since crystals appeared in the glass rods, whereas water chocked the glass upon quenching resulted in cracked glass as we have previously seen on GeS glass system. Compressed air was the best compromise between the slow and the rapid quenching. For the same purpose as above, quenching was conducted from 50°C below the synthesis temperature (Table 6). Apart from intrinsic absorptions (band gap and multiphonon), principal sources contributing to the absorption peaks were found to be impurities such as oxides and hydrogenate entities. 

V. Thermal properties -Transition and crystallization temperatures

The difference between the glass transition (T g ) and crystallization (T x ) temperatures defines empirically the glass stability (T). This parameter determines the extent of resistance of the glass to crystallization. In this section, we overview the glass transition and crystallization temperatures of chalcogenide glasses previously presented.

Glass transition temperature (T g ) and crystallization temperature (T x ) are determined by differential calorimetric analysis (DSC) [7,29]. No indication of crystallization (as evidenced by a crystallization peak) can be seen for these measurements. This indicates a good thermal stability of the investigated glasses against crystallization which is consistent with data reported in the literature [7,[12][13][14][15]29].

Consequently, the thermal stability (T) of GeS 

VI. Fiber drawing essays.

Drawing essays carried out in the frame of this work were applied on different glass compositions (Table 7). Preforms used herein exhibit an outer diameter varying between 9 and 16 mm, and a length of 50 mm. GeS and GeGaS glasses were prone to crystallization upon drawing process, regardless the glass composition or the drawing operation conditions. During drawing attempts, the viscosity of the soften glass rods did never decrease enough for the glass to start flowing under the influence of gravity, thus finally leading to the crystallization (Figure 79). The stability of GeS 3 glass materials to crystallization was reported by Churbanov and al. [30]. It was characterized by the rate of nucleation of the crystal phase, and the linear rate of crystal growth, as a function of temperature. Nucleation and growth of GeS 3 crystals are both in a narrow temperature range. These phenomena become more farther apart on GeS 2 based glass explaining their higher stability [7]. Nucleation and crystallization rates of GeS 3 compounds occur at 425°C and 485°C, respectively [7,30]. The nucleation process within GeS 2 glass takes place in the same temperature range as in GeS 3 system (425°C), growth of crystals appears at higher temperature (510-620°C). Despite the higher thermal stability of GeS 2 -based glasses, corresponding viscosity within the drawing operation temperature (Tx-Tg) remains significantly high [14], thereby preventing the possibility of successful fiber drawing.

Ga-containing GeS 3 -and GeS 2 -based glasses with different compositions have also been tested for drawing (see appendix 4). Despite the interesting results reported by Schimmel and al. [17], our work indicate that addition of gallium does not improve enough the ability of GeS-based glasses for fiber drawing.

The crystallization behavior and network structure of Ge-and Ga containing chalcogenide glasses have been reported in several studies [31][32][33][34]. Structural investigations revealed that gallium acts as a network co-former and introduces changes within the Ge-S network, modifying thus corresponding physicochemical properties [35][36][37]. Upon adding gallium to GeS x glasses, the weaker Ga-S bonds forming at the expense of stronger Ge-S ones determine the lowering of Tg which is mainly related to the energy required to break and reform covalent bonds in a random network lattice [31]. High content of Ga induced the growth of Ga-Ga bonds, reducing thus the network connectivity and shifting again Tg to lower temperature levels. Loireau-Lozac'h and al. [16] have studied the crystallization behavior of the (GeS 2 ) x (Ga 2 S 3 ) y glass system. This study confirmed that the kinetics of crystallization depends on the Ga 2 S 3 content in the glass. It significantly increases in high Ga-content compounds. When Ga 2 S 3 does not exceed the 15% threshold within the stoichiometric (GeS 2 ) x (Ga 2 S 3 ) y system, a single crystallization peak arise around 520°C. By increasing the absolute content of Ga 2 S 3 , new crystallization peaks arise between 450 and 480°C. Simons [7] Part 4 : Green Chalcogenide Ge-Based Glass Fibers Exempt of Toxic Arsenic and Antimony Components Conclusion 196 reported that excess-sulfur content within (GeS 3 ) x (Ga 2 S 3 ) y weakened the glass resistance against devitrification.

In light of the unfitness of addition of single Gallium element to improve enough the physicochemical characteristics of the GeS x glass to commensurate with the requirements of fiber drawing, sulfur has been replaced progressively by selenium. Se addition allowed us to successfully draw glass fibers from different compositions as reported in Table 7. This progress can be explained by the average bond strengths present in the glass (E Ge-Se =230 kJ/mol, E Ge-S =279 kJ/mol [38]), which are higher in the sulfide glasses than in the selenide glass, and the modification of the viscosity-temperature behavior. fiber shows a good guiding potential. These unsuitable absorptions persist since no purifications were carried out for raw materials. At the moment, after the selection of the suitable glass composition in view of fiber drawing, efforts are devoted to fabricate a highly pure GeSSe MOFs for SCG. For this purpose, on the first hand, we are working on optimization of a purification process in order to fabricate highly pure glass fibers. In parallel, the optimization of drilling technique used to prepare the glass preform, as well as the MOFs drawing process are in progress.

VII. Conclusion

Germanium based binary and ternary chalcogenide glasses have been successfully prepared.

The synthesis time-temperature regime and the synthesis ampoule dimensions are optimized to allow the preparation of 50 g of glass batch. Both GeS and GeGaS binary systems have a strong tendency for crystallization upon fiber drawing conditions, preventing thus a successful drawing of corresponding glass rods into fibers. The GeSSe ternary glass system exhibits higher thermal stability and better viscosity-temperature behaviour at high temperature, allowing thus to fabricate fibers without crystallization. Experiments are going on with the purpose to reach suitable microstructured fibers from these "green" glasses.

The works presented in this thesis have mainly been concerned with developing sulfur-based chalcogenide microstructured optical fibers with the purpose of reaching a sustainable infrared supercontinuum fibered source.

The manuscript begins with theoretical background review, in which we focused on the linear and nonlinear optical phenomena, as well as on the properties of nonlinear materials, allowing to understand results of supercontinuum generation presented in later Parts.

Part 2 focused on experimental investigations and enhancement of supercontinuum generation in As 2 S 3 suspended-core MOFs. We successfully demonstrated an experimental supercontinuum spanning over 2000 nm in As 2 S 3 suspended-core MOF. During our investigations, we have encountered detrimental physical and optical phenomena, namely aging phenomena. The MOF core undergoes a significant shift of its optical and chemical properties under atmospheric conditions. This process should be taken into account when new As 2 S 3 broadband sources are to be developed. In the light of the aforementioned, the protection of fiber devices is required. Thanks to a preventive protection procedure, we controlled the deleterious naturally induced drift of optical and chemical properties of the fiber device. Consequently, we successfully increased the continuum bandwidth up to 3500 nm on protected fibers. It is worth to note that in both cases, As 2 S 3 MOFs used in these experiments are of the same length scale. They also exhibit the same geometric design and comparable optical loss levels. In addition, these fibers were pumped using the same pump source in similar pumping conditions (pumped in their anomalous dispersion regime, close to their ZWD). Thus, the spectral improvement described on protected sample is mainly attributed to the management of the aging process.

In the framework of these experiments, we elucidated the nonlinear mechanisms responsible for the spectral broadening and limitations that prevent the MIR extension of the SC towards long wavelength edge. We showed that the supercontinuum generated within the fibers is characterized by a strong and rapid self-phase modulation process, followed by soliton fission in the earlier centimeters of the fiber. In addition, the spectrum MIR wavelength edge is primarily limited by the hydrogenated (OH and SH) extrinsic absorption losses, and their time evolution, leading to a discrepancy between simulation results and experimental ones. We adjusted this scatter by considering additional losses of hydrogenated

Conclusions and future work

203 absorptions (OH at 2.9 µm and SH at 4.0 µm). Compared to values measured on freshly drawn fiber, the absolute content of OH and SH moieties in the MOF core have increased 1000 times upon 12 days of exposure to atmospheric conditions.

