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Introduction

L'état vitreux est connu depuis des millénaires et reste un mystère à bien des égards pour ses propriétés thermique, physique ou structurale. Les verres peuvent être considérés comme des liquides figés, sans ordre à longue distance et caractérisés par une transition vitreuse.

Leurs propriétés visco-élastiques les rendent thermo-formables, propriétés à l'origine de la plupart de leurs applications technologiques. Il est en effet facile et peu coûteux de mettre en forme un matériau vitreux pour fabriquer toute sorte d'objet, des plus ordinaires (vitrage, bouteille …) au plus sophistiqués (stockage nucléaire, fibres optiques). Les verres de notre environnement quotidien sont des verres d'oxydes, des silicates, constitués essentiellement de silice. Ils sont transparents à l'oeil, supportent des températures élevées, sont très stables chimiquement et vieillissent bien au cours du temps. A côté de cette très large famille des verres à base de silice, il existe de nombreux autres systèmes, plus confidentiels, qui sont aptes à former du verre. Citons à titre d'exemple, d'abord des systèmes à bases d'oxydes tels que les phosphates, les borates, les aluminates, les germanates, liste non-exhaustive, ou toute combinaison entre ces éléments. Citons aussi d'autres types de matériaux totalement alternatifs ne comportant pas du tout d'oxygène tel que les verres d'halogénures (en particulier les fluorures) ou les verres de chalcogénures. La motivation essentielle à l'origine du développement de ces verres réside dans leur propriétés de transparence dans l'infrarouge, jusque dans le moyen infrarouge, là où les oxydes, en particulier les silicates, deviennent opaque aux rayons électromagnétiques. De ce point de vue, les verres de chalcogénure sont certainement ceux possédant le potentiel technologique le plus large.

Un verre dit "de chalcogénure" est majoritairement constitué d'un ou plusieurs chalcogène. Ces éléments, soufre, sélénium ou tellure, sont sous l'oxygène dans le tableau périodique. La plupart du temps, ces verres se présentent sous la forme de bloc noir, à l'aspect quasi-métallique, opaque à la lumière. Par contre, ils sont transparents sur une large gamme de longueurs d'onde pouvant s'étendre vers l'infrarouge lointain. Leur état vitreux leur confère par ailleurs des propriétés visco-élastiques qui les rend thermoformables à des températures facilement accessibles, typiquement dans une gamme de 200 à 400°C en fonction de leur composition. Leur développement a connu un essor remarquable au cours de la dernière décennie sous l'impulsion des militaires afin de développer des systèmes à vision Le projet DARWIN de l'Agence Spatiale Européenne et son pendant américain de la NASA appelé TPF pour Terrestrial Planet Finder, visent à détecter des planètes situées en dehors de notre système solaire (exo-planètes) et porteuses potentielles d'une vie. La présences de molécules d'eau, d'ozone ou de dioxyde de carbone dans l'atmosphère de ces planètes est la signature recherchée indiquant qu'une forme de vie puisse s'y développer. Ces molécules absorbent dans le moyen infrarouge respectivement à 6, 9 et 15 µm. Notre rôle en sciences des matériaux consiste à développer des fibres optiques permettant la détection de ces signaux. Nous devons donc développer des fibres optiques transparentes au-delà de 15 µm (idéalement jusqu'à 20 µm) et monomodes pour permettre de filtrer la luminosité des étoiles environnantes polluant le signal infrarouge en provenance des exo planètes. Pour atteindre cet objectif, les verres riches en tellure s'imposent naturellement puisqu'ils sont les seuls à transmettre la lumière jusqu'à de telles longueurs d'onde. Il faut cependant stabiliser ces matériaux pour rendre possible la mise en forme d'objets sophistiqués tels que ces fibres optiques monomodes sans que le verre ne cristallise. Ainsi, il a déjà été montré que les verres du système Te-Ge-Se constituaient des candidats intéressants dès lors que le taux de sélénium reste limité, inférieur à quelques pourcents. Pour obtenir des fibres ultra-transparentes, il est nécessaire en amont d'effectuer un travail poussé de purification du verre. Au cours de la thèse une procédure nouvelle de purification en deux étapes a été développée. Elle consiste à effectuer séparément la réaction d'oxydoréduction avec l'aluminium captant les oxydes résiduels et la distillation du matériau, tel que l'illustre la figure 1. Grâce à ce nouveau processus, les pertes optiques de la fibre optique mono-indice ont été abaissées à un niveau inédit de l'ordre de 6 dB.m-1 à 10.5 µm, ce qui constitue de notre point de vue une limite en dessous de laquelle il sera difficile de descendre à cause de la concentration importante en porteurs de charges inhérente à la présence du tellure semi-conducteur.

Par ailleurs, la méthode classique dite du « rod in tube » (barreau dans tube) pour fabriquer la fibre optique n'est pas adaptée car elle implique une multitude d'opérations successives pour réduire le diamètre du coeur. Ces opérations sont autant de risque potentiel de générer des défauts aux interfaces. Aussi une méthode alternative de fabrication a été mise au point, basée sur le moulage du tube et présentée sur la figure 2. Pour confirmer cette analyse, une étude structurale a pu être menée grâce à Pal Jovari, chercheur à Budapest, par analyse reverse Monte Carlo de diagramme X et EXAFS. Ce travail montre que l'argent joue d'abord un rôle de formateur de verre, en coordinence 3, et se lie grâce à des liaisons covalentes majoritairement au tellure. Ensuite, pour les concentrations IX plus élevées en AgI, on retrouve de l'argent avec de l'iode dans la première sphère de coordination en quantité plus importante. L'argent est alors davantage à l'état ionique Ag + dans les interstices du réseau. Ce résultat est en accord avec l'évolution des conductivités observées plus haut. Par ailleurs l'iode reste effectivement coordonné à un seul élément et tend à dépolymériser le réseau. Un modèle structural a été proposé à partir de ces résultats (figure 7). L'essentiel de ces pertes semblent parvenir de défauts de surface et en particulier de la présence de cristaux de composition GeI 4 en surface. Un gros travail de polissage mécanique des préformes a été mis en oeuvre pour remédier à ce problème (figure 9). French Abstract XI Grâce à ce traitement, les pertes ont été substantiellement abaissées à 3 dB.m -1 à 10 µm, mesurées sur une fibre mono-indice (figure 10). Il s'agit à notre connaissance des pertes les plus basses jamais mesurées dans une fibre optique en verre de tellure. Ces fibres ont également été effilées localement pour diminuer le diamètre de la fibre à hauteur de la tête de mesure du capteur par onde évanescente. Cette manipulation est une difficulté supplémentaire en particulier pour un verre de tellure, mais il a déjà été montré qu'elle était décisive en termes de sensibilité du capteur. Cette fibre effilée a ainsi été utilisée pour détecter quelques substances cibles telles que le dichlorométhane ou le chloroforme. La figure 11 Cependant, en polissant à différentes profondeurs un barreau de vitrocéramiques, il s'avère que les valeurs mesurées sont différentes et que donc le taux de cristallisation n'est pas homogène du coeur à la surface du barreau (figure 15). Ce résultat décevant nous a poussés à envisager une voie alternative de préparation de matériaux composites. 

Chapitre 5 Préparation de matériaux composites par pressage à chaud et Spark Plasma Sintering

La stratégie consiste à préparer des matériaux composites, mélanges de verre et de cristal, par broyage planétaire puis pressage ou SPS. Le verre permet de faciliter la mise en forme des matériaux, d'abaisser les températures de synthèse et de diffuser les phonons. 

Conclusion

Des résultats très encourageants ont été obtenus quant au développement des verres de tellure pour l'optique moyen-infrarouge.

Il a ainsi été montré que des fibres monomodes transmettant la lumière jusqu'à 16 µm pouvaient être obtenues. La technologie reste cependant à stabiliser pour bien maîtriser les paramètres géométriques de la fibre. Il s'agit d'un résultat qui pourrait être décisif dans le cadre du projet DARWIN de l'ESA, actuellement en veille.

Les verres GeTe 4 -AgI sont particulièrement intéressants car ils cristallisent difficilement.

Une étude de leurs propriétés de conduction couplée à une analyse reverse Monte Carlo de données de diffraction sur grands instruments, permet de faire des hypothèses fortes sur leur organisation structurale et leur mode de fonctionnement.

Par ailleurs ces verres ont permis de fabriquer des fibres performantes, la plus faible atténuation jamais mesurée à 3 dB.m -1 , pour la spectroscopie par ondes évanescentes. Pour la première fois il est possible d'enregistrer un spectre jusqu'à 16 µm contre 12 µm pour les fibres actuellement en service. Il s'agit d'une avancée majeure qui aura des conséquences très positives lors de leur mise en oeuvre pour des stratégies bio-médicales en particulier.

Enfin, il a également été montré que ces verres pouvait être intéressants pour réaliser des fenêtres optiques transparentes jusqu'à 38 µm dans l'infrarouge lointain.

Très clairement, les conclusions sont plus mitigées concernant la thermoélectricité.

En ce qui concerne les matériaux massifs de type As-(Te/Se)-Cu, il semble difficile d'abaisser les résistivités en-deçà de 15 Ω.cm pour les verres et 2 Ω.cm pour les vitrocéramiques. Ce dernier résultat est intéressant, mais les vitrocéramiques obtenues ne sont pas très homogènes.

Enfin, la stratégie « matériaux composites » plus exploratoire demande des développements supplémentaires. Les composites issus du mélange verre de tellure/BST, tous deux conducteurs de type p, sont potentiellement intéressants mais les conditions de synthèse doivent être réexaminées pour densifier davantage les matériaux.
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Glass is one of the oldest materials known to man. It is often transparent in the visible and fragile. In material science, the glass holds a special place and its formation still a kind of mystery. It is regarded as a frozen liquid with an amorphous structural network and displays glass transition phenomenon.

The viscoelastic versus temperature property of glasses makes them especially interesting for thermal formability. In addition, the glass has an optical transparent window which strongly depends on the compositions. These two unique properties make glass a good candidate for various applications, such as lenses and optical sensor.

There are several glass families. The most familiar type of glass, used for centuries in windows and drinking vessels, is oxide glass, composed of SiO 2 , Na 2 O, and CaO etc. Other glass families, such as halide glasses including fluoride glasses, got their heyday in the 1980s and 1990s thanks to their transparency in the near infrared range.

A chalcogenide glass is a glass containing one or more chalcogen elements (e.g. sulfur, selenium or tellurium). It is developed primarily for its optical properties in the mid-infrared region where all the other glasses are opaque and blind. The modern technological applications of chalcogenide glasses are widespread. Examples include infrared detectors, moldable infrared optics such as lenses, and infrared optical fibers. In addition, due to their low phonon energy, these glasses could also be utilized for the applications of fiber laser or optical amplifier in the infrared range.

In chalcogenide glasses, the added elements, such as arsenic (As), gallium (Ga), germanium (Ge), antimony (Sb) and metal halide, are used to tailor the property of the glass (e.g. glass stability and free electrons concentration). For example, the infrared transmission window depends on the molar mass of glass components.

Selenide glasses exhibit excellent infrared transmission in the 3 to 15 µm region as bulk.

Due to their superior thermo-mechanical properties, these glasses could be easily shaped into optical devices such as lenses and optical fibers. As the fundamental absorption domain caused by vibrations of most of chemical and biological molecules is located in the midinfrared region, selenide glass fibers have been developed along the past decade of research for infrared sensing up to 12 µm based on an original spectroscopic method named Fiber Evanescent Wave Spectroscopy (FEWS). However, due to the limited optical window, the selenide glasses and fibers cannot be applied for applications further in the mid-infrared beyond 12 µm.

As tellurium (Te) is the heaviest chalcogen element, telluride glass can transmit longer wavelength in the infrared region compared with sulfur and selenium based glasses. For this reason, tellurium-based glasses are good candidates to integrate the envisaged optical system for Darwin project of the European Space Agency (ESA), aiming at the discovery of the signatures of life in the universe. This asks for fibers transparent from 6µm to 20µm to detect the possible presence of water (6µm), ozone (9µm) and carbon dioxide (15µm) on extrasolar planets by infrared spectral analysis of their atmospheres. To detect the very low signal from planets, the invasive signal from stars should be suppressed using nulling interference, which asks for the development of single mode fiber. ESA has defined two transmission bands, the first (6-12 µm) to detect infrared signatures of H 2 O and O 3 and the second to detect signature of CO 2 (15µm). A chalcogenide glass fiber based on the Te-As-Se composition is suitable for the short wavelength band. For the long wavelength beyond 12 µm, tellurium based glass has to be used to elaborate a single mode fiber, but this achievement is still not yet available.

In addition, in order to test the fundamental vibrations (stretching and bending) of molecules and biomolecules whose main absorption bands are beyond 12 µm, such as benzene and chloroform, optical sensor with extended spectral range have to be developed based on telluride glass fiber.

Nevertheless, due to the strong metallic character of tellurium, Te-based glasses are difficult to control and vitrify. Different strategies have already been considered to enhance glass stabilization by introducing some other, rather heavy, elements in the mixture. For the two applications mentioned above, the requirement of glass stabilization is very demanding in order to obtain a fiber without surface crystallization during fiber drawing process. Sedoped and AgI-doped GeTe 4 glasses are up to now the best tellurium-based glasses with sufficient thermal stability. The GeTe 4 glass containing 10% of silver iodine is particularly good, showing no crystallization peak by thermal analysis. However, the glass structure is still not clear to explain this phenomenon.

On this basis, Chapter 1 aims at the preparation of Te-Ge-Se single mode fiber working beyond 12 µm for the Darwin project. The novel purification procedure and molding method which are suitable for tellurium-based glass will be explored. The optical and thermal properties of the glass will be detailed. The light propagation property of the fiber prepared will be also tested and discussed.

Chapter 2 is dedicated to the exploration of the particular good thermal stability of the AgI-doped GeTe 4 glasses. A series of physical properties, such as density, electrical resistivity, optical transmittance and atomic coordination numbers of Ag-doped, I-doped and AgI-doped GeTe 4 glass will be studied to propose a reasonable glass structure model which can explain the glass property from a microstructural point of view.

At this time, it is quite difficult to obtain fibers from the AgI-doped GeTe 4 glass and their optical losses are still larger than 20 dB/m, which is unacceptable for any application. The aim of the Chapter 3 is to find the root reason of this poor physical property and try to prepare single index glass fiber with reasonable optical losses for the potential application as an infrared sensing probe working beyond 12µm for biochemical species.

On the other hand, tellurium-based glasses are the glasses with the highest electrical conductivity. They also exhibit dramatically high Seebeck coefficient and low thermal conductivity due to the intrinsic property of the glass. They are therefore quite interesting TE materials, and recently, the potential of Te-based glasses in this area has been shown.

Nowadays, energy crisis is one of the most important social issues in today's society, and new sources of energy are being sought. The complete absence of moving parts and the lack of substance such as fluorinated cooling agents make TE devices highly attractive.

Compared with the commonly used TE material bismuth telluride, the electrical conductivity of tellurium-based glass is still not sufficient for application. Thus the main aim of the present work is to increase the electrical conductivity of the telluride glasses without a decrease of the Seebeck coefficient and thermal conductivity.

In Chapter 4, the principle of thermoelectricity will be presented. A large scale of glass compositions, such as Te-As-Cu, Se-As-Cu, and Te-As-Se-Cu (Ag), will be explored. Their thermal and electrical properties will be detailed in order to find glasses with maximum electrical conductivity.

On this basis, Chapter 5 focuses on the further improvement of thermoelectric performance. Some composites of glass with bismuth telluride will be prepared using hotpressing and spark plasma sintering. A series of characterization including Seebeck coefficient, electrical resistivity, and thermal conductivity will be performed for the calculation of figure of merit.

Chapter 1.

Te-Ge-Se Glass System for Far-Infrared Sensing 

Introduction

Chalcogenide glasses are based on sulfur, selenium and tellurium elements, and have been studied for several decades regarding to different applications. Among them, selenide glasses exhibit excellent infrared transmission in the 3 to 15 µm region [1][2][3] . Due to their superior thermo-mechanical properties, these glasses could be easily shaped into optical devices such as lenses [4] and optical fibers [5] . Along the past decade of research, selenide glass fibers have been proved to be suitable for infrared sensing up to 12 µm [6,7] based on an original spectroscopic method named Fiber Evanescent Wave Spectroscopy (FEWS) [8] . As the fundamental absorption domain caused by vibrations of most of chemical and biological molecules is located at infrared region [9] , Se-based is particularly suitable for applications such as the detection of: molecular substances [10] , environmental pollutants [11] and in-situ chemical reactions [7] by close contact between fiber and the specimen.

However, due to the limited optical window of selenide glasses fiber [12] , the strongest vibration absorption peaks of many molecules beyond 12 µm cannot be detected. Meanwhile, to monitor the terrestrial planets and analyze the possibility of extraterrestrial life, two atmospheric windows are identified and used. Selenide optical fiber can be used in the first window (6-12 µm) to detect infrared signatures of H 2 O (6 µm) and O 3 (9 µm). Therefore, new optical fibers working in the second (12-18 µm) window and detect the signature of CO 2 (15 µm) in Darwin mission [13] (European Space Agency) or Terrestrial Planet Finder [14] (National Aeronautics and Space Administration) should be developed.

Compared with selenium-based glasses, the transparency of tellurium-based glasses to infrared radiation generally increases towards smaller wavenumbers. This owns to its higher atomic masses and smaller bonding force constants, which lead to lower vibration absorption frequencies. According to our previous study, Te-based bulk glass can transmit infrared signal up to 25 µm [15][16][17][18] , which is larger than Se-based glass. It can be predicted that the optical fiber drawn from Te-based glass can transmit infrared signal beyond 12 µm [19] .

Therefore, for both exoplanets detection and FEWS applications, Te-based glass fibers should be developed. In this chapter, the main task is to develop Te-based glass fibers for extra solar terrestrial planets detection. To characterize the chemical signatures of life on planet, the light from a parent star should be suppressed. This asks for the development of single mode fiber in order to carry out interferometry measurements, called nulling interferometry. Hence, our aim in this chapter is a successful fabrication of Te-based single mode glass fibers.

Here, it should be mentioned that, although Se and Te have the same hexagonal structure, it is well known that, in contrast to Se, which is a good glass-forming element, Te is impossible to vitrify even when using fast quenching. Indeed, the Te melt, which has a low viscosity, possesses a strong metallic character. Recently, several tellurium based glass systems have already been reported in the literature. The strategy most commonly used is to add gallium (Ga) [15] , iodine (I) [16] , silver iodine (AgI) [20,21] or a small amount of selenium (Se) [22][23][24] to enhance the stability of the glass. Nevertheless, the requirement of glass stabilization is very demanding in order to obtain a fiber without surface crystallization during fiber drawing process. Indeed, the temperature difference (∆T) between glass transition temperature (T g ) and crystallization temperature (T x ) should be larger than 120 ˚C [25] , which eliminates most of the potential candidates. Thus, the development of Tebased glass exhibiting a good thermal stability together with composition easy to control is essential. In that frame, it has been demonstrated that the Te-Ge-Se glasses, with a few percent of selenium [24] , are good candidates.

To obtain a high quality double index fiber, the starting bulk glass should be highly purified. In this chapter, bulk Te-Ge-Se (TGS) glasses were prepared using different purification procedures. Thermal stability and optical transmittance of bulk glasses will be detailed. In order to select the optimum purification method, single index fibers were prepared by drawing preforms following different purification procedures. Another difficulty to deal with is the high crystallization tendency of the glass during fiber drawing process. The traditional rod-in-tube method is not suitable for the preparation of such Te-based single mode fiber due to the numerous steps of casting and drawing. As a result, a new method of preparation of the preforms has been developed. Based on this new technique, double index fibers were designed and prepared. Their characterizations, such as optical losses and light propagation, are also presented and discussed.

The Darwin project description

In recent years, space programs whose goal is to detect extra solar terrestrial planets have a) In the visible spectrum an Earth-like planet is outshone by its star by a factor of a billion. However, in the infrared, the difference is less by a few orders of magnitude.

b) The simultaneous presence of water, ozone and carbon dioxide in the atmosphere appears to be a reliable signature of life, whose absorption bands are located at 6µm, 9µm and 15µm respectively.

In order to develop an infrared sensor with capability for imaging and spectroscopy, wavefront errors have to be reduced to a very high degree in order to achieve the required nulling quality. The nulling interferometer configuration consists in creating destructive interferences to suppress the invasive signal from stars and to permit to detect the very low signal from its planet (Figure 1.1).

Figure 1.1 Scheme of nulling principle for the detection of signal from planet

In this system, phase shifts would be introduced into two beams, so that light from the central star would suffer destructive interference and cancel itself out. However, light from any orbiting planets would not cancel out, as the planets are offset slightly from the star's position. This would allow planets to be detected, despite the much brighter signal from the star. However, achieving optimum performance from the interferometers requires that the wavefronts of light reaching the interferometer are free of distortions. This can only be achieved by using single mode fibers, which are excellent wavefront filters.

For the Darwin mission, the operational wavelength range is 6-20µm. Within the current ESA project, this is covered by a dual-band fiber system. A chalcogenide glass fiber based on the Te-As-Se (TAS) [26] composition is selected to be used for the short wavelength band. For the long wavelength beyond 12 µm, tellurium based glass is proposed but is still not yet available.

Bulk glass synthesis and characterization

In order to successfully prepare high quality Te-based single mode glass fibers, high purity glass preforms which are stable enough against crystallization to allow the manufacturing of optical fiber should be prepared. In an optical fiber, any tiny defect and impurity absorption could be greatly amplified due to the long-distance propagation of light. Therefore, the requests for glass stability, synthesis and purification procedure are very critical. The characterization of bulk glasses, including glass stoichiometry, stability, and optical transmittance before and after purification, should be confirmed so as to obtain high quality preforms for fiber drawing.

Selection of the glass composition

Despite being close neighbors on the Periodic Table and having similar electronic structure, Se and Te are totally opposite in terms of their ability to form glassy materials. The main difference between Se and Te is the nature of the bonding responsible for the interchain cohesion [27] . For Se, the bonding is of Van der Waals origin and can be easily destroyed by thermal agitation, generating a viscous liquid. On the contrary, Te exhibits a much stronger metallic character, and its free electrons (electrical resistivity ρ=5.4 10 -3 Ω•m [28] ) are several orders of magnitude higher than Se (ρ=1.0 10 3 ~20 10 3 Ω•m [29] ). This intrinsic property makes it impossible to be in a vitreous state even by fast quenching.

One way to prevent the nucleation and crystallization tendency of Te is to reduce the number of free electrons. This strategy has been achieved by grafting halogen atoms along the Te chains as demonstrated in the discovery of the so-called TeX glasses [30,31] . However, due to the low dimensionality of the glassy framework, this series of glass shows low thermal and weak mechanical properties and is not suitable for the fabrication of optical devices working at room temperature.

Following the same strategy, some interesting glass compositions containing large amounts of tellurium, have been identified with better thermal and mechanical properties than the above TeX glasses thanks to the higher dimensionality of their network provided by The Te-Ge-Ga glass system was the first reported Te-based ternary glass system with glasses containing 70 to 80% of Te for bulk [15,32] and fiber optics [33] . The bulk glasses present an exceptional optical-transmission window, lying between 2 and 28 µm [15] . The lowest optical loss calculated from bulk transmittance of Te 75 Ga 10 Ge 15 glass is close to 0.6 dB/cm in the wavelength range of 6-20 µm [32] . However, as the maximum ∆T is limited, this composition shows a high tendency to crystallize during fiber drawing process.

Indeed, surface crystallization in fiber drawing process is quite a common problem for Tebased glass. To shape a glass into optical fibers with a limited risk of nucleation of metallic Te nanoparticles, the temperature difference ∆T between glass transition temperature and crystallization temperature should be more than 120˚C.

Figure 1.2 IR transmission window of different rich Tellurium based glasses reported in

literature [20] .

Hence, Te-Ge-I [16] system was developed since 2007. The optimally stable glass was found to be Ge 20 Te 73 I 7 with a ∆T value of 124°C. However, as the glass forming zone of this ternary system is very narrow, a small deviation from the ideal composition due to the volatility of iodine during synthesis can lead to rapid loss of stability of the glassy materials.

For double index fiber, it is extremely vital to control the composition deviations between core and clad to get single mode propagation. Therefore, glasses containing volatile elements such as iodine should be avoided for double index fiber, especially single mode fiber for outer space application.

In order to overcome those issues, more recently, glasses from the ternary systems Te-Ge-Se [22][23][24] and Te-Ge-AgI [20,21] exhibiting broad infrared transmission and superior stability (∆T>120˚C) have been explored. For Te-Ge-AgI system, even though the volatility of iodine can be greatly decreased by the addition of Ag, the glass composition still cannot be precisely controlled due to the loss of a small amount of iodine. As a result, Te-Ge-AgI is not proper for double index fiber preparation. This Te-Ge-AgI system, due to its good thermal stability, mechanical formability, large transmission window and high infrared sensitivity, is especially suitable for infrared sensing based on FEWS, which will be introduced in the next chapter.

Glasses from the Te-Ge-Se (TGS) system with a few percentage of Se have already shown an attractive stability (∆T=120˚C), and a good control of the glass composition due to the lack of volatile element. The Te-Ge-Se ternary phase diagram including the glass forming region is shown in Figure 1.3. In this chapter, the Ge 21 Te 79 Se 3 (TGS3) glass will be used for the preparation of single index fiber.

Figure 1.3 Glass formation area in the

Te-Ge-Se ternary system [34] .

For TGS glasses, the refractive index can be easily modified by the substitution of Te by Se. This opens a way toward the fabrication of double index optical fiber. A double index optical fiber [23] with its core and clad composition to be Ge respectively has been prepared by traditional rod-in-tube method [35] . This method is only suitable for the preparation of single step-index multimode fiber with large core size.

However, a single mode fiber usually has a relatively small core (with a diameter of less than 30 µm). As a result, several steps of casting and drawing process are required to achieve the targeted core diameter. During this procedure, the crystallization of Te-based glass is almost inevitable. In this work, according to the evolution of the glass refractive index versus the ratio Se/Te, multi-mode (TGS3/TGS8) and single-mode double index fibers will be prepared by a novel "capillary" method. Note that single mode fiber often has a small refractive index difference between core and clad. Multi-mode fiber with the same core diameter but a higher refractive index contrast is prepared firstly for monitoring composition diffusion and controlling fiber drawing parameters. The design of core and clad compositions of single mode fiber will be explained later.

Influence of glass purity on optical properties

As explained before, the optical properties of Te-based glasses are very sensitive to the existence of impurities. Especially for optical fiber, the absorption of any tiny defect and impurity could be greatly amplified due to the long-distance propagation of light. The presence of defects in the glass structure (e.g. vacancies, over/under coordinated atoms)

and/or dopants and impurities can produce localized energy states taking place within the forbidden gap. The presence of such states, thus, enables optical absorption at frequencies within the transmission window. When such absorption processes are at frequencies resonant with the operational wavelength of the fiber, such structural elements present a significant problem in the development of low-loss fiber optic system. Among the impurities, the most common light-absorbing species are oxide, water (hydroxyl -OH), and hydride within the glass structure, and their presence result in significant absorption (Table 1.1).

Table 1.1 Typical absorption bands position of impurities in chalcogenide glass

Absorption band [µm] 2.9 4.0 4.5 4.9 (dotted line) and without (solid line) purification [36] .

Purification of the starting elements

The high purity elements (5N, 6N) used for the experiments are stored in a glove box under the protection of argon. However, free of H 2 O (0 ppm) and O 2 (0 ppm) is not enough, because this characterization of purity does not take into account the solid state oxides. In addition, a special technique for purification of starting elements should be implemented to avoid the vibration absorptions of oxide, hydride, hydroxyl, etc.

In this work, Te (6N, Nippon Mining & Metals Co.), due to its high purity, requires no extra purification. For germanium (5N, Umicore Electro-Optic Materials), as both Ge and GeO 2 exhibit a high melting temperature T m (T m (Ge)= 938.25˚C and T m (GeO 2 )=1115˚C), it is difficult to do the purification. Both the two elements will be purified during glass synthesis, using aluminum (5N) as absorbent to trap oxygen as aluminum oxide, alumina.

The mechanism of selenium purification is based on the difference of vapor pressure between Se (0.24 mm Hg at 300 ˚C) and SeO 2 (200.05 mm Hg at 300 ˚C). During heating, SeO 2 will become vapor and escape from selenium.

To do this purification, we introduce, in a glove box, selenium in a silica ampoule previously cleaned and dried under vacuum (Figure 1.5). As SeO 2 is not adhesive to silica tube, to avoid the drop back of SeO 2 , upper part of the purification chamber should be narrowed. After the seal of inlet, the set-up is settled under vacuum. In order to capture the impurities escape from Se, a silica trap immersed in liquid nitrogen is settled before the vacuum pump and acts as a kind of 'filter' to protect the pump. Then the furnace temperature is gradually increased to 240˚C (controlled by thermocouple) and maintained at this temperature for 4 hours. The ampoule is then cooled, sealed, and opened in glove box. 

Synthesis of the bulk glass

For the preparation of high-quality optical fiber, the purification of the glass starting elements is not sufficient. Additional purification of the glass needs to be implemented. In order to check the purification efficiency, a comparison of TGS glasses with and without purification has been done by the traditional melting-quenching technique. In order to avoid introduction of extra pollution, all the glasses have to be synthesized in clean silica glass ampoules under vacuum.

Synthesis of glasses without purification

For Te-based glasses synthesis, it is essential to operate in closed systems under anaerobic condition because of the high vapor pressure of chalcogenide melt and the tendency to react with oxygen, particularly at higher temperatures. Consequently, chalcogenide glasses have To avoid oxidation, raw elements were weighted under the protection of argon and transferred to a quartz tube which can be closed by a tap in glove box. In view of the low stability of the TGS glass compared to Se-based glasses, the internal diameter of the silica tube is lowered to 7mm. The tube was then connected to a trap immersed in liquid nitrogen and evacuated (10 -5 millibar) using a mechanical-diffusion pump system for 2 hours. The silica tube containing the raw elements was sealed and put into a rocking furnace afterwards.

After homogenization at 750˚C for 10 hours, the TGS glass was quenched at 500˚C in water and annealing at 160˚C for 3 hours in a chamber furnace. The thermal profile is shown in 

Synthesis of glasses by one-step purification process

As germanium is really difficult to be purified due to the high melting temperature of both

Ge and GeO 2 , extra purification have to be implemented during the glass preform preparation procedure. For Te-based chalcogenide glasses, aluminum is a well-known oxygen getter [37,38] and can have a redox reaction with other oxide.

→ (1.1)

This is due to the strong reducing behavior of aluminum compared to other metals M. The generated alumina Al 2 O 3 remains in the chamber during distillation procedure due to its high melting temperature (2072˚C) and extremely low vapor pressure. In order to analyze the distillation procedure, the melting temperature T m , boiling temperature T b , and the temperatures needed for the indicated pressure of Te, Ge, Se and Al are listed in Table 1.2. Temperature in °C for the indicated pressure [39] 1 [40] .

In this work, the glass was synthesized using a one-step purification method as shown in 

Synthesis of glasses by two-steps purification process

During the one-step purification procedure, the elements distillation and the redox reaction between aluminum trapper and oxide occurred simultaneously. In order to obtain a better contact between aluminum trapper and the mixture, a new two-steps purification method has been developed as shown in Figure 1.9.

The initial elements together with Al are firstly sealed into silica tube. The glass containing 100 ppm of aluminum is prepared by traditional melting-quenching technique.

Therefore oxide in the glass constituent elements could well react with Al during the chemical purification process. Then, the mixture containing alumina is transferred to another silica chamber for distillation in order to trap alumina. All the parameters for glass synthesis and distillation process are the same as for the first method. The final glass, obtained after annealing, can be directly used as glass preform for single index fiber drawing. 

Elemental Analysis of TGS Glass by EDS

Energy-Dispersive X-ray Spectroscopy (EDS) is a qualitative and quantitative X-ray micro-analytical technique that can provide information on the chemical composition of a sample for elements with atomic number (Z) >3. The incident beam injects an electron in an inner shell and create an electron hole in the orbital, resulting in a high-energy unstable configuration for the atom. An electron from an outer, higher-energy orbital then fills the hole, and the excess energy is emitted in the form of characteristic X-ray. The number and energy of the characteristic X-rays emitted from a specimen can be measured by an energydispersive spectrometer, which allows measuring the elemental composition of the specimen.

The schematic principle diagram and a typical EDS spectrum (Jeol JSM 7000F, Oxford Instruments) of a TGS glass are shown in Figure 1.10. The measurement accuracy is ±1%. For the glass preform preparation, it should be emphasized here that the final configuration of the optical fiber requires a control of the composition of the glasses during the synthesis. During the purification steps, a compromise must be found between efficient purification and conservation of the stoichiometry of the glass. By EDS, the actual composition of two-steps purified TGS3 glass is confirmed to be Ge 20.1 Te 76.6 Se 3.3 , which is consistent with the initial composition. The both glasses show similar T g and T x values. The temperature difference ∆T is larger than 120°C. This signifies that the different purification steps do not alter the thermal stability of the final glass and the glass is stable enough for fiber drawing. Nevertheless, at this stage, it is still too early to choose the better purification procedure.

Optical transmittance

In optics and spectroscopy, transmittance is the fraction of incident light at a specified wavelength transmitted through a sample. The principle of infrared transmission measurement is based on the comparison of the optical signal detected before (I o ) and after (I t ) passing through the sample. The transmittance is given as a percentage, and can be defined as:

% 100 (1.2)
A glass transmission spectrum is obtained when the measurement is performed over a wide range of wavelengths. By analyzing the peaks shown in the spectrum, the chemical bond absorbing the light can be identified. As shown in Figure 1.12a, the reflection of the beam at each interface is not negligible if refractive index difference between two different media is high. To give account of the Fresnel losses, the equation 1.3 has to be considered when incident light is perpendicular to the surface of the sample.

(1.3)
where, R is reflection coefficient; n 1 and n 2 are refractive indices of the two contact media.

