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RÉSUMÉ 

 

Au cours des années une variété des compositions de verre chalcogénure a été 

étudiée en tant qu’une matrice hôte pour les ions Terres Rares (TR). Pourtant, 

l’obtention d’une matrice de verre avec une haute solubilité des ions TR et la 

fabrication d’une fibre chalcogénure dopée au TR  avec une bonne qualité optique 

reste toujours un grand défi. La présente thèse de doctorat se concentre sur l'étude de 

nouveaux systèmes vitreux comme des matrices hôtes pour le dopage des ions TR, ce 

qui a permis d'obtenir des fibres optiques dopées au TR qui sont transparents dans 

l’IR proche et moyenne. Les systèmes vitreux étudiés ont été basés sur le verre de 

sulfure d'arsenic (As2S3) co-dopé aux ions de Tm3+ et aux différents modificateurs du 

verre.  

Premièrement, l'addition de Gallium (Ga), comme un co-dopant, a été examinée 

et son influence sur les propriétés d'émission des ions de Tm a été explorée. Avec 

l'incorporation de Ga, la matrice d’As2S3 dopée au Tm a montré trois bandes 

d'émission à 1.2 µm (1H5→3H6), 1.4 µm (3H4→3F4) et 1.8 µm (3F4→3H6), sous 

l’excitation des longueurs d'onde de 698 nm et 800 nm. Les concentrations de Tm et 

de Ga ont été optimisées afin d’obtenir le meilleur rendement possible de 

photoluminescence. À partir de la composition optimale, la fibre Ga-As-S dopée au 

Tm3+ a été étirée et ses propriétés de luminescence ont été étudiées. Un mécanisme de 

formation structurale a été proposé pour ce système vitreux par la caractérisation 

structurale des verres Ga-As-S dopés au Tm3+, en utilisant la spectroscopie Raman et 

l’analyse de spectrométrie d'absorption des rayons X (EXAFS) à seuil K d’As, seuil 

K de Ga et seuil L3 de Tm et il a été corrélé avec les caractéristiques de luminescence 

de Tm. 

Dans la deuxième partie, la modification des verres As2S3 dopés au Tm3+, avec 

l'incorporation d'halogénures (Iode (I2)), a été étudiée en tant qu’une méthode pour 

l’adaptation des paramètres du procédé de purification afin d’obtenir une matrice de 

verre de haute pureté par distillation chimique. Les trois bandes d'émission 

susmentionnées ont été aussi bien observées pour ce système sous l'excitation à 800 

nm. Les propriétés optiques, thermiques et structurelles de ces systèmes vitreux ont 
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été caractérisées expérimentalement en fonction de la concentration d’I2 et de Tm 

dans le verre, où l'attention a été concentrée sur deux aspects principaux: l'influence 

de la concentration d’I2 sur l'intensité d'émission de Tm et les mécanismes 

responsables pour l'augmentation de la solubilité des ions de Tm dans la matrice 

d’As2S3 avec l’addition I2. 
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SUMMARY 

 

Over the years a number of chalcogenide glass compositions have been studied 

as host matrices for Rare Earth (RE) ions. However, it still remains a great challenge 

to obtain a glass matrix with high solubility of RE ions and to fabricate a RE doped 

chalcogenide glass fiber with good optical quality. The present PhD thesis focuses on 

the study of new glassy systems as host matrices for doping of RE ions, which 

allowed to obtain RE doped optical fibers transparent in near and middle IR. Studied 

glassy systems were based on well-known arsenic sulphide (As2S3) glasses co-doped 

with Tm3+ ions and different glass modifiers.  

 Firstly, the addition of Gallium (Ga) ions as co-dopants was examined and 

their influence on the emission properties of Tm ions was explored. With the 

incorporation of Ga into the host, Tm doped As2S3 glasses display three strong 

emission bands at 1.2 µm (1H5→3H6), 1.4 µm (3H4→3F4) and 1.8 µm (3F4→3H6) 

under excitation wavelengths of 698 nm and 800 nm. Despite the very small glass 

forming region of the system Ga-As-S we could optimise the concentration ratio of 

Ga and Tm to achieve the highest possible photoluminescence efficiency. From the 

optimal composition, Tm3+ doped Ga-As-S fiber was drawn and its luminescence 

properties were studied. Through structural characterisation of Tm doped Ga-As-S 

glasses, using Raman spectroscopy and Extended X-ray Absorption Fine Structure 

(EXAFS) spectroscopy at As K-edge, Ga K-edge and Tm L3-edge, a formation 

mechanism has been proposed for this glassy system and it was correlated with 

luminescence features of Tm ions. 

In the second part, the modification of Tm3+ doped As2S3 glasses with the 

incorporation of halides (namely Iodine (I2)) was investigated, as a method for 

tailoring the process parameters for purification, in order to obtain a high purity glass 

matrix via chemical distillation. All three of above mentioned emission bands were 

observed for this system as well, under the 800 nm of excitation wavelength. Optical, 

thermal and structural properties of these glassy systems were characterized 

experimentally depending on the concentration of I2 and Tm in the glass, where the 

attention was concentrated on two principal aspects: the influence of the 
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concentration of I2 on the intensity of emission of Tm and the mechanisms 

responsible for the increase of the solubility of Tm ions in As2S3 glass matrix with 

addition of I2.  
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CHAPTER 1 

INTRODUCTION 
 

1.1. MOTIVATION 

The first demonstration of a laser was reported in 1961 by Sorokin et al. [1] in 

Sm3+ doped CaF2 laser materials. In the same year Snitzer published his paper on 

laser oscillation in Nd3+ doped barium crown glass [2] and then on the possibility of 

fiber laser operation [3]. These important works led to further exploration and 

development of fiber lasers. A large number of materials have been investigated and 

laser action has been demonstrated over a wide wavelengths range from the 

ultraviolet to the mid-infrared (IR). Rare Earth (RE) doped lasers and amplifiers have 

found application in a number of different areas including telecommunication, 

material processing, medical diagnosis and treatment, printing and marking, 

environmental sensing, counter measures, etc. 

Recently, the development of optical glass fibers has revolutionized the 

telecommunications industry, with fibers replacing copper wires and radically 

expanding our ability to transmit flaw-free data throughout the world. This relatively 

new technology has made significant contributions towards the advancement of our 

life. Presently our planet is covered with millions of kilometers of optical fiber based 

on silica (SiO2) glasses, which gives us ability to communicate and to exchange 

information. Such optical fibers allow high bandwidth transmission of data over long 

distances. The optimum transmission windows for SiO2 fiber are located at 1.3 µm 

and 1.55 µm, representing the second and third telecommunications windows. These 

windows, near the intrinsic loss minimum of the material, are separated by absorption 

due to water molecules. The presence of the hydroxyl (OH-) impurity in silica 

introduced overtone absorption around 1.4 µm [4,5] which effectively divided the 

region of lowest attenuation into two separate windows.  

The invention of the erbium (Er) doped SiO2 fiber amplifier in 1987 [6] was a 

major breakthrough in fiber optic technology, allowing long distance data 

transmission through SiO2 fiber by means of the amplification of optical signals at the 
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coincident wavelength of 1.54 µm. This was a significant improvement on electronic 

repeaters which required the conversion between optical and electronic signals. 

However, the gain bandwidth of the Er doped fiber spans only a small fraction of this 

continuous low loss window. Doping with other REs could allow to use wavelengths 

that are not covered by the Er doped fiber, but problems associated with the 

vibrational structure of silica prevent its use as an amplifier medium when doped with 

ions such as praseodymium (Pr), thulium (Tm) and dysprosium (Dy) [7]. Silica glass 

is by a long way the most favourable material to use for long distance optical fiber 

telecommunications. However, there are aspects of the properties of silica, which 

make it unsuitable for certain applications. First of all the RE solubility of silica is 

low and the phonon energy is high (1100 cm-1) [8], leading to non-radiative decay of 

many transitions of RE dopants. The non-linear refractive index of silica is relatively 

low (2.5·10-20 m2W-1) [9], which means that non-linear devices based on silica 

require relatively high intensities to operate. The transmission wavelength of silica is 

limited to 2 µm, which limits the applications beyond this wavelength. 

The nature of the application determines the particular requirements for the 

laser source such as the laser wavelength, output power, beam quality, power 

consumption, size, fabrication and maintenance costs, etc. The fundamental 

parameter in this list is the laser wavelength which depends on the available radiative 

transitions between the energy levels of the RE ions, which in their turn depend on 

the host material. The main factors which limit the number of available laser 

transitions are the competing multiphonon transitions and the transparency of the host 

material. This motivates the search for new laser materials with low phonon energies 

and extended transparency as alternative hosts for RE doped devices, which could fill 

the gaps in the existing spectrum of laser wavelengths and extend the spectrum 

towards shorter and longer wavelengths. 