Part 3 focused on studying in details the detrimental aging process occurring within As 2 S 3 microstructured fibers upon exposure to atmospheric conditions, which is responsible of the collapse of the spectrum spanning. We extensively studied the optical, morphological and chemical aging behavior of As 2 S 3 glass fibers. We studied the optical degradation of large core As 2 S 3 -MOF exposed to the atmospheric water vapor using FTIR technique. We showed that the deleterious effects of moisture rapidly occur over the first few hours of exposure and continue to progress over time. This optical aging manifests itself as a strong increase of OH and SH absorption bands. We confirmed that the aging process begins by adsorption of water molecules on the glass surface, especially on the MOF core, and progresses by a substantial decomposition reaction of the glass structure, leading to breakage of glassy backbone of As-S bonds within the glass matrix and formation of As-OH and S-H bonds. Besides that, we showed that the distribution of these bonds along the fiber core is not homogeneous, it decreases exponentially from the fibre ends towards the centre. This confirmed that atmospheric steam diffuses through the MOF holey structure from the fibre ends. This behavior has highly detrimental repercussions on the spectral broadening, since the nonlinear effects from which originates a spectral spanning take place within the first millimeters of the MOF as previously confirmed in part 2. This has implications for the special storage of MOF in suitable conditions, immediately after the drawing process. We succeed to achieve this purpose by airproofing the holes of the MOF. This technique allows a continuous protection of the guiding-core of the MOF during optical experiments.

In the framework of these experiments, the naturally induced deterioration of the glass surface under ambient conditions is confirmed. The surface aging is observed as an increase of surface imperfections which are essentially associated with bumps, holes and cracks.

However, these surface features evolve sequentially under wet atmosphere. The first step consists of formation of regular pyramidal crystals of As 2 O 3 randomly dispersed on the surface, resulting from the reaction between the glass network and the surrounding ambient steam containing atmosphere. On second step, these crystals amalgamate themselves in growth sites and give rise to new clusters. In a last stage, holes dig within the glass volume.
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  Chapter 2 is an introduction to the basics optical properties of glass materials, discussing especially the optical properties of different soft glass families as regards their application to MIR supercontinuum generation. -Part II gathers results of the nonlinear optics experiments performed during this work. These results are presented on the basis of published articles. This part comprises three published articles. The first article report on 2000 nm spectral broadening on As 2 S 3 suspended-core microstructured fiber (MOF), and presume an optical aging of this fiber. The second article report on enhancement of spectral broadening on carefully preserved fiber specimen. The third article presents a theoretical investigation studying the interdependence between the spectral broadening potentials of the As 2 S 3 MOF and his optical aging. This presumed aging is experimentally confirmed by means of different techniques. -Part III gathers results of the material's aging experiments performed during this work, which investigated in details the aging phenomena previously reported in the third article of Part II. These results are presented on the basis of one published article and one submitted article. The first provides an extensive study of the natural optical aging of the As 2 S 3 MOF. The second article studies the surface aging of As 2 S 3 fibers, and confirms the oxidation and hydrolysis of the glass structure under the atmospheric conditions.
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 2 Figure 2: Behavior of incident ray as it passes from high index medium to lower index medium (n 1 >n 2 ) as a function of the incident angle. β i , β c and β i represent the incident, the critical and the reflected angles.
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 1 Linear and nonlinear optical properties of fibers 11 substantial, due to the large refractive indices difference. Chalcogenide glasses are known as high index materials, and hence the light experiences high reflection losses when entering and exiting chalcogenide plates or fibers. These light intensity losses are estimated around 17% per interface for As 2 S 3 glasses[8].II.2 Classical structure of glass fiberA glass fiber consists of a cylindrical central core embedded within a surrounding clad by a material of slightly lower refractive index. The light guidance is allowed by ensuring the light confinement within the fiber core. Several glass systems suffering from mechanical weakness, corresponding glass fibers are reinforced with an external polymeric cladding giving them greater resistance to physical constraints at which they are exposed during real operation conditions.
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 7 Figure 7: Material and waveguide contributions for dispersion-shifted step-index fiber.

Figure 8
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 91 Figure 9: (a) Transverse cross sections of three holes suspended-core MOF and (b) schematic representation of corresponding refractive index profile. (c) Transverse cross sections of classical MOF with 3 rings of air holes around a solid central core, and (d) schematic representation of corresponding refractive index profile.
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 12 Figure 12: Sketch of the fundamental mode filed in a curved optical fiber.
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 13 Figure 13: Various configurations for multimode fibers with cleaved terminations.
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 15 Figure 15: Illustration of the mechanism of self phase modulation (SPM). (a) Gaussian profile of the input pulse, (b) frequency chirp Δω for Gaussian pulses and (c) profile of the frequency modulated pulse.
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 16 Figure 16: Illustration of the Raman scattering
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 17 Figure 17: Isobaric relationship between volume and temperature in the liquid, glassy, and crystalline states. T m is the melting temperature, and T g is the glass transition temperature. T g depends upon the cooling rate, T ga and T gb are the glass transition temperatures corresponding to slow (a) and fast (b) cooling rates [5] .
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 192 Figure 19: Transmission window of various families of glasses (a) and zoom on the multiphonon absorption edge of the corresponding glass fibers (b) as printed from [25].
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 231 Figure 23: SC spectrum covering from 1.9 μm to 4.8 μm from a single mode step-index As 2 S 3 fiber pumped at 2.45 μm and the measured fiber loss. [85].
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 24 It comprises a turbo molecular pumping group providing a high vacuum around 10 -6 mbar, liquid nitrogen trap and silica glassware. Prior to each experiment, the inner surface of the glassware is cleaned by sequential washing by hydrofluoric acid and de-ionized water, before being connected to the vacuum system to be well dried at room temperature. The objective of this treatment is to eliminate loosely held SiO 2 particles on the inner tube surface which may cause scattering losses, causing a high attenuation of the transmission in the short wavelength range. The glassware is made from high-purity Silica, (Ilmasil), with OH content below 5 ppm. The nitrogen trap allows to protect the pump by trapping any volatile species coming from the starting products.
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 262 Figure 26: Sulfur multi-distillation process.

Figure 29 :

 29 Figure 29: Cross section profile of preform design adopted in this work.
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 31 Figure 31: Geometric profile of the chalcogenide As 2 S 3 suspended-core fiber captured by means of a scanning electron microscope drawn from the preform depicted in Figure 29.
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 32 Figure 32: Transmittance of the tellurite bulk as a function of wavelength measured on a 4mm thick sample. Glass casted under room atmosphere (red solid line), glass casted under dry atmosphere in a glove box (blue solid line).

Figure 33 :

 33 Figure 33: (a) Profile of the tellurite fiber captured by means of a scanning electron microscope. (b) Fiber losses as a function of wavelength measured on a quasi mono-index fiber.

Figure 34 :

 34 Figure 34: Chromatic dispersion curve of the suspended-core tellurite fiber. Circle: experimental data, solid-line: numerical modeling.

Figure 35 :

 35 Figure 35: (a) Profile of the chalcogenide As 2 S 3 suspended-core fiber captured by means of a scanning electron microscope (b) Fiber losses of the quasi mono-index chalcogenide fiber as a function of wavelength (solid-line) and losses of the suspended core fiber measured at fixed wavelengths 1.06 and 1.55 µm (Triangles).

  (b) are well confirmed by loss measurements in the suspended-core fiber at fixed wavelengths (1.06 and 1.55 µm, see Triangles in Figure 35 (b)), using a corresponding fixed wavelength laser source and the cut-back technique.

Figure 36 :

 36 Figure 36: Chromatic dispersion curve of the suspended-core chalcogenide fiber. Circle: experimental data, solid-line: numerical modeling.

Fibers are cleaved by

  means of a scalpel blade and quality of the interfaces is carefully checked under microscope before mounting the sample onto a 3-axis holder. Pulses are then focused into the fiber under test by means of a 20X microscope objective. At the output of the fiber, resulting supercontinuum is collected by a fluoride ZBLAN fiber and spectrally characterized by means of either two Yokogawa optical spectrum analyzers covering 350 to 1200 nm and 1200 to 2400 nm respectively or a FTIR spectrometer in the range of 2400 to 4000 nm. group index curve obtained numerically for the fundamental mode. We clearly join the points on either edge by straight lines, thus confirming both the concept of group-index matching as well as chromatic dispersion modeling and measurements on the whole span of wavelengths. Moreover, this physical process allowed us to efficiently optimize the experimental supercontinuum generation in the tellurite fiber without any need to continuously monitor the resulting spectrum on the whole wavelength range but just by focusing on the shortest wavelength spreading.