Note that reflection by a glass comes from the front side as well as the back side, and that some of the light bounces back and forth a number of times between the two sides. The combined reflection coefficient ( ) for this case is shown in Eq. (1.4), when interference can be neglected. For all glasses, the transmission limit at short wavelengths is due to electronic transitions from valence band to conduction band. The cut-off at large wavelengths (multi-phonon absorption) is the result of fundamental vibrations of chemical bonds constituting the glassy network. The vibration frequency ( ) for a diatomic molecule AB is expressed as follows,

1 2 * ! (1.5)
where ! " # " $ " # %" $ is the reduced mass, k is force constant, m A and m B are atomic masses.

As a result, a glass based on heavier atoms exhibits smaller vibration frequencies.

Therefore, telluride glass show a wider transmission window extended to far infrared region compared to sulfide and selenide glasses (Figure 1.12 b).

In order to check the multi-phonon cut-off wavelength of the TGS3 glass, the infrared transmittance was measured using an optical polished glass disk with thickness around 1.0 mm. In Figure 1.13, optical transmittance spectra of bulk glasses before and after two-steps purification are compared. This comparison demonstrates the benefit of the two-step purification procedure. In particular, it can be observed that after this purification, the Ge-O absorption broad band at 13 µm has been totally removed. Also, purified TGS3 glass shows a very flat transmission window from 3 µm up to 18 µm. The absorption shoulders at 19 µm and 22 µm are caused by Ge-Se and Ge-Te vibration respectively.

Single index fiber preparation and characterization 1.4.1 Fiber drawing principle and process

The fabrication of the fibers was carried out under a helium controlled atmosphere thanks to a home-made fiber tower. The photograph of the fiber drawing tower and schematic diagram of fiber drawing process are shown in Figure 1.14.

To prepare a chalcogenide optical fiber, the glass preform is settled vertically in the ring furnace chamber. To avoid the presence of H 2 O and O 2 in atmosphere, the chamber should be purged under a flow of argon at 3 L/min for at least 2 hours. Before drawing fiber, the gas flow needs to be converted into He (3 L/min) for a better thermal conductivity. Two successive sweeps at 120°C are operated to remove the last traces of moisture present on the surface of the preform. Then glass is then heated to its softening point and the first glass drop is generated by the effect of its own weight. Then the fiber is stretched and fixed on the drum.

Once the fiber is fixed, by changing the processing parameters such as preform descent speed (& ' ) and drum rotation speed (& ( ), fibers with various diameters can be prepared in the range 500 to 40 µm typically. Basically, & ' and & ( can be determined from a simple principle, the volumes of glass preform and of the obtained fiber remaining equal:

∅ ' 4 & ' ∅ + 4 & ( (1.6) 
Here, ∅ ' and ∅ + are the diameters of the preform and the fiber respectively. Typically, & ' is several millimeters per minute. In the process of fiber drawing, by fixing & ' and adjusting & ( (0.1~10///1 ), one can easily control the fiber diameter.

Optical fibers have been drawn from glass preforms prepared using one or two steps of purification as described above. The final diameter of the fiber was controlled to be 440 µm.

The typical fiber drawing parameters of the TGS glasses are listed in Table 1.3. The glass preform, first drop and single index fiber are shown in Figure 1.15. After drawing, fiber surface remains shiny and shows no visible crystallization. 

Fiber optical properties characterization

When light propagates in an optical fiber, a part of the optical energy is lost by interaction with the glassy material. As the light transmits much longer in fiber than in a bulk glass disc, the losses are much higher at the output of the optical fiber. The measurement of the optical losses is essential to characterize the optical behavior of the fibers. Empirical research has shown that the power losses in an optical fiber are caused primarily by both scattering and absorption. Indeed, beside intrinsic absorption loss, the impurities such as hydroxyl group and oxides can induce extra light losses in a fiber at some wavelengths. Therefore, due to the high sensitivity of optical fibers to the presence of any impurity, optical attenuation measurement is the most efficient method to evaluate the glass quality after purification.

Cutback technique

The cutback method is the most common way to measure the attenuation (Fig.I.18). The method consists in comparing the output powers of different fiber lengths by cutting the fiber step by step. On this basis, the fiber attenuation coefficient (2) can be calculated from

2 10 3 3 lg (1.7)
where 3 and 3 represent the fiber lengths before and after cut, and represent the output powers before and after cut respectively. 

Optical losses of fibers after 1-step and 2-steps purification processes

The optical losses were measured thanks to a Bruker Vector 27 FT-IR Spectrometer and the output signal of the fiber is focused on a mercury cadmium telluride (MCT) detector cooled by liquid nitrogen. The optical losses of TGS3 fibers with one and two-steps purifications were calculated from Equation (1.7) and compared in the Figure 1.17.

Clearly, with the two-steps purification methods, the minimum of optical attenuation has been significantly decreased from 11.5dB/m to 6.5dB/m at around 10.5 µm. This value is almost the limitation for a telluride glass fiber due to large quantity of free electrons at room temperature inherent to the semi-conducting behavior of the tellurium. Combined with previous DSC results, it can be drawn that by using two-steps purification, glass stability could be well maintained and the optical loss of single index fiber could be greatly decreased. On the other hand, compared to Se-based glass fiber (Figure 1.4), this Te-based glass fiber shows a transmission extending further in the mid-infrared up to 14.5 µm. By adding Se, which is a famous glass network former, the TGS3 glass stability is greatly enhanced compared to GeTe 4 glass. However, as a lighter element, the presence of Se induces an obvious absorption shoulder around 12.5 µm. Other intrinsic absorptions, such as phonon cutoff, are caused by the glasses constituent elements and cannot be eliminated.

Double index fiber preparation and characterization 1.5.1 Fiber design for single-mode and multi-mode propagation

Light propagation in double index fiber

Optical fibers are widely used in fiber-optic communications, illumination and other applications including sensors and fiber lasers. Most often, an optical fiber is composed of a core, a cladding and generally a protective coating. There are two types of optical fiber: multimode and single-mode. The core diameter of a multimode fiber is generally larger than for a single-mode fiber, making the light to have several propagation modes. Multimode fibers can be classified into graded-index and step-index, depending on the reflection index distribution between the core and the clad. On graded-index fiber, the change is gradual, while on step-index fiber, the change is abrupt. For both the two kinds of multimode fibers, the light transfer routes are different between low-order and high-order mode, generating dispersion. For single-mode fiber, as the light has only one way of travelling inside the fiber core, dispersion is really limited. The typical fiber structures and light propagation behavior are shown in Figure 1.18. where 9 :; is the core diameter, < is the wavelength of the light passing through the fiber core. => is the abbreviation of numerical aperture and can be calculated from the refractive index of core :; and clad ?@( . => A :;

?@( (1.9)

For chalcogenide double index fiber, considering the complexity of double index fiber preparation and the composition control of both core and clad, the commonly used parameters to design single-mode fiber are listed in Table 1.4. 

Fiber composition design for single-mode and multimode propagation

The most common type of single mode fiber has a core diameter much smaller than multimode fibers and is designed for use in the near infrared from silica glass. In order to design step-index multimode and single-mode fiber the refractive indexes of the glass have to be known. Thus, the evolution of the refractive index of the TGS glasses versus the ratio Se/Te was measured from the optical transmission property of the glass (Figure 1.19 a). It is the easiest method to evaluate the refractive indexes, but the accuracy is no more than 10 -3 .

It is clear that by substituting Te by Se, the refractive index of the glass can be modified in Based on this, the glass refractive index G?@HH can be directly calculated using the concentration of selenium K L; (%). On the basis of this finding, Te 76 Ge 21 Se 3 and Te 75.5 Ge 21 Se 3.5 (TGS3.5) compositions were selected as the core and clad compositions of the single-mode fiber. Indeed, G?@HH are estimated to be 3.380 and 3.374 respectively. When the core diameter is around 25 µm, the wavelength threshold value is calculated to be around 7 µm using Eq. (1.8) and (1.9). When the operating wavelength is larger than 7 µm, the TGS3/TGS3.5 step index fiber is single-mode fiber. [23] For step-index multimode fibers, the compositions selected to manufacture the core and clad are TGS3 and TGS8 respectively, ensuring a ∆ between core and clad equal to 0.07 in the working wavelength range. This quite large ∆ was chosen on purpose in order to be sure that this multimode step index fiber will properly guide infrared light. Recently, TGS3/TGS8 multimode fiber with a large core (200 µm) has been successfully prepared [23] . Here, the core and clad diameters used for single mode propagation were also used to prepare the multimode fiber. Nevertheless, the ultimate goal is to design a single-mode optical fiber.

Capillary method introduction

Drawing backs of rod-in-tube method

Due to the high crystallization tendency of Te-based glasses, the key step for double index fiber is the successful production of preform without crystallization. For selenide glass, the common method used to design double index fiber is the so-called "rod in tube" technique. It requires several steps, including draw of the rod, and preparation of the tube by rotational casting, and draw of the preform with rod inside the tube. Depending on the desired final dimensions, the second and third steps can be repeated several times. However, as "rod in tube" technique asks for several times of casting and drawing process in order to get the desired core diameter (Figure 1.20 a) for single mode propagation, it is not suitable for the glass having a high tendency to crystallize. From a previous study, it has been shown that after the casting process, crystals will appear on the surface of telluride glass (Figure 1.20 b).

Hence, a new technique needs to be developed to decrease the tendency of crystallization during preform preparation and fiber drawing proceeds for Te-based glasses. 

Strategy of capillary method

Capillary method, which has been developed for the fabrication of microstructured optical fibers [41] , comes into our sight. A microstructure fiber which can guide light similar to double index fiber is drawn from a preform constituted by a series of hexagonal capillaries. An array of silica capillaries are used to mold the chalcogenide glass and are removed by hydrofluoric acid (HF) before fiber drawing.

For the preparation of the double index fiber, a modified capillary method is applied (Figure 1.21). A cylindrical glass set-up with only one silica capillary in the center was used to mold melted telluride glass. After quenching and annealing, the glass preform for clad was immersed in HF for 30 minutes to remove the silica capillary, and then thoroughly cleaned in deionized water. The fiber, drawn from a glass with a higher refractive index, was then introduced in the capillary and drawn again together with the jacket tube to prepare double index fiber.

By using this method, one step is enough to get the preform for double index fiber.

Compared to traditional rod-in-tube method, this new technique prevents from drawing the rod several times and minimizes the crystallization tendency. Thanks to this method, the fibers with their core and clad compositions to be TGS3/TGS8 and TGS3/TGS3.5 respectively were successfully drawn. 

Feasibility study of the capillary method

Capillary morphology controlling

The preparation of high-quality double index fiber strongly depends on the the quality of the preform. Therefore, the morphology of the silica capillary used for preform molding, such as its straightness and the shape of its cross section, should be checked. The silica capillary surface quality and its cross-section shape can be seen in Figure 1.22.

Figure 1.22 Optical microscope images of silica capillary surface and cross-section

After repeated observations, it can be concluded that the capillary used in the molding experiment shows a perfect cylindrical shape and a circular cross section. The capillary diameter is precisely to be 520 µm. In addition, the capillary surface is shiny without visible defects.

Influence of hydrofluoric acid on glass surface

In the industrial field, hydrogen fluoride (HF) is used commonly to etch silicon dioxide. In this study, HF is also used to remove the silica capillary by immersing the molded telluride glass preform inside the hydrofluoric acid for 30 minutes. The reaction between HF and SiO 2 can be described as

4OP Q1R Q1P S 2O R (1.11)
As an acid with a strong causticity, the effect of HF on chalcogenide glass needs to be studied to confirm that the etching process would not induce corrosion and other surface It can be seen that after contact with HF up to 4 hours, the transmittance spectra are exactly the same. The cut-on wavelength and the transmittance value at shorter wavelength, which are sensitive to micro scale defects, show no variation. This indicates that the TGS glasses are stable in HF acid.

To confirm our conclusion, optical microscope photos of glass surface after different reaction time with HF are also shown in Figure 1.24. The results also show that HF would not corrode the surface of chalcogenide glass when the contact time is limited (less than 4 hours). 

Multimode TGS3/TGS8 fiber investigation

As explained above, to carry out the Darwin project, it is necessary to develop a single mode optical fiber transmitting signal beyond 12 µm. TGS glasses with a few percentage of Se, due to its proper thermal stability (ΔT=120°C) and the simplicity of refractive index adjustment, are good candidates. Due to a better stability of TGS8 caused by a higher proportion of selenium, TGS3 and TGS8 are chosen as core and clad compositions respectively to evaluate the suitability of the novel capillary method for single-mode optical fiber preparation.

Double index fiber preparation

To prepare a preform for double index fiber, a TGS3 fresh fiber (450µm) should be thread into the hole (520µm) of the TGS8 preform. Pictures of the TGS3/TGS8 preform obtained are presented in Figure 1.25. To avoid trace amounts of water molecules at the glass surface, beside an argon purge of the chamber, it is also essential to introduce a small flow of He between TGS3.5 fiber and TGS3 preform. After two hours of purging, the double index fiber with its core and clad to be 20µm and 310µm respectively was obtained by drawing the twoglass preform.

During the fiber drawing process, the parameters, such as furnace temperature and helium flow, were kept exactly the same as for the preparation of TGS3 single-index fiber. Spaces between fiber and preform were eliminated upon drawing thanks to a vacuum system. 

Losses of TGS3/TGS8 optical fiber

The optical loss of TGS3/TGS8 fiber was measured using the cut-back method. However, to obtain the optical losses precisely at high attenuation regions, the fiber should be quite short so as to get enough optical signals for attenuation calculation. Therefore, the precise attenuation curve of the TGS3/TGS8 double index fiber was tested by cutting the fiber of different lengths: longer for low attenuation region and shorter for high attenuation region.

The combined attenuation curve is shown in Figure 1.26. The attenuation curve of TGS3 single index fiber, which is used as the core of this double index fiber, is also displayed for comparison. The fiber lengths before and after cutting are listed in Table 1.5. This double index Te-based glass fiber shows a large signal transmission region up to 16 µm. This is much broader than for selenide glass fibers which stop transmitting signal beyond 12 µm for the best of them. Compared with the optical attenuation value (8.2 dB/m at 10.7 µm) of TGS3 single index fiber, TGS3/TGS8 double index fiber shows stronger optical loss (11.5 dB/m at 10.7 µm). Meanwhile, a series of broad band absorption peaks between 3 and 11 µm are observed. The potential explanation could be the light scattering caused by defects between the core and clad during the light reflection process.

Composition distribution study of TGS3/TGS8 fiber cross-section

According to previous experience in the preparation of all solid microstructured fiber by using capillary method, inappropriate fiber drawing parameters may cause: a) A composition diffusion between core and clad.

b) A cross-sectional shape change of the core. c) A space between core and clad.

For TGS3/TGS8 double index fiber, due to the large refractive indices difference, the interface between core and clad can be clearly observed using both optical microscope and scanning electron microscope (Figure 1.27). After fiber drawing, the core kept a regular circle shape and the space between TGS3 fiber and TGS8 preform was totally eliminated. As a result, all the fiber drawing parameters, such as temperature and vacuum between core and clad, were confirmed to be proper. Nevertheless, defects at the interface can be observed, confirming our previous prediction from the extra absorption peaks in attenuation curve. 

Propagation characteristics of the TGS3/TGS8 fiber

To control the propagation of light in the core of the prepared TGS3/TGS8 double index fiber, a coherent light source should be used. The principle of the measurement consists in the injection of an infrared interference light at 10.3 µm emitted by a tunable CO 2 laser. The infrared light was focused and injected into the fiber core with the help of ZnSe lens. The signal at the output of the fiber was observed with a camera (FLIR ThermaCAM E300)

equipped with an infrared detector operating in the 7 to13 µm range at room temperature. A germanium lens is placed near the output of the fiber in order to ensure a focalization on the camera sensor (Figure 1.29). By taking an enlarged image of the core (Figure 1.30 c), it can be seen that the output light show a regular round shape. This phenomenon is very similar to single-mode propagation, which shows a fundamental mode bell-shaped spatial distribution similar to the Gaussian distribution [42] . The 2D profiles of light distribution in both horizontal (X axis) and vertical (Y axis) direction were studied in Figure 1.31.

Due to the removal of multimodes confined in fiber clad and the image amplification generated by germanium lens, it is quite difficult to monitor the border of fiber cross section.

Therefore, the beam width cannot be calculated. In Similar to 2D profile, this 3D profile also follows an obvious Gaussian distribution.

Indeed, the light distribution of TGS3/TGS8 fiber is in compliance with the two principles mentioned above. Therefore, although this double index fiber was designed to be a multimode fiber, it shows an experimental single mode behavior. Indeed, the normalized frequency (V) of TGS3/TGS8 fiber is calculated to be 4.136, which is not so far from 2.405.

The exact number of mode cannot be easily calculated, because the equations using V to calculate the mode numbers of multimode fiber are not proper for fibers carrying only a few modes.

A first attempt of single mode TGS3/TGS3.5 preparation

Based on the positive results obtained from TGS3/TGS8 multimode fiber, the first attempt of single mode optical preparation using capillary method was carried out. TGS3 and TGS3.5

are chosen as core and clad compositions respectively.

Double index fiber preparation

The preform preparation process and fiber drawing parameters were kept exactly the same as for TGSe3/TGSe8 multimode fiber. The TGS3/TGS3.5 double index optical fiber was successfully prepared with its core and clad to be 20µm and 310µm respectively. Due to the composition similarity of TGS3 and TGS3.5 glasses, the refractive indices of the two are similar. Thus, the interface between core and clad is impossible to be observed by both SEM and optical microscope.

Optical fiber losses

To monitor impurities and defects inside the fiber and at the interface between core and clad, optical loss of the TGS3/TGS3.5 double index fiber was measured using the cutback technique (Figure 1.33).

In order to obtain accurate values in both strong and low attenuation region, the optical loss between 5 µm and 13 µm was obtained by cutting the fiber from 124 cm to 35 cm.

Meanwhile, the value before 5 µm and beyond 13 µm was calculated from the output signal intensity of fibers with their length to be 35 cm to 19 cm respectively.

Similar to the TGS3/TGS8 multimode fiber, the TGS3/TGS3.5 double-index glass optical fiber also show a broad signal transmission band from 3 µm up to 16 µm (Figure 1.33).

Selenium absorption shoulder at around 12.5 µm can also be observed. The minimum attenuation value is 7.5dB/m at 10.5 µm. However, the series of broad band absorption peaks between 3 and 11 µm caused by the defects between the core and clad in TGS3/TGS8 multimode fiber are not visible here. This phenomenon is perhaps caused by crystallization or defects at the core and clad interface.

Note that both the glass thermal stability and the fiber attenuation are quite sensitive to the existence of small percentage of crystals. To confirm our prediction, TGS3 glass is chosen as an example for further investigation. The evolution of thermal stability from bulk glass to fiber will be explored. Optical losses of fibers obtained from different fiber drawing procedures will be also measured.

Thermal stability investigation of TGS glass and fiber

Compared to Se-based glasses, Te-based glasses possess an intrinsic tendency to crystallize due to the long chain structure and free electrons of Te. However, in order to prepared Te-based double index fiber using the capillary method, the core should be drawn at least two times. Therefore, the comparison of thermal stability between bulk glass and optical fiber should be studied. In this chapter, TGS3 glass, as an example, will be systematically studied.

Comparison of the thermal stability of TGS3 glass and fiber

Small pieces of TGS3 bulk glass and fiber were chosen for DSC test in order to confirm the glass thermal stability before and after fiber drawing process. Therefore, fiber drawing parameters should be controlled more precisely in order to solve this problem.

Influence of the fiber drawing times on TGS3 glass stability

Two-steps fiber drawing process

According to the prediction, the heat during fiber drawing process could make the fiber surface crystallized and destroy the glass stability. In order to study the influence of fiber drawing times on TGS3 glass stability, the preform was firstly drawn into a stick (∅ 2.5//) and then into a fiber (Figure 1.37).

Figure 1.37 Schematic diagram of two-steps fiber drawing process

This new procedure is called "two-steps fiber drawing process". The fiber drawing parameters are listed below (Table 1 By comparing the two tables, we can conclude that both the heating temperatures and tension used for the elaboration of stick are much higher than for the fiber. Indeed, for the preparation of a stick, the preform feed speed is increased. This means that the temperature must be increased in order to maintain the viscosity of glass preform proper for the fibering.

At the same time, as the diameter of the stick is much larger than fiber, a larger tension is quite normal to be observed.

Thermal stability and optical properties of two-steps drawing TGS3 fiber

The optical loss and stability of this fiber were compared with the fiber drawn directly from the same preform.

To verify the thermal stability, DSC curves (Figure 1.38) of the TGS3 bulk, the stick and the fiber obtained after two drawing were measured and compared. Compared with glass preform and stick, T of glass fiber has been decreased for more than 20°C, generating an obvious ΔT decrease. Indeed, the preform high surface energy caused by broken bonds may induce a surface crystallization during fiber drawing. Compared with stick, this surface crystallization has a larger influence on fiber thermal stability due to a higher surface ratio, inducing an obvious T x value variation. To check the influence of the fiber drawing procedures on optical losses, a new fiber was drawn directly from the same preform using parameters listed in Table 1.3. The light attenuation of the two TGS3 fibers obtained by drawing the preform and stick respectively were also tested (Figure 1.39). Comparing optical losses of the two fibers, there is no obvious differences. The most possible explanation is that the precipitated crystals are nano-scale and their growth is stopped when the fiber goes out of the furnace heating region. These nanoscale crystals will not cause obvious scattering of infrared light at the wavelength larger than 4µm. However, as nucleation agents, they can significantly reduce the glass thermal stability.

Influence of preform speed on TGS3 glass stability

For telluride glass, during the fiber drawing process, staying too much time in the heating zone could cause the surface crystallization. From previous studies, it was found that there was no obvious thermal stability change when the glass preform was passing through the heating zone fast and drawn into glass stick. Therefore, beside normal preform speed of It can be seen that the increase of preform speed could not cause significant changes in both the glass thermal stability and the fiber optical losses. Therefore, it is not a good way to maintain the glass thermal stability by fiber drawing using higher preform speed.

In general, we can conclude from this part of our study that the thermal stabilities of TGS3 fibers prepared using different fiber drawing procedures are all reduced compared with bulk glass. This phenomenon is probably caused by surface nucleation and crystallization. In a double index fiber, the light is guided inside the core by the total reflection at the core/clad interface. Therefore, the crystallization of TGS3 fiber, which will be drawn into fiber core, is not negligible. However, TGS3/TGS8 double index fiber has already been successfully prepared. As a result, we can predict that by coordinating fiber drawing parameters precisely and carefully polishing preform surface in the future, it is quite possible to prepare the good single mode fiber.

Conclusion

Both Darwin mission (European Space Agency) and Terrestrial Planet Finder (National Aeronautics and Space Administration) aim at the spectral analysis of the atmosphere of exoplanets to detect the traces of water, ozone and carbon dioxide whose signatures in the infrared are 6, 9 and 15 microns respectively. For detection of infrared signal beyond 12 µm, Te-Ge-Se ternary glasses with limited Se content (U 8%) have been selected thanks to their proper thermal stability and to the simplicity of composition control.

To obtain high quality preforms for fiber drawing, the thermal stability and optical properties of glasses prepared without purification and with one-step or two-steps purifications have been analyzed and compared. In order to provide a good contact between raw material and aluminum absorbent, two-steps chemical-distillation purification was successfully developed. Thanks to this new purification technique, the optical losses of TGSe3 fiber have been lowered significantly. The minimum of attenuation is now about 6dB/m located at 10.5 microns, which is almost the limit for telluride glass fiber due to large quantity of free electrons at room temperature.

Then, in order to get single mode fiber transmitting properly the light, a new way to make the preform, called capillary method, has also been developed alternatively to the classical rod in tube method. Thus, high purity TGS3/TGS8 double index fiber with its minimum attenuation to be 11.5dB/m at 10.7 µm has been successfully fabricated. The fiber propagation property has been checked with a tunable CO 2 laser and a FLIR ThermaCAM E300 infrared camera. After removing the confined cladding mode, the output light shows a regular round shape and the intensity profile exhibit a Gaussian shape. Although this double index fiber was designed to be a multimode fiber, it shows an obvious experimental single mode character.

Based on this promising result, a new fiber designed to be single mode has been prepared

and characterized. This new achievement was not successful since it has not been possible to detect any optical signal at the output of the fiber. It has been shown that this failure was probably due to defects and crystallization generated at the interface during two-times fiber drawing process.

Thus, these exhaustive and systematic works have enabled to pave the way toward the manufacturing of a single mode fiber. Effort will focus on the preform polishing in order to limit crystallization effect during the fibering process.

Introduction

For numerous molecules, the fingerprinting region of the fundamental vibration is located between 2.5 and 25 µm. Due to the complex and specific absorption bands of molecules associated to their unique structure, the pattern in the fingerprinting region is completely different and could therefore be used to identify the compound. That is the reason why midinfrared spectroscopy is a well-known and widely used technique for the detection, the identification and the monitoring of (bio-) chemical molecular species. Chalcogenide optical fibers, thanks to their flexibility and far-infrared transmission ability, are very convenient devices for remote [1] , real-time [2] and in-situ [3] analysis. Selenide optical fibers have been used along the past ten years to carry out Fiber Evanescent Spectroscopy (FEWS) in different fields of activities. Nevertheless, to obtain richer information beyond 12 µm, which is the transmittance limitation of Se-based fiber [4][5][6] , Te-based glass have to be developed. Such fibers also permit the detection of CO 2 , which absorbs at 15 µm on planets located far from our solar system in the frame of space programs exploring terrestrial planet, as introduced in chapter 1. To meet the requirements of the final users Te-based glasses have to be stable enough to be reshaped at high temperature into optical fibers for example. For fiber drawing process, the temperature difference ∆T between and has to be larger than 120 °C.

Te-Ge-Se glass system (TGS glass), see chapter 1, has been proved to be a good candidate [7][8][9] . Nevertheless, the few percentages of Se in this system can cause significant Ge-Se absorption band limiting the mid-infrared transmission owing to its light atom weight.

Indeed, this can generate a negative impact on the fiber cut-off wavelength due to the long light propagation distance in an optical fiber. Meanwhile, we have also observed in the first chapter that for TGS glass fiber, a small content of surface nucleation and crystallization cannot be avoided during fiber drawing process. As a result, new stable pure telluride glass systems without Se should be explored.

Based on previous results, iodine can effectively enhance the glass forming ability of Tebased glass [10] . Indeed, as electronegative element, it is clear that iodine plays a benefit role to trap the electronic charges [10,11] . Indeed, iodine has a [Kr] 4d 10 5s 2 5p 5 electron configuration.

Its electronegativity is 2.66, which is larger than most of other glass forming elements, such as Te (2.1) and Ge (2.01). During the glass synthesis procedure, iodine will tend to trap one electron to form [Kr] 4d 10 5s 2 5p 6 stable full configuration, acting as a kind of electron absorber. This behavior should decrease the free electron concentration, and as a result make the glass more stable. Moreover, iodine is a heavy element and will not impede the midinfrared transparency.

It must be mentioned that while the presence of iodine is beneficial for stabilizing the glass, it also has an intrinsic volatility and would like to escape from glass during synthesis [12] , making the glass composition difficult to be controlled. To improve this drawback, adding iodine as a form of salt appeared as a promising strategy. Thus, the Te-Ge-AgI glass system has been explored recently [13][14][15] . This new glass system has a very good thermal stability. In fact, DSC curves of glasses with 10, 15 and 20% of AgI show no obvious crystallization peak [13] , which has never been found in other Te-based glass systems. In order to better understand the role played by Ag and I into the glassy network, GeTe 4 initial glass has been doped with Ag, I and AgI separately.

A series of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses were synthesized using traditional melt quenching method. Their basic physical properties were measured, including thermal stability, density, electrical and ionic conductivity, in correlation with some glass local structure investigations. The motivation is to try to find some explanation to their especially good thermal stability. Meanwhile, their optical properties, i.e. infrared transmittance spectra and optical band gap were also studied in order to develop its potential applications in optics.

Selection of glass compositions

The (GeTe 4 ) 100-x AgI x (TG-AgI) glass system has a better thermal stability than any other Te-based glass systems. Indeed, DSC curves of the glasses with 10, 15 and 20% AgI show no visible crystallization. To better understand the benefit of the introduction of AgI in the glass composition, a large range of glass compositions have been prepared including composition with smaller AgI concentration. Meanwhile, (GeTe 4 ) 100-x Ag x (TG-Ag) and (GeTe 4 ) 100-x I x (TG-I) glasses were also prepared for comparison. A detailed list of the glass composition is shown in Table 2.1. The actual compositions of the synthesized glasses were also verified by EDS. To simplify the expression, glasses are named after AgI, Ag and I doping concentration. For I-doped glasses, the original concentration of iodine added into I-5 and I-14 glasses during weighing were 10% and 16% respectively. However, as a volatile element, iodine has a significant loss during vacuum and glass synthesis period [12] . Moreover, compared with final composition, the loss quantity of iodine is totally out of control and cannot be predicted.

That is why the I-doped glasses were properly named after the measurement of the actual iodine concentration.

For the TG-AgI series, the actual percentage of both Ge and I are always a bit lower compared to the designed glass stoichiometry. The fundamental reason is the generation of germanium iodide (GeI 4 ) during glass synthesis due to its low melting (T m =144°C) and boiling (T b =350°C) temperature. After quenching, small amount of yellow-orange crystals condensed on the top of the silica tube. The SEM image of this crystal is shown in Figure 2.1.

By EDS analysis at the same region, the composition is confirmed to be Ge 21.7 I 78.3 .

Nevertheless, by adding iodine as a form of salt, the composition controllability of TG-AgI glasses are much better. After synthesis, the most of the iodine atoms were kept inside the glass structure.

Based on the preparation of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses, a series of characterizations i.e. thermal stability, density, electrical and ionic conductivity were applied to explore the effects of Ag, I, and AgI inside GeTe 4 glasses and propose a structure model of (GeTe 4 ) 100-x AgI x glasses. Optical properties such as infrared transmittance and optical band gap were also investigated. ∆T shows that these glasses are rather instable against crystallization. The exact values of and are listed in Table 2.2. By adding Ag into GeTe 4 glasses, firstly show drop and then increase gradually. This phenomenon has also been observed by K. Ramesh [16] in Ge 15 Te 85-

x Ag x glass system. In addition, ∆T values of Ag-5 glass is 81.7 °C, which is almost the limitation of the glass can be prepared by melt quenching method. By adding more Ag, glass should be more unstable owning to a higher free electron concentration. However, the content of Ag in GeTe 4 glass can be up to 20 mol. %. According to reference [16] , this is because Ag in germanium telluride glasses forms its own connected structures and constrains the structural network more gradually, which maintains the glass-forming ability of Ag-Ge-Te system. Due to its [Kr] 4d 10 5s 2 5p 6 electron configuration, iodine often plays the role of terminal atom in chalcogenide glass [10] . In this ternary system, iodine is expected to take the place of Te and connect with Ge, breaking the Te-Te chains and randomly cutting the rings. As Te-Te homo-atomic bonds often act as a kind of nucleation agent and cause crystallization during heating, the incorporation of iodine into structure should improve the glass stability.

Meanwhile, the network connectivity caused by iodine gives some flexibility to the network [10] and as a result decreases the glass transition temperature [17] . This phenomenon has also been clearly observed in evolution from I-0 to I-14 (Figure 2.3). From Table 2.3, it can be found that by adding iodine, the shows an obvious decrease from 157.4°C to 137.9°C and then 126.3°C. Also, ∆T value becomes higher and the crystallization peak intensity rather decreases and spreads over a wider range of temperature. These observations mean that iodine actually improves the glass thermal stability. Nevertheless, even for the richer composition in iodine, the crystallization peaks remain visible and quite large. I-5 137.9 237.9 100 I-14 126.3 222.2 95.9

Thermal stability of (GeTe 4 ) 100-x AgI x glasses

To explore the thermal stability evolution of TG-AgI glasses with AgI content up to 30 mol. %, DSC curves were measured (Figure 2.4). T g , T x , and ∆T values are listed in Table 2.4. Compared to AgI-0 glass, only 5% of AgI already greatly enhances glass thermal stability. The TG-AgI glasses start to show no visible crystallization peak when AgI content is more than 10%. This is consistent with previous results [13,15] . For AgI-30, the glass started to show again a small crystallization peak, but the exothermic crystallization peak is very weak and even much smaller than T g .

VS Shiryaev [15] attributed this behavior to the incorporation of iodine atoms into glass structure breaking Te-Te bonds. This structural feature of Ge-Te-AgI glasses ensures a sufficient limitation of degree of freedom to prevent the rearrangement of glass network into regular crystalline structure. Nevertheless, this explanation is also valuable to describe the TG-I glasses for which the crystallization phenomena are clearly visible. Something special happens when iodine and silver are introduced simultaneously which needs to be understood. 2.4 show a monotonic decrease as AgI content increases.

As for the TG-I glasses, this is caused by the introduction of iodine which make the glass network more floppy. 

Thermal stability comparison of Ag, I and AgI-doped glasses

From previous result, one can find that the effects of Ag and I separately and AgI as a salt on glass thermal stability are quite different. In order to have a better understanding, the thermal stability of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses need to be directly compared and discussed.

Influence of iodine and AgI on T g

In Figure 2.5, one can observe that of both TG-AgI and TG-I have a clear declining trend as dopant concentration increases owing to the glass network disconnectivity caused by iodine. Especially for AgI-doped GeTe 4 glasses, experimental values show a quite good agreement with linear fit (R 2 =0.9656). As a result, the fitting formula can be used to predict the glass transition temperature of TG-AgI glasses with other dopant concentrations less than 30%. This will be really practical for synthesis of TG-AgI glasses in the future.