The search for new non-oxide vitreous materials led to the development of 

fluoride and chalcogenide glasses (ChGs). Made from low phonon energy materials, 

with heavier ions and weaker bond strengths, these glasses provide transmission into 

the mid-far IR region [10,11]. The optical window for most fluoride glasses lies in the 

0.25 – 4.0 µm range [10]. Halide compounds have played a key role in glass 



 

3 
 

formation (ZrF4, InF3, GaF3 and AlF3). These glass formers are normally combined 

with other halide compounds, which act as a network stabilizer or modifier. Probably 

the most significant of these fluoride glasses is known by its acronym ZBLAN (ZrF4-

BaF2-LaF3-AlF3-NaF) [12]. Some glasses based on halides have been successfully 

demonstrated as fiber amplifiers with optical amplification in both the second and 

third telecommunications window (E and S). The development of the Pr3+- doped 

fiber amplifier with signal gain at 1.3 µm [13] and Tm3+-doped fiber amplifier with 

maximum gain at 1.47 µm [14] and 1.65 µm [15] has been realized. In recent years 

several papers have been published reporting a laser emission at 2.7µm [16], 2.8 µm 

[17] and 2.9 µm [18] in Er3+ doped fluoride glasses and glass fibers. In addition, two 

contributions of fluoride glass have included emission of blue up-converted light 

from a Tm3+-doped fiber [19] and a Ho3+-doped fiber laser emitting at 3.9 µm [20]. 

ChGs transmit to longer wavelengths in the IR than silica and fluoride glasses. 

ChGs based on sulphur, selenium and tellurium typically transmit up to 10 µm, 15 

µm and 20 µm, respectively [21]. ChGs have a nonlinear refractive index around two 

orders of magnitude higher than silica [8]. This makes them suitable for ultra-fast 

switching in telecommunication systems [22]. Moreover, this long wavelength 

transparency enables ChGs to be used for several applications including thermal 

imaging, night vision, CO2 laser power delivery, radiometry and remote chemical 

analysis [23]. In addition, some ChGs exhibit structural/optical change when 

irradiated with light resulting in a localized reversible or irreversible change in the 

refractive index [24]. This photosensitivity allows photo writing of waveguides 

[25,26] and design of micro-lenses [27]. ChGs often exhibit much lower phonon 

energy (360-425 cm-1) [9], which allows the observation of certain transitions in RE 

dopants [28,29] that are not observed in silica. The low phonon energy of 

chalcogenides can be thought of as resulting from the relatively large mass of their 

constituent atoms and the relatively weak bonds between them. The enhanced mid-IR 

transmission in ChGs, with reduced maximum phonon energy leads to lower non-

radiative decay rates and increased radiative quantum efficiency for electronic 

transitions of RE dopants introduced into the glasses [30]. However, most IR 
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materials suffer from thermo-mechanical degradation, poor resistance to air and 

moisture and are especially prone to crystallization [10,11,31-34].  

One of the first and well known ChGs is the arsenic trisulphide (As2S3) glass. It 

had been known for long time that blending of arsenic and sulphur can form a dark 

red-coloured glass that is transparent well beyond 2 µm. Being an excellent glass 

former, As2S3 was a logical choice to be drawn into crude fiber using a simple fiber 

drawing technique. The fabrication of the first As2S3 fiber was reported in 1965 [35]. 

Since then, As2S3 glasses and fibers have maintained an important role in IR 

technology. Due to its transparency up to 7 µm, lack of crystallization and good 

thermal stability As2S3 has been considered as an alternative host matrix for RE ions. 

As2S3 glasses were initially used for hosts of several RE ions such as Nd3+, Ho3+, 

Er3+, Dy3+ and Tm3+ [36]. As2S3 glasses doped with only 0.4 wt.% Nd3+ showed 

fluorescence at 1.09 µm and 1.38 µm, while glasses doped with 2.0 wt.% Dy3+ 

exhibited fluorescence at 2.98 µm and 4.40 µm. Further, doping of Ho3+ up to 

approximately 2.0 wt.% showed fluorescence at 2.01 µm. No emission of Tm3+ or 

Er3+ was observed in As2S3 glasses. As it was seen RE ions are not soluble in As2S3 

glasses or the solubility is very low, which is the major drawback of As2S3 glasses as 

a host for RE ions. Even a slight increase of the amount of RE dopants in these 

glasses leads to the clustering of ions and brings the glass to the crystallization and 

the concentration quenching of the luminescence.  

Much effort has been devoted to the development of glass compositions 

appropriate for RE doping. Several sulphur-based glassy systems have been studied 

as hosts for RE ions such as Ga2S3-La2S3 (GLS) [37], GeS2-Ga2S3 (GGS) [38], GeS2-

As2S3-Ga2S3 (GAGs) [39-41], Ge-Ga-Sb-S [42], GeGaS-GSI [43]. It has been 

claimed that the Ga can dramatically increase the solubility of RE ions in ChGs.  

Addition of Ga to the host in a concentration ratio of at least 10:1 = [Ga]: [RE] can 

increase RE emission by an order of magnitude for the same level of RE-dopant [39].  

However, the tendency to crystallization in all these systems is quite high unlike the 

As2S3, so the incorporation of Ga in the As2S3 glass matrix could compromise the 

thermo-optical properties of the glass with the solubility of RE ions.  

 



 

5 
 

1.2. PROJECT AIM 

The main objective of this thesis was to increase the solubility of RE ions in 

As2S3 glass in order to obtain a high purity glass doped with RE ions, with higher 

thermal stability for fiber drawing. Two different aspects of the modification of As2S3 

glass matrix are presented. Firstly, the addition of gallium (Ga) as co-dopant is 

examined and its potential for use as active optical materials is explored. The second 

technique employs the modification of As2S3 network through the incorporation of 

halogen elements (iodine). The addition of these network modifiers was expected to 

break the As-S bonds and replace them with less energetic bonds thus providing the 

RE ion with a lower local phonon energy environment. The spectroscopic 

measurements of the absorption and emission spectra, as well as, the fluorescence 

lifetimes of the modified As2S3 glasses doped with RE ions allowed the effectiveness 

of each network modifying element to be assessed. The increasing of RE solubility in 

As2S3 glass, while maintaining its environmental stability, lower phonon energy (360 

cm-1[8]) and its extended IR transparency and the potential to be pulled into a fiber 

form, could potentially offer a promising improvement to the existing doped fibers, 

with the possible extension to longer wavelengths.  

The second objective of the thesis is to understand the mechanisms responsible 

for the increase of the solubility of RE ions in As2S3 glass with the incorporation of 

certain modifiers. This realized through systematic study of the effects of network 

modifiers on the structure of the fundamental glass matrix and on the local 

environment of RE ions. 

Mid-IR fiber lasers, using relatively cheap commercially available NIR diode 

lasers as pump sources, could offer an inexpensive and compact alternative to 

currently available mid-IR sources. The success of this project depends mainly on the 

fabrication of low loss fiber of sufficient length and with reasonably small core 

diameters, assuming the spectroscopic properties of the RE ions are favourable for 

mid-IR laser emission.  
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1.3. THESIS SYNOPSIS 

This thesis describes original research in the design, fabrication and 

characterization of Tm3+ doped ChGs and glass fibers based on As2S3 glassy system. 

The main body of this thesis is formed by a number of journal papers written by the 

author herself. These papers have been embedded in the chapters in the original form 

they were published.  

The thesis contains eight chapters, including this introduction, chapter 1. 

Chapter 2 provides a necessary background regarding ChGs and their 

spectroscopic features. It gives an introduction to ChGs and Chalco-halide glasses 

(ChHGs) and their fundamental properties. The basic theory for the understanding of 

the spectroscopic properties of the RE ions and the influence of the host material was 

introduced as well. 

Chapter 3 details the experimental techniques used for fabrication and for 

characterization of studied glasses and glass fibers. The purification and synthesis 

technology used for the fabrication of RE doped ChGs were discussed, as well as, the 

procedure of the fabrication of glass fibers. The need for high purity powdered 

precursors and their impact on optical quality and thermal stability for fabricated 

glasses is also discussed. Also we included all of the spectroscopic techniques used in 

the analysis of optical, thermal and structural properties of these glasses. 

Chapter 4 focuses on the study of the effect of Ga in the emission properties of 

Tm3+ in As2S3 glass matrix. It describes the fabrication and characterization of Tm3+ 

doped Ga-As-S glasses. The concentration ratio of Tm and Ga was optimized to 

achieve the highest photoluminescence efficiency in this system. Optical and thermal 

properties of this glassy system were studied depending on the concentration of Ga 

and Tm. The fiber, drawn from optimal composition, is presented, and the 

experimental set-up used for characterization of luminescence properties of Tm3+ 

doped Ga-As-S fiber is explained. 

Chapter 5 deals with more fundamental problem, the investigation of the 

mechanisms responsible for the solubility of Tm3+ ions in Ga-As-S glasses.  Raman 

and EXAFS spectroscopies were used to investigate structural features of this glassy 

system. The structural changes made by the incorporation of Ga and Tm in As2S3 
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glass matrix and with the variation of their concentrations were studied. The changes 

in the local environment of Tm3+ ions, upon the increasing its content in the glass, is 

illustrated as well.  

A separate Chapter 6 represents the continuation of the chapters 4 and 5. It 

describes the attempts of purification of Ga-As-S glasses and it is dedicated to 

explain the motivation and the strategy of replacement of gallium with iodine in 

As2S3 glass.  The modifications made in Ga-As-S glassy system that could decrease 

the melting temperature of the glass matrix and allow the purification of 

multicomponent glass are discussed. 