Figure 38 :

 38 Figure 38: (a) Experimental recording of supercontinua generation in a 40-cm long suspended-core Tellurite fiber as a function of pump power. (b) Corresponding numerical simulations.

Figure 39 :

 39 Figure 39: Modeled group index curve as a function of wavelength for the suspended-core tellurite fiber (red solid line) as well as experimental short and long wavelength edges of resulting supercontinua as a function of average power (circles).

Figure 40 (

 40 Figure40 (b) represents the numerical simulations corresponding to these experimental results. Thanks to a careful modeling of transmission losses and Raman gain[46] and using the full dispersion curve from Figure36, we have obtained a good agreement which confirms our experimental observations. However, in order to better fit the experimental data, particularly the SH and OH absorption bands, extra losses have to be taken into account around 2.9 µm and 4 µm, which confirms the under-evaluation of these absorption bands measured in Figure35 (b) and an ageing of our non coated fibers under room atmosphere.This point is actually under study. Nevertheless, numerical simulations depicted in Figure40 (c) and neglecting extra losses of absorption peaks reveal that the dynamic of supercontinuum generation could be extended until 5.5 µm, thus confirming the dramatic limitation imposed by OH-and SH-groups induced extra losses.

Figure 40 :

 40 Figure 40: (a) Experimental recording of supercontinuum generation in a 45-mm long sample of suspended-core chalcogenide fiber for a pump power of 70 mW (b) Corresponding numerical simulations (c) Corresponding numerical simulations without OH group absorption peaks.
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 2 Figure 41.a.

Figure 41 :

 41 Figure 41: (a) Profile of the chalcogenide As 2 S 3 suspended-core fiber captured by means of scanning electronic microscopy (b) Chalcogenide bulk transmission (c) Optical loss of the mono-index large core multimode fiber as a function of wavelength. Loss measured at 1.55 µm for the suspended core MOF (star).

Figure 42 :

 42 Figure 42: Numerical modeling of the fundamental mode of the suspended-core chalcogenide fiber. Chromatic dispersion curve (black line) and effective mode area (blue curve).

Figure 42 reports

 42 Figure 42 reports numerical simulations of modal properties based on the fiber geometry derived from the SEM analysis (see Figure 41.a).

Figure 43 shows

 43 Figure 43 shows the experimental setup used for supercontinuum generation. It consists of an Optical Parametric Oscillator (OPO) pumped by a Ti-Sapphire laser. It generates tunable pulses extending from 1.7 up to 3.2 µm, with pulse width of 200 fs at a repetition rate of 80MHz. The 2-cm long sample of chalcogenide fiber is fixed onto a 3 axis holder. Incident beam is focused into the fiber using a mid-infrared aspheric Zinc Selenide (ZnSe) focus lens with a numerical aperture (NA) of 0.25 at 3.75 µm. This set-up allows us to pump the fiber under study on a wide range of wavelengths around its ZDW, so as to ensure an efficient SC generation[16]. Output supercontinuum is collected through a 0.5 m long multimode fluoride (InF 3 ) fiber with high transmission over the 0.3 -5.5 µm spectral range. It is then analyzed by means of two Optical Spectrum Analyzers (OSA) covering 350 to 1200 nm and 1200 to 2400 nm, respectively as well as by a FTIR spectrometer in the range of 2.4 to 5 µm.

Figure 43 :

 43 Figure 43: Experimental setup used for supercontinuum generation in the suspended-core chalcogenide fiber. FUT: fiber under-test.
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 22 3 glass surface upon naturally induced aging process in atmospheric conditions by means of Atomic Force Microscopy (AFM). The inherent chemical composition deviation on the Mid-Infrared Supercontinuum Generation In As 2 S 3 Microstructured Optical Fibers Article 3 114

  Glass used in this work was fabricated by the traditional melt quenching method. The detailed fabrication process of glass and fibers was described earlier [Article 1-9]. The obtained glass rod is 80 mm long with a diameter of 16 mm. It was cut evenly to two samples using a diamond saw. The first one was designated to draw MOFs with well defined parameters responding to experimental need. The corresponding MOF cross-section is shown in Figure45. The second one was dedicated to preparation of specimens for AFM and XPS experiments.

Figure 45 :

 45 Figure 45: Attenuation spectrum of freshly drawn single index fiber (black solid line) and attenuation of the MOF measured at 1.55µm (blue star). Note that the absorption peak around 3.4μm is not related to the transmission of our fiber (i.e. artefact of our experimental setup [Article 1-9]). Inset: Cross-section image of our As 2 S 3 -suspended-small-core MOF captured by means of a scanning electron microscope

Figure 46 :

 46 Figure 46: (a) Experimental SC generated in a 45-mm-long sample of MOF, (b1-e1) Corresponding numerical simulations taking into account different levels of OH and SH absorption bands depicted in (b2-e2), respectively.

Figure 47 :

 47 Figure 47: FTIR transmission spectra of large-core As 2 S 3 MOF registered in-situ as a function of exposure time to atmospheric conditions.

Figure 48 :Figure 49 :

 4849 Figure 48: Top view of AFM 3D-pictures of the As 2 S 3 bulk glass surface: (a) fresh sample; (b) 12 days of exposure.

Figure 50 :