However, of glasses with the same mole fraction of AgI and I are quite different. For TG-AgI glasses, their values reduce more slowly than TG-I glasses. According to literature [16] , Ag in Ge-Te-Ag glass system can forms its own connected structures and constrains the structural network more gradually. As a result, we can propose that in our TG-AgI glass system, silver can constrain the glass structure to some extend and slow down the destruction of glass network caused by iodine. Hence, the good glass forming ability of TG-AgI glass is caused by the synergy effects of Ag and I. Clearly, to get this absence of any crystallization effect it is important to introduce simultaneously iodine and silver into the glass composition. Note that the internal structure of material determines its performance. To explain this synergy effect of Ag and I from the perspective of the microscopic structure, a series of physical properties should be investigated for building a glass structure model.

Physical properties of Te-Ge-X (X=Ag, I, and AgI) glasses

The properties of telluride glass, like all materials, are dictated by the types of atoms present, the types of bonding between the atoms, and the way the atoms are packed together.

The type of bonding and structure helps determine what type of properties a material will have. Hence, it is crucial to determine the connections between the microscopic structure and macroscopic properties of glasses. In this part, several typical physical properties will be explored in order to propose a reasonable glass structure model to explain the evolution of glass macroscopic properties.

Density, molar volume and packing density of glass

Measuring principle introduction

Density measurements

Glass density ( ) was measured at room temperature depending on Archimedes' principle, using ethanol (99.5 vol. %) as the immersion liquid. The density was obtained by employing the relation,

(2.1)
where is the weight of glass sample in air, is the height of glass sample in ethanol, and is density of ethanol (0.79089 g•cm -3 at 20 °C).

Molar volume and mass density calculations

To obtain molar volume, the molecular weight of the glass should firstly be calculated.

A typical equation to calculate glass molecular weight is,

! ! " # " 2% " & # ! " # " 2% " ' % ! " # " 2% " ( % ! " # " 2% (2.2)
where the fractional parts represent the proportion of each element of the total element, & ' , and ( are atom weights. On this basis, the molar volume ) *+, of the glass samples can be calculated from following expression,

) *+, (2.3) 
The mass density, which is also called number density, is defined as atom number per unit 

where 5 is atom radius, 7 is element percentage, andis Avogadro constant. Since the chalcogenide glasses are made from chemicals with similar electronegativities, these chalcogenide glasses possess predominantly covalent bonds [18] . To calculate 0 , the atom radius 5 of each elements is shown in Table 2.5. 

Relationship between density and glass structure

The density of a substance is its mass per unit of volume. It depends on the element percentage, atom weight, and mass density. As a result, even though density is a characteristic property, it cannot reveal any material internal structure. Mass density .

Density evolution

The density measurement is considered to be a very important tool to detect the structural changes in the glass network. The density is supposed to change abruptly when the structure of the glass is slightly changed. The densities of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses with different dopant concentration are measured using Archimedes' principle and shown in 

Glass molar volume and mass density

To exclude the influence of the glass composition on our structural analysis, Equations Ag is opposite. Glass became more constrained after doping, indicating that the Ag atoms rather act as glass former. AgI-doped glass, due to double effects of Ag and I, show a more gradual parameter variation. This is consistent with the previous inferences.

However, it is quite difficult to confirm our conclusion by just using ) *+, and .. For example, it is not possible to identify the structural role played by iodine: the mass density decreases because iodine break of Ge-Te skeleton or simply because of the iodine large radius? As a result, the different dimensions of the types of atoms must be taken into account. This is the reason of the packing density investigation.

Packing density

The packing densities of the glasses (Figure 2.9) were calculated using the covalent atomic radii listed in Table 2.5. Meanwhile, as previously discussed, silver acts as glass former by forming bonds with the vitreous skeleton.

Glass electrical conductivity results

Chalcogenide glasses are famous semiconductor materials with their band gap varying from less than 1 eV up to 3 eV depending on the composition. From S-based to Te-based glasses, due to the bond strength decreases, the degree of orbital overlap decline, generating a smaller band gap. As electrons are easier to be excited to conduction band by thermal energy in a narrow band gap material, band gap is a major factor determining the electrical conductivity of a solid. Indeed, Te-based glass, as the most conductive vitreous material, has already shown to be a promising material for thermoelectric application [19] .

Electrical conductivity measurement

Glass electrical conductivity is the reciprocal of its resistivity. In our experiment, the resistivity was measured by the method of four point probes. "Four point probes" is an easy method to test sheet electrical resistivity. A current is passed through the outer probes and induces a voltage in the inner voltage probes (Figure 2.10).

Figure 2.10 Mechanism of resistivity measurement by using a four point probe

The bulk resistivity could be measured using the voltage (V) and current (I) readings from the probe and sample thickness (d).

8Ω • 7 : 3 ;.2 < ) = 0.5324)< = (2.6)
The simple formula above works when the wafer thickness less than half the probe spacing (t < s/2). Conductivity σ is defined as the inverse of resistivity:

A8B • 7 CD : 1 (2.7)

Glass electrical conductivity analysis

The relationship between electrical conductivity logarithmic value and dopant concentration is shown in Figure 2.11.

Figure 2.11 Glass electrical conductivity evolution

It is quite interesting to find out that A of AgI-doped glasses are lower than both I-doped and Ag-doped GeTe 4 glasses with the same dopant concentration. In Ge-I polar covalent bond, electrons prefer to stay around iodine nucleus which has a higher electronegativity.

This behavior can change the electron cloud distribution and make iodine has a slight negative charge. That is why the GT-I glasses show a lower A than GeTe 4 glass. In GT-Ag glasses, the free electrons contribution from silver can go to glass network and increase A.

However, GT-AgI glasses have the lowest electrical conductivity. This phenomenon is induced by charge interactions between iodine and silver atoms blocking the trapped electron going back to glass network. It could also be the consequences of a better assimilation of iodine by the vitreous network compare to the GT-I glasses.

Glass conductivity by impedance spectroscopy

In 1921, Tubandt et al. found that solid AgI had extraordinary high ionic conductivity. At temperatures above 147 °C, AgI exhibits a phase transition from β phase to α phase. This high-temperature phase has an ionic conductivity similar to that of its liquid phase. Up to now, Fast-ion-conducting glasses comprise a class of solid electrolytes. They have attracted much attention for the last decade because of their potential applications in the solid-state batteries, fuel cell technologies and other electrochemical devices [20][21][22][23] . It has been proved

that ionic conductivity of borate and chalcogenide glasses can be enhanced by orders of magnitude upon increasing the concentration of silver iodide with relatively small and polarizable cations [24,25] .

As a result, it is quite interesting to investigate the electrical properties of TG-Ag and TG-AgI glasses, for providing more information to glass structure analysis and finding their potential applications as solid-state electrochemical devices.

Basics of electrochemical impedance spectroscopy

In a linear (or pseudo-linear) system, the current response to a sinusoidal potential will be a sinusoid at the same frequency but shifted in phase. An expression analogous to Ohm's Law allows us to calculate the impedance of the system as a complex number:

F G H = H I exp MGN = I exp MGN " O F I exp MO F I cos O M sin O (2.8)
where ω is the radial frequency; O is phase shift; M is imaginary number. In a Nyquist impedance plot (Figure 2.12), the real part (Z΄(ω)) of the impedance is plotted against the imaginary part (Z˝(ω)) for data collected at a series of frequencies.

Figure 2.12 A typical Nyquist impedance plot

When the transport of charge carriers is dominated by ionic charge carriers, ionic diffusion also can create impedance. This potential perturbation frequency dependent impedance is quite small at high frequencies, and become bigger at low frequencies. On a Nyquist Plot, besides a standard semicircle at the high frequency section, the impedance caused by ionic charge carriers appears as a diagonal line away from the Z΄(ω) axis.

To obtain a Nyquist Plot, the annealed glass disk with optical polished surface was used as solid electrolyte. The measurement cell was made by depositing gold electrodes on two parallel faces by a sputtering technique. The typical thickness and diameter of the disks are 1 mm and 7 mm, respectively. Electrochemical impedance of the electrochemical cell was measured using an Autolab workstation (PGSTAT302N) from 10°C up to 60°C with its frequency from 800kHz to 1Hz and shown as complex plane impedance spectrum. Then, the resistive impedance of the bulk electrolyte R was determined from the cross point of the fitted arc with the horizontal line. Actually, the electrical impedance measured here includes the impedance caused by both electrons and ions. Compare the impedance spectroscopy of AgI-10 and AgI-20 glasses, it can be observed that AgI-20 glass at low frequency region, the beginning of a polarization arm appears and turn away gradually from the Z΄(ω) axis. The occurrence of this polarization arm indicates a diffusion-controlled process [26] . At this low frequency region, the diffusion of active species can generate a space charge accumulation on the sample-electrode interface during potential oscillation. This is a typical feature of ion conductance. As a result, a transition of TG-AgI glasses from electronic to ionic conductors by increasing AgI content is predicted.

Ionic conduction contribution

For comparison, the electrochemical impedance spectroscopies of (GeTe 4 ) 100-x Ag x glasses were also measured at different temperatures. All the impedance arcs are similar to Figure 2.13a, with no tail, indicating an electronic conductivity.

To have a clear view of this charge carrier evolution, the impedance spectroscopy of TG-AgI glasses at 10°C were compared in It is clear that the ionic conductivity start to appear when AgI content is more than 15%. In addition, the polarization arms become more obvious by adding AgI, signifying an increase of ion diffusion.

Electronic versus ionic conductivity investigation

Indeed, the total glass conductivity values at different temperatures can be calculated according to,

A U V W < 35 X V (2.9)
where F is the cell constant calculated by dividing disk thickness < by its surface area 35 X .

On this basis, the room temperature (20°C) A of TG-AgI and TG-Ag glasses were shown in Figure 2.15 to compare the electrical properties of the two glass systems and at the same time find the AgI concentration threshold during the conductivity type transition. Electrical conductivities A YC0 +Z measured by four probe method were also listed for comparison. [27,28] , exhibit an electronic nature. By adding Ag up to 20%, electrical are increased almost 10 times.

Temperature dependence of glass conductivity

As shown in Figure 2.13, the intersection point of both the two glasses moves to lower impedance as temperature increases, indicating an increase of conductivity. This is usual phenomenon for both electronic and ionic conductors [29,30] because both the two conductions are thermally activated process usually visualized as jumping over energy barriers. The temperature dependence of the total conductivity A obeys an Arrhenius law, In chemistry, H is a term introduced in 1889 by the Swedish scientist Svante Arrhenius that means the minimum energy that must be input to a chemical system with potential reactants to cause a chemical reaction. At a more advanced level, the Arrhenius Activation energy term from the Arrhenius equation is best regarded as an experimental parameter measuring the energetically feasibility for a given process. For electrical conductivity, H is the activation energy of the current carrier jump process [31] . H of TG-AgI glasses first increase due to the suppression of the electronic conduction, then decrease because of the concentration increase of ions as charge carriers. (GeTe 4 ) 100-x Ag x glasses, as electronic conductor, due to the electron concentration increase caused by Ag doping, should show a continuous decrease of H values. Note that for electronic conductors, H values have to be correlated to the electronic band gap of the material, which is also supposed to correspond to the optical band gap. Therefore, these results will be discussed later in section 2.5.2.

The theoretical significance of pre-exponential term A I in the Arrhenius conductivity equation is difficult to judge. Many believe that A I is proportional to the amount of mobile charges [30,32] . Some authors stated that A I is composition independent [33][34][35] . Here, the conductive mechanism of TG-Ag glass is unchanged, and A I does not change significantly with the composition. For TG-AgI glasses, A I also shows an obvious inflection point when AgI content is 15% owning to the charge carrier evolution. When glass is electronic conductor, A I is composition independent. In contrast, A I clearly decreases when the ionic conductivity dominates. This is rather consistent because electronic charge carriers are not involved anymore in this conduction phenomenon.

Compare H and A I values with glass conductivity, it can be found that A I variation cannot determine σ evolution. Indeed, the temperature dependence of σ is mainly dominated by the exponential term in Equation ( 3), and the influence of the pre-exponential term is extremely weak. The total coordination number of Ag in TG-AgI glasses is around 3 depending on the AgI content. This signifies that Ag atoms take part in the construction of the telluride glassy network by surrounding itself mainly by Te neighbors. Meanwhile, iodine prefers to be linked to germanium. From GeTe 4 to (GeTe 4 ) 75 AgI 25 , the Te-Te coordination number increases from 1.1 to 1.82, and the total coordination number of Te (N Te ) increases from 2.10 to 2.97. Therefore, the increase of N Te is mostly due to the increase of the Te-Te coordination number. It means the addition of AgI to GeTe 4 glass switches Te atoms from twofold-to threefold-coordinated. This strong structural evolution could explain the absence of crystallization. Indeed, it is the crystalline phase of Te which crystallizes and this phase is built up with chains of two-fold coordinated tellurium atoms. In that case, Te-Te-Te sequences act as nucleating agent. So, the predominance of three fold coordinated Te in the structure could prevent the glass from crystallizing. In addition, by adding AgI, the average coordination number <N> increases from 2.48 to 2.97. This higher <N> value may be responsible for a better thermal stability of AgI doped GeTe 4 glasses due to a high structure complexity. Indeed, in TG-AgI glasses, iodine can effectively cut the vitreous skeleton by connecting to Ge, generating a lower . As a result, the glass structure is more flexible and become more constrained by local structural adjustment. This structural adjustment can make the <N> value higher and increase the glass density and packing density. Meanwhile, due to the strong localization of the electrons caused by Ag-Te and Ge-I bonds, the decrease of free electrons is also beneficial to the improvement of glass thermal stability.

Note also that Ag is rather linked to Te by covalent type bonds for x=15% and the surplus of Ag for x=25% becomes rather bonded to iodine by ionic bonds. This observation is in good agreement with the sharp increase of the ionic conductivity beyond x= 15%.

In general, the structural analyze as summarized in table 2.10 rather meet our expectation.

On this basis, a structural model is proposed in Figure 2.19 for the GT-AgI glasses. Silver goes into the glass network by connecting tellurium atoms, and then iodine. Iodine act as an electron absorber and a glass network terminator. 

Effects of glass composition on the optical properties

To understand the influence of glass microstructure on its optical properties, the glass infrared transmittance and optical band gap H +0 , are investigated.

Broadband infrared transmittance and refractive index

Transmittance dependence on refractive index

In optics, the Fresnel equations deduced by Augustin-Jean Fresnel, describe the behavior of light when moving between media of differing refractive indices. It can be used to calculate the reflection and refraction of light at uniform planar interfaces. According to the introduction of our first chapter, the combined reflection coefficient V b has a direct relationship with the refractive indices . of the dielectric medium.

For our telluride glasses, the absorption loss caused by the 1mm of light transmission is negligible. As a result, the relationship between V b caused by sample front side as well as back side and its transmission coefficient ( ) follows the relationship:

V b " 1 (2.

11)

Based on Eq. 1.3 and Eq. 1.4, an equation between glass refractive index . D and bulk transmittance can be derived (Eq. (2.12)).
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Owning to the intrinsic high refractive indices of chalcogenide glasses, especially selenide (~2.7) [38] and telluride (~3.3) [39] glasses, the light reflection caused by Fresnel effect is not negligible. By using the approximate value of air reflection index (. X 1), the graphical dependence of glass optical transmittance as a function of the refractive index is shown in Increase in AgI content yields a linear decrease of the refractive index. This monotonicity has also been observed in other iodine-containing chalcogenide glasses [40][41][42][43] . Actually, the refractive index of chalcogenide glass can be lowered by combining them with element of the halogen group. Here, this decrease may be connected to the role of network terminator played by iodine. Nevertheless this trend is quite unusual in view of the increase of the density and of the packing density. On the other hand, this trend can be explained by a stronger localization of the electron for the richer in AgI glass compositions, as shown by the decrease of the electronic conductivity.

IR transmittance of (GeTe4) 100-x Ag x glasses

The infrared transmittances of (GeTe4) 100-x Ag x glasses are shown in Figure 2.23. refractive index enhancement. This phenomenon has been reported also in other Ag-doped chalcogenide glass systems [40,44] .

It is well known that refractive index is determined by electron shell polarizability as well as by its packing density in the substance structure. By adding heavier and easier polarizable atoms or enhance the packing density of glass structure, the refractive index can be generally increased. According to the structural analysis of GT-Ag glass system [36] , the Ag atom promotes the cross-linking of the structural network. Thus, as shown in paragraph 2.4.1.2, the packing density of the glasses increases with the addition of Ag, and the electronic conductivity increases (paragraph 2.4.2.2), in full agreement with the increase of the refractive indexes.

Concerning AgI-doped glasses, the Ge-Te network de-reticulation caused by iodine induced a refractive index decrease. Thus, the effect of silver and iodine on GeTe 4 glass refractive index is opposite, and iodine plays a major role when the two elements coexist in the glass.

Optical band gap evolution

An obvious evolution of cut-on wavelength can be observed in previous transmittance spectra of both TG-AgI and TG-Ag glasses. It should be mentioned that the glass optical transmittance has a direct relationship with optical band gap E opt , which describes the minimum energy required for optical excitation of a material. The band gap wavelength is given when the absorption coefficient f of the glass reaches 10 cm -1 . [45] To convert transmittance to absorption coefficient, the spectra should be firstly normalized to exclude the influence of reflection. The absorption coefficient could be calculated using:

f ln < (2.13)
where T and d represent transmittance and bulk thickness respectively.

Optical band gap of (GeTe 4 ) 100-x Ag x glasses

Based on Equation (2.13), the optical absorption coefficients of TG-Ag glasses are shown in Figure 2.24 together with glass near-IR transmittance spectra. For GT-Ag glasses, a transmission edge redshift occurs when the Ag content increases.

The optical band gap values were determined when α reaches 10 cm -1 . The observed decreased in the optical band gap with increase of Ag concentration was attributed to the structural transformation. Actually, Ag enters the glass structure and forms its own connected structure. In this constrained network structure, silver, as a famous electronic conductor, may cause an increase in disorder and create impurity energy levels in the band gap. Due to the high doping concentration, the density of states of these dopants increase and forms a continuum of states just like in the bands and effectively the band gap decreases. This trend is in agreement with the electronic conductivity activation energy (Figure 2.18), which is supposed to be directly connected to the optical band gap. Nevertheless, it is noticeable that the band gap stop to decrease beyond x=15. This observation disagrees with the measurements of the electronic conductivity which continuously increase even for the highest percentage of Ag. For GT-AgI glasses, the transmission edge showed an obvious blueshift from AgI-0 to AgI-30. By adding AgI, E opt was enlarged. Iodine, an electronegative element, plays a positive role to trap the electronic charges. As a result, the extra electron energy levels in band gap will be decreased, generating a larger optical band gap. Indeed, the effect of Ag and I on the E opt of glass is totally opposite. Once again, as for the index evolution, the effect of iodine supersedes that of silver in TG-AgI glasses.

The dependence of TG-AgI glass optical band gap as a function of doping concentration is shown in Figure 2.26. A linear relationship is observed. This gives the possibility of determining analytically the percentage of particular components in the glasses of the general formula GT-AgI that would result in the predefined value of optical band gap in the interval from 0.645 to 0.969 eV.

Note also that H +0 increase agrees the increase of the activation energy calculated from the electrical conductivity for x<15% for which the electronic contribution govern the total conductivity behavior (Figure 2.18). On the other hand when the ionic conductivity becomes predominant (x>15%), H +0 keeps increasing and the activation energy caused by ion diffusion start to decrease. The both H +0 and H data cannot be correlated anymore. respectively can be explained by the symmetric stretching mode of the GeTe 4 tetrahedral. The frequency ω of the fundamental GeTe 4 symmetric stretching mode A 1 measured by Raman is around 120 cm -1 . [46][47][48] As this A 1 mode is both Raman and IR active, it is also applicable for IR spectrum analysis. Splitting of this fundamental frequency to harmonics (such asG X 240 7 CD , G 6 360 7 CD and G Y 480 7 CD ) could also cause absorptions. Moreover, the high-order harmonic has a smaller probability of occurrence, and as a result cause limited vibration absorption. For TG-AgI glasses, G X , G 6 and G Y roughly correspond to the absorption peaks observed in the FTIR spectra. This indicates that the multi-phonon cut-off of TG-AgI glasses is mainly due to the Ge-Te network vibrations.

Moreover, the light transmission capability is enhanced obviously as AgI percentage increasing. The transmittance at 30 µm of AgI-30 is around 40%. Considering the Fresnel reflection losses caused by its high refractive index, this value is quite attractive for future application as optical lens beyond 25 µm.

Up to now, the most common material used as an infrared optical window up to 40 µm is Cesium Iodide crystal. CsI is a very soft material and it is difficult to obtain well-polished surfaces. Besides, it is water-soluble and can be damaged by moisture in the atmosphere.

Another candidate is CdTe crystal, which can transmit infrared signal up to 32 µm. As

Cadmium is classified among thevery toxic elements, this material is rather avoided. The GT-AgI glasses, due to their proper hardness, excellent thermal stability and good farinfrared transmission properties, are possible to be reshaped to optical lenses. A typical future application could be in far-infrared astronomy by monitoring emissions from very cold matter (140 Kelvins or less), such as cold clouds of gas and dust in our own galaxy, as well as in nearby galaxies.

Conclusion

In this chapter, a series of (GeTe 4 ) 100-x M x (M is Ag, I, or AgI) glasses were synthesized using traditional melt quenching method. The aims are to explore the effect of Ag, I separately and AgI as a salt in GeTe 4 glass on glass properties. To achieve this goal, glass physical properties were investigated, including thermal stability, density, electrical and ionic conductivity. Also, a glass structural model is proposed thanks to XRD and EXAFS measurement analyzed by reverse Monte Carlo in close collaboration with Pal Jovary from Budapest. Finally, the glass optical properties, such as infrared transmittance spectra and optical band gap were also studied.

According to these works, it is confirmed that, in the (GeTe 4 ) 100-x AgI x glasses, as previously observed for the (GeTe 4 ) 100-x Ag x , silver acts as glass former, embedded in the covalent network, rather bonded to Te. On the other hand, for the richest composition in AgI (beyond 15%), the structural data show that silver start to act as modifier, occupy the interstices of the network, engaged rather ionic bond with iodine. It is in good agreement with the ionic conductivity measurements which show an increase of the ionic conductivity for these compositions.

As far as iodine is concerned, the main conclusion is that it acts as an electron absorber and a glass network terminator. By adding AgI, the glass network is opened up gradually, and the glasses switch from an electronic conductor to ionic conductor. Thus, when AgI content is s larger than 15%, the ion diffusion channels are large enough and a clear breaking point can be observed for total conductivity, activation energy, and pre-exponential factor.

It is also noticeable that in general for electronic and optical properties, iodine and silver taken separately act in opposite side. For the (GeTe 4 ) 100-x AgI x glasses, iodine rather impose it behavior to silver (electronic conductivity, band gap, indexes). Finally, introduce iodine as such a salt is clearly good strategy because iodine do not escape from the melt or from the final glass, the optical transmission in the mid-infrared are conserved and the thermal stability is much higher.

Concerning this last point, the structural data are also helpful to propose some explanation.

Silver as glass former makes the glass network more complex in term of nature of bond and coordination numbers. They are mainly bonded to Te. Also, tellurium switches from two to three fold coordinated. Moreover, iodine atoms trap the electron at the origin of the π bonds which rigidify the skeleton of the crystalline phase of the pure tellurium. These structural features help us to understand why tellurium do not crystallized anymore from this glassy network.

At the end of the chapter, the experiments carried out in Dunkerque show that these vitreous materials could also be very useful for far infrared transmission. To our knowledge, they are the first glass transmitting so far in the infrared. Thus, the GT-AgI glasses are very promising materials both as optical fibers for the mid-infrared means, and as lenses for the far-infrared range.

Introduction

Chalcogenide glasses, based on sulfur, selenium, tellurium and other additional elements, are good candidates for designing sensors working in the infrared range, especially as optical fibers [1][2][3][4][5] . The leading mechanism is to take advantage of the evanescent wave generated at fiber surface to capture the excitation of the vibrations of chemical bonds within the molecules in contact with the fiber. For numerous molecules and biomolecules, the fingerprint region, which covers a series of complex and specific absorption bands, is located between 2.5 and 25 µm. However, for S and Se-rich chalcogenide glass fibers, light atomic weight causes the multi-phonon cut-off wavelength to be around 6 µm [6,7] and 12 µm [6,8,9] , respectively. This is a strong and detrimental limitation. Te-rich chalcogenide glasses, due to the Te atom heaviness, exhibit the ability to transmit light in the middle and far infrared ranges up to 28 µm [10][11][12][13] and therefore has drawn tremendous interests. In order to test the fundamental vibrations (stretching and bending) of molecules and biomolecules whose main absorption bands are beyond 12 µm, such as benzene [14] and chloroform [15] , optical sensor of high selectivity and sensitivity should be developed based on telluride glass fiber.

Meanwhile, as described in the first chapter, development of telluride glass fiber is also relevant in the field of extraterrestrial exploration. Carbon dioxide, which is one of the markers of potential life on telluric exoplanets, can be more easily analyzed by monitoring infrared absorption peak at 15 µm. Thus, telluride glass fibers have also to be fabricated for remote detection of CO 2 in Darwin mission (ESA) or Terrestrial Planet Finder (NASA) [9,16,17] .

Nevertheless, due to the strong metallic character of tellurium, Te-based glasses are difficult to control and vitrify. Different strategies have already been considered to enhance glass stabilization by introducing some other elements in GeTe 4 , such as selenium (Te-Ge-Se) [17][18][19] , iodine (Te-Ge-I) [11] , and gallium (Te-Ge-Ga) [10] . Nevertheless, the requirement of glass stabilization is very demanding in order to obtain a fiber without surface crystallization during fiber drawing process, and most of these systems cannot provide glasses easy to draw.

Te-Ge-Se glass, with which an experimental single-mode fiber has been successfully prepared using capillary method, is a good candidate. However, the existence of selenium in the Te-based glass can block the light in the far infrared range due to the light atom weight of Se. As a result, Te-Ge-AgI, as a pure telluride glass system, has been developed.

Very recently, GeTe 4 glass containing 10 % of silver iodine showed no crystallization peak by thermal analysis and appeared as an interesting candidate [20][21][22] . However, it was quite difficult to obtain fibers from the glass preforms and their optical losses were larger than 20 dB/m, which is unacceptable for any application.

The aim of the present work is to develop a protocol of purification in order to obtain stable glasses which could be drawn into fibers with lower attenuations. Moreover, they could be drawn into optical tapered fibers in order to implement Fiber Evanescent Wave Spectroscopy (FEWS) experiments. Molecules such as dichloromethane, chloroform and toluene are selected for sensing due to their strong absorptions beyond 12 µm. Other biological or chemical agents such as serum, milk, butter and gasoline are also chosen for exploration of the potential application in daily life.

Glass selection, synthesis, purification and characterization

Selection of the glass composition

According to the results shown in chapter 2, the thermal analysis, at a heating rate of 10°C/min, have shown that (GeTe 4 ) 100-x AgI x (x=10, 15 and 20) glasses do not exhibit any obvious crystallization peak. Moreover, by heat treatment at 30°C above T g of the (GeTe 4 ) 90 AgI 10 glass, the first Te crystalline peaks appeared only after 40 hours (Figure 3.1) [20] . This experiment result confirms a very good stability against crystallization of these new pure tellurium glasses. Thus, this Te-Ge-AgI glass system is a potential proper amorphous material for infrared fiber preparation. It has been shown in both Te-Ge-Ga [10] and Te-Ge-Se [19] glass systems that the most stable compositions are usually slightly richer in germanium compared to the ideal stoichiometry corresponding to four chalcogens per germanium. This is also the fundamental reason for us to set the composition of our Te-Ge-Se glasses to be Ge 21 Te 79-x Se x (x=3, 3.5 and 8), containing germanium slightly higher than the ideal stoichiometry which acts as stabilization agent. Therefore, in this chapter, (Ge 0.21 Te 0.79 ) 100-x AgI x (x=10, 15, and 20) glasses were chosen for single index far-infrared preparation and named as TG-AgI10, TG-AgI15 and TG-AgI20 respectively.

Synthesis of the bulk glass

Similar to Te-Ge-Se glass system, for obtaining optical fibers with limited defects and impurities, high purity Te-Ge-AgI glass preforms should be prepared. Based on previous study on the purification of Te-Ge-Se glasses in Chapter 1, two-steps chemical-distillation purification will be directly used here to purify Te-Ge-AgI glasses. To justify the effectiveness of the two-steps purification method, Ge-Te-AgI glass was also prepared by simply melting the raw elements in a sealed vacuum silica tube, the bulk transmittance spectra of glasses with and without purification will be compared.

Glass synthesis without purification

To prepare unpurified Te-Ge-AgI glasses, silver iodine (5N, Alfa Aesar), germanium and pre-purified tellurium were weighted and settled in a cleaned 7 mm quartz tube under a controlled atmosphere of argon in a glove box. After a few hours under vacuum (10 -5 millibar) to remove the last traces of water and oxygen, the silica ampoule was sealed, and the melt-quenching method was applied. The detailed preparation procedure was thoroughly explained in Chapter 1, and the schematic diagram is shown in Figure 1.6.

The sealed quartz tube containing the raw elements is placed into a rocking furnace. After homogenization at 800˚C for 10 hours, the furnace is inclined to induce a separation between melts and bubbles inside the melt. After cooling to 450°C, the melt is quenched in water and annealed at 145˚C for 3 hours in a chamber furnace. The synthesis parameters are listed in 

Synthesis of the glass with a by two-steps purification process

To prepare high quality optical fiber with low optical losses, it should be known that, due to the long-distance light transmission in fiber, any tiny absorption caused by the presence of impurities in bulk glass can be significantly amplified in fiber. Therefore, preforms with high purity have to be prepared. This is the key operation, of course for the optical quality of the glass, but also to avoid any nucleation of microcrystals in the steps of shaping the preform.

As introduced before, germanium purification is difficult owning to high melting temperatures of both Ge and GeO 2 . As a result, extra purification during glass preform preparation procedure should be executed. Silver iodine is a photosensitive compound which can decompose into silver and iodine under ultraviolet. But it could be considered stable at the time scale of the experiment. Moreover, AgI shows much less tendency to react with O 2 and H 2 O in air compared with Ge and Te. Meanwhile, due to its intrinsic high purity of 5N, AgI needs no special purification.

From the study of different glass purification methods in Chapter 1, it has been shown that the two-steps chemical-distillation method is an effective purification technique. So, this method was applied to the following compositions TG-AgI10, TG-AgI15, and TG-AgI20

During the chemical purification step, Te (6N), Ge (5N) were weighed in the adequate proportion and melted with 100 ppm of Al at 800 °C for 10 hours. The aluminum acts as an oxygen getter and traps the oxygen of the oxide during the homogenization period. After cooling the melt at 500˚C, the amorphous material was obtained by quenching, and then annealed at 150˚C for 3 hours.

During the distillation step, the mixture of Te, Ge and Al 2 O 3 previously obtained was distilled [23,24] through a filter to reaction silica tube containing AgI (5N). By this way, the alumina generated can be separated from Te and Ge, and left in the chamber. The reaction tube was then sealed under vacuum and homogenized at 800 ˚C for 10 hours. After cooling to 450˚C, the melt was quenched in water and annealed at 145˚C for 3 hours. A typical glass preform, with its diameter and length to be around 7 and 150 mm respectively, was obtained.

To obtain high quality glass preforms without bubbles inside or at the surface of the glass, the rocking furnace should be kept at a vertical position for 1 hour at 800 ˚C before it drops to the quenching temperature. The distillation procedure, thermal profile for Te-Ge-AgI glass synthesis and a typical Te-Ge-AgI glass preform obtained are shown in Figure 3.3. The glass obtained after annealing could be used directly for single index fiber drawing. 

Characterization of bulk glass

To prepare a high-quality glass preform for fiber drawing, a compromise must be found between efficient purification and conservation of the stoichiometry of the glass. The recent results obtained by V.S. Shiryaev [19] showed that complicated multi-steps purification procedure could greatly alter the real content of AgI in the glass, and as a result destroy the glass thermal stability. Therefore, the energy-dispersive X-ray spectroscopy (EDS) was executed to control the actual glass composition. The Differential Scanning Calorimetry (DSC) was also performed at a heating rate of 10˚C/min up to 320°C to verify the glass preform stability. Finally, optical transmittance of bulk glasses with and without purification was also applied to ensure the effectiveness of purification.

Elemental analysis of Te-Ge-AgI glasses by EDS

EDS was used to analyze the real composition of TG-AgI10, TG-AgI15, and TG-AgI20 glass preforms (Table 3.1). Different regions in the center (point 2) or at the edge of the cross-section (point 1 and 3) were analyzed to verify the homogeneity of Te-Ge-AgI glasses.

All the preforms are obtained after two-steps purification. Comparing the real compositions of 3 selected regions, it can be concluded that, taking into account the accuracy of EDS (~ 1%), the prepared glass preforms are homogeneous.

Comparing with the Te-Ge-I glass system in Chapter 2 which has a large and unpredictable loss of iodine during synthesis, it is finally much more efficient to introduce iodine as a salt rather than in its elemental form, because the majority remains in the glass network and don't escape as previously observed. However, compared with the theoretical values, the concentrations of germanium and iodine are still a bit lower than the designed composition.

Similar to (GeTe 4 ) 100-x AgI x glass system in Chapter 2, this could be explained by the generation of germanium iodide during synthesis process.

As a matter of fact, germanium (II) iodide (GeI 2 ) is a crystalline solid and can be sublimed at 240°C in a vacuum. Germanium (IV) iodide (GeI 4 ) is a crystalline solid with melting point 144°C and boiling point 440 °C. Consequently, during glass synthesis, although the majority of Ge and I were kept in the glass structure, there are still minor quantities of GeI 2 and GeI 4 which could escape due to their instability at high temperature. Indeed a yellow vapor could be observed on the top of glass liquid before quenching. During quenching, yellow crystals are formed in the upper part of the silica tube. The analysis of this compound by EDS gives the following composition Ge 23.2 I 76.8 , which is very close to GeI 4 .

Thermal stability of glasses

For two-steps purified AgI-doped glass preforms, due to the small glass component Te-Ge-Se glass system introduced in Chapter 1, which shows a significant exothermic crystallization peak before 300 °C, the formability of the glasses from the Ge-Te-AgI system are more stable against crystallization.