Chapter 7 discusses new ChHGs (I-As-S) as host matrix for Tm3+ ions. 

Optimization of suitable host composition and Tm3+ dopant concentration level in I-

As-S glass system was performed. This chapter describes and compares the thermal, 

optical and structural properties of this system depending on the concentration of 

iodine and Tm. Some structural mechanisms are proposed to explain the solubility of 

Tm3+ ions in As2S3 glass with the incorporation of iodine.  

Finally, chapter 8 summarizes the current status of the project and suggests 

some future work.  
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CHAPTER 2 

BACKGROUND 

 

In this chapter, we will give the basic background information regarding glass 

formation conditions in general. We will explain the formation of a glass in two 

aspects: structural and kinetic. Than we will expose different families of glasses, 

particularly those based on heavy metals (fluoride, halide and chalcogenide). We will 

be more focused on chalcogenide glasses and mostly on the glassy system based on 

Arsenic and Sulphur. As we are interested in RE doped glasses we will present the 

basic spectroscopic theory of RE elements: electronic structure, radiative and non-

radiative transitions. We will study Tm3+ ions and give the important characteristics 

of this element in different glass matrices. 

 

2.1. GENERAL CONSIDERATION ON GLASSES 

The first use of the glass by mankind seemed to start with natural glasses such 

as obsidian, a natural volcanic glass (alumina-silicate glasses), for tools and weapons. 

The method of manufacturing of artificial glasses, using sand (SiO2) and salt (NaCl), 

which could yield soda-silicate glasses (SiO2–Na2O) in charcoal fires, was 

accidentally discovered at Mesopotamia [44]  by approximately 4500 BC. Because of 

the presence of impurities (such as Fe2O3) the glasses were coloured at that era. 

However, around the first century (in the Roman age) transparent wine glasses 

became available and methods for preparation of controlled shape glasses were 

developed. Bottles were produced by winding glass ribbons around a mould of 

compacted sand and after cooling, the sand was scraped from inside the bottle, 

leaving a hollow container with rough, translucent walls. Further developments led to 

the invention of glass blowing (in Phoenicia around 50 BC), which allowed 

producing more transparent glasses. This eventually enabled the fabrication of 

windows. Later, in the 17th century, Galilei and Newton used transparent glasses as 

optical components like lenses and prisms. Many other optical instruments such as 

eyeglasses, microscopes and telescopes were devised as well. 
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In everyday language, the word ‘‘glass’’ denotes a transparent and fragile 

material. In scientific language, the glasses are considered as non-crystalline solids 

obtained by cooling of super-cooled liquids. However, the fast cooling of liquid is not 

the only method for obtaining non-crystalline solids. Basically, the non-crystalline 

solids can be obtained by three different ways [45]: maintaining the structural 

disorder of the liquid phase (by fast cooling), using the disordered nature of the gas 

phase (by evaporation) and by interrupting the order of a crystal phase (mechanical 

compression). 

The non-crystalline solids are solid materials, that are lacking long range order 

in their structure. For being classified as a good non-crystalline former, material must 

meet two conditions:  

1) the network structure must be topologically disordered [46], because these 

structures possess intrinsic resistance towards crystallization, which requires 

topological changes (bond breakage and reformation)  

2) the short-range order (SRO) must be the same as in the corresponding 

crystal.  

In fact, not all non-crystalline materials are necessarily glasses. They are 

divided into two categories: glasses and amorphous solids. The non-crystalline solid 

is a glass, if its SRO is the same as that in its molten state (SRO (glass) = SRO 

(melt)). This condition is clearly satisfied for glasses formed by melt-cooling because 

the structure of a melt is frozen during the transition from liquid to glass. Whether a 

non-crystalline solid is made by melt-cooling or by other methods (for example 

evaporation) it is called glass as long as it satisfies this condition. If conditions 1) and 

2) are respected, but SRO (glass) ≠ SRO (melt) the material will be classified as an 

amorphous solid. In addition, amorphous solids and glasses are distinct 

thermodynamically [45]. The free energy of amorphous solids is less than that of 

super-cooled liquid and they do not show structural relaxation. The heating of these 

substances leads to rapid crystallization or decomposition of structure before their 

melting point is reached. Contrariwise, the glass passes progressively from a solid 

state to a liquid state with the successive increase of temperature. Such transition 

(from solid to molten state or the reverse one) followed by the radical changes of 
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mechanical properties of the material is called a glass transition. So, the glass may be 

defined as following: the glass is a non-crystalline solid exhibiting the glass transition 

temperature [45]. 

The conventional method for producing a glass is the very rapid cooling of the 

liquid, in order to prevent the crystallization. With the decrease of the temperature, 

the viscosity of the liquid increases rapidly, leading to the freezing of the liquid to the 

final solidification. The temperature decrease leads to the contraction of the substance 

and when the solidification point (Tf) is reached, two phenomena can occur (Fig. 2.1) 

- either the liquid crystallizes and a discontinuity of ΔVf is introduced or 

crystallization is prevented and the liquid passes to the super-cooled state and starting 

from certain temperature (Tg) the slope of the curve decreases to become close to that 

of the crystalline solid. The jump in the curve shows the transition from the super-

cooled state to the glassy state. Tg is called the glass transition temperature.  

 

 
Fig. 2.1. Variation of the specific volume with temperature [45] 

(1 - liquid; s1 - Super-cooled liquid; c - crystal; v - glass). 
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2.1.2. CHALCOGENIDE GLASSES (ChGs) 

The ChGs are glasses based on VI group elements (S, Se and Te) of the 

periodic table, combined with the elements of groups III (Al, Ga, In, Tl), IV (Si, Ge) 

and V (P, As, Sb, Bi). The history of ChGs is very different from that of  oxides. As it 

is already mentioned the oxide glasses has a history longer than 5000 years, while the 

chalcogenides have only one and half-century history. The history of ChGs began in 

1870 when Carl Schultz-Sellack reported experience on the transition radiation heat 

by the series of materials [47]. But the real interest and important studies on ChGs 

began in the 1950s in Russia and the United States. These glasses have been studied 

as semiconductor materials, ion conductors, IR transparent glasses and xerographic 

photoreceptor. Chalcogenides are studied by chemists as new glasses [48], by 

physicists as an amorphous semiconductors [49-50] and as photonic glasses by 

application-oriented researchers [51].  

ChGs are very different in compositions and hence their classifications are also 

different [48,52]. ChGs can be classified as elemental, binary, ternary, etc. The alloys 

can be divided into stoichiometric (As2S3, GeSe2) and non-stoichiometric 

compositions (S–Se, As–Se) as well.  

Among three chalcogenide elements, only Se may exist in glassy state (thin 

films or glassy ingots) at room temperature [53]. S and Te are unstable at room 

temperature and crystallize immediately. Some molecular allotropes for S are known, 

but the most stable is the structure with the S8 ring molecules. Glassy S can be 

obtained by  quenching from ∼160 °C (polymerization temperature) to temperatures 

below the Tg [54]. Te is much more metallic, having less directional chemical bonds. 

As a result, the material is likely to crystallize, and the bulk glass cannot be prepared 

[55]. 

The oldest and simplest chalcogenide binary alloys are the glasses based on 

arsenic and sulphide [56-59]. Arsenic trisulphide with the stoichiometric 

composition, As40S60 (As2S3 for short), has been intensively studied for years. In 

general, the stoichiometry of the As-S glasses can be changed dramatically within a 

broad glass-forming region. It is quite easy to increase, for example, the concentration 

of As and decrease the concentration of S in the glass to increase its refractive index 
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[60]. This is one of the reasons why these glasses are particularly good choices for 

fiber optic applications. As-S glasses have low Tg and they are quite stable against 

devitrification. The most thermally stable composition is obviously the stoichiometric 

As2S3 with the Tg of about 200 °C [48].  

The structure of ChGs, however, cannot be described by means of a continuous 

random network which is isotropic in three dimensions, as in the case of amorphous 

silicon. The bonds in these vitreous compositions are essentially covalent [61] and the 

structure of ChGs can be locally layer-like (As2S3, As2Se3, GeS2, and GeSe2), or 

chain-like (pure S and Se). For all these materials, the structure is considerably 

flexible which is the result of the weak van der Waal’s bonding between layers or 

chains [62], so the changes in the structure can be relatively easily accommodated. 

As2S3 glass has a polymeric structure composed of trigonal pyramids, where each 

center of As is linked with three sulphur centers (Fig. 2.2). 

 
Fig. 2.2. Structural units of As2S3 glasses 

 

Within above mentioned categories, one finds that the binary and ternary 

glasses are excellent choices for fiber drawing. Unlike the fluoride glasses, which 

normally include five or more components, most ChGs have only two or three 

elemental components. In general, these glasses have softening temperatures 

comparable to fluoride glass. The ChGs, however, are chemically more durable, 

especially against attack by moisture, than the fluoride glasses. A distinctive 

difference between these glasses and the other IR fiber glasses is that they do not 

transmit well in the visible region and their refractive indices are quite high. 