 50 Figure 50:.Experimental supercontinuum registered on 20-mm-long segment of MOF protected from aging factors by storing in dry atmosphere [10].
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 22 3 crystals formation is emphasized by XPS results. Substantial amplification of OH absorption bands occurring over the first hours imposes the necessity of specific storage of As 2 S 3 MOFs in dry conditions, immediately after the drawing process. The efficiency of specific storage allowed to overcome the OH limitation and to extend the supercontinuum up to 4 µm. Mid-Infrared Supercontinuum Generation In As 2 S 3 Microstructured Optical Fibers Part 2 -Conclusion 126
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 23 Mid-Infrared Supercontinuum Generation In As 2 S 3 Microstructured Optical Fibers Part 2 -Conclusion 127The MIR spectrum wavelength edge is primarily limited by the hydrogenated (OH and SH) extrinsic absorption losses and their time evolution, dramatically decreasing the nonlinear effects efficiency and leading to more and more narrow spectrum. Taking into account the loss level experimentally measured for the freshly drawn fiber, the simulated SC spectrum does not match with that registered on unprotected sample. In order to reach a good agreement, extra losses of 2500 dB/m for OH absorptions at 2.9µm and 7500 dB/m for SH absorptions at 4.0µm have to be taken into account. Compared to values measured on freshly drawn fiber, the absolute content of OH and SH moieties have increased 1000 times upon aging process. This imposes the necessity of special storage of MOF in suitable conditions, immediately after the drawing process. In addition, exposure of As 2 S 3 glass to atmospheric conditions initiates the development and the growth of pyramidal shapes surface defects and induces structural changes within the glass network. Optical, topological and structural aging in As 2 S 3 microstructured optical fibers and impact on mid-infrared supercontinuum spanning IntroductionI. IntroductionIn the previous part, we demonstrated a crucial degradation of As 2 S 3 MOFs upon exposure to ambient atmosphere. The holey nature of these fibres makes them prone to contamination and to subsequent degradation of their performance, particularly at OH and SH absorptions related wavelengths. The degradation dynamics are associated with glass hydration caused by H 2 O and formation of OH bonds, preventing further extension of the SC long wavelength edge in the mid-IR region. This is extensively presented in part 2-Article 3. In addition, FTIR measurements demonstrate a substantial amplification of OH absorption bands occurring over the first hours of exposure to atmospheric conditions. This coincides with the emergence of pyramidal shape bumps defects which increases the glass surface roughness as shown by AFM. These surface structures are probed by XPS technique. We attribute them to the formation of As 2 O 3 crystals arising from reaction with the ambient atmosphere. The later observations motivated detailed investigations of MOF's time-dependent deterioration related to OH and SH contamination. MOF's surface and structural features evolving over time are also examined. Results of these studies are detailed in the following part. Article 1 reports an extensive study of transmission aging of As 2 S 3 MOFs with regards to exposure-time to ambient atmosphere. A time evolution of transmission spectra are surveyed using FTIR-spectroscopy technique. The most sever deleterious effects occur over the first 24 hours. Absorption bands are detailed and attributed to corresponding vibration modes. Based on Beer-Lambert law using the appropriate extinction coefficient reported in the literature, we estimated the absolute content of hydroxyl species accumulated over time as a result of this aging process. Finally, we demonstrate a proved promising preventive and protection tool. In the light of previous studies discussed in Part1-Article 1, Article 2 presents a study of the hydration interactions between water vapor and the glass network. The later interactions are associated with shrinkage of As-S bonds glassy backbone within the glass matrix and grow of defects on the glass surface. The evolution of the glass network chemical composition is surveyed by FTIR spectroscopy. To respond to experimental requirements, a short length and Impact on Mid-Infrared Supercontinuum Spanning Introduction 131 MOF fiber sample is used in this study. The temporal evolution of the transmission spectra shows a progressive growth of new absorption bands, announcing modifications of the glass structure. The corrosive impact of atmospheric moisture on As 2 S 3 glass is proved. On the other hand, the evolution of the surface roughness is conducted by means of Atomic Force Microscopy (AFM) technique. A specially designed rectangular fiber is used for these experiments. The surface roughness of glass samples is monitored with regards to time exposure to different hygrometric and thermal conditions. Optical aging behaviour naturally induced on As 2 S 3 microstructured optical fibres O. Mouawad, C. Strutynski, J. Picot-Clémente, F. Désévédavy, G. Gadret, J-C Jules and F. Smektala * ICB Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR 6303 CNRS-Université de Bourgogne, 9 Av. Alain Savary, BP 47870, 21078 Dijon, France Corresponding author * : frederic.smektala@u-bourgogne.fr Abstract The efficiency and the stability of As 2 S 3 microstructured optical fibres (MOFs) are limited by the shift of their optical properties that occurs over time due to a naturally induced aging process. Such sensitivity becomes more crucial for long optical path. Among the variety of fibre designs, the MOFs are developed for promising photonics applications such as supercontinuum generation for example. In the present work, we carried out an extensive aging study on As 2 S 3 chalcogenide MOFs in ambient atmosphere. The evolution of the fibre transmission spectrum has been studied with regards to exposure time. The analysis of the transmission line profile was performed in terms of different spectral components Gaussian in shape and the infrared absorption bands have been attributed to the corresponding chemical groups' vibration modes or overtones. The time-dependent evolution of fibre attenuation has been studied as well as its longitudinal evolution for a given exposure time. Previous knowledge of extinction coefficient inherent to vibration components allows to predict their corresponding concentration. The content of hydroxyl groups tightly bonded to the glass network of the sulphide MOF core decreases exponentially with distance away from the MOF extremity. The report results show that a deleterious aging effect occurs over the first hours and days of exposure. This has crucial implications for storage and employment techniques and requires holes airproofing technique. OCIS codes: (060.2390) Fiber optics, infrared; (160.4760) Optical properties; (060.4005) Microstructured fibers; (160.4330) Nonlinear optical materials; (060.2280) Fiber design and fabrication; (060.2270) Fiber characterization.
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 3117 parameter. The control of this key criterion is a complicated process. It is based on sequential operations which are not limited to the synthesis technique. It extends to glass machining and device's storage. The recent significant improvements of synthesis strategies allow the fabrication of low loss chalcogenide fibres exhibiting standard or microstructured profile [3, Optical, Topological and Structural Aging in As 2 S 3 Microstructured Optical Fibers and Impact on Mid-Infrared Supercontinuum SpanningArticle 20]. Subsequent stages are necessary to preserve the amorphous material's optical loss at its post-synthesis level. Therefore, an aging study is needed, especially in the case of microstructured fibres, to provide an overview of exposure effects. It allows identifying the nature, the sources and the impacts of deterioration factors. Thus, in this work, the chemical aging of sulphide based chalcogenide microstructured optical fibres in ambient atmosphere is accurately assessed. The purpose of the paper is to correlate the detrimental effect of atmospheric moisture with the aging behaviour of sulphide MOFs.

Figure 51 :

 51 Figure 51: Profile of the tested chalcogenide As 2 S 3 suspended-core fibre captured by means of SEM.
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 31 Optical, Topological and Structural Aging in As 2 S 3 Microstructured Optical Fibers and Impact on Mid-Optical aging and speciation of absorbing species in As 2 S 3 MOF.

Figure 52 :Part 3 :

 523 Figure 52: Transmission spectra registered on As 2 S 3 MOF with amplification of absorption bands for an exposition time of (a) 0 to 46 h (b) 46 to 384 h.
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 3 Optical, Topological and Structural Aging in As 2 S 3 Microstructured Optical Fibers and Impact on Mid-Infrared Supercontinuum Spanning Article 1 141 different vibration modes previously reported for As 2 S 3 glasses [9, 26-37] and summarized in Table

Figure 53 (

 53 Figure 53 (a) corresponding to 4 h of MOF exposure to ambient atmosphere, the overall spectrum essentially consists in three peaks. The 2.77 µm and 2.84 µm absorptions are caused by the fundamental symmetric stretching vibration bands of OH bonds in molecular-adsorbed H 2 O [37]. The 2.91 µm absorption band is related to OH groups tightly linked to the glass network trough arsenic (Table4)[33]. Figure54(a)-(b) show resolved spectra for

Figure 54 (

 54 a)-(b) show resolved spectra for respectively 4 h and 6 h of exposure, where the absorption bands are unequivocally identified.In order to keep a good agreement between the experimental spectra and the fitting results for longer exposure times (24h and 32h, Figure54 (c)-(d)), it was necessary to take into account the peak at 3.0 µm attributed to OH absorption bands in As 2 S 3 glass[31]. The contribution of this absorption peak is clearly seen on Figure54 (c)-(d).The results of fitting allow estimating the peak height of each Gaussian component and consequently estimating the contribution of each vibration mode in the overall spectrum. With increasing exposure time, new absorption peaks arise and over 24 h of exposure, peaks at 2.54 µm, 2.63 µm, 2.70 µm and 3.0 µm are present (Figure54 (c)). The 2.63 µm[35, 36],
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 3153 Figure 53: Ratio of Near-Infrared spectra after 32 h (a) and 103 h (b) of exposure, showing sloping background and the linear correction adopted for background subtraction.

Figure 54 :

 54 Figure 54: Deconvoluted absorption spectra over time scale (a) 4 h, (b) 6 h, (c) 24 h and (d) 32 h respectively.

Figure 55 :

 55 Figure 55: Additional attenuation for 2.8m of As 2 S 3 MOF as a function of exposure time to ambient conditions.

  for resolved peaks. This explains the possible treatment of absorption peaks around 2.8 µm until 29 h, before they become noisy after 46 h of exposure to aging factors. Since 1.92 µm and 1.44 µm absorption peaks remains resolved until the end of the study, they allowed a continuous survey of their evolution. The fitting of experimentally plotted spectrum allows then to estimate the contribution of each vibration under the cumulative absorption peak. Resulting attenuations of each component are listed in Table

Part 3 : 1 146Figure 56 :

 3156 Figure 56: Kinetic of peaks height evolution of different OH groups vibration modes.

58 .

 58 8 m is the initial length of the fibre, L n-1 and L n are the considered length where n varies between 1 and 4, T n-1 and T n correspond to the transmission registered for L n-1 and L n respectively. The attenuation spectra of fibre sections S 1 and S 4 are One can note that even if the different removed fibers sections are only of several centimeters long, the evolution of the recorded intensities is significant because of the large attenuation effect of OH groups, which makes the cut back technique relevant in this case.

Figure 57 :

 57 Figure 57: Schematic representation of fibre sections considered for studying the longitudinal distribution of absorbing species.

Figure 58 :

 58 Figure 58: Attenuation spectra of sections S 1 and S 4 of the 384 h aged As 2 S 3 MOF, located at different distances from the fibre's output: (a) Attenuation of section S 1 , the first 7 cm of the MOF; (b) Attenuation of section S 4 located at ~100 cm from the MOF end.
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Figure 59 :Part 3 :

 593 Figure 59: Attenuation (black) of 1.92 µm absorption band and absolute content (blue) of corresponding OH groups as a function of distance from the fibre edge. Results reported for an As 2 S 3 MOF exposed for 384 hours to room atmosphere.
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 3160 Figure 60: IR transmission spectra of airproofed As 2 S 3 MOF as a function of time exposure to ambient atmosphere.
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 3 Optical, Topological and Structural Aging in As 2 S 3 Microstructured Optical Fibers and Impact on Mid-Infrared Supercontinuum Spanning Article 2 159 technique of the glass, namely melt quenching process. The chemical aging changes correspond to modification of the local composition of the glass system. Such modifications

  MOF has 250 µm outer diameter and 8.0 µm of core diameter (Figure61(a)). The second preform was mechanically polished in order to conceive rectangular fiber presenting planar surfaces adapted for AFM study. The roughness profile induces by this shaping procedure shows surface defects of maximum height around 80 nm. It is about 10 times lower than that induced by the mechanical drilling technique on the surface of the core, previously measured around the µm scale and reported in[28]. The preform was drawn into rectangular geometry fiber of 300 µm (resp. 370 µm) of height (resp. width). (Figure61 (b)).