Meanwhile, as AgI content increases, the glass transition temperature T g also shows an obvious decrease, which is consistent with previous results. This phenomenon is caused by iodine, acting as a kind of glass structure terminator.

Optical transmittance

The bulk transmittance spectra of the TG-AgI10 glass with and without purification were tested and compared as an example in order to verify the efficiency of the chemicaldistillation method (Figure 3.5). After purifications, the Ge-O absorption peak located at 13.3 µm has been totally removed.

This goal was achieved thanks to the introduction of aluminum in the batch. Indeed, as described before, Al acts as an oxygen getter and reacts with the oxygen in oxides and water.

The Al 2 O 3 generated has an intrinsic low equilibrium vapor pressure at high temperature, and is mostly kept in the distillation chamber. The peaks at 2.70, 4.26 and 6.30 µm are caused by the concentration differences of -OH, CO 2 and H 2 O vapor in air between sample and reference tests. After purification, the glass shows a very flat transmission region from 2.2 to 19.0 µm. Here, it should be emphasized that the low transmittance, less than 60%, is caused by the Fresnel losses caused by the high refractive index of the glass.

Preparation of low attenuation single index fiber

Glass surface defects and its influence on light propagation

Glass surface defects formation mechanism

The surface of the Te-Ge-AgI glasses always showed lots of defects after annealing. In the past, this phenomenon has already been observed for glasses, especially for telluride glasses containing iodine. In this part, TG-AgI10 will be studied as an example in order to find out the causes of surface defects and its influence on light propagation of optical fiber.

After annealing, a deposition could be found in the gap between the glass preform and the silica tube. Some of them are attached to glass surface and cannot be removed easily. These micro-scale defects can be easily observed by optical microscopy (Figure 3. As its main components are Ge and I, based on low melting point (T m =144°C) of GeI 4 , it is proposed that, during annealing at 145°C, the yellow GeI 4 crystal condensed after quench in the upper part of the silica tube became vapor and went into the gap between glass preform and silica tube and re-condensed as temperature decreasing. The crystal size is around 1 µm.

To confirm this proposal, the quenching and annealing should be separated. Thus, a TG-AgI10 glass was firstly quenched. Then the glass is transferred to a novel silica tube under vacuum for annealing (Figure 3.7).

Figure 3.7 Images of TG-AgI10 glass before and after novel annealing treatment

The glass surface is shiny after quench. After annealing in a novel silica tube, no new deposition can be observed on glass and the glass surface is still shiny. This experiment proves that the deposition appears during the annealing phase of the synthesis. However, the glass was exposed in air during the transfer from original to new silica tube, and the glass should be pumped under vacuum at least 1 hour before sealing and starting the annealing phase. The risks of the oxidation and the cracks caused by tension inside the glass before the annealing make this method difficult to be applied in preform preparation.

Influence of fiber surface defects on light propagation

In order to study the fiber surface defects on light propagation property, a single index fiber was drawn from the original TG-AgI10 preform with surface deposition.

Similar to Te-Ge-Se glass fiber preparation, the fabrication of the fibers from Te-Ge-AgI preforms were carried out under a He controlled atmosphere thanks to a home-made fiber tower. During the drawing step, the diameters of the fiber were controlled to be 350 µm by using the fixed preform feed speed and coordinating drum speed. The detailed fiber drawing parameters are listed in Table 3.2. Compared with Te-Ge-Se fiber (Table 1.3), the Te-Ge-AgI fiber drawing parameters was slightly adjusted, such as the flow of helium and fiber drawing temperature. Actually, the fiber drawing requirement of Te-rich glasses is very demanding. Several degrees of temperature alteration may cause significant viscosity change. As a result, the processing parameters are hard to be optimized. This is also one of the difficulties in Te-rich glass fiber drawing.

After fiber drawing, the surface morphology variation from preform (a) to shrinkage part (b to e) to fiber (f) was monitored by an optical microscope (Figure 3.8). It can be obtained from Figure 3.8 that during fiber drawing process, due to the increase of surface area, fresh shiny glass without deposition appeared more and more. The homogeneous deposition film on glass preform started to show a "zebra pattern", then gradually turned into numerous isolated small areas, and finally became micro-scale surface defects on the obtained optical fiber. Indeed, the surface defects could also act as nucleating agents and accelerate surface crystallizations when the preform is heated during the fiber drawing process for example.

It has been concluded by a number of researchers [25] that surface roughness is the primary influence preventing waveguides from achieving their theoretical limits. Actually, the surface roughness can be described as perturbations in the shape of the waveguide on a size scale similar to the wavelength of the transmitted light. In ray optic terms, the disruption of specular reflection by a rough surface explains the increased attenuation. Even the nano-scale defects can have a profound impact on the transmission of a waveguide due to the large number of reflections over the length of the guide.

Therefore, it can be predicted that due to distortion of the glass-air interface, the surface diffraction could be introduced and as a result generate an extra attenuation. The optical loss of the fiber prepared was measured using cutback technique by Bruker Tensor 27 FT-IR spectrometer with a mercury cadmium telluride (MCT) detector. The attenuation curve is shown in Figure 3.9.

Figure 3.9 Optical loss of TG-AgI10 single index fiber obtained from original preform

This Te-based glass fiber shows a large transmission window up to 16 µm. However, the minimum attenuation value is around 23 dB/m between 10 and 12 µm, which is unacceptable for any application. Based on the previous analysis of Figure 3.8, it is believed that besides intrinsic optics loss, the majority sources of loss in fiber optics can be categorized as a large light scattering from surface roughness during the reflection at the glass-air interface. Thus, the glass surface defects should be removed using a proper technique.

Preparation of low attenuation fiber

Selection of proper polishing parameters

To obtain high quality optical fibers, the surface defects of the preforms should be thoroughly removed before fiber drawing. Usually, chemical etching and mechanical polishing are the two main treatment methods used for improving the quality of the preform surfaces.

Research on chemical etching

The key point in chemical etching is to keep the bulk glass composition constant. So, it is necessary to develop a corrosion process which eliminates all the elements with the same rate. In this part of the work, strong acid H 2 SO 4 (98%, 100ml) with a strong oxidant H 2 O 2 (30%, 30ml) was used as an oxidizing agent. This solution is famous for its application in etching of the Te-As-Se glass fiber in the aim of elaborating tapered fiber probe [26] .

For TG-AgI10 preform, one end was etched for just 30 seconds. The other end was etched for 30 minutes and its surface morphology was checked every 2 minutes (Figure 3.10). No significant change could be observed after 30 seconds of etching. However, as etching time going on, a kind of white membrane started to form and became thicker. The composition of this membrane, studied by EDS, is a mixture of TeO 2 , GeO 2 and a small amount of Ag 2 O. Therefore, this method is not proper for Te-Ge-AgI glasses.

Research on mechanical polish

Therefore, the mechanical polishing has also been tried. The TG-AgI10 preform was firstly polished using polishing papers of 1200 and 4000 grits. After polish, the surface defects were totally removed (Figure 3.11 a). However, during fiber drawing process, an obvious crystallization could be obviously observed on both the preform shrinkage part (b to d) and the fiber (e). Note that after polish, a new surface roughness could also be induced depending on the particles sizes of polish paper. This surface roughness is associated with surface free energy.

Indeed, the surface energy of a solid is a function of the broken bond energy of exposed atoms. Thus, inadequate polish can induce a higher surface free energy and in this way contributes to faster kinetics of nucleation. Thus, owning to the high surface free energy and the additional energy provided by ring furnace, surface crystallization occurred. This led to a large quantity of defects on fiber surface (e), which can cause extra losses and greatly decrease its mechanical strength. As a result, polishing parameters need to be precisely controlled to prevent the acceleration of nucleation induced by excessive surface free energy.

After several trials, the Ge-Te-AgI glass preform with a perfect shiny surface was successfully obtained by polishing using polishing papers (1200 and 4000 grits) and alumina powder step by step. The images of TG-AgI10 glass preform before and after proper mechanical polishing are shown in Figure 3.12. After polish, the preform surface became shiny again. All the deposition has been confirmed to be totally removed by optical microscope. Some tiny scratches caused by polishing still can be observed. During fiber drawing, these scratches could be removed by surface tension. 

Low attenuation fiber preparation from optical polished preform

The fabrication of the fibers from polished preforms were carried out under a He controlled atmosphere. The detailed fiber drawing parameters have already been listed in Table 3.2. The images of TG-AgI10 fiber and preform after drawing are shown in Figure 3.13. All the glass preform, first drop and the single index fiber obtained are maintained shiny after fiber drawing, indicating the effectiveness of mechanical polishing. By polishing, the optical loss has been significantly reduced. The minimum attenuation value is 3 dB/m at around 10 µm. Note that previous pure telluride glass fibers exhibit minimum optical losses larger than 20 dB/m [27] . Thus fiber attenuation and is up to now the minimum value ever measured for a telluride glass.

The residual optical absorptions in the transmitting range are due to the charge carriers' concentration inherent to the semi-conducting behavior of the tellurium. As electronegative element, it is clear that iodine plays a benefit role to trap the electronic charges [11,12] , which was one motivation to introduce AgI in the glass composition. The small absorption peak at Even though the free electron concentration of these fibers is lower due to a larger content of AgI, their optical losses are still a bit higher than the TG-AgI10 fiber. These results show that the mechanical polishing is a delicate stage of the rod preparation. To obtain a fiber without surface crystallization after a mechanical polishing is not so obvious. This is mainly caused by the following two reasons. Firstly, during fiber drawing process, any tiny polishing defect will cause nucleation, which will expand rapidly on the surface. Moreover, due to the tiny amount of water inside silver iodide and the generation of high-volatilized germanium iodide, there are frequently lots of pores remaining on the preform surface, which could be sources of nucleation.

Cutoff wavelength verification of Te-Ge-AgI fiber by MCT and DTGS

It has been proved in Chapter 2 that glasses in the Te-Ge-AgI system show a wide infrared transmission region up to 39 µm. For TG-AgI10 single index fiber, the light attenuation was measured by a liquid nitrogen cooled MCT detector. Compared with the deuterated triglycine sulfate (DTGS) room temperature detector, which is most commonly used for bulk transmittance measurement, the MCT detector shows a significantly higher sensitivity.

Bruker Corporation has down series of experiments to check the infrared signal detection ability of both MCT and DTGS detectors [28] . The results have shown that the noise level with the DTGS detector is about 2 to 3 orders of magnitude higher than MCT collected. However, DTGS detector shows an intrinsic wider spectral range up to 28 µm.

In this work, to confirm the transparent region of the fiber, the absolute transmission beam of a short length (37cm) fiber was tested using both MCT and DTGS infrared detector. As DTGS detector exhibits larger detection region but less sensitivity, both the two transmittance spectrums are normalized and compared (Figure 3.16).

Figure 3.16 Normalized transmission beam of TG-AgI10 single index fiber detected by MCT and DTGS detectors

The two blue areas selected are enlarged to a more comfortable size and shown in Figure 3.17 to give a clearer view. The beams detected by MCT and DTGS are almost the same from 2 to 10 µm. When infrared radiation is beyond 10 µm, DTGS exhibits a higher resolution capacity. However, both spectra confirm this glass fiber can transmit signal from 2.5 µm up to at least 16 µm.

This TG-AgI10 fiber is totally opaque beyond 17µm and no signal from source could be monitored. Due to existence of CO 2 in air, the asymmetric stretch absorption and scissors bend located at 4.3 µm and 15 µm separately are clearly visible. CO 2 in the Earth's atmosphere is at a concentration of approximately 390 ppm by volume, indicating the high fiber sensitivity for the infrared detection.

Biochemical sensing investigation on Te-Ge-AgI glasses

Since Compton [1] first reported chemical detection using chalcogenide glass fibers in 1988, this topic has been under investigation for more than 20 years. Based on previous results, Te-Ge-AgI glass fibers have shown their ability to observe the CO 2 absorption band spreading around 15 µm, providing their potential application as a sensing probe in the field of chemical detection. Thus, several chemical and biochemical products will be used to test the infrared sensing ability of Te-Ge-AgI fibers with different percentage of silver iodine.

3.4.1

Chalcogenide infrared sensors: principle

Fiber evanescent wave spectroscopy (FEWS)

Up to now, selenide glasses have been revealed as good candidates for the elaboration of special fibers to be implemented in optical sensors. They are especially suitable for sensors based on an original spectroscopic method named Fiber Evanescent Wave Spectroscopy (FEWS). This technique uses the evanescent field formed, as a beam propagates by internal reflection, at the interface between the waveguide and the sample to test absorption peaks of the sample at specific wavelengths (Figure 3.18 a). The interference between the incident and the reflected waves gives rise to the generation of an evanescent field away from the fiber, which is perpendicular to the interface. When an absorbing sample is in contact with the fiber, the evanescent wave could be partially absorbed at specific wavelengths, causing the reflectivity lower than 1.This so-called attenuated total reflection (ATR) is the basic of the FEWS. The FEWS method is quite simple to implement since the measurement necessitates only a standard spectrometer equipped with special kits to focus the light and a MCT detector (Figure 3.18 b). By dividing the signal collected before and after the sample is placed in contact with the fiber, the transmission spectrum can be obtained, similar to classical bulk transmission spectroscopy. Moreover, a large range of glass formulations is available to obtain suitable optical fibers with large infrared transparency ranges and low optical losses.

Therefore, chalcogenide glass fibers for FEWS have drawn lots of attention in the last decades. The advantage of this technique is to perform remote, real-time and in situ analysis.

Factors that affect the sensitivity of the optical fiber

Penetration depth

The evanescent wave intensity decays exponentially with distance. Indeed, the wave intensity is mostly localized within 1 µm from the fiber surface. The penetration depth , a function of refractive index and light wavelength, is defined as the depth at which the radiation intensity falls to 1/e of its original value. According to Equation (3.1), where , , and represent wavelength, refractive indices of glass and surrounding, and incident light angle respectively, increases linearly with the wavelength. Therefore, the fiber shows a higher sensitivity at longer wavelength due to a penetration depth increase.

2 sin (3.1)

Influence of fiber diameter and contact length on sensivity

To improve fiber sensitivity, an effective approach is to increase the quantity of internal reflections which result in many absorption events at the glass/sample interface. Actually, the reflections number depends on the fiber diameter according to the formula * tan 90

(3.2)
Here, L , , and d represent contact length between the fiber and the sample, incident angle and fiber diameter at sensing zone respectively. Clearly, the probe sensitivity is directly proportional to the immersed light length and the reciprocal of diameter 1/ [29] .Actually, the diameter could locally be reduced from 400 µm to 100µm in the sensing zone by two operating routes [30] : etching [26] and reduction on-line by precise adjustment of fiber drawing speed [31] .

Glass hydrophobicity

For FEWS, the Beer-Lambert law, which relates the absorption of light to the properties of the material through which the light is traveling, can also be applied to qualify the sensitivity of the fiber. The absorbance can be written as a product of the wavelengthdependent molar absorptivity , the path length , and the analyte concentration .

• • (3.3)

This implies that the absorbance of evanescent field absorption has a linear relationship with the analytes concentration. Indeed, for chalcogenide glass fiber, this linear relationship has already been observed [2] . However, deviation from the Beer-Lambert law has also been observed in some aqueous solutions of non-polar molecules [32] . This is attributed to the hydrophobic character of chalcogenide glasses, linked to the essentially covalent nature of chemical bonds in the glass fiber. Thus, surface bonds are softly polarized, which favors contact with non-polar targeted molecules.

Advantages of chalcogenide glass for FEWS application

The modes of molecular vibrations including stretching and bending occur in the mid and far infrared region (3 to 20 µm). This region is sometimes referred to as the "fingerprint" region of the electromagnetic spectrum, since many effluents and gases have distinctive absorption features used in their identification. Chalcogenide glass waveguides, due to their large transmission window, are especially proper to monitor these characteristic absorptions.

For the FEWS technique, a higher refractive index contrast between waveguide and sample contacted could induce a smaller evanescent wave penetration depth and thereby decrease fiber sensitivity (Equation 3.1). This is detrimental for telluride glasses due to their high refractive index (n>3). However, as fiber sensitivity could be greatly enhanced by reducing fiber diameter [29] or increasing contact length [33] between fiber and sample, fibers with small diameter and long contact length can compensate this disadvantage.

At this time, selenide glass fiber has been proved to be suitable for capturing vibrations of most of chemical and biological molecules. Applications such as detection of molecules [34] ,

or pollutants for environmental purposes [35] and follow-up of in-situ chemical reactions [4] have been explored by a close contact between fiber and specimen.

However, due to its light atom weights, selenide glass fibers are totally opaque beyond 12 µm, making it is impossible to test the vibration absorption band located at longer wavelength, such as the strongest absorption peaks of chloroform [15] and benzene [14] , for example. Thus, Te-Ge-AgI optical fibers are especially proper for testing the signal located between 12 µm and 16 µm.

3.4.2

Te-Ge-AgI tapered fiber: an infrared sensor probe

Preparation of Te-Ge-AgI tapered fiber optic sensors

To prepare high sensitivity fiber infrared sensor probes, tapered Te-Ge-AgI fibers were obtained by a sudden drum speed increase during the drawing process. By coordinating the drum speed, tapered fibers with different diameters at the sensing zone were successfully prepared. The parameters of all the fibers with and without tapered sensing zones are listed in 

Experimental setup of Te-Ge-AgI infrared sensor

In order to check the fiber sensing properties, especially the limit absorption wavelength as well as the relationship between sensitivity and sensing zone diameter, a home-made infrared sensor with Te-Ge-AgI fiber (Figure 3.19) was used to carry out measurements on chemical and biological specimens in situ and in real time. To measure the attenuated total reflection (ATR) spectroscopy, chemical and biological specimens were put in contact with the fiber sensing zone having a contact length of 50 mm .

By focusing a continuous infrared source into a single index Te-Ge-AgI fiber, the characteristic absorption peaks of the specimen could be monitored by liquid nitrogen cooled MCT detector.

Based on this simple apparatus, the influence of the sensing zone fiber diameter and analyte concentration on absorbance will be studied by monitoring the spectroscopy variation of dichloromethane (CH 2 Cl 2 ), chloroform (CHCl 3 ) and toluene (C 7 H 8 ). The potential applications of Te-Ge-AgI fiber on medicine, energy, and other areas related to daily life will also be explored.

The impact of sensing zone diameter on fiber sensitivity

In view of the broad transmission window up to 16 µm, the Te-Ge-AgI single index glass fibers have a distinct advantage for monitoring absorptions beyond 12 µm compared with Sebased glass fibers. In this part, the molecules having their vibration bands between 12 and 16 µm will be chosen and investigated. By comparing the absorbance of CH 2 wagging at 7.9 µm and CCl 2 asymmetric stretch at 13.6 µm of the two spectra, it can be observed that owning to the influence of wavelength on evanescent field penetration depth, the fiber shows a higher sensitivity at longer wavelength.

As a result, Te-Ge-AgI glass fiber is especially proper for far infrared sensing beyond 12 µm.

Meanwhile, traditional transmittance measurement is quite complicated and time-consuming.

Fiber sensing has an advantage of performing remote, real-time and in situ analysis.

The sensing property of chloroform (CHCl 3 )

To study the infrared sensing limit of the Te-Ge-AgI glass fibers, and at the same time to explore the possibility of these fibers to be applied in Darwin project for CO 2 detection at 14.9 µm, molecules having an IR vibrational absorption peak at longer wavelength should be selected. Chloroform was selected due to its strong C-Cl stretching and C-Cl bending absorption peaks located at 13.3 µm and 14.9 µm respectively. [15] Pure chloroform (2N) was put in contact with the sensing zone of a tapered Te-Ge-AgI glass fiber in a silica evaporating dish. Moreover, it is noticeable that for the C-H bending absorption at 8.2 µm, the Te-Ge-AgI fiber even shows a higher absorbance value than the TAS fiber. This indicates again that the optical attenuation value of the fiber, which is around 1µm for the TAS fiber, in the transmitting domain does not have a direct consequence on the sensitivity of FEWS experiments which are short distance applications.

This sensitivity also depends on the chemical nature of the optical glass fiber. Clearly the physical interaction between the fiber and the liquid sample is very good, as shown by the very high signal to noise ratio of the FEWS spectra.

Besides, as the fiber diameter at the sensing zone decreases, the sensitivity increases Absorbance shows a linear relationship with 1/d, in agreement with previous theoretical models and observation, which definitively validates the benefit of such geometry for the sensing device.

Fiber optic sensor for liquid quantitative analysis

For potential applications in daily life, beside rapid identification of substance category using evanescent-wave interactions, the capability of Te-Ge-AgI fibers for analyte concentration monitoring should also be explored. Toluene has two strong out-of-plan C-H deformation bands located at around 13.7 and 14.4 µm, and is selected for concentration measurement.

As a gasoline additive, toluene acts as an antiknock agent to boost octane rating, which is similar to benzene. Thus, this concentration-dependent absorbance study of toluene will be beneficial to the further studies on benzene. 2,2,4-trimethylpentane, also known as isooctane, as itself has negligible absorption in this region, is used as solvent.

TG-AgI10 and TG-AgI20 tapered fibers with their sensing zone diameters to be 174µm For TG-AgI10 and TG-AgI20 fibers, the out-of-plan C-H bending absorptions at 13.7 and 14.4 µm both grow with toluene concentration. However, the evolution of the intensity of the toluene absorption band at 13.7 µm versus concentration does not follow the pseudo-Beer-Lambert law. This result is perhaps attributed to the surface polarization of chalcogenide glasses. Indeed, the essentially covalent nature of chemical bonds in the glass fiber can make the surface bonds softly polarized. This slightly polarized fiber surface favors contact with molecules having similar polarity index. 2,2,4-trimethylpentane, due to its symmetrical structure, is a typical non-polar molecule with an extremely low polarity index (around 0.1).

The polarity index of toluene is about 2.4, which is more likely to be closer to fiber surface polarization value. Thus, the greater interaction of toluene with the Te-Ge-AgI fiber surface leads to a concentration gradient of toluene at the glass surface where the evanescent wave is most intense. This results in selective detection of solution in isooctane solvent using FEWS.

Nevertheless, for both TG-AgI10 and TG-AgI20 fibers, when the concentration of toluene is less than 10%, a linear calibration curve with a coefficient of determination $ larger than 0.99 could be clearly observed. Moreover, the minimum detectable concentration of toluene is around 0.5 vol.%, which is the first concentration-dependent absorption result obtained from a tellurium based glass fiber.

Based on previous results, the Te-Ge-AgI glass fibers have shown their high-sensitive infrared sensing capability, and are proper for potential application in quantitative analysis, especially in low analyte concentration measurement.

Exploration of potential applications of Te-Ge-AgI fibers

Analysis of serum in medical diagnosis

Metabolic abnormalities due to diseases can be detected in serum. FEWS using glass fibers can characterize biochemical components such as glucose, cholesterol, and triglyceride at the same time, providing an extensive view of the serum species levels. For selenide glass fibers, FEWS combined with unsupervised analysis technique such as Principle Component Analysis (PCA) has been shown to be efficient to discriminate tissues types [22] , differentiate ill and healthy serum [36,37] , and others bio-medical applications [38] .

In this part, fresh serum of calf was used for infrared analysis to explore new absorptions beyond 12 µm (Figure 3.27). To obtain the infrared spectrum, 5 ml of serum was put in contact with the fiber in a watch glass with a contact length to be 50 mm. The setup for infrared sensing measurement has already been shown in Figure 3.19. Chalcogenide fibers have been shown to have an apparent hydrophobic surface characteristic, which induces partitioning of the organics towards the fiber surface where the evanescent wave is most intense and results in detection enhancement for organic species in aqueous solutions [39,40] . The mechanism of this phenomenon is based on a much smaller polarity indices difference between glass and organic molecules than between glass and water, generating a stronger interaction between the organic species and the glass surface.

This specific property of chalcogenide fibers is particularly important for applications in infrared spectroscopy where spectra are often saturated with water fingerprints, which hide the vibration bands of the samples being studied. This is exactly the case for the infrared spectroscopy study on calf serum using TG-AgI10 glass fiber with its diameter to be 450 µm.

In Figure 3.27, due to large amount of water, the spectrum recorded with the fiber immersed in the serum, is saturated with the water fingerprint. After the fiber was taken out of the serum, the attached water molecules would be repelled and evaporate in air thanks to fiber surface hydrophobic characteristic. Thus, the absorption peaks of the biochemical components of the serum could be clearly observed. However, as most of the IR vibrational absorption peaks are located before 12 µm, Se-based optical fibers are sufficient for such application.

Applications in food safety

Food safety and medical diagnosis has become hot issues in recent decades. Selenide glass optical fibers have already been successfully used to monitor the contamination of food by pathogens [41] In order to show the potential of Te-Ge-AgI optical fibers for rapid in-situ monitoring of food quality, the FEWS spectra of different kinds of calf milk and butter were collected from 2 µm to 16 µm.

Rapid identification of the type of milk

Fatty acid content in cow milk having different percentages of lipids is studied using FEWS. The label ingredients which could be detected by infrared spectroscopy are listed in Table 3.4. Therefore, the type of milk can be simply identified by the lipid absorption peaks due the significant content difference. The infrared spectra for full-cream, semi-skimmed and skimmed cow milk are shown in Figure 3.28. The TG-AgI10 fiber with its total length, specimen contact length and sensing zone diameter to be 40 cm, 50 mm and 350 µm respectively, was used as a sensing probe.

The main absorption bands identified [42,43] are shown in Table 3.5. Besides, a very interesting phenomenon has also been noticed. From Table 3.4, it can be seen that the label ingredients of carbohydrates in different cow milks are the same, 4.8 g per 100 ml. Actually, skimmed milk has a higher percentage of carbohydrates, which is obtained by comparing the absorption band intensities of C-O from polysaccharides. Therefore, besides rapid identification of food category, Te-Ge-AgI fiber can also be applied in food safety and quality control.

Butter species identification

The FEWS spectra of butter (with around 80% wt. butterfat) and light butter (with around 15% wt. butterfat) were also collected from 2 µm to 16 µm and are compared in Figure 3.29.

The band assignment of the IR vibrational absorption peaks of butter are listed in Table 3.6. It can be observed that due to a large butterfat and water content difference between the regular butter and the light butter, the absorbance beyond 12 µm of the two shows an obvious dissimilarity. Normal butter, due to its high butterfat content, has a distinct absorption peak at 13.8 µm caused by CH 2 rocking. On the contrary, light butter shows a wide absorption shoulder owning to the librations of liquid water due to the restrictions imposed by hydrogen bonding [44] . Therefore, by collecting additional infrared signal beyond 12 µm, we clearly get richer information on a complex biological material such as butter which could be benefit for controlling the chemical content and the quality of food. More generally, this permits to focus on the potential of the Te-Ge-AgI glass optical fiber for food identification and quality verification based on FEWS which could be extended to various applications in the health field.

Potential applications of fiber sensor in energy industry

Ever since the industrial revolution took off in the 18th century, gasoline has been used to power the economy and deliver unprecedented affluence to huge numbers of people. It is a liquid mixture of aliphatic hydrocarbons derived from fractional distillation of petroleum which is then enhanced with a variety of additives including antiknock agent and a series of other additives, such as ethanol, methanol, formaldehyde, xylene, 1,3-butadiene, methyl tertiary butyl ether and hexane.

Tetraethyl lead was used as an additive in early model cars to boost the octane rating of gasoline and to help reduce engine knocking. Due to concerns over air pollution and health risks, this type of gas was slowly phased out [45] . Nowadays, as a substitute, unleaded gasoline is commonly used. However, at least 15 hazardous chemicals including benzene and toluene are still used as additives. As an antiknock agent, the concentration of benzene in gasoline should be strictly controlled due to its carcinogenicity. Regulations are in place in many countries to limit its concentration in gasoline to level of 1% or less. Therefore, a method quantifying benzene at the concentration level is required. At present, the two methods most widely used are capillary gas chromatography with flame ionization detection and capillary chromatography -mass spectrometry, both of which are complicated and time-consuming. IR spectroscopy due to its simplicity is an ideal method for benzene analysis in gasoline by monitoring the distinctive C-H out-of-plane deformation band at around 14.8 µm.

A Te-Ge-AgI tapered fiber has already shown its potential to monitor chloroform absorptions at 14.9 µm. Meanwhile, the toluene concentration detection limit using Te-Ge-AgI tapered fiber is 0.5%. On this basis, we can predict that the characteristic band of benzene in gasoline can be clearly observed using Te-Ge-AgI tapered fiber sensing probe. To validate our prediction, tapered TG-AgI15 and TG-AgI20 fibers are used to detect gasoline (95E10, TOTAL) infrared spectra (Figure 3.30). The C-H out-of-plane bending absorptions of both toluene (<30% mass) and benzene (<1% vol.) in gasoline are clearly shown in spectra, located at 13.7, 14.0, and 14.8 respectively. Especially for benzene, the absorption band increases as the fiber sensing zone diameter decreases from 170 to 120 µm. As a result, Te-Ge-AgI optical fibers have shown their great potential to be applied to rapid identification of gasoline components in energy industry.

Figure 3.30 The 95E10 gasoline infrared spectra obtained by tapered Te-Ge-AgI fiber

On this basis, Te-Ge-AgI fibers will be essential for mid-infrared spectroscopy in particular for applications involving complex bio-molecules for which the 12 to 16 µm spectroscopic range could be rich in information. Thus, the infrared spectra of calf serum, milk, butter and gasoline, taking as examples of complex organic system, have been carried

on for the exploration of potential applications of Te-Ge-AgI fiber.

Results show that infrared sensor using Te-Ge-AgI fiber sensing probe is an ideal tool due to its simplicity and efficiency for the identification and quantification of complex system in food safety, medicine, energy, and other areas related to daily life. Also, due to its large infrared sensing range, Te-Ge-AgI fiber is also applicable in aerospace, such as CO 2 analysis in the Darwin project.

Introduction

Thermoelectric (TE) phenomena provide the direct conversion of applied temperature gradient into electricity or electricity into temperature difference. A thermoelectric device can create voltage when there is a temperature difference at the both sides. Conversely, using an applied voltage, it creates a temperature difference. Indeed, many common materials, including metals and semiconductors, have a certain thermoelectric effect. The thermoelectric materials mentioned here show their thermoelectric effect in a strong and/or convenient form.

Thermoelectricity has been investigated for about two hundred years since Seebeck effect and Peltier effect were discovered by T. J. Seebeck [1] and J. C. A. Peltier [2] separately. By the 1950's, A. F. Ioffe and his colleagues [3,4] had developed the theory of thermoelectric conversion using the concept of figure of merit . This formed the basis of all modern thermoelectric theory and accelerated a wide research focused on developing materials with high figure-of-merit in 1950s and 1960s. However, thermoelectric have long been too inefficient to be cost-effective in most applications [5] .

In early 1990s, the development of "phonon-glass electron-crystal" (PGEC) concept by G.

Slack [6] led to a better understanding of the mechanism. In a good thermoelectric material, the phonons should be disrupted like in a glass but the electrons should have high mobility like they do in crystalline semiconductors. Since mid-1990s, the need of new renewable energy sources has driven a resurgence of interest when theoretical predictions suggested that thermoelectric efficiency could be greatly enhanced through nano structural engineering. This led to experimental efforts to demonstrate the proof-of-principle and high-efficiency materials [7][8][9][10][11] . At the same time, complex bulk materials (such as skutterudites [12] ,

clathrates [13] , and Zintl phases [14] ) have been explored and found. All of these developments make it possible to obtain TE materials with high efficiencies [15] .Compared with conventional electric generator, the reliability and simplicity of thermoelectricity enables niche applications for this solid-state technology even while conventional processes are more efficient.

Thermoelectric material can be applied in a variety of applications [16] . The most wellknown is thermocouple for temperature measurement [17] . Besides thermocouples, the need for reliable and remote power sources provides some niche applications for thermoelectric power generation based on Seebeck effect. A typical application is radioisotope thermoelectric generators [18] which can provide electric power for spacecraft and satellites. Besides, thermoelectric devices could also convert waste heat [19] from thermal power plant and automobile into useful electricity. Moreover, Peltier coolers based on thermoelectric materials, due to its lack of moving parts or circulating liquid, near-infinite life and invulnerability to potential leaks, and its small size and flexible shape, have occupied a small but stable industry [20] .

According to the microscopic mechanism, good TE materials ask for high electrical conductivity and low thermal conductivity. The chalcogenide glasses have intrinsic poor thermal conductivity (about 0.5W/m -1 K -1 ) and high Seebeck coefficient (more than 500µV/K). Telluride glasses are those with the highest electrical conductivity. A.P.Gonçalves [21][22][23] , P. Lucas [24] , et al. have already done lots of work on the investigation of TE properties of Te-based glasses. The Cu-Ge-Te, Cu-Si-Te, Cu-Ga-Te and Cu-As-Te glassy systems have already been developed for TE application. Up to now, the most conductive tellurium-based glass is Cu 30 As 15 Te 55 prepared by melt spinning with its electrical conductivity around 0.1 Ω•cm [22] . Compared with the commonly used TE material bismuth telluride, the main aim of this work is to increase the electrical conductivity of the telluride glasses without a significant destruction of its high Seebeck coefficient and low thermal conductivity.

Indeed, preliminary results get on the conductivity of telluride glasses are promising.. The aim of this chapter is to explore new glass composition to hopefully improve again the electronic conductivity.

Basic thermoelectric principle 4.2.1 Thermoelectric effect

The thermoelectric effect is a kind of direct conversion from temperature differences to electric voltage and vice versa. Thermoelectric devices can create voltage when there are different temperatures on each side. Conversely, when apply a voltage, a gradient of temperature appeared in the material. This effect can be used to generate electricity, measure temperature or change the temperature of objects. The term "thermoelectric effect" encompasses three separately identified effects: the Seebeck effect, Peltier effect and Thomson effect.

Seebeck effect

The Seebeck effect is the conversion of temperature differences directly into electricity and is named after German physicist T. J. Seebeck, who discovered this phenomenon in 1821 [1] .