The transmission range of chalcogenide fibers depends heavily on the mass of 

the constituent elements. The lighter-element glasses, such as As2S3, have a 

transmission range from 0.7 µm to ∼7 µm [57]. Besides this glass, only  Ge-S based 
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glasses and some phosphorous containing glasses are transparent in visible region 

[63]. Longer wavelength transmission becomes possible with the addition of heavier 

elements like Te and Se and this leads to the opacity in the visible region. A key 

feature of essentially all ChGs is the strong extrinsic absorption resulting from 

contaminants such as hydrogen, H2O and OH−. For example, there are invariably 

strong absorption peaks at 4.0 and 4.6 µm due to S-H or Se-H bonds, respectively, 

and at 2.78 µm and 6.3 µm due to OH− and molecular water. As a result, typical 

chalcogenide loss spectra are normally replete with extrinsic absorption bands, which 

would seem at first sight to be sufficiently adverse for the applications of these fibers. 

However, many applications for these fibers are possible simply by working outside 

these extrinsic bands or by reduction of these bands by several cycles of purification 

of the raw material.  

The exceptional transparency of these glasses in the IR explains their use in two 

categories: passive and active IR optics. In passive optics they were used as optical 

lens for IR cameras, planar waveguides for integrated optics or infrared sensors. In 

the field of active optics ChGs represent relevant materials for the use as optical 

amplifiers, which allow obtaining a substantial quantum yield of luminescence from 

RE ions, due to their low phonon energy (360 cm-1).  

Possessing all above mentioned features As2S3 glasses are very good candidates 

for the fabrication of RE doped fibers, but as it was already mentioned in chapter 1 

the solubility of RE ions is very limited in this glass. So, in this thesis we describe the 

modification of the binary As2S3 by adding Ga in the network and the impact of 

structural changes, created by Ga, on the increase of the solubility of RE ions. 

The glass formation in the Ga-As-S system was discovered in 1960 by 

Kolomiets, Goryunowa and Chilo [49]. The phase diagram in this system is presented 

in Fig. 2.3. As it can be seen the glass formation region is very small. In order to 

obtain a glass in Ga-As-S system high temperature of synthesis and very high cooling 

rate is required. The synthesis temperature is 900 °C and the glasses were quenched 

in ice water directly from 900 °C (cooling rate is about 200 ˚C / sec.) Under these 

conditions it was possible to enter only up to 3.5 at% of Ga in As2S3 glass.  
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Fig. 2.3. Glass formation region in Ga-As-S system [49] 

 

 

2.1.2. HALIDE GLASSES 

The first halide glass was discovered in 1975 at the University of Rennes [64], 

which was based on zirconium fluoride. Generally, the Tg of typical fluoride glass is 

about four times lower than that of oxides and their thermal stability is considerably 

less. The most significant difference between oxide and fluoride glasses, however, is 

that metal fluorides do not form a glass as easily as metal oxides. This is in part due 

to the more ionic nature of the bonds in fluoride glass compared with greater covalent 

bonding in oxide glasses. Unlike oxide glasses, which form fourfold-coordinated and 

very stable tetrahedral structure and can be single component glass former, halide 

glasses are not fourfold coordinated and they are much less stable and therefore it is 

usually necessary to combine three or more halide compounds to obtain a stable 

glass. The only single component halide glass former is BeF2, which has very little 

practical value, because of its toxicity and hygroscopicity.  

However, varieties of different multicomponent halide glasses have been 

fabricated and explored [65,66], and some of them have been drawn into fiber (the 

most famous is the ZBLAN glass), despite their small working temperature range for 

fiber drawing. It is also important having a viscosity temperature relationship suitable 
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for fiber drawing, i.e. a small change in viscosity with changing temperature. The 

change in viscosity with temperature for halides is much steeper than for silica [65], 

which further complicates the fiber drawing process of these glasses. 

Usually, fluoride glass fibers are drawn in a controlled atmosphere in order to 

minimize contamination by moisture or oxygen impurities, which can considerably 

affect the fiber quality. The reliability of fluoride glass fibers depends on protecting 

the fiber from moisture (UV acrylate or Teflon coating) and on pre-treatment of the 

preform to reduce surface crystallization. Halide glasses are normally kept free oxide 

(except of oxy-fluoride glasses), because it not only weaken the glass, but also can 

affect their transmission in the IR region.  

However, the most principal advantage of halide glasses compared to oxides is 

their transparency in IR up to 6 µm and the possibility to increase the long 

wavelength transmission  by substituting heavier cations for the lighter ions [67]. For 

example, the elimination of Zr from ZBLAN glass extends the transmission range by 

about 1 µm beyond the cut-off [68]. The other important feature of halide glasses is 

the sensibility of their refractive indexes to the composition. The refractive index of a 

glass can be easily displaced up or down and tailored it for the core or cladding of 

fiber, just with variation of the concentration of components. For example, AlF3 can 

decrease the refractive index of the glass, while heavier PbF2 increases it [69].  

That is why very often halide glasses are mixed with oxide or chalcogenide 

glasses in order to achieve some specific thermal, optical or mechanical properties.  

 

2.1.3. CHALCO-HALIDE GLASSES (ChHGs) 

ChHGs are vitreous materials containing chalcogen and halogen elements. 

They could be considered as materials intermediate between halide glasses and ChGs. 

As a matter of fact, many of these compounds are considered not only substitution 

materials but also as glasses having their specific structural characteristics and 

thermal and optical properties. Each of these systems has its own advantages and 

inconveniences. For example, the relatively poor chemical durability and low thermal 

stability of halide glasses affect their practical applications [70]. On the other hand; 

chalcogenide glasses are well known [71] for their good chemical durability and 
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excellent transmittance in mid-IR. However, the multiphonon absorption of metal-

chalcogen bonds affects the optical loss of the materials seriously and thereby results 

in an undesirably high attenuations loss at corresponding wavelengths [72].  

The incorporation of halogen elements into ChGs is expected to produce 

changes in various properties of glasses. Optical properties are the most important 

ones to be considered. The addition of heavy halogen elements is expected to reduce 

the number of metal-chalcogen bonds, by forming metal-halogen bonds, and 

accordingly can reduce attenuation losses at the wavelength of practical interest. 

Obviously, it is expected to make a compromise between the improvement of optical 

properties and the possible degradation of thermal and chemical properties incurred 

by the formation of weak metal-halogen bonds. Moreover, the heavy atomic weight 

of halogens, which are neighbours to chalcogens in the periodic table, allows 

maintaining the low phonon character of the glassy matrix, therefore retaining the 

higher RE solubility and low rate of non-radiative decay. Halogen which is a non-

bridging atom takes the role of terminal atom, by breaking metal-chalcogen-metal 

bonds, and form metal-halogen anionic complexes. These highly electronegative 

elements reduce the relocation of non-binding electrons of chalcogen, which has the 

consequence of increasing the bandgap of the material and exhibit better transmission 

in the UV-visible region. With the increasing of the transparency of a glasse in the 

visible region a greater number of energy levels of RE ions becomes available. The 

change in composition of the host matrix can affect the covalent nature of the 

network and therefore the properties of the RE. The addition of halogen not only 

assumes the pumping of more RE energy levels, but also the increase of the quantum 

yield and the lifetime of emission [73]. 

The first synthesis of ChHGs, in As-S-I ternary system, was reported by 

Flaschen in 1960 [74], followed by exploring other ChH glassy systems, such as Ge-

Ch-H, As-Ch-H, M-Ch-H (Ch = S, Se, Te, H = Cl, Br, I, M = Sb, Si, Cs, Al, Ga) [75-

77] and Te-H based glasses [78]. Fuxi [6] reported a variety of chalco-halide systems, 

allowing increasing the solubility of RE ions and none of them was based on Ga2S3, 

which claims that halogen element can increase the solubility of RE ions as well as 

the metals of III group (Ga, In, etc.) 
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In this thesis we studied the role of iodine in the solubility of RE ions in the 

As2S3 glasses as an alternative glass modifier for Ga. So, fig. 2.4 presents the glass 

forming region previously presented by Flaschen [74]. We must indicate that the 

glass formation region of this system is quite large and compositions containing up to 

55 wt.% iodine (33 mol%) were successfully prepared. 

 

 
Fig. 2.4. Glass formation region in I-As-S system [74] 

 

The temperature of synthesis was relatively low (500-600 °C) for these glasses 

and a minimum agitation was required for mixing due to the high fluidity of the 

melts.  

 

2.2. SPECTROSCOPY OF RARE-EARTH IONS 

RE ions have very important role in optical applications, especially in 

luminescent devices using single crystals, powders and glasses. RE ions have several 

special features that distinguish them from other optically active ions: they emit and 

absorb over narrow wavelength ranges, the most of emission and absorption 

wavelengths are relatively insensitive to host material, the lifetimes of metastable 

states are long and the quantum efficiencies tend to be high. All these properties 
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result from the nature of the states involved in these processes and lead to excellent 

performance of RE ions in many optical applications. Glassy hosts present special 

interest, because the versatility of glasses and the broader emission and absorption 

spectra, that they are able to provide, lead to the use of RE doped glasses in 

applications like lasers and amplifiers. Chalcogenide hosts are of particular interest, 

because they provide more metastable states and greater transparency at wavelengths 

beyond 2 µm. Moreover, the high intensities and long interaction lengths, obtained by 

fiber waveguides, make these devices vastly superior to their bulk glass counterparts 

in most applications.  