Figure 61 :

 61 Figure 61: Cross section profiles of the probed (a) large-core microstructured fiber and (b) rectangular fiber.

2. 3 .

 3 Transmission measurements.The evolution of the optical transmission of As 2 S 3 MOF was quantitatively studied as a function of exposure time to ambient temperature and relative humidity (RH). In these experiments, measurements were carried out over 48 hours, in dark, at temperature ranging from 20 °C to 25 °C and relative humidity (RH) varying between 50 and 60%. A NICOLET 6700 Fourier Transformed InfraRed (FTIR) spectrometer was used to obtain the transmission spectra. The source is an external halogen lamp emitting in the 0.1-5 µm range, providing higher power than the original source integrated in the spectrophotometer, allowing thus to perform this study on MOF samples in the range of interest. The transmission spectra were registered between 1.2 µm to 4.5 µm through a 0.5 m long As 2 S 3 glass MOF presenting a large-core diameter of 8 µm linked to the robust cladding by three thin struts (Figure61 (a)).

Figure 62 illustrates 3 :

 623 Figure 62 illustrates the principal features which are: (1) strong peaks evolving at 2.77 µm, 2.84 µm and 2.91 µm whose intensities are related to exposure time to ambient atmosphere;(2) a strong enlargement of absorption in the 2.5-3.2 µm which becomes measurable after 5 hours of exposure, and grow rapidly with further exposure to laboratory conditions; (3) an absorption peak around 1.92 µm assigned to OH groups strongly bonded to glass network

Figure 62 :

 62 Figure 62: MIR-FTIR survey spectra registered on 0.5 m length of 8 µm core diameter of an As 2 S 3 MOF upon storing in ambient conditions at 20-25°C and RH 50-60%.

2 S 3

 23 MOFsexposure to ambient atmosphere, growing water adsorption occurs at the surface of the MOF core. This adsorption leads progressively to a chemical reaction between adsorbed water and the sulphide glass in which =As-S-As= bridges are broken to form As-O-H and H-S-As bonds:=As-S-As= + H 2 O => =As-O-H + H-S-AsThis mechanism is here confirmed by observation of SH groups IR absorption. On a first step, weakly-bonded OH-attributed absorption bands (at 2.77 and 2.84 µm) gradually increase.Then, after 5 hours, the relative intensity of both As-O-H (1.92 µm) and S-H (4.0 µm) absorption bands start to grow, together with IR signature of As-S-H groups.

Figure 63 and

 63 Figure 64 show top views of samples at different periods and conditions of exposure. We arranged different scales related to the images for better contrast. Shortly after drawing, several bumps emerge randomly on the fiber surface (Figure 63 (a)). Arisen bumps then developed into faceted pyramids (Figure 63 (b)) with a square cross-section. The dimensions of these defects keep increasing with exposure time and reach a factor 20 after 23 days of exposure.

Figure 63 :

 63 Figure 63: Top view of AFM 3D-pictures of As 2 S 3 fiber surface: (a) fresh sample; SI after (b) 7 days and (c) 23 days of exposure.

Figure 64 :

 64 Figure 64: Top view of AFM 3D-pictures As 2 S 3 fiber surfaceregistered after 23 days of exposure for SI (a), SII (b) and SIII (c) respectively.

Figure 64 illustrates

 64 Figure64illustrates the tremendous impact of RH on the topological evolution of the exposed surface. Top views of surface changes of samples SI, SII and SIII respectively, are presented after 23 days of exposure. The number of bumps, their growth kinetic as well as their agglomeration tendency severally increase with RH. After 23 days of exposure to aging conditions, the morphological changes on the surface of SI were exclusively represented by the pyramid bumps and clusters resulting from the Ostwald ripening phenomenon (Figure64(a)). However, for SII sample exposed to higher RH, and after the same exposure period, the surface degradation is more pronounced than for SI (Figure64 (b)) and we note that holes start to appear on the surface of the sample. This dynamic becomes more obvious with further increase of the RH, as shown for sample SIII (Figure64 (c)).

Figure 65 presents 3 :

 653 Figure 65 presents the evolution of the heights of defects growing on the surface of exposed samples, as a function of exposure time. Regardless the RH at which the sample is exposed, the heights of defects increases over time. After 2 days of exposure, maximum heights of

Figure 65 :

 65 Figure 65: Heights evolution of defect growing at 50°C, on the surface of samples SI, SII and SIII, as a function of exposure time.
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 3 Optical, Topological and Structural Aging in As 2 S 3 Microstructured Optical Fibers and Impact on Mid-Infrared Supercontinuum Spanning Article 2 168 66 (b)), when it reaches 480 µm for the counterpart sample stored in air (Figure 66 (c)).These results provide new evidence on the necessity of water adsorption on the surface of the sulphide glass to lead to a significant chemical aging via the hydrolysis processes discussed above.

Figure 66 :

 66 Figure 66: Top view of AFM 3D-pictures of the surface of As 2 S 3 glass fibers: (a) fresh sample; (b) 6 months of storage in dry atmosphere at room temperature; (c) 6 months of storage in air at room temperature.
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 3 Figure 68.

Figure 67 :

 67 Figure 67: Illustration of investigated zones on the cross section of the glass fiber.

Figure 68

 68 Figure68illustrates fracture profile registered on the cross sections of As 2 S 3 fibers upon exposure to ambient (wet) and dry surrounding atmosphere. One rectangular fiber sample has been exposed to room atmosphere during 7 days, at a temperature ranging between 20 and 25°C and a RH around 65%. Another fiber sample has been stored in a glove box for 6 months, in the same temperature range and under dry atmosphere (around 0.5 ppm H 2 O). The views of the fiber exposed to dry atmosphere shows homogeneous friction properties (Figure68 (a-b)) throughout the investigated area, I and II (Figure67), whereas that exposed to wet atmosphere displays different distinct surfaces of different friction characteristics (Figure68(c-d)). Additionally, for the sample exposed to wet atmosphere, by approaching the center of the specimen (zone II-Figure67), the sample restores the homogenous friction properties of the original glass material (Figure68 (d)). In addition, the signature of heterogeneous friction properties appears inside the fiber, down to 30 µm in depth from the surface of the specimen (Figure68 (d)). In other words, the signature of glass hydrolysis by atmospheric conditions took place inside the fiber, at 30 µm from its surface, after 7 days of aging. Thus, based on the aforementioned, we can wisely conclude that the hydrolysis process, and indirectly the H 2 O molecules diffusion have reached the 30µm depth threshold.

Figure 68 :

 68 Figure 68: Friction micrographs revealing the fracture feature on the cross section of As 2 S 3 fiber. (a)-(b) Fracture features on fiber exposed to dry atmosphere during 6 months on the surface and the center respectively; (c)-(d) Fracture features on fiber exposed to ambient atmospheric conditions during 7 days on the surface and the center, respectively. The black arrow shows the inward direction from the surface to the center of the fiber.

Figure 69 :

 69 Figure 69: SEM images of the surface of As 2 S 3 rectangular fibers: (a) preserved in dry atmosphere; (b) conserved 7 days in ambient laboratory atmosphere at 25°C and 65% RH.
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 3 Optical, Topological and Structural Aging in As 2 S 3 Microstructured Optical Fibers and Impact on Mid-Infrared Supercontinuum Spanning Sum Up 178 IV. SumUp. The overall conclusions resulting from the previous work on As 2 S 3 glasses are gathered in schematic illustration in Figure 70.

Figure 70 :

 70 Figure 70: overall conclusions arising from this work summarized in schematic illustration.
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 4 Green Chalcogenide Ge-Based Glass Fibers Exempt of Toxic Arsenic and Antimony ComponentsI. IntroductionAmong the various chalcogenide glass systems, the most important results were obtained for glasses based on chalcogenides of arsenic and germanium, including As 2 S 3 , As 2 Se 3 , GeAsSe.