Different metals (or semiconductors) have different free electron densities. When two different materials contact with each other, the electron diffusion will occur at the interface to eliminate electron density difference. Meanwhile, the electron diffusion rate is proportional to the temperature at interface. Therefore, as long as the temperature difference between the two materials is maintained, electron diffusions will be continuous, generating a stable voltage.

In the following circuit ( Seebeck coefficient in the experiment temperature range can be treated as constant, the above equation can be approximated as:

(4.2)
Actually, Seebeck coefficient depends largely on the temperature and the microstructure of the material. One way to define the Seebeck coefficient is to divide the voltage built up (∆ ) by the small temperature gradient applied to the material (∆ ):

∆ /∆ (4.3)
By the analysis of charge carrier mobility, it can be got that n-type semiconductors have negative Seebeck coefficients, the ones of p-type materials are positive. To ensure that the Seebeck coefficient is large, there should only be a single type of carrier. Mixed n-type and p-type conduction in one material will lead to both charge carriers moving to the cold end, cancelling out the induced Seebeck voltages.

Based on Seebeck effect, many applications have been explored, such as thermocouple using metallic junctions and thermoelectric generator using semiconductor junctions.

Peltier effect

Peltier effect is named after French physicist Jean-Charles Peltier, who discovered it in 1834 [2] . This effect is the presence of the heating at one electrified junction and the cooling at the other when electric current is maintained in a circuit of material consisting of two dissimilar conductors (Figure 4.2). The effect is even stronger in circuits containing dissimilar semiconductors. If the current is reversed, heat generated by current flowing in one direction is absorbed. This effect can be explained from carrier energies.

Figure 4.2 Peltier effect circuit

Electron conductors are analyzed as an example. For a metallic conjunction, the energy levels of electrons in different metals are different. In Figure 4.2, if the electron energy level of metal A is lower than metal B, due to the existence of electric potential in a circuit, the electrons are pulled out from metal A to metal B at the green point. At this upper junction, the kinetic energy of electron will convert to potential energy and electrons will move slower.

Since the temperature is just a representation of the average speed of the random movements of the particles, the temperature at the upper junction will decrease. On the contrary, potential energy will convert to kinetic energy at the lower junction (red point), releasing heat.

For semiconductor conjunctions, the electrons of the n-type and p-type semiconductors are above and below Fermi level respectively. Similar to metallic conjunction, the directional movement of charge carriers can generate thermal effects (endothermic or exothermic phenomenon) at the interface. In where ∏ (∏ ) is Peltier coefficient of conductor A (B) and is electric current from A to B.

Due to Peltier effect, the TE conjunctions can be used in applications ranging from travel coolers/warmers to laboratory instruments and communications systems. The advantage is its lack of moving parts or circulating fluid, and its small size and flexible shape. By cascading or pyramiding Peltier devices, quite large temperature differences can be generated.

Thomson effect

The Thomson effect was predicted and subsequently observed by W. Thomson in 1854. It describes the heating or cooling of a current-carrying conductor with a temperature gradient.

Any current-carrying conductor (except for a superconductor) with a temperature difference between two points either absorbs or emits heat, depending on the material. If a current density passes through a homogeneous conductor, the heat production per unit volume is:

where is material resistivity; is Thomson coefficient; / is the temperature gradient along the wire; and the first item is Joule heating.

Compared with the other two thermoelectric effects, Thomson effect is directly measurable for any unique material.. On the contrary, no direct method exists for determining absolute Seebeck or Peltier coefficients for one material.

Kelvin relations

Indeed, the three thermoelectric coefficients mentioned above are not independent of each other. In 1854, Lord Kelvin found relationships among them, implying that the Thomson, Peltier, and Seebeck effects are different manifestations of one effect (uniquely characterized by the Seebeck coefficient).

The first Kelvin relation is, /

and the second Kelvin relation is, П

where is the absolute temperature. This relation expresses a subtle and fundamental connection between , П, and µ.

Thermoelectric converters

A metallic conjunction, due to the intrinsic high thermal conductivity, cannot provide high or П thus cannot generate high conversion efficiency as a thermoelectric converter.

Semiconductors with sufficient (or П), are good candidates.

The electrical conductivity of a material is due to the mobility of charge carriers therein. In semiconductors, these carriers are of two different types. If conduction is ensured mainly by electrons, the material is n-type. In the opposite case, when electrons are deficient, the conduction is provided by the holes, the material is p-type. By convention, the n-type materials have a negative (or П) and the p-type materials a positive one. When a temperature difference is imposed across the thermoelectric device, thanks to the thermo diffusion of charge carriers, a difference in voltage will build up between the two sides based on Seebeck effect. This power source can provide power to the electrical circuits.

Conversely, if a current is applied to the thermoelectric device, electrons will be forced out of p-type semiconductor, passing through the metal and into the n-type semiconductor. As electrons need to pass through the energy barriers, this is an endothermic process. As a result, a difference in temperature will build up between the two sides due to Peltier effect. If the current flow direction is opposite, the hot or cold face will be changed.

Actually, a thermoelectric generator can also be used as a Peltier cooler. However, a welldesigned Peltier cooler will be a mediocre thermoelectric generator and vice-versa, due to different design and packaging requirements.

4.2.3

Material selection criteria

Power factor

or П is not the only coefficient that determines the usefulness of a material in a thermoelectric converter. Under a given temperature difference, the ability of one thermoelectric material producing useful electrical power is evaluated by its power factor !, PF $

where is the Seebeck coefficient, and $ is the electrical conductivity. One can see from this equation that and $ of TE material should be as high as possible in order to obtain a high electrical power. However, many researches [25,26] showed that and $ are not independent because they have a close relationship with carrier concentration. Figure 4.5

shows S, lnσ, and S 2 σ as a function of the logarithm of the carrier concentration. Thus the higher power factors are obtained for semimetals or for heavily doped semiconductors.

Hence, a compromise between large and $ of TE material should be chosen to maximize the power factor. 

Figure of merit

Materials with high power factor are able to generate more energy in a space-constrained application, but they are not necessarily efficient. The optimization of a compound or material to efficiently produce thermoelectric power mainly implies the maximization of a dimensionless figure of merit % given by,

ZT $ ( ) * ( + (4.9) 
where is absolute temperature, $ is electrical conductivity, ( ) * ( + is thermal conductivity caused by phonon (( ) ) and electron (( + ).

A potential material usable for applications in the field of thermoelectric must have the highest ZT value as possible. From Equation (4.9), it is clear that a material with interesting thermoelectric properties must have together high Seebeck coefficient, electrical conductivity, and low thermal conductivity. As electrons which participate in electrical conduction also take part in the transfer of heat, it is understandable that the exploration of new TE material is a process of compromise and optimization.

Thermoelectric device efficiency

Typically, the maximum % value can be found in semimetals or heavily doped semiconductors with a carrier concentration between 10 19 and 10 21 per cm 3 .

The thermoelectric device efficiency for electricity generation, ,, is defined as the ratio of energy provided to the load and heat energy absorbed at hot junction. In an actual thermoelectric module using both p-type and n-type thermoelectric materials, the maximum efficiency , -./ is defined as,

, -./ 0 1 0 √1 * 1 √1 * * 1 0 (4.10)
Here, 0 and 1 are temperatures at the hot and cold junctions respectively. Figure 4.6

shows the calculated maximum thermoelectric efficiency. From both Eq. (4.10) and Figure 4.6, we can see that , -./ depends on the % . A remarkable high value of efficiency could be obtained if the value of % is enhanced. When % approaches infinity, the , -./ approaches the Carnot limit. However, up to now, no known TE materials have a % larger than 3 [15] . For vitreous solids, the temperature-dependent thermal conductivities often has a similar magnitude when scaled by material parameters [29] . The thermal conductivity of chalcogenide glass is quite low [30] (0.2~0.3 W/m•°C) because of their highly disordered structure as well as the relatively low phonon energy resulting from heavy atoms like Te [31,32] . Studies show that it is mainly contributed by lattice (phonon) thermal conductivity [33,34] .

Besides, as semiconductors, chalcogenide glasses have narrow band gap between 1eV and 3eV. Glasses with large fractions of Te (~70%) tend to have small band gap energies (4 5 <1eV) [35] , making them the most electrically conductive glass. The electrical conductivity $ of As 2 Te 3 glass with its band gap to be 0.3 eV is 10 -4 S•cm -1 . [36] However, this electrical conductivity is still not enough for TE application.

Therefore, in order to optimize the value of % , the aim is to enhance $. Nevertheless, once carrier concentration is enhanced to get a higher $, thermal conductivity caused by electrons (( + ) will also increase. On the other hand, a higher results in decreased carrier concentration and decreased electrical conductivity [37] . Therefore, there is a compromise to find between $, κ and S, as already shown in Figure 4.5.

On this basis, Te-based glasses which are more electrically conductive should be explored without destroying too much their and κ. In the following works, As 2 Te 3 glass was chosen as the starting composition. In order to decrease the electrical resistivity, many glass systems doped with different metal elements (e.g. Ag, Cu, Sb, Bi) were explored. Several percent of Se was also added into the glass by substitution of Te to maintain glass stability.

Experimental procedure

Starting elements purification

Compared with glasses for optical applications, Te-based glass for TE applications is expected to be not sensitive to impurities. Traces of M-O (metal oxide) and M-H (metal hydrogen bond) existing in synthesized glass would not induce a noticeable variation of $, κ and S. Thus, a high-purified glass is not essential here. All the raw elements used in TE material research have a purity of 5N and only the purification of starting elements will be enough. The selenium purification method has been introduced in Chapter 1. Here, only the purification of tellurium and arsenic will be presented.

Purification of Tellurium

Note that it is not necessary to use ultra-pure tellurium (6N) for TE research. The silica distillation chamber containing Te was heated until 500 °C and maintained for 4 hours. At this temperature, the vapor pressure of liquid Te is around 100 Pa [38,39] , making it quite easy to become vapor and condense at the cold chamber. Then the chamber was sealed at both ends and opened in the glove box under the protection of argon.

Purification of Arsenic

Arsenic was purified by heat treatment since the vapor pressure of its oxide (6.56 kPa at 300°C) is higher than that of metal [40,41] (160 Pa at 300 °C). To do this, arsenic was firstly introduced into a pre-cleaned and dried distillation chamber in a glove box. The assembly is then evacuated using a pump equipped with a filter. Once vacuum reached the requirements (10 -5 mbar), the dynamic distillation can be performed by introducing the setup in an upright furnace. The oven temperature is then raised to 300 °C and maintained for 15h. During this distillation procedure, As 2 O 3 vapor was drawn by pumping and condensed on the silica tube.

The ampoule was then sealed and opened in the glove box. The purification scheme is shown in Figure 4.8. Compared with selenium purification, the ampoule used here is quite similar. However, one can find that a nozzle between distillation chamber and silica tube do not exist here. This is because, according to our experience, As 2 O 3 is quite adhesive to silica tube and would not fall back to the distillation chamber.

Glass preparation

Compared to tellurium-based glasses for infrared sensing, the glass preparation processes for TE applications are much easier. The pre-purified elements (5N) weighted according to their stoichiometry were sealed into quartz ampoules under vacuum (10 -5 mbar) and heated at around 800˚C for 10 hours in a rocking furnace. Using melt quenching technique, the glasses were obtained after annealing 3 hours at several degrees below 5 .

Glass characterization for TE application

Compared to commercially TE materials, such as bismuth telluride, the main drawback of Te-based glass is its low electrical conductivity. In this chapter, several glass systems will be explored to obtain a stable chalcogenide glass with a higher electrical conductivity.

Te-As-Cu glasses have been proved to be potential candidates in the quest for new highperformance thermoelectric materials. The glass Cu 30 As 15 Te 55 prepared by melt spinning has shown a maximum 6 $ value of around 100µWK -2 m -1 . [21] The glass pieces should be pressed to bulk materials by hot-pressing or spark plasma sintering (SPS) for actual applications.

Owing to the limited ∆T between 5 and / , sintering process may induce a high tendency of crystallization. Thus, it seemed interesting to explore new compositions in this system for the preparation of thermoelectric bulk material.

In this work, several Te-based glass systems have been explored. DSC and X-ray diffraction (XRD) measurements were performed, respectively, by TA Instruments Auto It can be got from DSC curves that both 5 and / increase as copper content increased.

Copper plays a positive effect on the enhancement of glass stability to some extent. The inset shows that ∆T increases gradually from 58˚C to 70˚C as copper content rises from 10% to 25%. Indeed, to obtain a chalcogenide glass successfully, sufficiently high cooling rate should be given. Owning to the low thermal conductivity of silica glass (1.38 W•m -1 K -1 ), L2

glass with its ∆T value to be 58°C is quite difficult to be obtained by melt quenching technique in silica tube. Even for L4 glass, ∆T is still too small to get glassy state easily.

Evolution of glass electrical resistivity

Cu has the best electrical conductivity of any metal after silver. In this glass, due to its

[Ar] 3d 10 4s 1 electron structure and the electronegativity difference between Cu (1.90), As

(2.18) and Ge (2.10), Cu easily give up its valence electron under a weakly charged field, and share it with other atoms. As a result, electrical resistivity evolution of glasses with different percentage of copper should be verified.

From Table 4.1, an obvious value decrease can be observed. The minimum resistivity of about 15Ω•cm was achieved. Compared with of As 2 Te 3 glass (~10 4 Ω•cm) in reference [36] ,

Cu addition up to 25% molar fraction results in an electrical resistivity decrease of more than 3 orders of magnitude. To explain the mechanism of the decrease caused by copper, glass structure and atom coordination environment should be taken into account. The local structure analysis of Te-Ge-Cu glasses [42,43] using EXAFS confirmed that Cu occupies the free space of the host matrix without strongly distorting the network of Ge and Te atoms. In this glass system [42] , Cu binds mostly to Te when its content is low (~5%). Cu-Cu bonding starts to be significant as Cu content increase (~8%). The coordination number of Cu is always around 2.5.

For Te-As-Cu glass system, the Cu 7 Te 5 precipitation in L5 proved again the preference of Cu to stay with Te. Besides, the edges EXAFS studies of Te 50-x As 50-x Cu x (x=0~20) glasses (which are still ongoing) show that the valence state of all elements are rather 0. This indicates that mobile electrons are shared over many nuclei. In the Te-As-Cu glass, copper is rather expected to connect to Te, give one free electron to the glass network and as a result increase glass electrical conductivity. However, the $ value obtained is still not sufficient for effective thermoelectric devices manufacture. In addition, more stable glass systems need to be explored also.

Study of Se-As-Cu glasses system

Glass composition design

To our knowledge, selenium-based glasses are much more stable compared with tellurium-based glass. This is owing to more non-metallic property of selenium and higher Se-Se bond energy (332.6±0.4kJ/mol) compared with Te-Te bond (259.8±5kJ/mol). Up to now, selenium based glass has already been used as infrared single mode [44,45] and multimode fiber [46] due to its high stability.

Although Se based glass has an intrinsic high electrical resistivity, the glass could be attractive if it can bear a higher copper concentration, which would compensate the side effect of selenium. Therefore, a large scale of compositions in Se-As-Cu glass system was explored (Figure 4.11). The correspondence sample names and compositions are listed in Series I and K are designed to compare the influence of Se/As ratio on electrical resistivity. Series J is to explore the influence of Se substitution by Cu on glass performance.

Glass property characterization: XRD, DSC, and Resistivity

To identify the glassy state of Te-As-Cu samples and characterize their thermal stability and electron transport properties, XRD, DSC and Resistivity measurements were executed.

XRD

The glass forming region in Figure 4.11 was obtained by measuring the XRD patterns of each composition. In Figure 4.12, the diffraction curves of series I, K and J3 were listed.

Compared with previous Te-As-Cu system, this Se-As-Cu system can support more Cu.

More than 30% of copper can be introduced in series I and K. For I5 and K5, too much dopant (40%) starts to induce a crystallization of Cu 2 Se. For series J, as the substitution of Se by Cu can decrease the glass stability, when dopant concentration is 30% (J3), Cu 2 Se crystals start to appear. XRD patterns show that Cu-doped Se-based glasses possess a higher thermal stability than previous Te-based glass. In addition, the Cu 2 Se crystals precipitation indicates Cu also prefer to bind with chalcogenide element, Se, in Se-As-Cu glass system. When Cu concentration reached 30%, both I4 (∆T=52°C) and K4 (∆T=84°C) became unstable. J3 batch is too rich in Cu and do not form glass. By comparing Series I and K, it appears that As also plays a benefit role in the enhancement of glass stability. The maximum Cu content is around 30%, which is higher than for pure tellurium glasses.

Electrical resistivity

As more Cu can be introduced in Se-based glass, the electrical resistivity should be measured to evaluate the possibility of Se-based glasses to be used as TE materials (Table 4.4). '--' symbol means is too high and out of the specified measurement range of the four probe resistivity equipment. stabilize the initial tellurium glass and permit to increase the Cu rate introduced in the batch [24] . These first works have been carried out in the frame of a previous PhD in Rennes, in collaboration with the University of Arizona in Tucson. Up to now, the most conductive tellurium-based glass prepared by melt quenching technique is Cu 30 As 10 Te 54 Se 6 with its electrical conductivity around 1Ω•cm [23] . Here, the motivation is to further improve glass conductivity by modifying the ratio between Te/Se/As.

The purpose is to choose the proper glass system which combines high thermal stability and low electrical resistivity for further TE material development. As a result, the names and compositions of the samples, and their DSC, XRD and electrical resistivity measurement were all listed in Table 4.5. Note that all the compositions listed in this table were confirmed to be vitreous by XRD. The '--' symbol in G1 means the glass is quite stable and no / appears, meanwhile is too high to be measured. Se or Te without breaking glass network. This behavior can increase the average coordination number [47][48][START_REF] Liu | Absence of Photodarkening in Bulk, Glassy As 2 S 3 and As 2 Se 3 Alloyed with Copper[END_REF] and make the glass structure more rigid.

For Series G, as the majority chalcogenide element is Se, the glass without doping G1 is already quite stable, showing no crystallization peak up to 350°C. As the Cu content increases, some free electrons are provided to the glass structure, decreasing the glass thermal stability. Apart from this series, all the other Te-based glass series show a quite complicated ∆T evolution: ∆T value first increases and then decreases. This observation confirms the complex role played by Cu in the structure. In one hand it tends to increase the 5 by reticulating the network, which could also delayed the crystallization process. But on the other hand, the highest rate of Cu brought too much free electrons to the network, which is detrimental to its stability.

Comparing ∆T of Series A and Series F, it can also be drawn that arsenic rather improves the glass stability. The same result has been observed for the Se-As-Cu glasses.

Electrical resistivity

On the other hand, Cu played a vital role in reducing glass resistance. In Table 4.5, the resistivities decreased 3 or 4 orders of magnitude for each series with the addition of copper. In order to have a more intuitive view on the electrical resistivity alteration, electrical resistivity of different glass series were compared in Figure 4.14.

For a Cu content constant, Se-based glasses have a much higher electrical resistance compared to Te-based glasses. As the Te/Se ratio changes from Series I, to Series G, Series A, and Series L, the value increased significantly. This phenomenon was also observed in Series D and F. Therefore, the substitution of Cu by Ag or As by a small amount of Sb/Bi was tried in order to decrease the electrical resistivity.

Study of Te-Se-As-Ag system

Compared to copper, silver has similar electronic structure and electronegativity, but has a lower electrical resistivity and larger radius (Table 4.6). Actually, silver has the lowest resistance of any known natural material. With the increase of Ag content, the value declined from E1 to E3 and from E4 to E5.

The same phenomenon was also observed in previous research on the Te-As-Ag glass system [START_REF] Giridhar | Silver as a Dopant and as a Constituent in As-Ag-Te Glasses: Electrical Conductivity[END_REF] . However, of Ag-doped glasses are much higher than that of Cu-doped glasses, disqualifying them for TE. Actually, it is also well known that Ag-doped telluride glasses are rather good candidates for ionic conduction [START_REF] Hocdé | Recent Developments in Chemical Sensing Using Infrared Glass Fibers[END_REF] . DSC curves of glasses with different dopant concentration (Figure 4.17) show that only a small amount of Sb and Bi can greatly increase the energy released during crystallization and make the system unstable. For Series B, although ∆T has no significant decline, the bulk glass formability has been destroyed by Sb and all the glasses break into small pieces after annealing. For Series C, ∆T exhibits a remarkable decrease when the Bi concentration increases. For C4 sample, BiSeTe crystals were precipitated. As a result, the glass composition was changed, inducing an increase of 5 value. However, both the resistivities of Series B and C measured by four point probe method shows no significant change (around 30 Ω•cm).

Te-based glasses crystallization investigation

As a commonly used TE material, bismuth telluride has a quite low around 1.0 10 F: Ω•m. Regarding this, the minimum (~15 Ω•cm) obtained for the glass is still too high for any thermoelectric application. New method to decrease value should be explored.

Controllable crystallization would be an applicable way [START_REF] Vaney | A Comprehensive Study of the Crystallization of Cu-As-Te Glasses: Microstructure and Thermoelectric Properties[END_REF] . Crystals nucleation and growth could provide a large quantity of free electrons, meanwhile, the microstructure formed by glassy state and crystal in the glass-ceramics could raise boundary phonon scattering at a micro scale. Therefore, (Te 85 Se 15 ) 45 As 30 Cu 25 (A5) glass was firstly selected for heat treatment at various temperatures and during different times due to the combination of its high stability and low resistance. Te 45 As 30 Cu 25 (L4), as the most conductive glass in this work was also chosen for crystallization.

Actually, compared to a crystallized state, more energy is stored in glassy state. Glass structure can have a certain degree of flexibility when its temperature is higher than 5 .

Atoms in glass can cross the energy barrier and slowly rearrange into organized crystal patterns thanks to the energy provided by heat treatment.

In this part, the glass slices were heat treated tens of degrees higher than 5 in air atmosphere. The categories of predicated crystals and glass variation were verified by XRD and 4-probe technique respectively.

Crystallization of (Te85Se15)45As30Cu25 glass

The A5 glass (Te 85 Se 15 ) 45 As 30 Cu 25 was first selected for heat treatment. The heat treatment was first set to be at 5 +10°C from 10 hours up to 90 hours. The glass samples were also heat treated at 5 +40°C and at 5 +60°C for 15 hours.

Glass heat treatment and XRD measurement

The first trial was set to be at 5 +10°C during 10 to 90 hours for the purpose of monitoring crystal precipitation procedure. To exclude the influence of surface oxidation caused by O 2 in air, all samples were re-polished before XRD measurement. The polish depth was around 0.1 mm. XRD patterns shown that all samples remain vitreous after heat treatment. As a result, heat treatments at T g +40 °C and T g +60 °C were subsequently executed. However, even heattreated at T g +60 °C for 15 hours, the glass is only slightly crystallized (Figure 4.18 a),

showing that this glass composition is definitively very stable. The electrical resistivities of re-polished sample slices after heat treatment were also measured. For samples which are still vitreous, their values are all around 6Ω•cm. Even of partial crystallized sample after heat treatment at T g +30°C for 45 hours is still the same as that of the glass. As crystallinity increasing, of samples after heat treatment at T g +30°C for 75 hours and T g +40°C for 15 hours declined to 2Ω•cm. Hopefully, by controlling the crystallization process, it is possible to control the resistivity.

Surface crystallization

However, during the preparation of glass-ceramics sample for Seebeck measurement, new problem was found. The sample heat treated at T g +40°C for 15 hours was taken as an example. After heat treatment, glass rod, with its diameter and length to be Inset B of Figure 4.24 shows the cross section of glass rod after polish. The polish depths from 1 to 4 were 0.9, 0.9, 0.3 and 1.2 mm respectively. However, values had two orders of magnitude difference varies from 0.023 Ω•cm (face 3) up to 4.3 Ω•cm (face 1). Comparing the XRD patterns of both face 2 and face 3 in Figure 4.24, it can be found that the diffraction peaks of face 3 are higher than face 2. This signifies the existence of crystallinity gradient from rod surface to the center. These measurements confirm that the crystallization process is not homogeneous. As expected, the resistivity is lower in regions where the nuclei are numerous and large sizes. Therefore, alternative ways have to be devised for preparing homogeneous samples of glass ceramics.

Conclusion

In this chapter the basic principles useful for understanding the thermoelectric phenomena:

Seebeck effect, Peltier effect and Thomson effect have been introduced. It has been also

shown that the composition and phase design of the material is a compromise among the physical quantities electrical conductivity, Seebeck coefficient and thermal conductivity in order to get the maximum figure of merit.

In fact, materials for thermoelectric applications should possess very low thermal conductivities, which is the advantage of telluride glass. However, the figure of merit of telluride glass is too low due to insufficient electrical conductivity. In order to increase the conductivity, we have explored Te-As-Se-Cu glass systems with Te/Se ratio varies from 0/100 up to 100/0. (Te 85 Se 15 ) 45 As 30 Cu 25 glass could be an intersting candidate with a combination of high stability (ΔT=99 °C) and low resistance (ρ=35 Ω•cm). However, as it stands, the ρ value 35Ω•cm is still too high for any TE application. It is even much higher than previous results obtain in our lab [24] and other reference [23] . Therefore, the substitution of Cu by Ag or As by a small amount of Sb/Bi was tried in this part of the work in order to decrease the electrical resistivity. None of these both strategies has proved to be convincing.

Finally the last way which was explored to decrease the resistivity consisted in the preparation of glass ceramics [START_REF] Vaney | A Comprehensive Study of the Crystallization of Cu-As-Te Glasses: Microstructure and Thermoelectric Properties[END_REF] . The best results were obtained from the Te 45 As 30 Cu 25 glass.

It is possible to control the nucleation growth process by heating, in order to decrease the resistivity from 15 Ω•cm down to 2 Ω•cm. Unfortunately, it is difficult to get some homogeneous samples in term of nuclei spreading over the glassy matrix. That is a real problem because the ρ values are directly connected to the crystallinity rate.

Therefore, new method for preparing glass ceramics or composites should be explored.

That is the purpose of the next chapter.

Introduction

A material efficient for thermoelectricity (TE) should have complex structure and be based on heavy elements. Te-based glasses have proved to be potential thermoelectric materials due to their relatively low electrical resistivity. Besides low electrical resistivity, good TE material also asks for high Seebeck coefficient and low thermal conductivity. It has been known that glassy material in general exhibits a quite low thermal conductivity (~0.5W/m -1 K - 1 ). Actually, thermal conductivity of noncrystalline solids is several orders of magnitude smaller than that of crystalline substance. It decreases monotonically with decreasing temperature, and is almost independent of the chemical composition [1,2] . The typical thermal conductivity of Te glasses is of the order of ~10 -1 WK -1 m -1 [3] (0.12 WK -1 m -1 for Ge-Te-Se [4] , 0.35 WK -1 m -1 for Pb-Ge-Se [5] , and ~0.3 WK -1 m -1 for As-Te-Se-Cu [3] ). Meanwhile, the chalcogenide glass has an intrinsic high Seebeck coefficient [6][7][8] (more than 500µV/K).

Currently, bismuth telluride is still the best commercial TE material near room temperature. Both p-type [9][10][11][12][13] and n-type [12][13][14][15] bismuth telluride exhibit high electrical conductivity (~1.2 10 5 S•m -1 ) and Seebeck coefficient ( 180~220µV/K). Unlike the majority of crystalline compounds, Bi 2 Te 3 shows a really low thermal conductivity [11,16] (~1.2 W•m -1 K -1 ), which makes the ZT value higher than 1.

Compared to these commercial materials [11,17] , besides Seebeck coefficient and thermal conductivity, the electrical conductivity of the Te-As-Se-Cu glass is still too high for potential application. In order to overcome the low electrical conductivity of glassy material, and prepare a kind of material with good thermoelectric performance and high formability, composites based on both Te-As-Se-Cu glass and Bi 2 Te 3 crystals were designed. In this chapter, different ratios of the (Te 85 Se 15 ) 45 As 30 Cu 25 glass and bismuth telluride powder will be mixed together and sintered using hot pressing technique or spark plasma sintering (SPS).

Characterizations including electrical resistivity, Seebeck coefficient, thermal diffusivity, density, XRD and SEM were implemented in order to evaluate the thermoelectric performance of these glass-ceramics composites.

Thermoelectric material prepared by hot pressing

Glass-ceramics powder mixture preparation

To The obtained bulk glass and Bi 2 Te 3 were accurately weighted according to their atomic ratio (10:0, 9:1, 7:3, and 3:7) and introduced into the milling tank. The tank was positioned into a planetary ball mill (Retsch PM100). Rotation cycles of 3 min at 300 rpm were scheduled with direction reversal and a pause of 3min between each cycle. The homogeneous glass and glass-ceramics powders were obtained after 4 hours of milling. To reduce potential contaminations by oxygen and water, all the manipulations mentioned here were performed in the glove box under the protection of argon.

Synthesis of glass-ceramics composites by hot pressing

Hot pressing technique

Hot pressing is an efficient tool to prepare alloy steels or specific ceramics from powders at a temperature high enough to induce sintering by the simultaneous application of heat and pressure in a mold. This technology is frequently used for the manufacturing of various materials which are difficult to prepare via liquid phase processing or which cannot be sufficiently densified by using powder technology such as pressing and sintering.

Hot pressing technique also has its application limitations. It can only manufacture bulks with simple shapes like plates, blocks, cylinders, and is not proper for cases where a pore-free state is required. Nevertheless, as thermoelectric materials do not require complex shapes and free of defects, both the two restrictions are not a matter for thermoelectric application.

For the present work, a home-made hot pressing machine was used, schematized in Figure 5.2. In the preparation process, pressure was applied on the top of the hot press die and heat was provided by a heater at the bottom. A typical cycle time is several hours. 

Sintering process and parameters introduction

The bulk sample was prepared by introducing 5 grams of the powder in a stainless steel die of 20 mm inner diameter. The walls of the die were previously covered with a layer of boron nitride (Alfa Aesar, 99.5%) powder to avoid sticking of the chalcogenide powder together with the die. Boron nitride powder was diluted in laboratory grade acetone and the solution was applied with a paintbrush over the walls of the die. The die was then left to dry in air atmosphere, leaving a thin and uniform layer of boron nitride powder on the surface.

The die with glass-ceramics powder was then introduced into a hot uniaxial press evacuated by primary vacuum pump (10 -3 mBar). The temperature was raised up to 300 °C in 28 min (heating rate of 10°C/min) without applying pressure. In order to obtain a stable temperature field, the die was kept at 300 °C for 15 min. Then a pressure of 30MPa was applied and released after 7 hours of sintering. After consolidation process, the temperature was slowly decreased to 210°C with a cooling rate of 10°C/min and kept for 2 hours for annealing. The die together with the ball mill then decreased to room temperature gradually (Figure 5.3). The sintering temperature should be located between the glass transition temperature T g and crystallization temperature T x . From Figure 5.4, the actual temperature of sample located at 1 cm above bottom is about 40~50 °C lower than the setting temperature.

In order to find the proper temperature, a series of sintering temperatures from 270°C up to 310 °C were applied and the optical microscope image was used to monitor the consolidation procedure. 300 °C is proved to be the proper sintering temperature. Indeed, due to the existence of only one heat source provided in the hot pressing machine and the low thermal conductivity of glass (0.1-0.3 WK -1 m -1 ) and bismuth telluride (1.0-1.2 WK -1 m -1 ), heat transfer was thwarted during sintering and a temperature gradient was generated from the bottom to the top of the sample. When the sintering temperature is too low (e.g. sintering at 280°C shown in Figure 5.5), the material cannot be homogeneously sintered. Glass powders and small bulks which are not well sintered can be clearly observed on the top surface. On the other hand, when the temperature is too high (e.g. sintering at 310°C), As 2 Te 3 crystallization can be generated at the bottom face, which is confirmed by XRD. Thus, 300

°C was used as sintering temperature as (Te 85 Se 15 ) 45 As 30 Cu 25 glass can be well sintered without inducing extra crystallization, which will be shown in paragraph 5.2.3.1. and hand-grinded glass powder have a lower thermal stability. This phenomenon is easy to be understood. During the grinding process, there were defects, distortions and especially large quantities of breaking chemical bonds generated on the surface of micro-scale glass powder, causing a significant increase of surface energy. In the heating process of DSC test, this surface energy could accelerate the crystallization and decrease ∆T value between T g and T x . As a result, it can be concluded that, due to the uneven temperature distribution in hotpressing furnace and the glass stability destruction caused by ball-milling with Bi 2 Te 3 , new inhomogeneous crystallization was inevitable during sintering. So, new mixture preparation and sintering methods should be taken into account.

Thermoelectric material prepared by Spark plasma sintering

In this part, the main work was done in Nanoforce Technology Ltd in London. The equipments, such as Spark Plasma Sintering (SPS), Seebeck and laser flash thermal diffusivity measurements were provided by Prof. Michael J. Reece. The composites between (Te 85 Se 15 ) 45 As 30 Cu 25 glass and Bi 2 Te 3 or Bi 0.5 Sb 1.5 Te 3 were prepared and characterized.

5.3.1

Synthesis of glass-ceramics composites

Glass-ceramics mixture preparation

In order to avoid the thermal destruction of ( For further experiments, the grain size of all the glass and crystal powders was selected to be less than 50 µm using a sieve.

On this basis, the mixtures of glass with different ratios of Bi 2 Te 3 or BST (10%, 30%, 50%, 70%, and 90%) were prepared by magnetic stirring at 200 rpm in ethanol (3N) solution at 70°C for 30 minutes and dried at 80°C for 30 minutes in a drying oven. Here, ethanol was chosen based on its high removability. The sieved pure glass, Bi 2 Te 3 and BST powders (<50µm) were also stored for future preparation.

Preparation of glass-ceramics bulk samples using SPS technique

Spark plasma sintering technique

Spark Plasma Sintering (SPS) is a high-speed powder consolidation technology capable of processing a large variety of both novel and traditional materials. The main characteristic of SPS is that a high-energy, low-voltage pulse DC current directly passes through the powder compact and generates Joule heating and electrical field diffusion effect in fine local areas between particles. Compared to conventional sintering technique, the heat generation in SPS is internal, and Joule's heating effect results in achieving near theoretical density at lower sintering temperature. Moreover, the high heating rate (up to 1000 K/min) and fast sintering process (within a few minutes) provide a potential of near total densification with little grain growth.