 

2.1.2. ELECTRONIC STRUCTURE  

The RE elements are categorised by a group of 15 elements known as the 

Lanthanides and are most stable in their triply ionised (3+) form. The trivalent 

ionisation of these elements preferentially removes 6s and 5d electrons, and the 

electronic configuration of these ions becomes identical to xenon plus a certain 

number (1-14) of 4f electrons [79]. The remaining 4f electrons are therefore partially 

shielded by the outer 5s2 and 5p6 orbitals. Therefore, the influence of the host lattice 

on the optical transitions within the 4f-4f configuration is very small. These 

transitions are characterized with narrow, weak bands or sharp lines, and emission 

that can be highly efficient, unlike transition metals, which have much stronger 

interaction with the host and are characterized by broad, strong emission and 

absorption bands. In general, optical transitions of RE ions are inter-configurational 

and consist of two different types: 4fn →4fn+1 (charge-transfer transition) and 4f →5d 

[80]. Normally trivalent ions that tend to become divalent (Dy3+, Ho3+, Yb3+, Er3+ 

Tm3+) show charge-transfer absorption bands. Trivalent ions that have a tendency to 

become tetravalent (Ce3+, Pr3+, Tb3+) show 4f →5d transitions.  

The 4f electrons interact only weakly with electrons on other ions, so the 

Hamiltonian of an individual RE ion can be written as follows [81]: 

 

H(t) = Hfree ion + Vion-static lattice + Vion-dynamic  lattice  (t) + VEM (t) + Vion-ion (t)        (2.1) 
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where Hfree ion  is the Hamiltonian of an ion in isolation, Vion-static lattice  and Vion-dynamic  

lattice  describe the static and dynamic interactions of ion with the host, respectively, 

VEM (t) treats the interaction of an ion with an electromagnetic field and Vion-ion (t) 

describes the interactions between RE ions. The interaction terms in Equation (2.1) 

are weak compared to the Hfree ion and can therefore be treated as perturbations. The 

first two terms are time independent and give rise to the electronic structure of a RE 

ion. The last three terms in Equation (2.1) are dynamic perturbations, which are time 

dependent and result in transitions between the states formed by the static 

interactions. A central field approximation is normally applied for treating Hfree ion 

[81], in which each electron is assumed to move independently in a spherically 

symmetric potential. So, the solutions can be constructed from two functions: radial 

and angular, where the radial function depends on the details of the potential, while 

the angular component is identical with that of a hydrogen atom and can be expressed 

as spherical harmonics. Because these solutions are constructed from hydrogenic 

states, total orbital angular momentum L (specified as S, P, D, F, …) and total spin S 

are the exact eigenvalues of the Hamiltonian [81]. The interaction of the 4f electrons 

with each other once the centrally symmetric contribution has been removed causes a 

splitting of the 4fN electronic orbital state into a number of different states with 

different energies characterised by L and S. The LS coupling is most often used for 

the states of RE ions, where L and S are vectorially added and form the total angular 

momentum J (the states are labelled 2S+1LJ). L, S and J define the terms of the 

configuration, all of which are degenerate in the central-field approximation (Fig. 

2.5). As it is shown in Fig. 2.5 the electrostatic interaction lifts the angular 

degeneracy and produces a spectrum of states the energies of which depend on L and 

S, but not J. Next is the spin–orbit interaction. Spin–orbit lifts the degeneracy in total 

angular momentum and splits the LS terms into J levels.  
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Fig. 2.5. Energy diagram illustrating the  
splitting of energy levels from electron– 

electron and electron–host interactions [81] 
 

If only the diagonal matrix elements of the interaction are considered, different 

LS terms are not mixed and the states maintain their original values of L and S. In 

practice, the separation between LS terms is too small compared with the strength of 

the spin–orbit interaction, so in order to diagonalize the interaction matrix elements 

an intermediate coupling calculation is needed, which forms states that are linear 

combinations of different LS terms and, therefore, are eigenstates of J, but not of L or 

S [82]. Although both the electrostatic and spin–orbit interactions increase with 

increasing atomic number, spin–orbit increases more rapidly, and LS mixing becomes 

more significant for RE ions with high atomic number (Er3+, Tm3+, etc.).  

The influence of the host on the electronic structure is very low and it changes 

the positions of these levels only slightly. The RE site symmetry in glasses is usually 

low enough to lift the degeneracy. The ion–lattice interaction can mix multiplets with 

different J values, although it normally remains a good quantum number. This 

admixture does not affect the positions of the energy levels, but it has a very 

important effect on the strengths of the optical transitions between levels [81].  
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2.2.2. RADIATIVE TRANSITIONS 

As it was mentioned above the dynamic interaction terms in Eq. (2.1) are time-

dependent and they result in transitions between the states established by the static 

interactions. For luminescent devices the most important term is VEM (the interaction 

with the electromagnetic field), which gives rise to the absorption and emission of 

photons. Optical transitions from the infrared to the ultraviolet occur between states 

that belong to the 4fN configuration. These states have the same parity, therefore 

electric–dipole processes are forbidden and transitions can occur only by the much 

weaker magnetic–dipole and electric–quadrupole processes. In solids, however, 

higher-lying states of opposite parity can be admixed into the 4fN configuration 

(through ion–static lattice interaction), thereby introducing a degree of electric–dipole 

strength into the intra-f-shell transitions, the so called second-order electric–dipole 

contribution. This can happen only if the ion site lacks inversion symmetry, as it 

usually does in glasses. This is a very important effect because most visible and 

infrared RE transitions are dominated by these transitions. 

The intensities and shapes of absorption and emission bands can be calculated 

if the Vion–static lattice is known. A semi-empirical technique for calculating the strength 

of RE transitions in solids was provided independently by Judd [83] and Ofelt [84] in 

1962. Based on the assumption that the energy range occupied by the 4fN multiplets 

as well as that spanned by the admixed opposite parity states are small compared with 

the separation between the states, the transition strength was written in the form [81]:  
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where t are coefficients reflecting the effect of the crystal field, electronic wave-

functions and the energy level separation, while ( )tb U a are doubly reduced 

matrix elements of the tensor operator ( )tU , which is a quantum mechanical operator 

for an electric dipole transition from state b to a. e is electron charge, 0 is the 

permittivity of vacuum, h is Planck’s constant, c is the speed of light in vacuum, n is 
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the index of refraction of the host,   is the mean photon frequency and Ja is the J 

value of the initial state. The 
2

locE
E    

 
is referred to as the local field correction 

and represents the enhancement of the electric field in the vicinity of the ion owing to 

the polarizability of the medium. 

The matrix elements are virtually independent of the host material and have 

been tabulated by several authors [85-86]. The host dependence is contained in the 

three intensity parameters t  (k = 2; 4; 6), known as Judd-Ofelt parameters. These 

parameters are usually determined empirically by performing a least squares fit of Eq. 

(2.2) to the integrated absorption bands obtained from a measured spectrum. Once the 

parameters have been determined, the strength of any radiative transition can be 

calculated for that dopant and host combination. Judd–Ofelt analysis is useful for 

obtaining strengths of transitions for which direct measurements are difficult or 

impossible. It should be noted that the accuracy of this analysis is limited to 10–15%.  

 

2.2.3. NONRADIATIVE TRANSITIONS 

Radiative return from the excited state to ground state is not the only possible 

transition. RE ions can undergo transitions caused by the interaction with vibrations 

of the host material. In crystals this corresponds to the emission and absorption of 

phonons. In glasses vibrational modes do not have a well-defined wave vector, 

because of the absence of translational invariance, but these excitations are still 

referred to phonons. If the electronic states are close enough that they can be bridged 

by one or two phonons, the non-radiative transitions will occur rapidly. In many cases 

the energy gap can be bridged by the simultaneous absorption or emission of several 

phonons. This process is known as multiphonon relaxation. Usually, the probability 

of multiphonon emission is many orders of magnitude less than the probability of 

emission or absorption of a single phonon, however, multiphonon processes can still 

be significant as the electron-phonon interaction is strong and phonons have a density 

of states that typically is 11 orders of magnitude larger than that of photons [87]. In 

general, if less than 5 phonons are required to bridge the energy gap, the rate of 

multiphonon emission is comparable with the radiative emission rates. One of the 
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simplest theoretical formulations used to describe multiphonon relaxation in crystals 

was developed by Kiel [87] and extended by Riseberg and Moos [88].  

The multiphonon decay rate is inversely proportional to the exponential of the 

energy gap separating the two levels [89]:  

 

  ( )( ) 1
p E

nrw C n T e     (2.3) 

 

where C is an effective phonon frequency, α is host-dependent parameter, related to 

the coupling constant for the interaction. ΔE is the energy gap, p is the number of 

phonons required to bridge the gap, and n(T) is the Bose–Einstein occupation number 

for the effective phonon mode. In practice, C, α, and p are considered as empirical 

parameters, which depend on the host, but are insensitive to RE ion and involved 

energy levels. They are obtained by fitting Eq. (2.3) to the non-radiative rates 

observed for many energy gaps using different levels and ions in the same host.  