Figure 71 :

 71 Figure 71: Phase diagram of Ge-S system [6, 7]. Glasscompositions studied in this work are gathered on the Phase diagram.
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 34 Green Chalcogenide Ge-Based Glass Fibers Exempt of Toxic Arsenic and Antimony Components Glass systems 184 a maximum for Ge 0.65 S 0.35 system. Further increase of sulfur reduces T g of the binary

Figure 72 :

 72 Figure 72: Glass formation in the Ge-Ga-S ternary system as determined by Abe and al. [11]. The fraction of Ge, Ga and S are expressed in %atm. Circles: glasses formed by slow air cooling; triangles: glass formed by fast iced-water quenching; dark circle: crystallized glasses. Bleu stars represent the glass compositions studied in this work.

Figure 73 :

 73 Figure 73: Glass formation in the Ge-S-Se ternary system as determined by Alekseeva and al. for low cooling rate. Regions I and II represent the forming regions of homogenous glasses. Black dots represent compositions for which glass stratifies.

Figure 74 :

 74 Figure 74: Glass formation in the Ge-S-Se ternary system as determined by Migolinets and al. for high cooling rate [18, 19]. Regions I and III represent the forming region of homogenous glasses. Regions II and IV represent the regions suffering from crystallization and stratification, respectively. Blue stars represent the glass compositions studied in this work.
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 4 Figure 76 and Figure 77 respectively.

Figure 76 :

 76 Figure 76: Glass samples used for transmission measurements
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 47777 Figure 77. Peak assignments were based on the published literature on various systems [7, 10, 27-29]. Due to the oxygen-pollution of the glass, strong absorptions attributed to Ge-O and Ga-O bonds arise around 8.0 µm. The later absorptions become more crucial on long path samples such as optical fibers and narrow the operational transmission window around these characteristic vibrations frequencies.
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 478 Figure 78: Differential scanning calorimetry curves for several glasses study.

Figure 79 :

 79 Figure 79: GeS 3 sample crystallised during fiber drawing attempt.

Figure 80 :

 80 Figure 80: Early attenuation spectrum for un-purified Ge 23.8 S 57.1 Se 19.1 fiber.

Figure 80

 80 Figure 80 displays an early attenuation spectrum registered on un-purified Ge 23.8 S 57.1 Se 19.1 glass fiber. The experimental data are depicted in the range of 1.5 to 5 µm. Despite that strong absorptions bands appear in the zone at which the OH, SH and SeH manifest themselves, this

  

  

  

  

  

Table 2 :

 2 Nonlinear

optical constants for different glass compositions, of highly linear chalcogenide glasses. n 2 : non linear refractive index. Parameters were measured at 1.064 µm wavelength.

  Part 2 : Mid-Infrared Supercontinuum Generation In As 2 S 3 Microstructured Optical Fibers Introduction 64 However, in order to achieve efficient supercontinuum generation, a number of conditions must be met, as among the others: sufficiently high power density within the waveguide, and low optical losses, typically less than 1 dB/m. To harness the intrinsic As 2 S 3 glass and respond the need for efficient SC generation, low loss microstructured glasses fibers are elaborated. Adequate microstructure pattern are adopted to manage the modal dispersion of the fiber device. The MOFs are conceived to shift their corresponding ZDW to the 2.0-2.5 µm range, which correspond to the maximum emission range of the pump source, systematically used for non-linear experiment in this work. This source consists in an optical parametric oscillator (OPO) pumped by a Ti:Sapphire laser, and tunable from 1.7 to 2.55 µm, available with our colleagues from TTI, in Japan. As 2 S 3 fibers with comparable geometric design and optical loss level as described in Article 1 are used in the experiments. The SC spectrum extends into the mid-IR from ~0.6 μm to beyond 4.0 μm, which is consistent with the extrinsic SH absorption band located at 4.0 µm.

	Part 2 : Mid-Infrared Supercontinuum Generation In As 2 S 3 Microstructured Optical Fibers
	Glass Synthesis, Preform fabrication and Fiber drawing
	In Article 2, we demonstrate an enhanced and flat 3500 nm SC spanning in As 2 S 3 MOF subjected to protection procedures from the presumed aging phenomenon previously described in Article 1. A preventive storage strategy is used to control the surrounding atmosphere at which the chalcogenide MOFs are exposed prior to nonlinear optics (NLO) experiments. The MOF is pumped in the anomalous dispersion regime close to its zero-dispersion, using the same pump source and quite similar seed energy (~1nJ/pulse) as in broadening, especially the position of MidIR SC edge. The later study relies on numerical simulations based on the generalized nonlinear Schrödinger equation. It is confirmed by the obtained good agreement with the experimental results reported in article 1. A general overview on the extinction of the transmission spectrum, the evolution of surface roughness, and the change in chemical composition of microstructured fiber due to aging processes are Article 1. In Article 3, we report a detailed theoretical study of fiber aging impact on the spectrum also briefed in this paper.
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In this part, we present some of the nonlinear optics experiments we have conducted during this PhD period. More specifically, each following article of this part is dedicated to address one particular challenge or present one major improvement we have achieved in developing the mid-IR SC light source in As 2 S 3 MOFs.

In Article 1, we describe a mid-IR supercontinuum generation in low loss As 2 S 3 suspendedcore microstructured optical fibers as well as in tellurite fibers. Sulfide ones are to be considered in the framework of this work. The continuum spreads over 2000 nm, from 1.2 µm up to 3.2 µm. The fiber specimen was pumped close to the zero-dispersion wavelength in the femtosecond regime by means of an optical parametric oscillator pumped by a Ti: Sapphire laser. In addition, we report comprehensive numerical simulations to assign the nonlinear effects responsible for the above spectral spanning, as to define the limitations of further MIR expansion of the spectrum long wavelength edge. We presumed aging phenomenon that prevent to fit the experimental results with theoretical ones.

Table 4 :

 4 Assignment of absorption bands in As 2 S 3 chalcogenide glass in the 1 -4.0 µm range in As 2 S 3 glass.[2, 10,[27][28][29][30][31][32][33][34][35][36][37] 

	1/λ (cm -1 )	λ (µm)	Assignment
	3144	3.18	
	3610	2.84	
	3521	2.77	Vibrations of molecular water
	3703	2.7	
	3802	2.63	
	3333	3.0	OH vibrations in As 2 S 3
	6950	1.44	
	3436 5210	2.91 1.92	Vibrations of =As-O-H
	2480	4.03	SH vibrations in As 2 S 3
	3215 3940	3.11 2.54	Vibrations of =As-S-H

0 Absorption at 32 hours (a.u.) Wavelength (µm)

  

		Wavenumber (	
	6000	5000	4000	3000
		Cumulative Fit peak	
	(d)	Abs (32 h)		
		1.92 µm		
		2.54 µm		
		2.63 µm		
		2.7 µm		
		2.77 µm		
		2.84 µm		
		2.91 µm		
		3.0 µm		
		3.11 µm		
		3.18 µm		

Table 5 :

 5 Attenuations for each deconvoluted peak after background corrections, for 2.8 meters of As 2 S 3 MOF.

						Attenuation (dB)				
	T(h)	1.44	1.92	2.54	2.63	2.7	2.77	2.84	2.91	3.0	3.11	3.18
		µm	µm	µm	µm	µm	µm	µm	µm	µm	µm	µm
	1											

Part 3 :

 3 Optical, Topological and Structural Aging in As 2 S 3 Microstructured Optical Fibers and Impact on Mid-Infrared Supercontinuum Spanning SIII). The aged specimens were regularly imaged on time scale by AFM technique on large scale (i.e. 25 µm scan range) to identify defects on glass surface. Pictures were taken before and after RH exposure by a digital camera.

	Article 2
	(SII) and RH=75% (
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  These surface imperfections are essentially associated with small crystals of As 2 O 3 (bumps), holes and cracks. However, these surface features grow in a sequential manner under humid atmosphere. The first step consist in formation of regular pyramidal bumps, assigned as crystals of As 2 O 3 , resulting from the oxidation of the glass network. Once these oxides species are formed, they will remain in a mobile state until it will amalgamate itself in a growth sites. Extending the exposure period results in losing the geometric regularity of superficial pyramidal bumps, given rise to new clusters. The process of growth of large particles at the expense of smaller ones because of the diminishing surface energy is known as Ostwald ripening. Later, deep holes dig within the glass volume. It was shown that these surface modifications dynamics might be accelerated by water and temperature. In addition, the glass contamination diffuses in depth inside the glass, and reaches several micrometers from its surface.