Sample preparation

To prepare glass or glass-ceramics composites using SPS technique, a series of parameters should be optimized. For example, to avoid the crystallization of the glassy phase and the leakage of toxic elements such as arsenic during sintering process, the temperature should be precisely controlled. This asks for lower electric current, power and heating rate, and as a result prolongs sintering time. Meanwhile, cooling rate after sintering should also be controlled in order to provide an annealing to the glass. According to series of trials, the proper parameters were chosen and the process is shown in Figure 5.9 a. Compared with traditional hot pressing technique, the sintering time of SPS is greatly reduced. In addition, pure Bi 2 Te 3 and BST samples were also prepared by SPS at 450°C. The preparation procedure is shown in Figure 5.9 b. Compared with samples with vitreous phase, the heating and cooling rate can be much faster and the sintering time was greatly decreased.

5.3.2

Characterization of (Te85Se15) 45 As 30 Cu 25 / Bi 2 Te 3 composites

The following samples were prepared and characterized : (Te 85 Se 15 ) 45 As 30 Cu 25 glass, glass with 0%, 10%, 30%, 50%, 70%, 90% and 100% of Bi 2 Te 3 (atomic ratio), named as SPS-BT0, SPS-BT10, SPS-BT30, SPS-BT50, SPS-BT70, SPS-BT90, SPS-BT100 respectively.

Indeed, the ability of a given material to efficiently produce thermoelectric power is related to its dimensionless figure of merit (ZT) given by:

(5.1)

which depends on the Seebeck coefficient S, thermal conductivity κ, electrical resistivity , and temperature T. As a result, S, κ, and should be studied separately.

X-ray diffraction

After SPS, XRD were performed by the PANalytical X'Pert MRD PRO set-up from 5˚ to 90˚ (Figure 5.10) in order to have a comparison with the composites prepared by hot-pressing technique. Unlike hot-pressing samples, the glass in all the composites still remains in a glassy state and all the diffraction peaks belong to Bi 2 Te 3 . This proves an intrinsic advantage of SPS technique in preparing novel materials without introducing nucleation and crystal growth. As expected, the diffraction intensity was enhanced as Bi 2 Te 3 content increasing.

Seebeck coefficient

The Seebeck effect (S) corresponds to the conversion of temperature differences directly into electricity. It has been introduced in the section 4. By the analysis of charge carrier mobility, it can be got that n-type semiconductors have negative Seebeck coefficients, while the ones of p-type materials are positive [18] . The Seebeck coefficient of pure glass and glass-ceramics composites were measured using two different home-made systems depending on their measuring scales and shown in Figure 5.12. The samples were cut into 2 2 10 mm bars for measurements. The Seebeck coefficient of SPS-BT0 was measured from 160 K up to 380 K using one home-made system. For other samples, Seebeck coefficients were tested using another home-made system around 300K, 330K, 370K, 410K and 440K (Figure 5.12). To avoid glass crystallization, the highest test temperature was controlled to be 440K, several degrees lower than the glass transition temperature (443K). As SPS-BT0 is p-type, and SPS-BT100 is n-type, there was an obvious carrier type change as Bi 2 Te 3 content increased from 10% to 90%. As the quantity of electrons in Bi 2 Te 3 crystal is much larger than holes in SPS-BT0, the composite became n-type when Bi 2 Te 3 content was more than 30%. The best one is SPS-BT90, where the glass acts only as a kind of "binder" among Bi 2 Te 3 particles. Nevertheless SPS-BT70 presents almost the same Seebeck values and could also be an interesting compromise. For comparison, Seebeck coefficient of SPS-BT100 is around 153 µV•K -1 at room temperature.

Electrical resistivity

As an efficient thermoelectric material does not only ask for a high Seebeck coefficient, but also a low electrical resistivity ( ), the electrical resistivities were tested by four probe method using a home-made system. With four probes well contacted with the regular quadrangular prism sample, the volume resistivity can be automatically calculated using the values of current, voltage, distance between the two probes and the sample size (Figure 5.13).

Resistivities at various temperatures are compared in Figure 5.14. Comparing the values of SPS-BT90 and SPS-BT100, it can be drawn that just 10% of glass can decrease the thermal diffusivity a lot. This is perhaps caused by the scattering at the interface between Bi 2 Te 3 crystal and (Te 85 Se 15 ) 45 As 30 Cu 25 glass.

Density

In order to obtain the thermal conductivity, density ( ) of the composites were also measured using Archimedes' principle and compared with theoretical density calculated from of glass and pure Bi 2 Te 3 (Figure 5.17 The ZT value of SPS-BT0 was calculated to be around 0.002. Although the Seebeck coefficient was interestingly high for the pure glass, the consequence of the too large electrical resistivity is an insurmountable handicap preventing to get a good figure of merit.

This observation confirms that this resistivity is the relevant parameter that has to be drastically decreased to improve the TE properties of such materials. By adding Bi 2 Te 3 , ZT value shows a significant increasing tendency. Nevertheless, ZT values of glass-ceramics from SPS-BT10 to SPS-BT90 are all much larger than pure glass. SPS-BT90 sample, which is not fully densified, has a ZT value varies from 0.095 to 0.125 by increasing temperature.

For comparison, the ZT value of SPS-BT100 is calculated to be 0.75 at room temperature from , , and . All the specimens are p-type semiconductor materials. By adding BST, the Seebeck coefficient was firstly decreased from SPS-BST0 (the same as SPS-BT0, see Figure 5.12a) to SPS-BST30. To explain this, it is important to note that a material's Seebeck coefficient is inversely related to its carrier density. Therefore, insulators tend to have higher Seebeck coefficients, while metals have lower values due to their high carrier concentrations.

(Te 85 Se 15 ) 45 As 30 Cu 25 glass, as a p-type semiconductor, exhibits a much lower hole concentration compared to BST. Hence, from SPS-BST0 to SPS-BST30, the sudden increase of hole concentration induced by BST can significantly decrease the Seebeck coefficient.

Then, from SPS-BST30 to SPS-BST90, the Seebeck coefficient rises again and tends to converge to a mean value equal to 120 µV•K -1 . The Seebeck coefficient of SPS-BST100 varies from 175 µV•K -1 at 300K to 200 µV•K -1 at 440K. The big difference between SPS-BST90 and SPS-BST100 is most likely caused by the incomplete mechanical alloying.

Electrical resistivity

The electrical resistivities were also measured at different temperatures (Figure 5.25a). samples (160 µW/mK 2 at 440K). For SPS-BST70 and SPS-BST90, owning to the defects of the composites themselves, an abnormal electrical resistivity increase induced a lower power factor compared to SPS-BST50. SPS-BST100, whose power factor is around 2000 µW/mK 2 , is also listed for comparison.

Thermal conductivity

Based on Equation (5.3), thermal diffusivity , density , and specific heat capacity need to be measured for the calculation of thermal conductivity .

In both images, large quantities of small holes could be observed; this phenomenon is direct evidence of the abnormal density decrease in SPS-BST70 and SPS-BST90. These micro scale defects should also thwart the electron mobility and explain the erratic measurement of the Seebeck and of the resistivity.

Thermal diffusivity

The thermal diffusivities were also measured at different temperatures (Figure 5.29). In Figure 5.29, pure glass exhibits the lowest thermal diffusivity. By increasing the BST content, thermal diffusivity was gradually increased. Comparing SPS-BST90 and SPS-BST100, it can be drawn that just 10% of glass can decrease the thermal diffusivity a lot.

Note that the evolution of the diffusivity is almost monotonous, and seems not be disturbed by the inhomogeneities pointed out in the previous section.

Specific heat capacity

The specific heat capacity, was also measured (Figure 5.30). As Bi 0.5 Sb 1.5 Te 3 content increased, more or less gradually decreased. According to Dulong-Petit law, this decrease can be attributed to the increase of molecular mass from SPS-BST0 (92.5 g•mol -1 ) to SPS-BST100 (133.986 g•mol -1 ). Due to a much higher of SPS-BST100 than SPS-BST0, the substitution of glass by BST made increasing gradually from 0.2 to 1.0. However, of both SPS-BST70 and SPS-BST90 exhibit an irregular decrease which has to be correlated to the density measurements which reflect themselves the homogeneity defects of the materials (section 5.3.3.5).

Figure of merit (ZT)

According to Equation (5.1), the figure of merit (ZT) values of the composites were calculated from power factor, temperature, and thermal conductivity (Figure 5.32). Nevertheless, it is predictable that by adjusting BST ball-milling time, powder mixing method and SPS parameters, well-compacted glass-ceramics could be obtained with a comparable figure of merit value and much lower sintering temperature compared with ptype bismuth telluride.

Conclusions

In this chapter, in order to overcome low electrical conductivity of glassy material, and prepare a kind of material with good thermoelectric performance and high formability, To reach this aim, highly purified Te-Ge-Se ternary glasses with limited Se content ( 8%) were obtained using a newly developed two-steps chemical-distillation purification method, which provide a good contact between raw material and oxygen absorbers. In addition, a new way to make the preform, called capillary method, has also been developed alternatively to the classical rod in tube method for the preparation of fiber with a small core. On this basis, high purity So, in Chapter 2, a series of (GeTe 4 ) 100-x M x (M is Ag, I, or AgI) glasses were synthesized to explore the effect of Ag, I separately and AgI as a salt in GeTe 4 glass on glass properties.

(
To achieve this goal, glass physical properties were investigated, including thermal stability, density, electrical and ionic conductivity. Also, a glass structural model is proposed thanks to XRD and EXAFS measurement and a reverse Monte Carlo studied carried out in close collaboration with Pal Jovari (Wigner Research Centre for Physics, Hungarian Academy of Sciences). According to these works, it is confirmed that iodine acts as an electron absorber and a glass network terminator. By adding AgI, the glass network is opened up gradually.

When AgI is less than 15%, silver acts as glass former, embedded in the covalent network, rather bonded to Te. When AgI is beyond 15%, silver start to act as modifier, occupy the interstices of the network, engaged rather ionic bond with iodine. Meanwhile, the ion diffusion channels are large enough and the glass shows a clear transition from electron conductor to ionic conductor. Based on the structural features, the high thermal stability of the glass could be explained by the switches of tellurium from two to three fold coordinated and the charge interactions between iodine and silver atoms blocking the trapped electron going back to glass network.

In addition, (GeTe 4 ) 100-x AgI x glasses have shown a wide optical transmittance from 2µm up to more than 35µm (collaboration Pascal Masselin at the Université du Littoral). To our knowledge, they are the first glass transmitting so far in the infrared. Thus, these glasses are very promising materials both as optical fibers for the mid-infrared means, and as lenses for the far-infrared range.

On this basis, Chapter 3 focus on the exploration of far infrared sensing probe based on (Ge 0.21 Te 0.79 ) 100-x AgI x (x=10, 15, and 20) glasses. By a careful operation of polishing, the surface defects of the purified preform caused by germanium iodide re-condensation during annealing process have been totally removed. By this treatment, the fiber attenuation has been significantly reduced from more than 20dB/m to less than 10dB/m. The minimum attenuation value is 3dB/m around 10 µm for (Ge 0.21 Te 0.79 ) 90 AgI 10 single index fiber, which is up to now the minimum value ever measured for a telluride glass. By tapering them, the fibers were designed for FEWS experiments up to 16µm. By measuring dichloromethane and chloroform infrared spectra, the tapered fiber-based sensors show an enhanced sensing ability as sensing zone diameter decreases. Besides, the experiment using toluene-isooctane solution show a toluene concentration detection limit of Te-Ge-AgI fiber to be 0.5 vol.%. Moreover, the infrared spectra of calf serum, milk, butter and gasoline, taking as examples of complex organic system, have been also carried out. Results show that infrared sensor using (Ge 0.21 Te 0.79 ) 100-x AgI x fiber sensing probe is an ideal tool due to its simplicity and efficiency for the identification and quantification of complex system. This development will have some clear benefit to carry out FEWS experiments in biology or medicine for example.

The second axe of this work concerns the potential of tellurium-based glasses in thermoelectricity. The chalcogenide glasses have intrinsic poor thermal conductivity (about 0.5W/m -1 K -1 ) and high Seebeck coefficient (more than 500µV/K). Telluride glasses are those with the highest electrical conductivity.

In Chapter 4, the originality of the present work lies in the method of synthesis of meltquenched glasses in the form of bulk samples. Te-As-Se-Cu glasses with Te/Se ratios and Cu Finally, all the works done in this thesis help to advance the state of knowledge of tellurium-based glasses. Many promising progresses have been obtained which will contribute to the improvement of their applications in the daily life.

Some achievements in optics will change the status of pure tellurium-based glass from curiosity for material scientist toward effective functional material for mid and far-infrared optical devices.
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 1 Figure 1 Schéma de purification du Te-Ge-Se en deux étapes : purification chimique (a) et distillation (b)

Figure 2

 2 Figure 2 Fabrication de fibres optique double-indice par la méthode capillaire

Figure 3

 3 Figure 3 Images du signal à la sortie avant (a.) et après (b. & c.) revêtement en GeSn.

Figure 4 2

 42 Figure 4 Distribution de la lumière en 3 dimensions pour la fibre en Te 76 Ge 21 Se 3 /Te 71 Ge 21 Se 8 .

Figure 5

 5 Figure 5 Comparaison des DSC de verres GeTe 4 dopé avec 5% (a) et 15% 1 (b) d'Ag, I et AgI. Sur la figure 6 sont reportées les conductivités électriques mesurées par sonde 4 points d'une part et impédancemètrie d'autre part. Ces résultats montrent des processus de conductivités très différents pour les verres contenant de l'argent pour lesquels la conductivité est exclusivement électronique et croît avec le taux d'Ag, alors que la situation est plus complexe pour les compositions contenant AgI. D'abord, la conductivité globale diminue jusqu'à 15% de sel ionique, car l'iode tend à capter les électrons de conduction apportés par le tellure. Ensuite la conductivité croît au-delà car les ions Ag + deviennent mobiles dans un réseau plus ouvert car structuralement l'iode tant à ouvrir le réseau.

Figure 6

 6 Figure 6 Diagramme de Nyquist du (GeTe 4 ) 100-x AgI x à 10°C (a) et comparaison de la conductivité électrique entre le (GeTe 4 ) 100-xAgx et le (GeTe 4 ) 100-x AgI x (b).

Figure 7

 7 Figure 7 Structure du (GeTe 4 ) 100-x AgI x avec moins (a) ou plus (b) de 15% d'AgI D'un point de vu plus finalisé, ces verres ont été également caractérisés optiquement à de plus grandes longueurs d'onde à l'Université du Littoral à Dunkerque. Sur la figure 8, sont reportées les courbes de transmission qui montrent que ces verres laisse passer la lumière jusqu'à 38 µm. C'est à notre connaissance les seuls verres transmettant aussi loin dans l'infrarouge lointain, les rendants intéressants pour réaliser des fenêtres optiques, par exemple pour des applications spatiales.

Figure 8 3 Fibres

 83 Figure 8 Transmittance dans l'infrarouge lointain du (GeTe 4 ) 100-x AgI x ..

Figure 9 Figure 10

 910 Figure 9 Photos microscopique et macroscopique de la préforme de fibre optique en (Ge 0.21 Te 0.79 ) 90 AgI 10 avant (a et b) et après (c et d) polissage

  présente une comparaison de spectres FEWS acquis avec une telle fibre et ceux acquis grâce à la fibre en verre Te 2 As 3 Se 5 actuellement mise en service par la société DIAFIR. La nouvelle fibre en verre GeTe 4 -AgI permet d'acquérir le signal jusqu'à 16 µm contre 12 µm jusqu'alors, permettant ainsi l'observation des bandes d'absorption C-Cl par exemple. On vérifie également le gain en sensibilité lorsque le diamètre de la fibre diminue.

Figure 11 5 %

 115 Figure 11 Détection du dichloromethane (a) et du chloroform (b) en utilisant les fibres en (Ge 0.21 Te 0.79 ) 90 AgI 10 Pour illustrer le potentiel de ces fibres sur une problématique concrète, les spectres du toluène en concentration variable dans l'iso-octane ont été enregistrés. On distingue clairement les deux bandes d'absorption dues à des vibrations C-H « hors plan » à 13.7 et 14.4 µm. Ces bandes signent la présence du toluène avec un seuil de détection de l'ordre 0.5 % en volume. Le toluène est utilisé comme additif dans l'essence pour optimiser le taux d'octane. Notons que l'on retrouve une loi de proportionalité entre l'absorbance et la concentration jusqu'à 10% de toluène, permettant ainsi son dosage.De façon générale, l'apport de ces fibres pour la spectroscopie par ondes évanescente est très significatif et pourrait s'avérer décisif lors de la mise en oeuvre de ces capteurs pour des

Figure 12 4 Développement

 124 Figure 12 Variation de l'absorption du toluène en fonction de la concentration capté par la fibre en TG-AgI10 effilé. L'encart représente l'absorption du toluène moins 10% et sa régression linéaire.

Figure 13

 13 Figure 13 Comparaison des résistances du Te-As-Cu, Te-Se-As-Cu et du Se-As-Cu A partir de cette composition, des vitro-céramiques ont été préparées par recuit du verre. Les résultats sont regroupés sur la figure 14. Un recuit de 15h à Tg+30°C permet d'obtenir une vitrocéramique assez homogène et d'abaisser la résistivité à 6 Ω.cm après avoir poli la

Figure 14 DRX

 14 Figure 14 DRX du Te 45 As 30 Cu 25 après traitement thermique à différentes températures pendant 15 h (a.) et à T g +30°C pour différentes durées (b.)

Figure 15 DRX

 15 Figure 15 DRX des différentes faces d'une tige de Te 45 As 30 Cu 25 après polissage. L'échantillon a subi un traitement thermique a 204°C durant 15 h.

Figure 16 DRX

 16 Figure 16 DRX (a) et ZT (b) du (Te 0.85 Se 0.15 ) 45 As 30 Cu 25 avec différents pourcentages de Bi 2 Te 3 Les premiers essais se sont portés sur un mélange entre le verre (Te 85 Se 15 ) 45 As 30 Cu 25 et Bi 2 Te 3 cristallisé. Le pressage à chaud s'est vite révélé insuffisant pour compacter les matériaux. Par SPS il a été possible de préparer une série de composites vitro-céramisés en substituant continument l'un et l'autre des éléments (figure 16). L'ensemble des caractérisations thermoélectriques a été réalisé pour aboutir au ZT présenté sur la même figure. Celui-ci augmente avec le taux de cristallites Bi 2 Te 3 dans le verre. Le verre contenant 90% de Bi 2 Te 3 présente donc le ZT=0.12 le plus élevé. Cette valeur est beaucoup plus faible que celle de Bi 2 Te 3 , mais le matériau final présente l'avantage de pouvoir être facilement mise en forme. Par ailleurs, le verre est un conducteur de type p alors que Bi 2 Te 3 est de type n. Le mélange de ces 2 composés n'est donc pas optimal pour améliorer les conductivités et nous nous sommes orientés vers le composé Bi 0.5 Sb 1.5 Te 3 (BST) qui lui est conducteur de type p comme le verre.

Figure 17

 17 Figure 17 Composites de (Te 0.85 Se 0.15 ) 45 As 30 Cu 25 / Bi 0.5 Sb 1.5 Te 3 fabriqué par la méthode SPS.

Figure 18 Facteur

 18 Figure 18 Facteur de mérite thermoélectrique du composites (Te 0.85 Se 0.15 ) 45 As 30 Cu 25 /Bi 0.5 Sb 1.5 Te 3 .
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  emerged. Two typical examples are the « Terrestrial Planet Finder » (TPF) led by « National Aeronautics and Space Administration » (NASA) and Darwin project led by «European Space Agency» (ESA). Both projects have the same goals: (1) to block the light from a parent star in order to detect its much smaller, dimmer planets; (2) to characterize the surfaces and atmospheres of newfound planets, and look for the chemical signatures of life. To achieve these two goals, a telescope flotilla operating in the thermal infrared spectral region is required. The reasons are as follows:

GeTe 4

 4 tetrahedral structural units. The bulk infrared transmittance spectra of Te-Ge-Ga, Te-Ge-I, Te-Ge-Se, and Te-Ge-AgI glass systems, which have been recently investigated in our laboratory since 2006, are shown in Figure 1.2.

  an illustration, the optical losses of Te 20 As 30 Se 50 (TAS) single index optical fibers are shown in Figure 1.4. Then the attenuation curves of fibers drawn from preforms with and without purification are obtained. Clearly, the quality of the purification steps is essential to get some low-loss fibers.

Figure 1 . 4

 14 Figure 1.4 The fiber optical losses of Te 20 As 30 Se 50 glasses and single index fibers with

Figure 1 . 5

 15 Figure 1.5 Selenium purification scheme

  been produced by melting the corresponding element mixtures in silica glass ampoules under vacuum. The setup should be cleaned with hydrofluoric acid to remove the silica dust, rinsed thoroughly with distilled water and dried under vacuum. A rocking furnace with fixed oscillation frequency and amplitude is used for homogenization of melts. The schematic diagram of glass preparation process is shown in Figure 1.2.

Figure 1 . 6

 16 Figure 1.6 The schematic diagram of glass preparation process.

Figure 1 . 7 .Figure 1 . 7

 1717 Figure 1.7. By this way, a rod 7 mm in diameter and 15 cm long is obtained

Figure 1 . 8 .

 18 Figure 1.8. A silica setup with a chamber connected to the reaction tube was used for glass preparation. Te, Ge, and Se mixed with 100 ppm Al wt. were distilled at 1000˚C for 2 hours. The hot metal vapor goes through a filter towards a reaction silica tube of 7 mm internal diameter thanks to the pressure gradient created by a temperature difference. The reaction tube was sealed again with distillated elements inside and heated according to the procedure shown in Figure 1.8.

Figure 1 . 8

 18 Figure 1.8 Schematic diagram of one-step purification process

Figure 1 . 9

 19 Figure 1.9 Schematic diagram of two-steps purification procedure of Te-Ge-Se glasses: chemical purification (a.) and distillation (b.)

Figure 1 .

 1 Figure 1.10 The schematic principle diagram of EDS (a) and a typical TGS glass EDS spectrum (b).
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 352 Thermal stability of glasses using different purification methods Differential scanning calorimetry (DSC) is a thermo analytical technique for which the difference in the amount of heat required to increase the temperature of a sample and a reference is measured as a function of temperature. Any phase change, chemical reaction or transformation of the sample is accompanied by a thermal change and can be detected and analyzed by this technique. In the glass science field, DSC is a well-known technique to determine the glass transition temperature (T g ), crystallization temperature (T x ), and melting point (T m ). T g is characterized by an endothermic gap of the baseline corresponding to a C p jump, crystallization results in an exothermic phenomenon whereas the melting gives rise to an endothermic peak (Figure 1.11 a). Thermal analysis of the TGS3 glasses prepared with one or two-step purification methods were achieved by TA Instruments Auto Q20. The aim is to check the thermal stability of the samples (Figure 1.11 b). The DSC were performed under an argon flow at a heating rate of 10˚C/min from 50˚C to 310˚C.

Figure 1 .

 1 Figure 1.11 DSC curves of a typical glassy state material (a) and TGS3 glasses prepared without and with one-step and two-steps purification methods (b)

4 )

 4 For tellurium based glasses, is calculated to be around 40% according to the refractive indices of air (1.003) and the glass (>3). The influence of Fresnel reflection on the transmission spectrum of glasses with different refractive indices is shown in Figure 1.12 b.

Figure 1 .

 1 Figure 1.12 The scheme of Fresnel reflection (a.) and the typical transmission spectrum of glasses with different refractive indices (b.)

Figure 1 .

 1 Figure 1.13 Infrared transmittance of TGS3 glasses without purification (red dotted line) and with two-steps purification (black line).

Figure 1 .

 1 Figure 1.14 The photograph of fiber drawing tower (left) and schematic diagram of fiber drawing process (right).

Figure 1 .

 1 Figure 1.15 Photograph of TGS3 fiber and preform after drawing

Figure 1 .

 1 Figure 1.16 Schematic diagram of cutback method for fiber attenuation test.

Figure 1 .

 1 Figure 1.17 Optical losses of single index TGS3 fibers obtained from the preform using one-step and two-steps purification methods.

Figure 1 .

 1 Figure 1.18 Differences among graded-index multimode, step-index multimode and single-mode optical fibers.

a

  controlled way. By linear fitting the refractive index at 10 µm (Figure 1.19 b), glass refractive index evolution with Se can be expressed by

Figure 1 .

 1 Figure 1.19 Refractive index evolution of Te-Ge-Se glasses versus Se/Te ratio[23] 

Figure 1 .

 1 Figure 1.20 Schematic diagram of rod-in-tube method (a) and Optical microscope image of Te-based glass after casting (b)

Figure 1 .

 1 Figure 1.21 Capillary method for the fabrication of double index fiber.

  defects. Optical transmittance measurement is an effective method. TGS8 glass, as a clad composition for multimode fiber preparation, is cut and optical polished. The infrared transmittance spectra of glass disk after immersion in hydrofluoric acid for different time were tested and shown in Figure1.23.

Figure 1 .

 1 Figure 1.23 Infrared transmittance spectra of optical polished TGS8 glass disks before and after immersion in hydrofluoric acid for different time.

Figure 1 .

 1 Figure 1.24 Optical microscope images of TGS8 glass disks reacted with HF for 0 minute (a), 30 minutes (b), 1 hour (c), 2 hours (d), and 4 hours (e).

Figure 1 .

 1 Figure 1.25 Photograph of TGS3/TGS8 preform ready for drawing.

Figure 1 .Table 1 . 5

 115 Figure 1.26 Optical loss of TGS3/TGS8 double index fiber.Table 1.5 The length details of TGS3 and TGS3/TGS8 fibers used for cutback method Fiber type Fiber length details for cutback method <5 µm 5-13 µm >13µm TGS3/TGS8 35-19 cm 80-35 cm 35-19 cm TGS3 38-20 cm 121-38 cm 38-20 cm

Figure 1 .

 1 Figure 1.27 Electron microscopy (left) and optical microscopy (right) images of TGS3/TGS8 fiber cross section.

Figure 1 .

 1 Figure 1.28 Real and theoretical (dotted line) composition distributions comparison of TGS3/TGS8 fiber cross section. The actual and the theoretical values are in good agreement. As expected, the glass composition shows a significant change at the interface between the core and the clad. The fluctuations along the line are due to the accuracy of the EDS measurement (~1%).

Figure 1 .

 1 Figure 1.29 Set-up used for the control of the propagation in a TGS3.5/TGS3 double index fiberThe total fiber length is around 20 cm. In order to remove the cladding modes which are confined in the clad due to its much higher refractive index than the surrounding medium, a liquid GaSn alloy was applied on the fiber external surface. The images of output signal before and after GaSn coating are shown in Figure1.30.

Figure 1 .

 1 Figure 1.30 The images of output signal before (a.) and after (b. & c.) GeSn coating. Before the application of Ga-Sn alloy (Figure 1.30 a), a large quantity of light was confined in the clad. During the multiple-path transmission, each mode undergoes a random phase shift. As a result, random interference of the modes in clad occurs, so that the sum of the complex amplitudes of the modes has a random intensity. That is what we have observed in the output image of fiber without Ga-Sn coating.After removing the confined cladding mode by application of a liquid GaSn alloy (Figure1.30 b), only the light propagating in the core could be clearly observed. A small amount of light propagating in the clad could also been seen. These confined cladding modes are the diffusion of the light in the core due to the defects at interface.

Figure 1 . 31 ,

 131 Horizontal and vertical axes represent image pixels and light relative intensity respectively, and they themselves have no practical meaning. By fitting, it is clear that the light intensities in both directions follow some Gaussian distributions.

Figure 1 .

 1 Figure 1.31 2D profiles of light distribution and their Gaussian fit. For a single-mode fiber, on one hand, the image must be circular. On the other hand, the profile built in 3D from the distribution of observed intensities must follow a Gaussian distribution. To confirm this phenomenon, 3D profile of observed light intensities is studied and shown in Figure 1.32.

Figure 1 .

 1 Figure 1.32 3D light distribution in TGS3/TGS8 fiber.

Figure 1 .

 1 Figure 1.33 Optical loss of TGS3/TGS3.5 double index fiber.

Figure 1 .

 1 Figure 1.34 Principle of optical propagation measurement of TGS3.5/TGS3 double index fiber using non-coherent light source. Similarly, at the output of the fiber, no light is detected in the center of the fiber with the infrared camera. Moreover, the diameter of the dark area is larger than the core diameter.

Figure 1 .

 1 Figure 1.35 The DSC curves of TGS3 bulk glass and fiberIt could be obtained from the DSC curves (Figure1.35) that after fiber drawing process, G is maintained at the same value as for the starting glass. However, T x decreased from 283°C to 265°C. Therefore, ∆T decreased from 121°C to 103°C, and the glass fiber became quite

Figure 1 .

 1 Figure 1.36 Surface crystallization of TGS3/TGS8 multimode fiber From Figure 1.36, it can be observed that the nucleation first appears on surface and then grows into the glass, forming micro-scale crystals. Nevertheless, in the nucleation step, the nano-sized nucleus cannot be easily observed. But it can significantly alter the glass stability.

Figure 1 .

 1 Figure 1.38 The glass stability comparison of TGS3 bulk, stick and fiber.

Figure 1 .

 1 Figure 1.39 Optical losses of TGS3 glass fibers obtained from the same preform after one-step and two-steps fiber drawing.

  2 mm/min, 5 mm/min was also used to decrease the duration of the preform in heating zone, and thereby reduce the possibility of surface crystallization. However, the fiber drawing temperature is 20 °C more, generating a larger temperature gradient to accelerate heat conduction. DSC curves (Figure1.40) and optical losses (Figure1.41) of the fibers were characterized respectively.

Figure 1 .

 1 Figure 1.40 The glass stability comparison of TGS3 fibers drawn with different preform feed speed.

Figure 1 .

 1 Figure 1.41 The optical losses of TGSe3 fibers. The speeds of preforms were 2mm/min and 5mm/min respectively.

Figure 2 . 1 SEM image of GeI 4 crystal 2 . 3

 2123 Figure 2.1 SEM image of GeI 4 crystal

Figure 2 . 2

 22 Figure 2.2 DSC curves of (GeTe 4 ) 100-x Ag x glasses In Figure 2.2, all the TG-Ag glasses are found to exhibit a single glass transition peak and a single crystallization peak upon heating. The large exothermic peak together with the small

Figure 2 . 3

 23 Figure 2.3 DSC curves of (GeTe 4 ) 100-x I x glasses Table 2.3 T g , T x and ∆ ∆ ∆ ∆T of (GeTe 4 ) 100-x I x glasses [°C] [°C] ∆T[°C] I-0 157.4 248.8 91.4

Figure 2 . 4

 24 Figure 2.4 DSC curves of (GeTe 4 ) 100-x AgI x glasses Also, the Figure 2.4 and Table2.4 show a monotonic decrease as AgI content increases.

Figure 2 . 5 T

 25 Figure 2.5 T g evolutions of AgI and I-doped GeTe 4 glasses and their linear fit

Figure 2 . 6

 26 Figure 2.6 DSC curves comparison of Ag-5, I-5, and AgI-5 glasses (a) and Ag-15, I-14, and AgI-15 (b) glasses One can see from Figure 2.6 that glasses with only 5% of Ag, I and AgI possess quite different thermal properties. AgI-5 glass shows its thermal stability higher than any of Ag-5 and I-5 glasses. This phenomenon is more obvious in Figure 2.6 b. AgI-15 glass has no

Figure 2 . 7 .

 27 Figure 2.7.As dopant concentration increases, glass densities vary linearly. The density of both AgIdoped and Ag-doped glasses show an obvious enhancement. Meanwhile, we can observe that the molecular weight of GT-AgI is almost unchanged; GT-Ag glass molecular weight even shows a significant decrease. On the contrary, the GT-I glasses with more iodine has a higher molecular weight. However the glass density is decreasing. Therefore, we can conclude that the glass structure is strongly modified by Ag, I and AgI, making glass density variation different from molecular weight change.

Figure 2 . 7

 27 Figure 2.7 Density of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses

( 2 .

 2 3) and (2.4) were used to calculate glass molar volume and mass density. Based on the definitions, ) *+, , and . are actually talking about the same issue: glass structure. As the product of ) *+, multiple . is Avogadro constant, the evolutions of ) *+, and . are always opposite in Figure 2.8.

Figure 2 . 8

 28 Figure 2.8 Molar volume (a) and mass density (b) of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses According to Figure 2.8, the increase of iodine concentration in TG-I glasses decreases atom number per unit volume, leading to an increase of the molar volume. The influence of

Figure 2 . 9

 29 Figure 2.9 Packing density of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses Compared with glass mass density (Figure 2.8 b), the packing density evolution is quite similar due to atomic radius similarity. Thus, the possibility of Ge-Te-I glass structure expansion caused by atoms with a larger radius can be excluded. Therefore, it can be concluded that iodine acts as a structure terminator and effectively breaks the Ge-Te skeleton.

Figure 2 .

 2 Figure 2.13 depicts the electrochemical impedance spectroscopy of AgI-10 and AgI-20 glasses at different temperatures in Cartesian coordinates. Z΄(ω) and Z˝(ω) are the real and the imaginary components of the impedance. Then the bulk electrolyte impedance R was determined by extrapolating the semicircle to the Z΄(ω) axis at low-frequency area. The cross point (where the Z˝(ω) value equals to zero) gives the value of the resistance.

Figure 2 .

 2 Figure 2.13 Electrochemical impedance spectroscopy of (GeTe 4 ) 90 AgI 10 (a) and (GeTe 4 ) 80 AgI 20 (b) glasses at different temperatures.

Figure 2 . 14 .

 214 The enlarged figure of AgI-15, AgI-20, and AgI-25 glasses at low frequency region was also shown as insets.

Figure 2 .