The large variation in vibrational spectra among materials makes the non-

radiative relaxation rate extremely host-dependent. For example, oxides have larger 

non-radiative rates because their strong covalent bonds result in higher phonon 

frequencies. The weaker ionic bonds of chalcogenide and halide glasses lead to a 

much lower wnr as well as higher transparency at MIR wavelengths. In general, 

glasses have much larger non-radiative rates than crystals of similar composition 

because of the larger effective phonon frequencies and stronger electron–phonon 

coupling (smaller α).  

 

2.2.4. LINE-BROADENING MECHANISMS 

For RE doped crystals, the absorption and emission transitions are usually 

observed at room temperature as discrete lines, while the transitions for glass hosts 

show broad absorption and emission bands in spectra. In general, two fundamental 

mechanisms are responsible for broadening the absorption/emission lines: 

homogeneous and inhomogeneous processes. For a homogeneously broadened 

transition a given wavelength will interact with all ions with equal probability, thus, 

any pump wavelength will produce the same gain spectrum and any signal 
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wavelength can saturate the entire band. In the case of inhomogeneous broadening, 

individual sections of the gain spectrum act independently and can be individually 

addressed by photons of different wavelengths.  

For both crystals and glasses, the homogeneous broadening of transitions is 

caused by lifetime broadening, which occurs as a consequence of energy uncertainty 

principle, according to which the energy of a manifold with characteristic lifetime     

can only be within 2E     [90]. A large contribution to the homogeneous line 

width of an energy manifold comes from transitions which occur between levels in a 

single manifold. If the energy separation between levels is small (a few 100 cm-1), 

energy can be absorbed from or emitted to vibrational modes of the host. These 

transitions usually involve a single mode of vibration and occur on a rapid time scale 

giving homogeneous line widths to the levels of 1- 300 cm-1.  

Inhomogeneous broadening occurs when the sites occupied by the RE ions are 

not identical. RE ions normally occupy almost identical sites, so in crystals 

inhomogeneous broadening may be observed only if imperfections exist in the crystal 

structure. In contrast, in glasses, inhomogeneous broadening is the dominant 

broadening mechanism. The disordered nature of glass exposes the RE ions to a 

distribution of possible environments, each with a characteristic set of field 

parameters. The distribution of fields at individual sites can be large and the energy 

manifolds of the ions may show considerable differences to their crystalline 

counterpart [59].  

 

2.2.5. ION–ION INTERACTIONS 

The radiative and non-radiative processes described above have concerned only 

isolated ions. When the concentration of RE ions is low, they are evenly distributed 

throughout the glass matrix and the large interionic distance prevents any ion-ion 

interactions. However, when the concentration of RE ion is increased, the distance 

between ions is reduced and interactions between ions become more likely. The 

interaction between RE ions is treated by Vion–ion, the last term in Eq. (2.1). These 

interactions involve the transferring or sharing of energy between ions. The most 
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probable forms of ion-ion interaction, that can be manifested, are energy transfer, 

cross relaxation and concentration quenching.  

Energy transfer: The energy exchange may occur among RE ions, and it may 

be radiative or non-radiative. Radiative energy transfer involves one ion emitting a 

photon, which is then reabsorbed by another ion. This process can distort the 

emission spectrum and cause radiation trapping. In most situations, it does not result 

in a transfer of significant amount of energy, however, and the more important 

processes involve excitation transfer between closely spaced ions without the 

exchange of real photons. Energy transfer can take place between two different 

species of ions as well, where the optically excited ion (donor) transfers the excitation 

to neighbouring ion (acceptor). This process can occur in a single step in which the 

particular donor ion that absorbs the photon transfers its energy to a nearby acceptor. 

If the donor concentration is high enough, another mechanism that can occur is the 

migration of the excitation among the strongly coupled donor ions (donor–donor 

transfer). If the acceptor is a trap or if the donor has a cooperative relaxation 

mechanism [81], other than transfer to the desired acceptor, energy transfer is a non-

radiative process and results in the loss of excitation.  

Cross-relaxation: Cross-relaxation is a process where an ion in an excited state 

transfers part of its excitation to a neighbouring ion, promoting the acceptor ion to a 

higher energy state, while demoting the donor to a lower state. In order this 

phenomenon to occur the energy levels of interacting ions must be approximately in 

the same energy gap. Because the energy gaps to the lower-lying states are small, 

both ions quickly decay non-radiatively to the ground state.  

The cross relaxation process can be considered as not only detrimental but also 

beneficial, if one desires the ions to be in the excited states that result from the 

interaction. The process can be favourable since in some cases every excited donor 

ion results in two excited ions in an intermediate energy manifold. Cross relaxation 

can involve a single type of RE ion if the ion has two pairs of equally spaced energy 

levels. If the energy gaps are matched the energy transfer is called resonant. If an 

energy mismatch exists between the energy gaps, it may be compensated by the 

absorption and emission of phonons. 
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Concentration Quenching: Concentration quenching is a process where the 

quantum efficiency of an ion is reduced with increasing concentration of that ion. It 

can occur through any of the foregoing energy transfer processes and results in the 

loss of excitation. In this case the energy is transferred from donor to acceptor but the 

latter does not fluoresce and relaxes non-radiatively. In this process, the acceptor acts 

as energy hole and is sometimes called the deactivator.  

 

2.2.6. THULIUM 

Thulium is the thirteenth lanthanide element and has 12 electrons in its 4f shell. 

Due to its electronic features, Tm3+ has useful emission in a silica host as well as 

several additional transitions when it is doped in chalcogenide glasses. Much of the 

interest in Tm3+ is related to its emission that occurs in the gaps between the emission 

bands of Er3+ and Nd3+ (1400–2700 nm). A typical absorption spectrum of Tm3+ ions 

in GeGaSbS chalcogenide glasses is illustrated in Fig. 2.6. The absorption spectrum 

is nearly identical to that of silica glass except that the ultraviolet edge of the latter is 

shifted to longer wavelengths. Ground state absorption wavelengths of Tm3+ are 

normally 700 nm and 800 nm for chalcogenide glassy hosts. Energy level diagram of 

Tm3+ is illustrated in Fig. 2.6.  

 

 
Fig. 2.6. Absorption cross-section of Tm3+

 
in GeGaSbS [91]  

and Tm3+ energy diagram 
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Tm3+ stat Energy gap (cm-1)
3F4 5400 

3H5 2250 

3H4 4150 

3F2,3 550, 1750 

Table 2.1. Energy gap to next lower 
level for states of Tm3+ [81] 

 

As it was already mentioned, effective energy gap separating neighbouring 

levels and effective phonon frequency are the parameters that control the non-

radiative relaxation rate. Table 2.1 lists the first five excited states for Tm3+ together 

with an effective energy gap separating each level from the one just below it. The 

important 3H5, 
3H4 and 3F4 states of Tm3+, responsible for emission at 1.22 um, 1.46 

um and 1.82 um, respectively, are seen to have energy gaps small enough to render 

their quantum efficiency very sensitive to host glass composition. Therefore, non 

radiative decay of several transitions is much higher in silica glasses (phonon energy 

1100 cm-1) [8], while in chalcogenides, with much lower phonon energy (360-425 

cm-1) [9], these transitions become possible. The energy gaps below the 3H5, 3F3, and 
3F2 levels are so small (Fig. 2.6) that multiphonon emission causes them to have 

extremely short lifetimes, and it is unlikely that a population inversion can be 

achieved for any of these states regardless of host.  
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CHAPTER 3 

METHODOLOGY AND TECHNIQUES 

 

 

This chapter reviews the experimental techniques used to fabricate and 

characterise the RE doped chalcogenide glasses and fibers based on As2S3. The first 

part of this chapter details the procedures for the purification and the fabrication of 

chalcogenide glasses and the technics used for impurity analysis as well as, the details 

regarding the fabrication of optical fiber using double crucible technique. The second 

part is focused on spectroscopic techniques used in the analysis of optical, thermal 

and structural properties of prepared glasses. A brief introduction to each 

spectroscopic technique is given as well.  

 

3.1. FABRICATION OF ChGs AND FIBERS 

3.1.1. PURIFICATION AND PRODUCTION OF ChGs 

Production of high purity ChGs and investigation of their properties is an 

actively developed domain of optical materials science. Raw materials, used in 

various optical or semiconductor applications, are purified in a controlled manner. 

For high optical quality materials the purification process represents a key challenge. 

The most important properties of ChGs useful for fabrication of optical devices are 

very sensitive to impurities, such as transparency, mechanical strength and laser 

damage resistance. The impurities embedded into the glass network or the dissolved 

impurities are observed in transmission spectra of ChGs as selective absorption bands 

and the position of each is determined by the nature of the impurity. The Table 3.1 

gives the list of impurities found in ChGs and the positions of impurity maxima of 

absorption bands in the transmission spectra of ChGs. Their dependence on glass 

composition is normally weak. The main limiting impurities in the transparency range 

of ChGs are oxygen, hydrogen, carbon and silicon connected with each other or with 

components of glass matrix.  
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Component leading to absorption
Position of the maximum of  

absorption band (µm) 
OH- 2.92 

S-H 4.01; 3.65; 3.11; 2.05 

Se-H 7.8; 4.57; 4.12; 3.53; 2.32 

As-H 5.02 

H2O 6.31; 2.86; 2.79 

CO2 4.33; 4.31; 15.0 

COS 4.95 

CSe2 7.8 

CS2 6.68; 4.65 

As-O (different forms) 15.4; 12.7; 9.5; 10; 8.9; 7.9; 7.5 

Se-O 10.67; 11.06 

Si-O 9.1-9.6 

Non identifies bands 4.65; 5.17; 5.56; 6.0 

Table 3.1. Positions of maxima of absorption impurity bands in ChGs [92] 

 

There are three main sources of impurities in ChGs: 

1. The first source of impurities comes from the initial components used for 

synthesis of the glass. Commercially available As, Ge and chalcogens are 

prepared for semiconductor applications and the attention is paid only to 

electrically active impurities (metal impurities are only 0.1-0.01 ppm wt.), 

meanwhile the concentration of the oxygen, hydrogen, carbon and silica 

impurities are still higher (1-100 ppm wt.) in raw materials.  