Table 6 :

 6 Compositions of Germanium-based mono-chalcogenide (GeS and GeGaS) and dichalcogenide (GeSSe) glasses prepared in frame of this work. D I and T represent the inner diameter and the thickness of the various ampoules used to prepare the glass rods.

	Glass composition	Batch weight (g)	Ampoule dimensions D I (mm) T (mm)	Optimal quenching
	GeS x	10-15	9-16	2-3	Free air
	Ge x Ga y S z	10-15	9-16	2-3	Compressed air
	Ge x S y Se z	50	16	3	Water

  3 , Ge 24.4 S 65.8 Se 9.8 and GeSe 4 glasses are expected to exceed 127°C, 120°C and 238°C, respectively. Part 4 : Green Chalcogenide Ge-Based Glass Fibers Exempt of Toxic Arsenic and Antimony Components
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Table 7 :

 7 Fiber drawing ability, crystallization tendency and guidance potentials of different chalcogenide glass compositions.

	Glass	Preform	Crystallization	Fiber	Fiber guidance
	composition	diameter (mm)	upon drawing	drawing	capability
	Ge-S glasses	9-12	High rate	Failure	--
	Ge-Ga-S glasses	9-12	High rate	Failure	--
	Ge 24.4 S 65.8 Se 9.8	16	Low rate	Successful	Medium
	Ge 23.8 S 57.1 Se 19.1	16	Absent	Successful	Good
	Ge 23.2 S 48.8 Se 27.9	16	Absent	Successful	Good
	Ge 22.7 S 40.9 Se 36.4	16	Absent	Successful	Good

Attenuation (dB/m)
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GENERAL CONCLUSIONS and FUTURE WORK Conclusions and future work

We experimentally showed that the contamination of the glass diffuses in depth inside the glass from its exposed surface. The set of these phenomena exclusively appears under wet atmosphere. The dynamics of these modifications might be accelerated by increasing the humidity and the temperature of the storage compartment.

Part 4 confirms by experimental achievements the ability of optimization of the composition and synthesis of germanium-based Ge-S-Se chalcogenide glasses for successful fiber drawing, unlike Ge-S and Ge-Ga-S compounds. The purpose of these experiments is to develop green non toxic germanium-based chalcogenide glass fibers, free from highly toxic arsenic and antimony elements. We optimized the glass synthesis process, including the timetemperature synthesis profile, the synthesis glassware dimensions, and the melt quenching technique.

Finally, as major results, a very broad infrared supercontinuum generation with a very flat spectrum, almost three octave spanning, between around 0.5 µm and 4 µm, has been obtained in an As 2 S 3 MOF. The actual limitations of these MOFs, preventing further extension of the supercontinuum in the infrared, have been understood and explained. Despite that the As-S MOF is highly sensitive to atmospheric conditions, benefit of its potential remains possible, but this imposes the need to protect continuously the MOF's core along the fiber lifetime. By maintaining the advantageous MOF geometry, such purpose is achieved by sealing the holes as proposed in this work. Therefore additional work is still needed to optimize the seeling materials and the seeling technique. Another possible strategy is to develop devices allowing the fiber to operate continuously in a controlled dry atmosphere.

In the context of the progressive implementation of REACH reglementation, early green germanium-based arsenic and antimony-free glass fibers have been promissingly

developed. Of course, future work should emphasize on the optimization of the glass optical quality, but purification processes already exist for that purpose, and there is no doubt that this target will be reached. Efficient green MOFs will require to engineer and optimized chromatic dispersive properties through adequate transverse profile with regards to their refractive index behavior (pattern, pitch, holes diameter, core size….) The room temperature drilling for preform preparation and the fiber drawing parameters will need to be adjust for these fibers and it will be necessary to characterize the behavior of these green fibers cores under room atmospheric conditions.
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Appendix 1 : Fourrier Transform Infrared Spectroscopy (FTIR).

Theory

Infrared spectroscopy (IR) is one of the most important tools to investigate the glass optical quality by probing molecular absorption of species formed within the glass systems in the course of synthesis process. In addition, IR is highly suitable method to study relevant adsorption systems on surfaces in course of adsorption reaction. The principle of infrared spectroscopy is based on the vibrational excitation of molecules by absorption of infrared light [4]. The information of these vibrational spectra is related to the chemical nature of the absorbing species within the glass volume, as well as the chemical nature of adsorbed molecules and also to the substrate and adsorbate-adsorbate interactions.

In an infrared absorption experiment, infrared radiation with an intensity I 0 and frequency ν 0 = c λ 0 is passed through a sample and the intensity of the transmitted light I is measured as a function of its frequency. Absorption of light at ΔE = hν 0 = h c λ 0 [5]occurs at frequencies corresponding to the energies of vibrational transitions. The function is described as Beer-Lambert law [5,6]: Atoms of a molecule vibrate with a definite frequencies that depends on the mass of the atoms, the force of the binding and the structure of the molecule [5,7]. The molecules will absorb incident electromagnetic radiations at characteristic frequencies corresponding to the energy of vibration of molecules, providing that a change in dipole moment occurs with the vibrations. [5,7,8] For better understanding of absorption dynamics, the basic principles of infrared spectroscopy shall be explained.
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Harmonic and Anharmonic oscillators

Vibrational transitions in a molecule occur between distinct vibrational energy levels [5,7].

Intramolecular vibrations and intermolecular vibrations are contributing to the spectrum. The simplest possible situation is a vibration between two atoms of a diatomic molecule. The atoms are separated by 𝑟 inter-nuclear distance which represents the bond length. An attempt to squeeze the atoms more closely together will lead to a rapid increase of the repulsive force between the two atoms. An attempt to pull them apart is resisted by the attractive force. Both displacements require an input of energy which can be described as a function of the distance between the two atoms. Considering two spheres of the masses 𝑚 1 and 𝑚 2 connected through a spring [7].

The force of compression or expansion is then given by Hook's law [7]:
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k is a constant, 𝑟 -𝑟 0 the distance difference to the equilibrium distance generated by the force (𝐹). The force is directed against the displacement of the atoms and thus has a negative sign. The potential energy of the oscillating system:

increases symmetrically when the distance between both atoms is decreased or increased compared to the equilibrium distance. The vibration of such a diatomic molecule is characterized by an oscillation frequency that is given by classical mechanics [4]:

Here, µ represents the reduced mass of the considered system, it is given by [4]:

It clearly seen that the oscillation frequency exclusively depends on the masses of oscillating atoms and on the force constant. Consequently, as the mass of an oscillating atom increases, the frequency of the vibration decreases.

In contrast to classical mechanics, vibrational energies of molecules are quantized like all other molecular energies. The allowed vibrational energies are expressed as follow [4]:

where v is called the vibrational quantum number. The equation implies that the lowest vibrational energy (i.e. for𝜈 = 0) is 𝐸 = 1 2 𝜈. The implication is that a molecule can never have zero vibrational energy; the atoms can never be without a vibrational motion. The quantity 𝐸 = 1 2 𝜈 is known as the zero-point energy, that depends on the classical oscillation frequency and hence on the strength of the chemical bond and on the masses of atoms that participate in this bond.

Further use of the quantum mechanics leads to a simple selection rule for the harmonic oscillator undergoing vibrational changes:
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In addition to this selection rule the condition must be fulfilled that vibrational energy changes will only be observed in a spectrum if the vibration energy can interact with adiation,i.e. if the dipole moment of the molecule is changing with the vibration. Thus infrared spectracan be observed only in heteronuclear diatomic molecules, since homonuclear diatomic molecules have no dipole moment. The energy of a transition between two vibrational states is then given by:

To have resonance between the vibrating molecule and the exciting radiation, the frequency of the radiation must be identical to the frequency of the vibration.

The above resolution presumed that the vibration behavior of the interconnected masses could be described by the harmonic motion. In fact, the bonds connecting the atoms are elastic, but do not exhibit a harmonic vibrations, thus, they do not obey the Hook's law [4]. The oscillations are characterized by maximum stretching amplitude. Above this characteristic stretching amplitude, the bonds can break and the molecule will dissociate. A purely empiric description of such a behavior of diatomic anharmonic oscillators is proposed by P.M. Morse and given as follow [4]:

where 𝐷 is the dissociation energy and 𝑎 represents a characteristic constant of particular bond in a specific electronic state.