 2 Figure 2.14 Electrochemical impedance spectroscopy of (GeTe 4 ) 100-x AgI x glasses at 10°C.

Figure 2 .

 2 Figure 2.15 Conductivity evolutions of Ag and AgI-doped glassesIn Figure2.15, the electrical conductivities obtained by both methods have the same order of magnitude. This consistency confirmed the reliability of the A measurement. For TG-AgI glasses, both A and A YC0 +Z show monotone decrease as dopant concentration increase when AgI is less than 15%. For TG-AgI (AgI[15%) glasses, A measured by impedance spectroscopy increases with AgI content. This A transition trend can be only explained by the appearance of novel charge carrier: Ag + ions. This could also explain the blocking of A YC0 +Z measurement when AgI is larger than 15%. Actually, under the applied electrical potential, the free ions diffused following the potential direction and accumulated at the glass surface around the probe. Such an uneven distribution of charge could generate a new potential inside the glass which can offset the applied potential and block the charge carrier transfer. (GeTe 4 ) 100-x Ag x glasses, similar to (As 40 Te 60 ) 100-x Ag x glasses[27,28] , exhibit an

  where A I is the pre-exponential factor, H is the activation energy, \ is the Boltzmann constant, and is the temperature. The value of A I and H were obtained from the exponential fit of the data to Equation (2.10). The A data and the exponential fitting of both TG-AgI and TG-Ag glasses are shown in Figure2.16 and Figure2.17 respectively.

Figure 2 .

 2 Figure 2.16 Temperature dependence of (GeTe 4 ) 100-x AgI x glass electrical conductivity, from 0 to 15% of AgI on the left, and from 15 to 25% on the right.

Figure 2 .

 2 Figure 2.17 Temperature dependence of (GeTe 4 ) 100-x Ag x glass electrical conductivity The fitted equation agrees reasonably well with the results obtained from experiments. The conductivity values of TG-AgI and TG-Ag glasses all obey the Arrhenius law in the measuring temperature range. The values of A I and H were obtained from the exponential fit of the data to Equation (2.10).Figure 2.18 presents both the activation energy H and the pre-

Figure 2 .

 2 18 presents both the activation energy H and the preexponential factor A I as a function of dopant percentage x.

Figure 2 .

 2 Figure 2.18 the activation energy ] ^ (a) and pre-exponential factor _ ` (b) of (GeTe 4 ) 100- x AgI x and (GeTe 4 ) 100-x Ag x glasses vs. dopant content.
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 44 GeTe4)100-xAgIx glass structure model Studies of the structure of the glass network, including the local structure unit, the bonding nature and chemical ordering, are essential for understanding the characteristic properties of the glass. The Ge-Te bulk glasses together with several third element additions are known to be good candidates for optical data storage and mid-infrared transmission devices. Previous works based on extended-X-ray absorption spectroscopy (EXAFS) and other structural analysis methods have built the structural models of both Ag-doped and I-doped germanium telluride glasses, as depicted in Figure 2.19.

Figure 2 .

 2 Figure 2.19 Structure models of Ge 15 Te 80 Ag 5[36] (a) and Ge 20 Te 73 I 7[37] (b) glassesThe both above models are in good agreement with the solid state chemist's intuition:Silver goes into the glass network and connects to Te; Iodine connects with Ge and form terminal atoms at the end of Ge-Te chains and therefore serves its purpose of opening up the network by generating larger rings without breaking the continuity of the structure.Actually, the structure of (GeTe 4 ) 85 AgI 15 and (GeTe 4 ) 75 AgI 25 glasses have also been studied thanks to the contribution of Pál Jóvári using X-ray and neutron diffraction and EXAFS very recently. Large scale structural models have been obtained by fitting simultaneously the experimental datasets in the framework of the reverse Monte Carlo simulation technique. Hopefully, the results of this study are being published. The

Figure 2 .

 2 Figure 2.20 Structure model for the (GeTe 4 ) 100-x AgI x glass with AgI content less (a) and more (b) than 15%.

Figure 2

 2 Figure 2.21.

Figure 2 .Figure 2 .

 22 Figure 2.21 Relationship between glass optical transmittance and its refraction indexAs . D increases, more lights are reflected at the glass-air interfaces, inducing a lower transmittance. As a result, by measuring the optical transmittance of bulk glasses, the refractive index can be calculated. However, the accuracy of glass transmittance

Figure 2 .

 2 Figure 2.22 IR transmittance (a) and refractive indices (b) of (GeTe 4 ) 100-x AgI x glasses

Figure 2 .

 2 Figure 2.23 IR transmittance of (GeTe 4 ) 100-x Ag x glasses Similar to GT-AgI glasses, the GT-Ag glasses also show a broadband infrared transmission from 2 to 25 µm with a Ge-O absorption band at 13.2 µm. Meanwhile, a monotonous optical transmittance decrease occurs as Ag content increasing, indicating a

Figure 2 .

 2 Figure 2.24 Enlarged transmittance spectra (a) and optical absorption coefficients (b) of (GeTe 4 ) 100-x Ag x glasses.
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 522 Optical band gap of (GeTe 4 ) 100-x AgI x glasses Both the near-IR transmittance spectra and the calculated optical absorption coefficients of TG-AgI glasses are shown in Figure 2.25.

Figure 2 .

 2 Figure 2.25 Enlarged transmittance spectra (a) and optical absorption coefficients (b) of (GeTe 4 ) 100-x AgI x glasses.

Figure 2 .

 2 Figure 2.26 Linear relationship between AgI content and TG-AgI glass optical band gap

Figure 2 .

 2 Figure 2.27 Enlarged transmittance spectra (a) and optical absorption coefficients (b) of (GeTe 4 ) 95 M 5 (M=Ag, I, and AgI) glasses.

2. 6

 6 Far infrared spectra of (GeTe4)100-xAgIx glassesIn previous infrared spectra, GT-AgI glasses still have a relative high transmittance up to 25 µm compared to other tellurium glasses. Therefore, the infrared transmission definitive limitation is interesting to check.. In order to achieve this goal, the far-infrared transmittance spectra up to 50 µm shown in Figure2.28 were measured by Bruker Vertex 80V spectrometer in cooperation with D. Le Coq and P. Masselin from the University of Dunkerque.

Figure 2 .

 2 Figure 2.28 Far-IR transmittance of (GeTe 4 ) 100-x AgI x glasses.

Figure 3 . 1

 31 Figure 3.1 XRD diagrams of (GeTe 4 ) 90 AgI 10 annealed glasses at Tg + 30°C.

Figure 3

 3 Figure 3.2.

Figure 3 . 2

 32 Figure 3.2 Thermal profile for the synthesis of Te-Ge-AgI glasses.

Figure 3 . 3

 33 Figure 3.3 The distillation procedure (a), thermal profile (b) for Te-Ge-AgI glass synthesis and a typical macroscopic image of Te-Ge-AgI glass preform.

  variations, it is necessary to confirm the glass stability. The DSC curves obtained from a DSC Q20 (TA Instruments) at a heating rate of 10˚C/min are shown in Figure 3.4.

Figure 3 . 4

 34 Figure 3.4 Thermal stability of two-steps purified TG-AgI glass preforms Similar to (GeTe 4 ) 100-x AgI x (x=10, 15, and 20) glasses introduced in Chapter 2, the TG-AgI10, TG-AgI15 and TG-AgI20 glass preforms also show no visible crystallization peak up to 320°C. The small loss of Ge and I would not undermine the glass stability. Compared with

Figure 3 . 5

 35 Figure 3.5 The bulk optical transmittance of TG-AgI10 glasses with (black line) and without (red dotted line) chemical-distillation purification.

  6 a). Moreover, EDS was used to determine the composition of this compound collected by slightly scraping the preform surface (Figure 3.6 b).

Figure 3 . 6

 36 Figure 3.6 The optical microscope image of TG-AgI10 preform (a) and electron microscope image of deposition on preform (b).

Figure 3 . 8

 38 Figure 3.8 Optical microscope images of TG-AgI10 glass surface variation during fiber drawing process (from a to e) and the surface morphology of the fiber obtained (f).

Figure 3 .

 3 Figure 3.10 The macroscopic photo of glass preform after etching for 30 seconds and 30 minutes (a) and the SEM image of the white membrane generated (b).

Figure 3 .

 3 Figure 3.11 Optical microscope images of TG-AgI10 glass surface morphology variation from preform (a) to fiber (e).

Figure 3 .

 3 Figure 3.12 Macroscopic and optical microscopic photos of TG-AgI10 glass preform before (a and b) and after (c and d) proper mechanical polishing

Figure 3 .

 3 Figure 3.13 Photograph of TG-AgI10 fiber and preform after drawing As mentioned above, any tiny defect on fiber surface could be greatly amplified due to the long-distance propagation of light. As a result, the measurement of fiber optical loss is the most direct way to evaluate the quality of the fiber surface. The optical losses of TG-AgI10 optical fiber are shown in Figure 3.14. For comparison, the attenuation curve of a previous fiber, without polishing, is also shown for comparison.

Figure 3 .

 3 Figure 3.14 The optical losses of TG-AgI10 single index fibers obtained from the preforms with (black line) and without (red dotted line) optical polishing.

5. 1

 1 µm is caused by Te-H bonds. The hydrogen could be introduced by the water molecules attached to the surface of the elements during the distillation when Al reacted with H 2 O and generated Al 2 O 3 . Another possible source is the hydrogen absorbed on silica set-up by chemical bond during the tube fabrication and cleaning process. Such impurities are also classically observed in selenide glasses (Se-H bonds) and are difficult to be totally removed by vacuum drying. The attenuation curves of theTG-AgI15 and TG-AgI20 fibers (Figure 3.15) have been also measured.

Figure 3 .

 3 Figure 3.15 Optical losses of TG-AgI15 (a) and TG-AgI20 (b) optical fibers (fiber diameters are 350µm).

Figure 3 .

 3 Figure 3.17 Enlarged images of Normalized transmission beam less than 5 µm (a) and beyond 14 µm (b).

Figure 3 .

 3 Figure 3.18 (a) Mechanism of fiber evanescent wave spectroscopy (FEWS); (b) General set up of FEWS and the scheme of a tapered fiber.

Figure 3 .

 3 Figure 3.19 Setup for infrared sensing measurement.
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 431 The sensing property of dichloromethane (CH 2 Cl 2 ) Dichloromethane (CH 2 Cl 2 ), due to its strong asymmetric and symmetric CCl 2 stretch vibration beyond 12 µm, was first chosen. The sensing spectra obtained using TG-AgI10 and TG-AgI15 fibers with and without taper are compared in Figure 3.20. The sensing zone and total length of the fiber is controlled to be 50 mm and 40 cm respectively.

Figure 3 .

 3 Figure 3.20 The dichloromethane absorbance spectra obtained with TG-AgI10 (a) and TG-AgI15 (b) fibers with different sensing zone diameters.Clearly, Te-Ge-AgI single index fibers can successfully monitor the symmetric CH 2 stretch at 3.3 µm up to the symmetric CCl 2 stretch at 14.2 µm, which is, by the way, another evidence of the fiber broader transmission range. When the fiber diameter is reduced, the sensitivity of the sensor is obvious increased by increasing the reflection number . The use of fiber taper for increasing detection sensitivity is therefore proved.

Figure 3 .

 3 Figure 3.21The relationship between C-Cl asymmetric stretch vibration absorbance and the reciprocal of sensing zone diameter of TG-AgI10 and TG-AgI15 fibers. Linear relationships could be clearly observed, in consistent with Equation (3.2). Although the optical loss of TG-AgI15 fiber is twice more than TG-AgI10 fiber owning to the surface defects diffraction during long-distance light propagation, its sensitivity is just lightly reduced. That is because for short-distance sensing application, optical loss is limited. Meanwhile, the vast majority of fiber surface at sensing zone has no defect. For comparison, the infrared spectrum of CH 2 Cl 2 obtained by measuring liquid transmittance with a path length around 3 µm (NIST Chemistry WebBook) is also shown in Figure 3.22.

Figure 3 .

 3 Figure 3.22 Infrared spectrum of liquid CH 2 Cl 2 from the Coblentz Society's evaluated infrared reference spectra collection

Figure 3 .

 3 Figure 3.23 shows the related FEWS absorbance spectra of chloroform. The sensitivities of the fibers TG-AgI10 and TG-AgI15 with different sensing zone diameters were studied and also compared with TAS glass optical fiber.

Figure 3 .

 3 Figure 3.23 The chloroform absorbance spectra recorded with TG-AgI10 (a) and TG-AgI15 (b) fibers having different sensing zone diameters. The inset is the chloroform absorbance spectrum recorded with a Te20As30Se50 (TAS) fiber for comparison. It can be observed from the spectra that the Te-Ge-AgI glass fibers are able to monitor the chloroform absorption peaks at 3.3 µm, 8.2 µm, 13.3 µm and 14.9 µm at the same time, showing a potential to work in the second (12-20 µm) infrared window and detect the

  significantly due to the much larger number of internal reflections that results in more absorptions at the interface between the glass and the sample. The absorbance at 13.3 µm of both TG-AgI10 and TG-AgI15 fibers are shown in Figure3.24.

Figure 3 .

 3 Figure 3.24The relationship between absorbance caused by asymmetric C-Cl stretch and the reciprocal of fiber sensing zone diameter of TG-AgI10 and TG-AgI15 fibers.

  and 180µm respectively are chosen as sensing probes to measure the toluene absorption variations along with concentration (vol%). The results are shown in Figure 3.25 and Figure 3.26.

Figure 3 .

 3 Figure 3.25 Toluene FEWspectra as a function of concentration in isooctane solution registered with a TG-AgI10 tapered fiber (a). Evolution of the toluene absorbance as a function of concentration (b). The inset is the evolution of the absorption for a concentration lower than 10% and its linear fit.

Figure 3 .

 3 Figure 3.26 Toluene FEWspectra as a function of concentration in isooctane solution registered with a TG-AgI20 tapered fiber (a). Evolution of the toluene absorbance as a function of concentration (b). The inset is the evolution of the absorption for a concentration lower than 10% and its linear fit.

Figure 3 .

 3 Figure 3.27 Calf serum infrared sensing spectrum tested by TG-AgI10 glass fiber.

Figure 3 .

 3 Figure 3.28 IR spectra for full-cream, semi-skimmed, and skimmed milk using a TG-AgI10 fiber. The sensing zone diameter is 350 µm. Due to the influence of water fingerprint saturation on spectrum, the TG-AgI10 fiber should be taken out of cow milk before infrared sensing. The absorption of proteins, carbohydrates and lipids can be clearly observed in Figure 3.28 thanks to fiber surface hydrophobicity. The C=O stretch absorption band of esters at 5.74 µm show an obvious increase with the lipid concentration.

Figure 3 .

 3 Figure 3.29 The infrared absorption spectra of butter (80% wt. butterfat) and light butter (15% wt. butterfat) obtained from a TG-AgI10 fiber sensor.

Figure 4 Figure 4 . 1

 441 Figure 4.1 Seebeck effect circuit voltage generated by the Seebeck effect can be expressed as:

Figure 4 . 2 ,

 42 the Peltier heat generated per unit time at the junction of conductor A and B (red point) is equal to,

Figure 4 . 3

 43 Figure 4.3 Diagram of a typical thermoelectric converter A thermoelectric module is composed of an array of heavily doped p-type and n-type semiconductor legs (Figure 4.3). The legs are electrically connected by metal electrodes in series but thermally connected in parallel. Then the top and bottom of this array are affixed to ceramic substrates to provide electrical insulation and good thermal conductivity. To examine how the heat transfer occurs, the charge carriers flowing property through one pair of p-type and n-type elements within the thermoelectric module was studied and shown in Figure 4.4.

Figure 4 . 4

 44 Figure 4.4 Diagram of a thermoelectric module. a) Thermoelectric generator. b) Peltier cooler.

Figure 4 . 5 S

 45 Figure 4.5 S, σ, and S 2 σ as a function of the logarithm of the carrier concentration[27,28] 

Figure 4 . 6 Maximum thermoelectric device efficiency 4

 464 Figure 4.6 Maximum thermoelectric device efficiency

  Te with a purity of 5N can be used after purification by distillation. Due to the vapor pressure difference caused by the melting temperature difference between the Te (449.51°C) and TeO 2 (733 °C), TeO 2 and Te can be separated. The purification process is shown in Figure 4.7.

Figure 4 . 7

 47 Figure 4.7 Tellurium purification scheme

Figure 4 . 8

 48 Figure 4.8 Arsenic purification scheme

Figure 4 .

 4 Figure 4.10 DSC curves and ∆ ∆ ∆ ∆T values (inset) of Te-As-Cu glasses

Figure 4 .

 4 Figure 4.11 Ternary diagram and glass-forming region of Se-As-Cu glass system

Figure 4 .

 4 Figure 4.12 XRD patterns of Se-As-Cu samples

Figure 4 .

 4 Figure 4.13 Comparison of Se 54 As 36 Cu 10 and Te 54 As 36 Cu 10 glasses stability L2 glass has an obvious exothermic crystallization peak, indicating the glass thermal instability. In contrast, I2 glass show a large ∆T (103 °C) between 5 and / , and the / peak

Figure 4 .

 4 14 b shows that substitution of 15% of Te by Se causes several times of increase. Thus, a compromise has to be found on the Te/Se balance, since selenium decreases the free electron concentration and block the electron mobility, but also extend the vitreous domain and the stability of the glasses. In addition, the sublimation of arsenic during glass preparation should be also taken into account. In glassy state, Te and As prefer to form short-range order of As 2 Te 3 . During the synthesis of glasses in Series F and D, the extra unstable arsenic would escape from the glass and condense on the top of the silica tube, which has been confirmed by XRD. As a result, the final glass compositions are difficult to be controlled. On this basis, even though arsenic rather improves the glass stability, Series F and D are still not good candidates. (Te 85 Se 15 ) 45 As 30 Cu 25 (A5) glass from series A combines both the performance of high stability and low resistance, and shows its potential to be a great candidate for following investigation.

Figure 4 .

 4 Figure 4.14 Resistance comparison of Te-As-Cu, Te-Se-As-Cu and Se-As-Cu glasses

  The glass compositions were designed using the same Te/Se and As ratio as for Cu-doped glasses. The explored compositions are shown in the following ternary phase diagram (Figure4.15). The glassy state was confirmed by XRD.

Figure 4 .

 4 Figure 4.15 Ternary phase diagram of Te-Se-As-Ag glass system The value comparison between Cu and Ag doped glasses is shown in Figure 4.16.

Figure 4 .

 4 Figure 4.16 Electrical resistivity of silver-and copper-doped tellurium based glasses

Figure 4 .

 4 Figure 4.17 DSC curves of Sb (left) and Bi (right) doped Te-based glasses

Figure 4 .

 4 Figure 4.18 (a.) X-ray diffraction pattern of sample (Te 85 Se 15 ) 45 As 30 Cu 25 after heat treatment at T g +40 and T g +60°C for 15 hours. (b.) DSC curve of (Te 85 Se 15 ) 45 As 30 Cu 25 glass without heat treatment using a heating rate of 3°C/min.DSC curve of A5 glass could explain this stability. In Figure4.18 b, the exothermic peak caused by glass crystallization is really small confirming that the driving force of crystallization during heat treatment is really limited.

Figure 4 .

 4 Figure 4.19 Resistivities of (Te 85 Se 15 ) 45 As 30 Cu 25 (A5) samples (a) heat treated at T g +10°C for different hours before and after polish (b) with polish depth after heat treatment at 178°C for 20 hours.

Figure 4 .

 4 Figure 4.20 XRD pattern of (Te 85 Se 15 ) 45 As 30 Cu 25 surface after heat treatment at T g + 10°C for 90 hours This XRD pattern confirmed that beside As 2 O 3 and CuO, Cu 2 Se crystals also nucleated on surface, explaining a lower resistivity value for the surface. This surface crystallization is caused by the high surface energy induced by the broken bonds and impurities. This kind of non-uniform crystallization is often observed during the fiber drawing process of telluride

Figure 4 .

 4 Figure 4.21 DSC curve of Te 45 As 30 Cu 25 glass at heating rate: 3˚C/minThis glass has a large exothermic crystallization peak and should be much easier to crystallize than A5 glass. Based on DSC curve, the heat treatment conditions were designed and listed in. The phase of sample after heat treatment was also measured using XRD.

Figure 4 .

 4 Figure 4.22 XRD of Te 45 As 30 Cu 25 after the heat treatment at 230°C for 0.5 hourFrom Figure4.23, it can be concluded that heat treatment at different temperature (from T g +30°C to T g +50°C) for 15 hours and at T g +30°C for different time (15h, 45h, and 75h) can both nucleate crystals gradually. As heat treatment time or temperature increasing, the crystallinity rate became higher. Compared with A5 glass, the crystallization of L4 glass is easier to be controlled.

Figure 4 .

 4 Figure 4.23 XRD of Te 45 As 30 Cu 25 after heat treatment at different temperature for 15 hours (a.) and at T g +30°C for different time (b.)

  7 and 10 mm respectively, was polished in order to get the sample (2 2 10 mm) for Seebeck measurement (inset A of Figure 4.24). The electrical resistivity was controlled during the polishing. By polishing, the sample exhibits a great change of resistivity value.

Figure 4 .

 4 Figure 4.24 XRD of different faces of Te 45 As 30 Cu 25 rod after polish. The sample is heattreated at 204°C for 15 hours

  figure of merit ZT of this Bi 2 Te 3 is 0.75 at room temperature.

Figure 5 . 1

 51 Figure 5.1 Synthesis procedure of Bi 2 Te 3

Figure 5 . 2

 52 Figure 5.2 Schematic diagram of hot pressing machine
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 535223 Figure 5.3 Hot pressing procedure of (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 2 Te 3 composites

Figure 5 . 4 Figure 5 . 5 5 . 2 . 2 . 4

 54555224 Figure 5.4 Actual furnace temperature distribution curves

Figure 5 . 6

 56 Figure 5.6 Images of pure glass, BT30 and BT70 discs prepared by hot-pressing
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 575232 Figure 5.7 XRD of (a) (Te 85 Se 15 ) 45 As 30 Cu 25 glass, (b) BT10, (c) BT30, and (d) BT70.

Figure 5 . 8

 58 Figure 5.8 DSC of bulk, ball-milling and hand-grinding (Te 85 Se 15 ) 45 As 30 Cu 25 glass (a) and ball-milled BT10, BT30 and BT70 powder (b). For BT10, BT30 and BT70, the decrease of thermal stability could be caused by the following two reasons. Firstly, the micro-scale Bi 2 Te 3 crystals in (Te 85 Se 15 ) 45 As 30 Cu 25 glass could act as nucleating agents, and accelerated the crystallization rate by decreasing the surface free energy barrier hindering nucleation. Secondly, high-energy ball millingprocedure could generate lots of collision between glass and ceramic particles. This could change the glass composition, and as a result destroy the thermal stability. It can also be observed that from BT10 to BT70, the heat flow per unit mass became smaller. This is caused by the rising of Bi 2 Te 3 percentage. Indeed, Bi 2 Te 3 exhibits no obvious endothermic and exothermic phenomenon before its melting point.

Figure 5 . 9

 59 Figure 5.9 SPS preparation procedures of glass and glass-ceramics (a), and pure Bi 2 Te 3 /BST samples (b).

Figure 5 .

 5 Figure 5.10 XRD of (Te 85 Se 15 ) 45 As 30 Cu 25 glass with different percentage of Bi 2 Te 3 .

2 . 1 ( 5 . 2 )

 2152 of the Chapter 4. Thus the Seebeck coefficient is a very important parameter to determine the efficiency of a thermoelectric material. If the temperature difference between the two ends of a material is small, S of a material could be defined approximately as, Based on this equation, S can be easily measured using the principle shown in Figure5.11.

Figure 5 .

 5 Figure 5.11 The Seebeck coefficient test principle.

Figure 5 .

 5 Figure 5.12 Seebeck coefficients of pure (Te 85 Se 15 ) 45 As 30 Cu 25 glass (a) and (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 2 Te 3 composites (b). SPS-BT0, as pure glass, has a really limited charge carrier concentration. According to previous discussion in 4.2.3 of Chapter 4, it should possess a high Seebeck coefficient. This is exactly the result shown in Figure 5.12a with values extending from 1170 µV/K to 520 µV/K.

Figure 5 .

 5 Figure 5.13 Schematic diagram of resistivity measurement device.of SPS-BT100 is confirmed to be 8.9 µΩ•m at room temperature. By adding Bi 2 Te 3 , the resistivities of glass-ceramics composites decreases gradually. For SPS-BT10, as majority of the composite is still glassy, Bi 2 Te 3 micro crystals are isolated between each other. Hence, charge carriers are difficult to come across the glass barriers and as a result generate a much higher resistivity value compared with the ones with more Bi 2 Te 3 . In all samples, the resistance decreases when temperature is increased. That is because (Te 85 Se 15 ) 45 As 30 Cu 25 glass and Bi 2 Te 3 are both semiconductors, and higher temperature could provide enough energy to free electrons from valence band to conduction band and therefore generate a lower resistance. For comparison, of SPS-BT0 is 3×10 5 µΩ•m at room temperature.
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 55324 Figure 5.14 Electrical resistivities of (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 2 Te 3 composites

Figure 5 .

 5 Figure 5.15 Power factors of (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 2 Te 3 composites

  ).

Figure 5 .

 5 Figure 5.17 Densities of (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 2 Te 3 composites at room temperature From SPS-BT0 to SPS-BT50, during the SPS process, the glass with certain fluidity could fill the space between Bi 2 Te 3 crystals and generate a high condensed slide. The relative density between actual density and theoretical density is more than 99%. When Bi 2 Te 3 content increases, (Te 85 Se 15 ) 45 As 30 Cu 25 glass is not enough to fill all the pores between crystals and therefore the relative densities of SPS-BT70 and SPS-BT90 decrease to 95.4% and 91.7% respectively.
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 55326 Figure 5.19 Thermal conductivities of (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 2 Te 3 composites.SPS-BT100 has a much higher thermal conductivity than SPS-BT0. Thus, the substitution of glass by Bi 2 Te 3 enhanced the thermal conductivity gradually. Meanwhile, a big value difference between SPS-BT100 and SPS-BT90 could be observed. This phenomenon indicates that only a few percentage of glass distributed among Bi 2 Te 3 micro-crystals causes significant boundary phonon scattering, thwarting thermal conductivity.

Figure 5 .

 5 Figure 5.21 The samples prepared by SPS technique.

Figure 5 .

 5 Figure 5.22 XRD of (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 0.5 Sb 1.5 Te 3 composites.Besides the peak of BST, new diffraction peaks, which are assigned to be arsenic telluride (PDF#39-1043), appeared for SPS-BST10, SPS-BT30, and SPS-BT50. For SPS-BST70 and SPS-BST90, the three peaks located at around 28° are belonged to tellurium (PDF#36-1452), Bi 0.5 Sb 1.5 Te 3 (PDF#49-1713) and Sb 7 Te (PDF#46-1068) respectively. Indeed, the BST powder was synthesized by mechanical milling. Compared with traditional high temperature sintering, extra peaks of other phases can be quite often observed if the mechanical alloying is not complete. Note that the BST powder used for SPS-BST70 and SPS-BST90 preparation was obtained from a different round of mechanical milling. Thus, the existence of Te and Sb 7 Te indicates an incomplete reaction during mechanical milling.
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 55332 Figure 5.23 XRD pattern of Bi 0.5 Sb 1.5 Te 3 powders used for SPS-BST70 and SPS-BST90

Figure 5 .

 5 Figure 5.24 Seebeck coefficients of (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 0.5 Sb 1.5 Te 3 composites.
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 55334 Figure 5.25 Electrical resistivities of (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 0.5 Sb 1.5 Te 3 composites (a) at different temperatures and (b) measured by two equipment at room temperature.It can be found that BST plays an obvious role in reducing electrical resistivity. However, an abnormal increase of resistivity value can be found for SPS-BST70 and SPS-BST90. To confirm this phenomenon, electrical resistivities at room temperature were also measured using another manual four point resistivity probing equipment (S-302, Lucas Labs) for comparison (Figure5.25b). The resistivities at room temperature obtained by the two equipment have the same order of magnitude, suggesting the reliability of test results. It is also consistent with the non-monotonous evolution observed for the Seebeck. These

Figure 5 .

 5 Figure 5.26 Power factor of (Te 85 Se 15 ) 45 As 30 Cu 25 / Bi 0.5 Sb 1.5 Te 3 composites. By comparing thermoelectric power factor of SPS-BST10, SPS-BST30 and SPS-BST50, it can be concluded that BST can significantly improve the thermoelectric properties of materials. In addition, as both BST and (Te 85 Se 15 ) 45 As 30 Cu 25 glass are p-type semiconductors, the glass-ceramics composites, particularly SPS-BST50 (540 µW/mK 2 at 440K), show a much larger power factor than the best (SPS-BT90) of previous (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 2 Te 3

Figure 5 .

 5 Figure 5.29 Thermal diffusivities of (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 0.5 Sb 1.5 Te 3 composites.

Figure 5 .

 5 Figure 5.30 Specific heat capacity of (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 0.5 Sb 1.5 Te 3 composites.

Figure 5 .

 5 Figure 5.31 Thermal conductivities of (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 0.5 Sb 1.5 Te 3 composites.

Figure 5 . 32 Figure

 532 Figure 5.32 Figure of merit of (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 0.5 Sb 1.5 Te 3 composites. The ZT value of SPS-BST0 was around 0.002. By adding 10% of BST, ZT value of SPS-BST10 shows a significant increase. The ZT values of SPS-BST30 and SPS-BST50 are around 0.18 at room temperature. As temperature increase, ZT increased gradually and even reached the values of 0.365 and 0.313 at 413 K respectively. SPS-BST70 and SPS-BST90, due to the incomplete reaction during ball-milling and the bad compaction during SPS sintering, have ZT values lower than SPS-BST30 and SPS-BST50. Compared with SPS-BST100 (ZT>1.0), extra effort should be made for the enhancement of ZT value of (Te 85 Se 15 ) 45 As 30 Cu 25 /BST composites.

  Te 85 Se 15 ) 45 As 30 Cu 25 glass was firstly doped with Bi 2 Te 3 . The powder mixture was prepared by ball-milling glass and ceramics together. Hot-pressing was used to sinter the glass and glass-ceramics powder mixture. However, the thermal stability of the composite is greatly deteriorated after ball-milling due to the addition of extra surface energy and nucleation agent. During several hours of hot-pressing, inhomogeneous crystallization was generated.On this basis, the glass-ceramics mixture was prepared using ethanol as a solution, and spark plasma sintering (SPS) was used for sample synthesis. The percentage of Bi 2 Te 3 varies from 10% up to 90%. After SPS sintering, no extra diffraction peak could be observed for all samples, indicating a proper synthesis parameter. Due to its relatively high electrical resistivity, the ZT value of (Te 85 Se 15 ) 45 As 30 Cu 25 glass was calculated to be around 0.002. By adding Bi 2 Te 3 , the thermoelectric conversion capacity was greatly enhanced. SPS-BT90 has a ZT value varies from 0.095 to 0.125 by increasing temperature from room temperature to 423 K. In this composite, glass acts as an adhesive between crystals and generates phonon scattering. However, this ZT value is still far from ZT of pure Bi 2 Te 3 , which is aroun 0.75 at room temperature. Note that (Te 85 Se 15 ) 45 As 30 Cu 25 glass and Bi 2 Te 3 are p-type and n-type TE material respectively. Due to the existence of both positive and negative charge carriers, the Seebeck voltage has been partially cancelled out. As a result, p-type bismuth telluride (Bi 0.5 Sb 1.5 Te 3 ) was selected for further investigation. Thus, powder mixtures of (Te 85 Se 15 ) 45 As 30 Cu 25 glass and Bi 0.5 Sb 1.5 Te 3 with the same ratio variation as previous were sintered using SPS. The ZT values of SPS-BST30 and SPS-BST50 are around 0.18 at room temperature. As temperature increasing, ZT increased gradually and even reached the values of 0.365 and 0.313 at 413K respectively. SPS-BST70 and SPS-BST90, due to the incomplete reaction during ball-milling and the bad compaction during SPS sintering, have lower ZT. Nevertheless, it is predictable that by preparing high quality Bi 0.5 Sb 1.5 Te 3 powder and adjusting synthesis parameters, well-compacted glass-ceramics could be obtained hopefully with better ZT comparable to pure Bi 0.5 Sb 1.5 Te 3 (ZT>1.0). In addition, the great benefit of the (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 0.5 Sb 1.5 Te 3 composites compared with pure Bi 0.5 Sb 1.5 Te 3 is a higher formability and a much lower sintering temperature. The shaping of such samples together with their stabilities has to be checked in the future. This work deals with the development of tellurium-based glass for applications in the midinfrared sensing and thermoelectric fields. The tellurium-based glasses are of interest because of their transparency in the mid-and far-infrared range. Thus, the first part of this work concerns the development of stable tellurium-based glasses and optical fibers for detection of chemical species both in the daily life and in the atmosphere detection of terrestrial planets, which is a continuation of the previous work of Glasses and Ceramics team. To monitor the terrestrial planets and analyze the possibility of extraterrestrial life, Darwin mission (European Space Agency) ask for the development of single mode fiber to detect infrared signatures of H 2 O (6 µm), O 3 (9 µm), and CO 2 (15 µm). Up to now, single mode fiber working in the first window (6-12 µm) has been successfully developed based on selenium-based glass. Thus, the aim of Chapter 1 is seeking the manufacturing technology of single mode optical fibers working in the second infrared window (12-18 µm).