2. The second source of impurities is the container used for the preparation of 

glasses. Silica ampoules are the main containers that used for the synthesis of 

ChGs. Hydrogen and silicon dioxide impurities are always present in the walls of 

silica ampoules and therefore during the synthesis of glass-forming melt they 

enter into the chalcogenide melt. Moreover, at higher temperatures, a thin layer 

of reaction products is formed on the surface of the walls of silica ampoule, 

because of the chemical interaction of chalcogenides with silica glass, which can 
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separate from silica and enter the melt in the form of hetero-phase inclusions 

[93].   

3. The third source of impurities is environmental and residual vacuum gasses 

during the synthesis. At higher temperatures Arsenic and chalcogens are inclined 

to oxidation. Normally, the equilibrium partial pressure of oxygen during 

dissociation of oxides (As or chalcogens) is about 10-5-10-7 Torr at 750°C [94], 

so to prevent the oxidation of these elements the synthesis is normally realized in 

vacuum sealed ampoules.  

A general scheme for production of ChGs for fiber optics comprises the 

preparation of initial high-purity substances and mixing them together. The initial 

charge of ChGs with the given composition is melted in evacuated sealed silica 

ampoule in order to conserve the attained purity of substances. During the melting of 

elements, the optimum temperature and time of melting are selected, which are  

dissimilar for different glass systems, as well as the melt mixing conditions 

(providing homogeneity of micro-composition) and minimization of the 

contamination effect of the reactor walls.  The melt solidification is carried out at 

time-temperature modes preventing crystallization of micro-compositions. Being 

individual for each system, these conditions are additionally governed by the mass of 

mixture, as well as, glass and melt stability to crystallization. Generally, the ChGs 

crystallize very easily, so to transform the melt into the vitreous state they must be 

cooled very quickly (1-200 ˚C/sec).  

The simplest and the most developed techniques for preparation of high-purity 

ChGs is the synthesis of the mixture of glass-forming compounds by melting of the 

mixture under the vacuum. The elimination of impurities by this method is the most 

popular for As2S3 glasses. This method is the most efficient for relatively high-purity 

substances. The extraction of impurities from initial elements can be derived trough 

the multiple cycles of sublimation of As and the distillation of S under high vacuum. 

The problem connected with the separate purification of As or S is that these 

elements are oxidized very easily in normal environment, even at room temperature. 

Hence, in order to avoid the recontamination of purified elements they are maintained 

either in ampoules sealed under vacuum or in glove boxes under the nitrogen. The 
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scheme of the fabrication of ChGs with this system is presented in Fig. 3.1. High-

purity As and S were loaded into the reactor of synthesis by evaporation from 

intermediate ampoules in an evacuated system (10-5 Torr). The elements are slowly 

evaporated at 250 °C, while the reactor is maintained at 120 °C. The vapour pressure 

of sulphur is high therefore, it is necessary to contain the high temperature mixture in 

the reactor that will not explode during glass mixing. Before connecting to the pump 

the system is attached to a trap, filled with liquid nitrogen, where the extracted 

impurities condense.    

 
Fig. 3.1. Schematic set-up for purification of As2S3 glasses 

 from initial high-purity elements [94]. 
 

After loading all elements in the reactor it is sealed under the vacuum and the melt 

homogenized in the rocking furnace at 750 °C for 8-12 hours. Solidification of the 

melt carries out at the rate of about 200 ˚C/sec, through a quenching in the water or 

with a flux of air.  

Another well-developed method for the purification of high-purity ChGs 

includes the incorporation of oxygen or hydrogen getters (Al, Mg) in the system. 

These getters bind the oxygen (or hydrogen) containing impurities and promote the 

formation of low-volatile impurities which are not evaporated during the multiple 

distillation cycles of the glass and leads to the decrease of the content of impurities by 

3-10 times, depending on the evaporation rate and the melt viscosity.  This technique 

is discussed in more details in ref [94]. 
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In addition to external sources of impurities, selective absorption bands in the 

transmission range of ChGs can be provoked by the presence of homo-bonds in the 

glasses as well. Metal-metal or chalcogen-chalcogen bonds are formed in the main 

structure of ChGs easily, due to relatively close formation energies of homo- and 

hetero-bonds. For example in As2S3 glasses the absorption bands at 5.1 and 5.5 µm 

can appear, which come from combined vibration S-S bonds [94].  

 

3.1.2. PRODUCTION OF ChG FIBER 

One of the best known methods of the fabrication of core/cladding optical 

fibers is the double crucible method. ChG fibers are obtained by drawing from the 

melt of preform. The schematic setup used for fiber drawing in presented in Fig. 3.2. 

The core and clad glass preforms (with required difference in refractive index) are 

placed in silica crucibles and heated up to the plastic state.  

Normally, for ChGs the glass softening temperature range varies from 250-280 

°C. Simultaneously, a pressure is applied over the preform to facilitate the extrusion 

of the melts. The melt is supplied from crucibles into a double drawing nozzle and at 

the output of the nozzle a conical part is formed, which is pulled forming a double-

layered optical fiber. After that the fiber passes through the drawing nozzle for 

application of protective coating (acrylate coating is normally used) and through the 

furnace for polymer drying. Finally, the fiber is stowed on the reel. The drawing rate 

and the diameter of the fiber is determined by the rotation rate of the pulling 

mechanism and by the pressure applied over the preform melt. The core and cladding 

diameter ratio is determined by the ratio in diameter of circular and annular channels 

of the drawing nozzle and by the volumetric flow rate of the core and cladding melts.  

Drawing from crucibles provides a high-quality surface and as a result the 

higher mechanical strength of optical fibers. This method was applied for drawing 

optical fibers from different chalcogenide glassy systems such as As-S, Ge-S, Ge-Se-

Sb, As-Se-Te, As-S-Ga, As-S-I etc. Studies of time-stability of ChG fibers showed 

that from the point of view of their application, the optical and mechanical properties 

of such fibers with glassy cladding and protected surface are sufficiently stable in 
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time [95]. For example, As2S3 glass fiber has been stable in term of mechanical 

strength and optical losses for 3 years of storage at normal atmospheric condition. 

 

 
Fig. 3.2. Schematic set-up for fiber drawing by the double crucible method [94]: 

1. double crucible; 2. thermostat; 3. core glass; 4. cladding glass; 
5. drawing nozzle; 6. furnace; 7. pulling mechanism; 8. meter of the diameter; 

9. drawing nozzle for application of polymer coating; 10. optical fiber; 
11. furnace for polymer drying; 12. tension meter; 13. take-up reel. 

 

 

3.2. CHARACTERISATION OF CHGS 

3.2.1. THERMAL CHARACTERISATION 

Thermal analysis is one of the most important set of measurement techniques in 

glass science. It gives information about the stability of glasses against 

devitrification, the kinetic of reaction and the characteristic temperatures. This 

chapter presents some basic principles of thermal analysis, such as differential 
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scanning calorimetry (DCS), thermo-mechanical analysis (TMA) and viscometric 

measurements.  

 

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that 

measures the flow of heat into the sample or out of it as a function of temperature. 

This technique is used for the detection of glass transition, crystallization and melting 

temperatures of a glass sample. The glass sample of 10-20 mg is inserted in an 

aluminium pan and placed on the pan supporter next to an identical, empty, reference 

pan. Both pans are heated with controlled temperature-time program (normally 10 

°C/min) and the heat flow of the glass sample is compared with the reference. The 

heating is often accompanied by volatilization of chalcogenide components, thus the 

measurement is made in hermetically sealed container. Phase transitions are detected 

through the differential in heat flow supplied to the sample and reference pan. The 

first order phase transition of crystallization is an exothermic event, i.e. less flow is 

required from the heater to supply to the sample for maintaining the same temperature 

of sample and reference. So, the difference of heat flow between sample and 

reference will be maximal at the phase change (from amorphous to crystalline).  

 

 
Fig. 3.3. Typical DSC curve for glasses 

 

For glass samples the typical DSC curve looks like it is presented in the fig. 3.3. 

From this curve the glass transition temperature (Tg), the crystallization onset (Tx), 
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the crystallization peak (Tc), the beginning of melting temperature (Tf) and the 

melting peak (Tm) of the glass can be calculated. In the curve the glass transition is 

visible as slight endotherm and the Tg is defined as the intersection between two 

extrapolated tangents of the first endothermic peak of the curve. The Tx obtained 

from the intersection of the curves extrapolated from the inflection point of the 

exothermic peak. Similarly, the Tf can be found from the second endothermic peak. 