An expression of vibrational energy in terms of harmonic frequency 𝜈 and the anharmonicity constant 𝜒 is given as follow [4]:

The energy of the anharmonic oscillators is adjusted to that of harmonic one through this equation. Anharmonic behavior induces tow main features comparing to harmonic vibrations.

Firstly, the energy between two successive vibrational levels changes as a function of the bond length. For anharmonic oscillators, this energy decreases as the bond length increases Depending on the maintenance of the symmetry in the molecule, vibrations are classified as symmetric and asymmetric vibrations.

Fourrier Transform Infrared Spectrometer

Modern spectrometers especially those used in infrared spectroscopy, today almost always make use of Fourier transform techniques to record the spectrum. The heart of the Fourier transform infrared spectrometer is a Michelson interferometer, a device for analyzing the frequencies present in a composite signal. As mentionned above, detected signal oscillates as the two components alternately come into and out of phase as the path difference is changed. If the radiation has the wavenumber 𝜐 = 𝜐 𝑐 = 1 𝜆 = 𝐸 𝑐 , the intensity of the detected signal due to radiation in the range of wavenumbers varies with the difference in path length 𝛿 as follow:

Performing a mathematical Fourier transform on this signal results in a spectrum identical to that from conventional infrared spectroscopy. The variation in intensity as a function of wavenumber 𝐼 𝜐 is given by:

This integration is usually performed by a computer that is interfaced to the spectrometer.

FTIR spectrometers are strongly advantageous comparing to classical spectrometers. They are cheaper than conventional spectrometers because building of interferometers is easier than the fabrication of a monochromator. In addition, measurement of a single spectrum is faster for the FTIR technique because the information at all frequencies is collected simultaneously.

This allows multiple samples to be collected and averaged together resulting in an improvement in sensitivity. Virtually all modern infrared spectrometers are FTIR instruments.
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The amplitude of the vertical deviations is normally used to calculate the roughness of the surface. In this case, AFM is usually operated in the contact mode for topography imaging and height analysis.

R a and R rms are the two most commonly used amplitude parameters to describe the surface roughness. Ra is the arithmetic average of absolute amplitude values and R rms corresponds to the root mean squared amplitude values. They are defined as follow:

where 𝐴 is the amplitude value of the vertical deviations.

AFM topography imaging and roughness measurements on rectangular chalcogenide fibers surfaces studied in this work were performed in collaboration with Pr. Eric Lesniewska at the Université de Bourgogne.

Lateral force microscopy measurements (LFM).

The AFM apart from generating the information about the topography of the sample features can be used to obtain various other informations about the properties of samples. Among the numerous variety of the advanced modes of the AFM, Lateral Force Microscopy (LFM) is of major interest for our study [13,14].

LFM provides surface sensitive local information about nano-mechanical properties, such as friction coefficient [13]. This technique allows to distinguish areas with different friction and also to obtain edge-enhanced images of any surface. Since the friction coefficient is directly correlated to the chemical composition [15] of probed specimen, a slight chemical deviation within the sample induces a local deviation of friction parameters. Thus, LFM is very useful for studying a sample whose surface consists of inhomogeneous compounds [16]. We used this capability in conjunction with topographical images during one scan for complete characterization of the evolution of mechanical properties of our aged samples.
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Theory

X-ray photoelectron spectroscopy (XPS) is currently the most widely used for used surface analytical non-destructive technique. In this work, XPS measurements were performed and the spectra were applied for qualitative and quantitative surface analysis.

The principle of the XPS technique is the emission of electrons from atoms by absorption of photons. The sample is often irradiated with monoenergetic X-rays, and Mg Ka (1253.6 eV)

or Al Ka (1486.6 eV) is used. Photoelectron emission occurs when a photon transfers its energy to an electron, and a photoelectron can be emitted only when the photon energy is larger than the binding energy of the electron. The emitted photoelectrons have kinetic energies, E kin , described by the Einstein equation [12,17,18]:

where 𝜈 is the energy of the incident photon ( and 𝜈 are the Plank constant and the incident ray frequency respectively), 𝐸 𝑏 is the binding energy of the atomic orbital from which the electron originates and 𝜓 is the work function of the spectrometer. As the energy of the photons and the spectrometer work function are known quantities, the measurement the electron binding energies can be obtained by measuring the kinetic energies of the photoelectrons.

XPS is a very surface sensitive analysing method. Since the kinetic energies emitted X-ray photons is low in the energy range used in XPS, photoionisation normally leads to two emitted electrons: a photoelectron and an Auger electron. This is due to the relatively short inelastic mean free path for the photoelectrons, the transportation of emitted electrons, generated in the solid, to the surface can only occur from a certain depth (60-80 Angströms order of magnitude). However, using XPS it is possible to detect all elements except for H and He.

XPS survey spectra and chemical shift

Figure 86 shows a survey scan XPS spectrum of As 2 S 3 glass fibers. Obviously, the sharp photoelectron peaks are the most prominent in the spectrum. The photoelectrons from As3d and S2p orbitals generate two characteristic peaks arising at about 42.5 eV and 161.5 eV,
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Appendix 3: X-Ray Photoelectron Spectroscopy (XPS) 217 respectively. In addition we find a peak attributed to O1s orbital at around 532 eV. These peaks indicate the presence of As 2 S 3 and corresponding oxide on the specimen surface. However, the main advantage of using the XPS-technique lies in the fact that the binding energy of a photoelectron is sensitive to the chemical surrounding of the atom, i.e. there is a chemical shift in the binding energy. These shifts are very important since they provide a tool to identify individual chemical states of an element. Unfortunately, it is not always straightforward to interpret these chemical shifts because they depend both on initial and final state effects. In general, the chemical shift increases with increasing positive charge of the element of interest. More precisely, when a sulfur or arsenic atom is bound to oxygen atom, the electron density around the electron density around them will decreases, and the effective nuclear charge increases. Therefore, the core level electrons are more strongly attracted to the nucleus, resulting in a higher binding energy.

An XPS machine is usually equipped with an ion gun, thus enabling ion etching of the surface to produce elemental depth profiles. It is possible to perform sputter depth profiling of a Appendix Appendix 3: X-Ray Photoelectron Spectroscopy (XPS) 218 sample to obtain elemental distribution as a function of depth. Another way to obtain compositional information as a function of depth is by tilting the sample relative to the analyzer, which decreases the effective sampling depth, and makes the analysis more surface sensitive. Such feature makes possible to draw conclusions about compositional properties of adsorbed species at the sample surface.

3.

Multiplet splitting of As and S elements.

The total angular momentum (𝑗) of an electron correspond to the sum of the individual electron angular (𝑙) and spin (𝑠) momenta, 𝑗 = 𝑙 + 𝑠 [18]. All orbital levels except the "s" levels (𝑙 = 0) give rise to a doublet with the two possible states having different binding energies. This is known as spin-orbit splitting (or j-j coupling). For the As 3d orbital, the quantum number 𝑛 equals 3, corresponding angular momentum quantum number 𝑙 equals 2.

The electron spin momentum quantum number varies between +1/2 and -1/2, depending on whether the tow electrons are parallel or anti-parallel. Therefore, 𝑗 can be 𝑗 + = 5/2 or 𝑗 -= 3/2. In this way, the As 3d orbital splits to two different energy states, As 3d 5/2 and As 3d 3/2 . Additionally, For the S 2p orbital, the quantum number 𝑛 equals 2, corresponding angular momentum quantum number 𝑙 equals 1. Admitting the same values of the electron spin momentum quantum number according to the spin orientation, 𝑗 can be 𝑗 + = 3/2 or 𝑗 -= 1/2. Consequently, the S 2p orbital also splits as tow energy states, S 2p 3/2 and S 2p 1/2 .

The intensity of the doublets is is determined by the occupation probability of the tow different energy states, which also be expressed as the multiplicity, 𝑀 = 2𝑗 + 1. Therefore, the intensity ratio of As 3d 5/2 to As 3d 3/2 as well as S 2p 3/2 to S 2p 1/2 can be calculated as 6/4 and 4/2 respectively. 
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