Te 76 Ge 21 Se 3 /

 213 Te 71 Ge 21 Se 8 double index fiber which can transmit light up to 16 µm has been successfully fabricated. Its minimum attenuation is 11.5dB/m at 10.7 µm. The intensity profile of the output light exhibit a Gaussian shape, showing an obvious experimental single mode character. It is the first single-mode fiber ever prepared working so far in the infrared. Besides military application, in order to test the fundamental vibrations (stretching and bending) of molecules and biomolecules beyond 12 µm, optical sensor of high selectivity and sensitivity should be developed based on telluride glass. Te-Ge-AgI glasses are particularly stable against crystallization, showing no crystallization peak.

  percentage have been explored in order to further improve the electrical conductivity. It has been shown that by introducing copper, the conductivity increases by several orders of magnitude. Other glass systems, including Te-As-Se-Ag and Te-As (Sb, Bi)-Se-Cu were also been tried without success. (Te 85 Se 15 ) 45 As 30 Cu 25 glass seems to be the most interesting composition for TE with a combination of a sufficient stability (ΔT=99 °C) and low resistance (ρ=35 Ω•cm). Still, this resistance value is not sufficiently low for commercial application. Thus, glass-ceramics were prepared via heat treatment. Unfortunately, due to the high surface energy induced by the broken bond and impurities, the crystallization is not homogeneous and uncontrollable.In Chapter 5, to further increase the electrical conductivity, hot-pressing was first used to prepare glass-ceramics composites from ball-milled (Te 85 Se 15 ) 45 As 30 Cu 25 glass and Bi 2 Te 3 mixture. However, due to several hours of hot-pressing process with inhomogeneous temperature field, extra inhomogeneous crystallization was generated. Thus, spark plasma sintering was carried out for the preparation of (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 2 Te 3 and (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 0.5 Sb 1.5 Te 3 composites. Characterizations, such as electrical resistivity, Seebeck coefficient, and thermal conductivity, were implemented for the calculations of figure of merit zT. (Te 85 Se 15 ) 45 As 30 Cu 25 /Bi 0.5 Sb 1.5 Te 3 composites are quite promising. The zT values of SPS-BST30 and SPS-BST50 at 413K are 0.365 and 0.313 respectively, which is quite promising knowing that improvement in the synthesis process can be done.
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  Te 79 Se 3 and Ge 21 Te 74 Se 8 (TGS8)

Table 1 .2 Melting, boiling temperatures and vapor pressure of Te, Ge, Se and Al elements Element Melting temperature [˚C] Boiling temperature [˚C]

 1 

Pa 100 kPa Te 449

  

	majority of Al will react with the oxide to form Al 2 O 3 . According to previous results,
	100 ppm of Al is the best rate			
		.51	988	--	992.4
	Ge	938.25	2833	1371	2831
	Se	221	685	227	685
	Al	660.32	2470	1209	2517
	According to this table, during the distillation at 1000˚C, the vapor pressure of both Te
	and Se are larger than 100 kPa, making them quite easy to be distilled. Germanium, owing to
	its high melting temperature (938.25˚C) and low vapor pressure (<1 Pa at 1000˚C), needs a
	longer distillation time. Note that the temperatures needed for the vapor pressure of Ge and
	Al reaching one Pascal are 1371°C and 1209°C respectively. As a result, the elemental Al
	which is not completely reacted with oxygen can be distillated to the reaction tube and induce
	extra impurity. Therefore, it is important to add the proper amount of Al to be sure that the

Table 1 .3 Typical parameters for TGS glass fiber drawing

 1 

		Parameters before fiber drawing	
	Preform diamter :	7.0 mm		
	Flow of argon :	3 L/min	Flow time :	2 hours
		Parameters during fiber drawing	
	Helium flow (<200°C) : 3 L/min	Water elimination temp. 120 °C
	Helium flow (>200°C) : 2.5 L/min Fiber drawing temp.	265 °C
	Preform speed :	2 mm/min Speed of drum :	0.50 m/min
	Tension :	15 grams	Heating rate :	10 °C/min
	Fiber diameter :	440 µm		

Table 1 .4 Commonly used parameters of telluride single-mode fiber

 1 

	=> 0.4~0.2 8.0 10 DE ~1.5 10 DE 20~40 !/ B :; ?@( 9 :;

Table 1 .6 Parameters for TGS3 stick drawing

 1 .6 & Table 1.7).

		Parameters before fiber drawing	
	Preform diamter :	6.9 mm		
	Flow of argon :	3 L/min	Flow time :	2 hours
		Parameters during stick drawing	
	Helium flow (<200°C) : 3 L/min	Water elimination temp. 120 °C
	Helium flow (>200°C) : 2.5 L/min	Fiber drawing temp.	300 °C
	Preform speed :	13 mm/min Speed of drum :	0.10 m/min
	Tension :	130 grams	Heating rate :	10 °C/min
	Stick diameter :	2.5 mm		

Table 1 .7 Parameters for TGS3 fiber drawing from stick

 1 

		Parameters before fiber drawing	
	Stick diamter :	2.5 mm		
	Flow of argon :	3 L/min	Flow time :	2 hours
		Parameters during fiber drawing	
	Tension :	15 grams	Heating rate :	10 °C/min
	Fiber diameter :	450 µm		

Helium flow (<200°C) : 3 L/min Water elimination temp. 120 °C Helium flow (>200°C) : 2.5 L/min Fiber drawing temp. 265 °C Preform speed : 5 mm/min Speed of drum : 0.15 m/min

Table 2 .1 Compositions of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses

 2 AgI 12.5 Ge 15.6 Te 62.2 Ag 11.1 I 11.1 Ge 15.4 Te 62.6 Ag 11.2 I 10.8 AgI 17.5 Ge 14 Te 56.2 Ag 14.9 I 14.9 Ge 14.1 Te 57.3 Ag 15.4 I 13.2 AgI-20 (GeTe 4 ) 80 AgI 20 Ge 13.3 Te 53.3 Ag 16.7 I 16.7 Ge 12.8 Te 54 Ag 16.9 I 16.3

		Sample name Formula	Cal. composition	Actual composition
					(obtained by EDS)
	(GeTe 4 ) 100-x AgI x	AgI-0	GeTe 4	Ge 20 Te 80	Ge 20.7 Te 79.3
	(TG-AgI)	AgI-5	(GeTe 4 ) 95 AgI 5	Ge 18.1 Te 72.4 Ag 4.8 I 4.8	Ge 18.0 Te 72.5 Ag 4.9 I 4.6
	glass system (x=0, 5,10, 12.5, 15, 17.5, 20, 25, and 30)	AgI-10 AgI-12.5 (GeTe 4 ) 87.5 AgI-15 (GeTe 4 ) 90 AgI 10 (GeTe 4 ) 85 AgI 15	Ge 16.4 Te 65.5 Ag 9.1 I 9.1 Ge 14.8 Te 59.1 Ag 13 I 13	Ge 16.1 Te 66.1 Ag 8.8 I 9.0 Ge 13.8 Te 60 Ag 13.5 I 12.7
		AgI-17.5 (GeTe 4 ) 82.5 AgI-25 (GeTe 4 ) 75 AgI 25	Ge 12 Te 48 Ag 20 I 20	Ge 12.1 Te 48 Ag 20.8 I 19.1
		AgI-30	(GeTe 4 ) 70 AgI 30	Ge 10.8 Te 43 Ag 23.1 I 23.1	--
	(GeTe 4 ) 100-x Ag x	Ag-0	GeTe 4	Ge 20 Te 80	Ge 20.7 Te 79.3
	(TG-Ag)	Ag-5	(GeTe 4 ) 95 Ag 5	Ge 19 Te 76 Ag 5	Ge 19.1 Te 75.4 Ag 5.4
	glass system (x=0, 5,10, 15, and 20)	Ag-10 Ag-15	(GeTe 4 ) 90 Ag 10 (GeTe 4 ) 85 Ag 15	Ge 18 Te 72 Ag 10 Ge 17 Te 68 Ag 15	Ge 17.9 Te 71.9 Ag 10.2 Ge 17.5 Te 67.4 Ag 15.1
		Ag-20	(GeTe 4 ) 80 Ag 20	Ge 16 Te 64 Ag 20	Ge 15.4 Te 64.0 Ag 20.6
	(GeTe 4 ) 100-x I x (TG-I)	I-0	GeTe 4	Ge 20 Te 80	Ge 20.7 Te 79.3
	glass system	I-5	(GeTe 4 ) 95.5 I 5	Ge 19 Te 76 I 5	Ge 18.5 Te 77.0 I 4.5
	(x=0, 5, and 14)	I-14	(GeTe 4 ) 86 I 14	Ge 17.2 Te 68.8 I 14	Ge 17 Te 69.4 I 13.6

For Ag-doped glasses, due to the extra free electrons introduced with silver, the glasses become more and more unstable. The (GeTe 4 ) 75 Ag 25 cannot form vitreous state even quenched in ice water. Excluding this composition, all the other glasses with Ag content up to 20% give rise to a glassy state. The final compositions were checked by EDS and are close to the initial one.

Table 2 .

 2 

	2 T g , T x and ∆ ∆ ∆ ∆T of (GeTe 4 ) 100-x Ag x glasses
		T g [°C] T x [°C]	∆T [°C]
	Ag-0	157.4	248.8	91.4
	Ag-5	145.9	227.6	81.7
	Ag-10 147.7	238.6	90.9
	Ag-15 147.7	231.1	83.4
	Ag-20 150.4	237.4	87.0

2 Thermal stability of (GeTe 4 ) 100-x I x glasses

  

Table 2 .

 2 

	4 ,	and ∆ ∆ ∆ ∆T of (

GeTe 4 ) 100-x AgI x glasses

  

	Sample	[°C]	[°C] ∆ [°C]
	AgI-0	157.4 248.8 91.4
	AgI-5	148.1 268.3 120.2
	AgI-10	146.3 --	--
	AgI-12.5 144.4 --	--
	AgI-15	143.0 --	--
	AgI-17.5 140.7 --	--
	AgI-20	139.6 --	--
	AgI-25	134.3 --	--
	AgI-30	130.2 228.6 98.4

  volume. It can be easily calculated from ) *+, and Avogadro constant -.

	.	-) *+,	• -	(2.4)
	Packing density calculations			
	Packing density 0	4 3 3 ∑ 5 6 7 -) *+,		

0 is different from density and mass density .. It has taken into account the different dimensions of the types of atoms. Actually, packing density signifies the fraction of volume occupied by atoms, and is more suitable than the mass densities for structural studies. The packing density is calculated according to,

Table 2 .5 Elements covalent radius 1

 2 

	Elements	Tellurium Germanium Silver Iodine
	Radius* [pm]	136	122	134	133

Table 2 .

 2 7. 

Table 2 .7 Coordination numbers in (GeTe 4 ) 100-x AgI x (x=0, 15, 25) glasses

 2 

		GeTe 4 (GeTe 4 ) 0.85 (AgI) 0.15 (GeTe 4 ) 0.75 (AgI) 0.25
	Ge-Te	4.02	3.93	3.77
	Te-Ge	1.00	0.98	0.94
	Te-Te	1.10	1.46	1.82
	Ge-I		0.13	0.17
	Te-Ag		0.11	0.21
	Te-I		-	-
	Ag-Te		2.44	2.50
	Ag-Ag		-	0.29
	Ag-I		0.18	0.40
	I-Ge		0.72	0.51
	I-Te		-	-
	I-Ag		0.18	0.41
	N Ge	4.02	4.06	3.91
	N Te	2.10	2.55	2.97
	N I		0.90	0.91
	N Ag		2.62	3.19
	<N>	2.48	2.78	2.97

Table 2

 2 .8.

Table 2 .8 Optical band gap of (GeTe 4 ) 100-x M x (M=Ag, I, and AgI) glasses

 2 

	Sample E opt [eV] Sample E opt [eV]
	AgI-0	0.645	Ag-0	0.645
	AgI-5	0.710	Ag-5	0.609
	AgI-10	0.759	Ag-10	0.583
	AgI-12.5	0.793	Ag-15	0.573
	AgI-15	0.806	Ag-20	0.575
	AgI-17.5	0.841	I-0	0.645
	AgI-20	0.860	I-5	0.765
	AgI-25	0.915	I-14	--
	AgI-30	0.969		

Table 3 .1 Elemental Analysis of Te-Ge-AgI Glasses

 3 Te 65.1 Ag 8.8 I 8.4 Ge 15.2 Te 59.6 Ag 14.1 I 11.1 Ge 13.5 Te 53.2 Ag 17.9 I 15.4 Point 2 Ge 15.6 Te 66.6 Ag 9.0 I 8.8 Ge 15.5 Te 58.9 Ag 14.2 I 11.4 Ge 12.9 Te 53.7 Ag 18.1 I 15.3 Point 3 Ge 17.6 Te 64.5 Ag 9.3 I 9.0 Ge 15.6 Te 58.9 Ag 14.1 I 11.4 Ge 13.9 Te 52.4 Ag 18.1 I 15.6 Average comp. Ge 17.0 Te 65.4 Ag 9.0 I 8.6 Ge 15.4 Te 59.2 Ag 14.1 I 11.3 Ge 13.5 Te 53.1 Ag 18.0 I 15.4 Theoretical comp. Ge 17.2 Te 64.6 Ag 9.1 I 9.1 Ge 15.5 Te 58.4 Ag 13.0 I 13.0 Ge 14.0 Te 52.7 Ag 16.7 I 16.7

	Composition	TG-AgI10	TG-AgI15	TG-AgI20
	Point 1	Ge 17.7		

Table 3 .2 Typical parameters for TG-AgI fiber drawing

 3 

		Preform and fiber size	
	Diameter of rod: 7.0mm	Diameter of fiber:	350µm
		Parameters before fiber drawing	
	Flow of argon:	3L/min	Flow time:	2 hours
		Parameters during fiber drawing	
	Flow of helium: 3L/min	Water elimination temp.	120°C
	Heating rate:	10°C/min Fiber drawing temperature: 280°C
	Preform speed:	2mm/min Drum speed:	0.80m/min
	Fiber tension:	15 grams		

Table 3 .

 3 3. 

Table 3 .3 The parameters of Te-Ge-AgI fibers with and without a tapered sensing zone.

 3 

	Composition Diameter ("#)	Diameter at sensing zone ("#)
		450	--
		350	--
	TG-AgI10	350	160
		350	174
		350	200
		350	--
	TG-AgI15	350 350	120 150
		350	170
	TG-AgI20	350 350	--180

Table 3 .4 The label ingredients of different types of cow milk

 3 

	Nutrition	Full-cream milk	Semi-skimmed milk	Skimmed milk
	(g/100ml)	Carrefour	Carrefour	Carrefour
	Protein	3.2	3.2	3.2
	Carbohydrates	4.8	4.8	4.8
	Lipid	3.6	1.55	0.05

Table 3 .5 The bands assignment of the IR vibrational absorption spectrum of milk.

 3 

	Wavelength [µm]	Assignment
	3.03	N-H from protein & O-H from water
	3.42	CH 2 asymmetric stretch from fatty acid
	5.74	C=O stretch from esters
	6.05	O-H bend from water
	6.12	C=O & N-H from protein amide I and
	6.48	amide II
	9.31 9.57	C-O from polysaccharides

Table 3 .6 The bands assignment of the IR vibrational absorption spectrum of butter.

 3 

	Wavelength [µm]	Assignment
	2.90	O-H stretch
	3.43	CH 2 asymmetric stretch
	3.51	CH 2 symmetric stretch
	5.74	C=O stretch
	6.06	O-H bend
	6.82	CH 2 scissor
	7.26	CH 3 scissor
	8.07	CH 2 bend (out of plane)
	8.52	CO-O-C stretch
	10.35	-CH=CH-bend
	13.88	CH 2 rock

Table 4 .1 Electrical resistivity evolution of Te-As-Cu glasses

 4 

	Glass composition	Electrical resistivity [Ω•cm]
	Te 54 As 36 Cu 10 (L2)	590
	Te 48 As 32 Cu 20 (L3)	40
	Te 45 As 30 Cu 25 (L4)	15

Table 4 .

 4 2. 

Table 4 .2 Correspondence of Se-As-Cu glasses names and compositions No. Composition No. Composition No. Composition I1

 4 Se 60 As 40 K1 Se 50 As 50 J1 Se 50 As 40 Cu 10 I2 Se 54 As 36 Cu 10 K2 Se 45 As 45 Cu 10 J2 Se 40 As 40 Cu 20 I3 Se 48 As 32 Cu 20 K3 Se 40 As 40 Cu 20 J3 Se 30 As 40 Cu 30 I4 Se 42 As 28 Cu 30 K4 Se 35 As 35 Cu 30 I5 Se 36 As 24 Cu 40 K5 Se 30 As 30 Cu 40

Table 4 .3 Glass transition and crystallization temperatures of Se-As-Cu glasses

 4 Sample T g [°C] T x [°C] ∆T[°C] Sample T g [°C] T x [°C] ∆T[°C] Sample T g [°C] T x [°C] ∆T[°C]

	I1	179	--	--	K1	170	--	--	J1	181	304	123
	I2	179	282	103	K2	191	--	--	J2	206	314	108
	I3	190	265	75	K3	206	314	108				
	I4	215	267	52	K4	242	326	84				

Table 4 .4 Electrical resistivity of Se-As-Cu glasses

 4 Selenide glass exhibits a really high electrical resistivity. For example, although sample I4 contains 5% of Cu more than Te 45 As 30 Cu 25 (L4) glass; its electrical resistivity is almost 200 times larger. That means that pure selenide glasses are not all suitable for TE application. The highest Cu rate does not compensate the insulating behavior inherent to this glass family. In this part, the glass systems (Te 15 Se 85 ) 60-0.6x As 40-0.4x Cu x (Series G), (Te 85 Se 15 ) 60-0.6x As 40- 0.4x Cu x (Series A), (Te 85 Se 15 ) 50-0.5x As 50-0.5x Cu x (Series F) and Te 50-0.5x As 50-0.5x Cu x (Series D) are explored. It has already been shown that the introduction of Se into the system enables to

	Sample I1 I2 I3 I4	Resistivity ρ [Ω•cm -1 ] --1.5 10 < 1.0 10 : 3.1 10 A	Sample K1 K2 K3 K4	Resistivity ρ [Ω•cm -1 ] --4.7 10 ? 1.0 10 : 3.4 10 A	Sample J1 J2	Resistivity ρ [Ω•cm -1 ] 8.0 10 : 1.0 10 :
	Therefore, investigation of the resistivity evolution according with Te/Se ratio is a quite
	interesting issue.					
	4.4.3	Study of Te-Se-As-Cu glasses system
	4.4.3.1	Glass composition design		

Table 4 .5 Performance parameters of Te-Se-As-Cu glass systems

 4 

	Sample Composition G1 (Te 15 Se 85 ) 60 As 40 G2 (Te 15 Se 85 ) 54 As 36 Cu 10 G3 (Te 15 Se 85 ) 48 As 32 Cu 20 G4 (Te 15 Se 85 ) 42 As 28 Cu 30	Ω•cm] T g (˚C) T x (˚C) ∆T(˚C) B [Ω• Ω• Ω• 159 ------161 280 119 4.3 10 ? 185 258 73 4.3 10 C 208 295 87 1.1 10 A
	A1 A2 A3 A4 A5	(Te 85 Se 15 ) 60 As 40 (Te 85 Se 15 ) 54 As 36 Cu 10 (Te 85 Se 15 ) 50 As 33.3 Cu 16.7 150 130 136 (Te 85 Se 15 ) 48 As 32 Cu 20 155 (Te 85 Se 15 ) 45 As 30 Cu 25 168	195 220 250 253 267	65 84 100 98 99	1.0 10 : 2.9 10 A 2.9 10 2.9 10 35
	F1 F2 F3 F4	(Te 85 Se 15 ) 50 As 50 (Te 85 Se 15 ) 49 As 49 Cu 2 (Te 85 Se 15 ) 45 As 45 Cu 10 (Te 85 Se 15 ) 40 As 40 Cu 20	145 140 150 167	272 263 280 275	127 123 130 108	4.3 10 : 2.3 10 : 4.3 10 A 1.8 10
	D1 D2 D3 D4	Te 50 As 50 Te 49 As 49 Cu 2 Te 45 As 45 Cu 10 Te 40 As 40 Cu 20	142 137 153 171	241 240 259 280	99 103 106 109	3.4 10 C 2.7 10 C 9.0 10 56
	D5	Te 37.5 As 37.5 Cu 25	192	261	69	

2 Glass property characterization: DSC, and electrical resistivity DSC

  For the 4 glass series, as Cu content grew, the 5 values were greatly increased. This phenomenon had also been observed in previous Te-As-Cu and Se-As-Cu glasses. Based on previous structure analysis on Te-As-Cu glasses, it can be proposed that in both Te-based and Se-based chalcogenide glasses, Cu occupies the interstices or voids in glass and connects to

Table 4 .6 Property and structure comparison of copper and silver

 4 

		Copper	Silver
	Electron structure	[Ar] 3d 10 4s 1	[Kr] 4d 10 5s 1
	Electrical resistivity (20 °C) 16.78 nΩ•m (20 °C) 15.87 nΩ•m
	Atomic radius	128 pm	144 pm
	Electronegativity	1.90 (Pauling scale) 1.93 (Pauling scale)

Table 4 .7 Correspondence of Te-Se-As/(Sb,Bi)-Cu glasses names and compositions

 4 Sb and Bi are two elements in the same column of the periodic chart as arsenic, they have the similar atomic structure but are more metallic compared to As. As a result, we predict that a small amount substitution of As by Sb or Bi may make the glass more conductive. The compositions explored are listed in Table 4.7. Se 15 ) 45 As 29 Cu 25 -Sb 1 C1 (Te 85 Se 15 ) 45 As 29 Cu 25 -Bi 1 B2 (Te 85 Se 15 ) 45 As 28 Cu 25 -Sb 2 C2 (Te 85 Se 15 ) 45 As 28 Cu 25 -Bi 2 B3 (Te 85 Se 15 ) 45 As 27 Cu 25 -Sb 3 C3 (Te 85 Se 15 ) 45 As 27 Cu 25 -Bi 3 B4 (Te 85 Se 15 ) 45 As 26 Cu 25 -Sb 4 C4 (Te 85 Se 15 ) 45 As 26 Cu 25 -Bi 4

	4.4.4.2		Study of Te-Se-As/(Sb,Bi)-Cu glasses system
	Sample Composition	Sample Composition
	Series	B1	(Te 85	Series
	B			C

Table 4 .8 The heat treatment condition of (Te 85 Se 15 ) 45 As 30 Cu 25 glass

 4 and not be too high to avoid the rapidly growth of crystal size. As example, even 30 minutes of heat treatment at / can induce obvious nucleation of crystals. The corresponding XRD pattern is shown in Figure 4.22.The crystalline phases As 2 Te 3 , Cu 2.72 Te 2 , Cu

	Temperature	Time	Sample	Temperature	Time	Sample
	[°C] 5 * 10 5 * 20 5 * 30 5 * 30	[hour] 15 15 15 45	phase Glass Glass Glass Partially crystallized	[°C] 5 * 30 5 * 40 5 * 50 /	[hour] 75 15 15 0.5	phase Partially crystallized Partially crystallized Crystallized Crystallized
	In order to get controllable nano-sized crystals, the heat treatment should be between T g
	and T					

x 2 Te and algodonite are identified and the samples is no longer vitreous. Therefore, a proper heat treatment temperature should be determined.

  Te 85 Se 15 ) 45 As 30 Cu 25 glass during mechanical milling with crystals, glass, Bi 2 Te 3 , and Bi 0.5 Sb 1.5 Te 3 powders were prepared separately. (Te 85 Se 15 ) 45 As 30 Cu 25 glass and Bi 2 Te 3 bulk materials were firstly prepared in sealed silica tube and then crushed to power separately using planetary ball milling technique (300rpm, 4 hours) under the protection of argon. Bi 0.5 Sb 1.5 Te 3 (BST), provided by H. Ning in Queen Mary University of London, was synthesized by ball-milling raw elements (5N) at 350 rpm for 10 hours.

A noter qu'il n'y a pas de verre avec 15% de l'iode. Verre avec 14% de l'iode a été choisi dont la composition est très proche.

All the radius data come from database: http://chemglobe.org/

Te-Ge-AgI Glass for Far-Infrared Biochemical Sensing

Conclusion

The aim of this chapter was to change the status of pure tellurium-based glass from curiosity for material scientist toward effective functional material for mid and far-infrared optical devices.

To achieve this goal, high-purified (Ge 0.21 Te 0.79 ) 100-x AgI x (x=10, 15, and 20) glasses (named as TG-AgI10, TG-AgI15 and TG-AgI20 respectively) showing no obvious crystallization peak in DSC curves were synthesized using two-steps chemical-distillation method. The bulk transmittance comparison of the glasses with and without purification verified the effectiveness of this purification technique. From EDS, the preform has proved to be homogeneous. Compared with previous fibers containing iodine in the Te-Ge-I system, it is much more efficient to introduce iodine as a salt rather than in its elemental form, because it remains in the glass network and would not have the tendency to escape during the synthesis.. By a careful operation of polishing, the preform surface defects caused by germanium iodide re-condensation during the annealing process have been totally removed, permitting to obtain Te-Ge-AgI high quality glass preforms.

On this basis, some optical fibers having optical losses lower than 10 dB/m have been prepared. Note that previous pure telluride glass fibers exhibit minimum optical losses higher than 20 dB/m. Thus the fiber attenuation has been significantly reduced. The minimum attenuation value is 3 dB/m around 10 µm for 350 µm diameter TG-AgI10 single index fiber, which is up to now the minimum value ever measured for a telluride glass.

By tapering them, the fibers were designed for mid-IR FEWS experiments. To compare the sensing ability with the currently in-service optical fibers made from selenium based glasses, dichloromethane, chloroform, and toluene with vibrational band beyond 12 µm were chosen as examples. By measuring dichloromethane and chloroform infrared spectra, the tapered fiber-based sensors show an enhanced sensing ability as sensing zone diameter decreases. In term of sensitivity, these new telluride glass fibers supplant the selenium based glasses optical fibers. Above all, they give access to a range of wavelengths that was previously inaccessible with chalcogenide glass fibers.

Besides, the experiment using toluene-isooctane solution show a toluene concentration detection limit of Te-Ge-AgI fiber to be 0.5 vol.%, which is the first concentration-dependent absorption result obtained from Te-based glass fiber.

Chapter 4.

Te-Based Glass: a New Class of Material for Thermoelectric Application Q20, with a heating rate of 10˚C/min, and PANalytical X'Pert PRO, in the range of 5° to 90°.

5 and / were obtained from DSC curves using the intersection of tangents. The resistivity was measured by four point probe resistivity probing equipment S-302 from Lucas Labs at room temperature.

Study of Te-As-Cu glasses system

In this part, ternary (Te 60 As 40 ) 100-x Cu x glasses (x=0, 10, 20, 25, 30) (named as L1, L2, L3, L4, and L5 respectively) were explored and characterized. It has already been shown that this ternary system could be interesting for thermoelectric with the initial ratio Te 55 As 45 [24] . The aim here is to try to improve by focusing on a different stoichiometry.

Glassy state confirmation by XRD

The glasses ternary phase diagram and XRD patterns are shown in Figure 4.9. the maximum Cu content in this glass system is around 25%. Indeed, Cu, with the electron configuration of [Ar] 3d 10 4s 1 , shows a preference to bind with tellurium [42] , and can enhance the glass stability to some extent. However, free electron density enhanced by too much copper dopant can destroy glass stability. As a result, L5 with 30% of Cu was crystallized.

Glass stability study

To evaluate Te-As-Cu glasses thermal stability, DSC curves of L2, L3 and L4 glasses are compared in Figure 4.10.

Chapter 5.

Synthesis of Thermoelectric Composites by Hot Pressing and Spark Plasma Sintering

For SPS-BT0, due to the lack of resistivity data at higher temperature, the power factor at higher temperature was estimated using its room temperature resistance.

From Figure 5.15, it is proved that adding Bi 2 Te 3 into (Te 85 Se 15 ) 45 As 30 Cu 25 is an efficient method to improve material TE performance. SPS-BT90, due to its lower electrical resistivity and rather high Seebeck coefficient, generates the largest power factor value. Note that materials with high power factor are able to generate more energy. Nevertheless, it does not mean they are efficient in the conversion of a temperature gradient into electricity.

Thermal conductivity

Thermal conductivity is the property of a material that indicates its ability to conduct heat. In heat transfer analysis, thermal conductivity is obtained by multiplying the thermal diffusivity α, density and specific heat capacity .

(

5.3)

Thermal diffusivity

To calculate the thermal conductivity, thermal diffusivity α at different temperatures were tested (Figure 5.16) using the laser flash method (NETZSCH, LFA457, Germany). As expected, pure glass exhibits the lowest thermal diffusivity. This phenomenon is caused by the intrinsic disordered structure of glass which limits the free path of a phonon [2] . This law has proved to be also applicable for vitreous materials [19][20][21] . Thus, regardless of the nature of the substance or crystal, Dulong-Petit law provides a direct correlation between the heat capacity and the molar mass of the compounds:

where R is the gas constant (8.314 JK -1 mol -1 ) and M is the molar mass. From SPS-BT0 to SPS-BT100, M increased from 92.5 g•mol -1 to 160.152 g•mol -1 , generating a decrease of value. The measured values are in correct agreement with the value expected from the Dulong-Petit law.

Thermal conductivity

Based on Equation (5.3), thermal conductivities were calculated and are shown in Figure 5.19. Note that the density variation of a solid material with temperature is typically small. at room temperature have been used here for thermal conductivity calculation.

However, it can be predicted that by adjusting the powder mixing method and sintering parameters, glass-ceramics well compacted could be obtained with a comparable figure of 

Characterization of (Te85Se15)45As30Cu25 / BST composites

To ensure that the Seebeck coefficient is large, there should only be a single type of carrier. Mixed n-type and p-type conduction in one material lead to both charge carriers moving to the cold end, cancelling out the induced Seebeck voltages. As Bi 0.5 Sb 1.5 Te 3 (BST) is a typical p-type thermoelectric material and is used commercially for a long time, the composites of (Te 85 Se 15 ) 45 As 30 Cu 25 glass with 10%, 30%, 50%, 70% and 90% BST were prepared using SPS technique (190°C 10mins) and named as SPS-BST10, SPS-BST30, SPS-BST50, SPS-BST70 and SPS-BST90 respectively. Pure glass (SPS-BST0) and pure BST (SPS-BST100) were also prepared by SPS for comparison (Figure 5.21). The mixture preparation procedure, the sintering parameters and the characterization implemented have already been described in section 5.3.1. Note that SPS-BST0 is exactly the same sample as the SPS-BT0 discussed above.

Density

The densities of SPS-BST composites were measured and reported in Figure 5.27. 

Perspective

Overall, although a lot of insightful researches have been done on the infrared sensing and thermoelectric properties of tellurium-based glass, many more works will be done in the future. For example, the following points can be mentioned, a) Effort will focus on the preform polishing in order to limit crystallization effect during the fibering process for the preparation of single mode fiber.

b) Microstructure optical fibers with a hexagonal lattice of air holes will be explored based on (Ge 21 Te 79 ) 100-x AgI x glass for the preparation of single mode fiber.

c) To prepare well-compacted thermoelectric composites, high quality Bi 0.5 Sb 1.5 Te 3 powder and a find adjustment of spark plasma sintering parameters are essential.

Résumé

Les verres de tellures sont des matériaux récemment remis au goût du jour pour des applications en optiques. Certaines compositions permettent en effet de transmettre la lumière loin dans l'infrarouge au-delà de 20 µm, mais leur tendance naturelle à recristalliser rend difficile la fabrication d'objet pour la photonique telle que des fibres optiques.

Des verres du système Te-Ge-Se ont été développés dans le cadre du projet Darwin de l'Agence Spatiale Européenne permettant de détecter la bande d'absorption du CO 2 à 15 µm. La première fibre optique monomode a été obtenue à partir d'une nouvelle méthode de fabrication de préforme par moulage. Les verres de tellure du système Te-Ge-AgI sont les seuls à ne pas présenter de pic de cristallisation en analyse thermique. Leur stabilité a été mise à profit pour développer des fibres optiques avec un niveau très bas de pertes optiques, de l'ordre de 3 dB•m -1 , ce qui constitue un record. Ces fibres ont été utilisées pour mettre en oeuvre des expériences de spectroscopie par ondes évanescentes permettant d'accéder à une gamme de longueurs d'onde encore jamais atteinte de 2 à 16 µm. Ce gain sera de première importance pour la mise en service de ces fibres en biologie ou médecine.

Par ailleurs, les verres de tellure sont les verres présentant les conductivités électroniques les plus élevées jamais mesurées. Il s'agit donc de matériaux potentiellement intéressants pour la thermoélectricité. Certaines compositions du système (Te/Se)-(As/Sb/Bi)-(Cu/Ag) ont été synthétisées et caractérisées. Des matériaux composites obtenus par broyage et compression de poudres de verre et de Bi 0.5 Sb 1.5 Te 3 cristallisé ont été préparés. Ces derniers présentent un ZT = 0.365 à 413°K, ce qui est encourageant pour l'avenir.

Abstract

The tellurium-based glasses are of interest because of their transparency in the mid-and far-infrared range. Tellurium-based glasses and optical fibers can be used for the detection the atmosphere of terrestrial planets in Darwin project and the identification of chemical species in the daily life.

For the detection of CO 2 (15 µm) on exoplanet, high purity Te-Ge-Se experimental single mode fiber which can transmit light up to 16 µm has been successfully fabricated based on a new preform molding process. Moreover, Te-Ge-AgI glasses, which present no crystallization peak and far infrared transmittance beyond 30 µm (as bulk), are also candidates for infrared sensing. A structural model proposed in this work provides some explanations on their good thermal stability. Low-loss single index fibers drawn from these glasses have shown their capabilities to collect mid-infrared spectra from 2 to 16 µm. To the best of our knowledge, it is the first fiber evanescent wave spectra collected on such a wide range. This achievement will be essential for future medical applications.

Otherwise, tellurium-based glasses, due to the intrinsic poor thermal conductivity and high Seebeck coefficient, are good candidates as new materials in the thermoelectricity field. Te-As-Se-Cu glass with the introduction of copper up to 25% has been explored. By sintering this glass with Bi 0.5 Sb 1.5 Te 3 , glass-ceramic composites were also obtained exhibiting maximum zT values equal to 0.365 at 413 K.