Being a first-order thermodynamic transition event, crystallization and melting are 

visible as much larger exo- and endotherms, respectively. They correspond to the first 

peak of maximum and the first peak of minimum on the curve.  

For optical applications the Tx is more important value than Tc, as the crystalline 

phases begin to form at Tx and can lead to large scattering losses in optical systems.  

Thermo-mechanical analysis (TMA) is another thermal analysis technique, 

which provides information on the mechanical response of a glass to an applied 

thermal load. This technique allows measuring the thermal expansion of a glass. The 

technique of measurement is as follows: A glass sample is placed on the measuring 

platform and placed in contact with silica pushrod. The sample is heated with 

temperature-time controlled heating program (5 °C/min) and the displacement of the 

pushrod is measured with a linear variable differential transformer. The representative 

TMA curve of a glass is presented in the Fig. 3.4.  

 

 
Fig. 3.4. Typical TMA curve for glasses 
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The average expansion coefficient for the given temperature interval can be 

calculated from this curve using the equation 

0

1 dL

L dT
   (3.1) 

where  α is the linear coefficient of thermal expansion, L0 is the length of the sample 

at room temperature, dL is the change in length and the dT is the change in 

temperature. The expansion is an aggregative change in interatomic bonding distance 

[96] and there is no contribution from bonding change or conformation in materials, 

since the coefficient of thermal expansion is normally measured below the glass 

transition temperature.  With the further increase of the temperature the dL/Lo 

increases more sharply up to certain value, which is followed by the drop of the curve 

(fig. 3.4). This allows measuring the glass transition temperature (Tg) and the 

softening temperature (Ts) of the glass sample. 

Viscometry: The viscosity is one of the most significant parameters in the 

preparation and processing of glasses. A wide variety of viscometric techniques are 

used in academic and industrial glass science. The difference of measurement 

techniques depend on the measured viscosity region. For example the viscosity of 

ChGs changes over 10 orders of magnitude in less than 250 °C. An general overview 

of viscometric techniques is presented in ref. [94]. The viscoelastic behaviour of the 

glass is critical in hot-forming processes, such as fiber drawing, as it dictates the 

needed time temperature scale during the fiber fabrication. The best known technique 

for the measurement of the viscosity in glass softening region is the so called parallel 

plate viscometry. The principle of parallel-plate viscometry is the following [97- 

100]: a disk of glass, with specific parameters (6-12 mm diameter and 4-6 mm high) 

is sandwiched between two parallel silica plates inside a well-insulated furnace (Fig. 

3.5). A compressive load is applied on the upper pedestal (load rod) and the sample is 

heated with time- temperature controlled program. The heating rate is normally 

maintained higher than 1 °C/min, in order to avoid the crystallization of the glasses 

during measurement which can lead to incorrect viscosity results. The rate of the 

thickness change of the sample is recorded as a function of time through a linearly 

variable differential transformer (LVDT).   
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Assuming that the viscous sample is incompressible and the flow is Newtonian, 

the glass viscosity may be calculated from the compression rate through the following 

equation [100]: 

5

5
2

30 ( / )(2 )(1 )

Mgh

V dh dt h V T
 

 


 
 (3.2) 

 

where η is the glass viscosity in Poise, M is the applied load, g is the gravity 

acceleration, h is the sample height at time t, V is the sample volume; dh/dt is the 

compression rate, α is the termal expansion of the glass. 

 

 
Fig. 3.5. Scheme of the parallel plate viscometer [101] 

 

In order to soften a preform of ChG to form a fiber the temperature of bulk 

must be raised to 100 °C or more above its Tg, in order the glass to flow easily. 

Typical viscosity of the glass, at which the fiber is drawn, is 106.5-105.5 Poises. 

However, the volatilization temperature of some ChGs is approximately 100°C 

higher than Tg, so special attention is needed in the variation of temperature range 

during fiber fabrication to prevent out-gassing of the glass, which could lead to the 



 

38 
 

changes in composition and the structure of the glass. Moreover, the viscosity-

temperature curves of ChGs are much steeper than that of oxides and therefore the 

temperature range where the glass viscosity is about 106 Poises is much smaller, thus 

precise temperature control is critical for the drawing of ChG fibers. 

 

3.2.2. OPTICAL CHARACTERISATION  

As it was already mentioned ChGs are of great interest thanks to their 

exceptional optical features i.e. transparency in the IR region, high refractive index 

and low phonon energy leading to higher luminescence efficiency of RE ions. 

Therefore, the detailed knowledge of these properties will make possible to 

accurately predict the performance of ChGs in different optical applications. This 

chapter presents basic principles and techniques used for optical characterization of 

glasses, such as Fourier Transform Infrared spectrometry, refractive index and the 

luminescence measurement.  

 

Fourier Transform Infrared spectrometry (FTIR) technique is the most 

preferred method of IR spectroscopy, which allows identifying unknown materials 

and determining the quality or consistency of a sample and the amount of 

components in a mixture. The term originates from the fact that a Fourier transform is 

required to convert the raw data into the actual spectrum. It is based on the absorption 

of IR radiation by the sample.  IR radiation is passed through a sample, some of 

which is absorbed by the sample and some of it is transmitted. The resulting spectrum 

represents the molecular absorption and transmission, creating a structural image of 

the sample. The instrumental process is following: IR energy is emitted from air-

cooled, pre-aligned tungsten halogen source, which passes through an aperture, which 

controls the amount of energy reaches to the sample (and to the detector). The beam 

enters the interferometer, where the spectral encoding takes place and the resulting 

interferogram signal exits as it is schematically presented in the Fig. 3.6. When the 

beam passes through the sample, specific frequencies of energy, which are uniquely 

characteristic of the sample, are absorbed. The beam finally passes to the detector for 

final measurement. The measured signal is digitized, sent to the computer where the 
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Fourier transformation takes place and the final IR spectrum is displayed. With this 

technique it is possible to measure the transmission spectra of glasses from 1.5 µm up 

to 25 µm.  

 
Fig. 3.6. Schematic representation of FTIR spectroscopy [102] 

 

An IR spectrum represents a fingerprint of a sample with absorption peaks 

which correspond to the frequencies of vibrations between the bonds of the atoms 

making up the material. As it already discussed the presence of impurities has a major 

influence on optical properties of the glass, so this technique served as a good tool for 

the detection of undesirable structural units in the glass. In addition, the size of the 

peaks in the spectrum is a direct indication of the amount of material present in the 

glass.  

 Refractive index measurements: There are a number of ways to measure the 

refractive index of materials [103-104], but the most accurate method for unknown 

dielectric materials is through prism coupling. The principle of measurement is 

schematically shown in the Fig. 3.7. The sample is brought into contact with the base 

of a prism by means of a pneumatically-operated coupling head. A laser beam strikes 

the base of the prism and is normally totally reflected at the prism base onto a photo-

detector. At certain critical value of the incident angle (θc), photons can tunnel into 

the bulk and enter into a guided optical propagation mode, causing a sharp drop in the 

intensity (Fig. 3.7 right) of light reaching the detector. Angular location of this mode 

determines the refractive index on the bulk. With commercially available Metricon 

2010/M prism coupler (used for refractive index measurement in this thesis) the 
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refractive index can be measured for 5 different wavelengths (520 nm, 633 nm, 972 

nm, 1308 nm and 1538 nm). The use of different coupling prisms (with different 

refractive index regions) allows measuring the dispersion across a wide wavelength 

range (from Vis to MIR). 

 
Fig. 3.7. Refractive index measurement principle for bulk glasses [105] 

 

Luminescence measurements: The characteristics of luminescent devices 

follow from the optical properties of the ion–host combinations used: if one has the 

relevant information, it is possible to accurately predict the performance of the laser, 

amplifier or other luminescent source. One of the most powerful tools for obtaining 

the necessary information is optical spectroscopy, based on a specific excitation and 

emission processes of RE ions in glass matrix. One of the most appropriate devices 

for measuring the fluorescence of RE ions in materials is commercially available 

Horiba Jobin Yvon NanoLog 3-22-TRIAX spectrofluorometer, which was used for 

measuring the luminescence spectra of RE doped glasses in this thesis. The principle 

of measurement is following: the sample is excited with the 450 W continuous xenon 

lamp. Before the light beam reaches the sample, it passes through the excitation 

monochromator (Fig. 3.8), which transmits a wavelength specific to the excitation 

spectrum and blocking other wavelengths. The incident angle of the beam can be 

modified by rotating the stand of the sample. The light with the desired wavelength 

excites the sample and reflects from it. Following excitation, the RE ions relax and 

emit a light at an emission with characteristic wavelengths, normally longer than the 

excitation wavelength. The emitted light passes through the emission monochromator 

positioned at a right angle to the excitation light, which minimizes light scatter and 
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screens the emission light before it reaches the detector (Symphony II CCD detector 

operating in 1000-2200 nm.). 

 
Fig. 3.8 Schematic presentation of Horiba Jobin Yvon  

NanoLog  3-22-TRIAX spectrofluorometer [106] 
 

The detector measures the emitted light, displays the fluorescence value and produces 

the fluorescence signature of the RE ion. The intensity of fluorescence is proportional 

to the concentration level of the RE ions in the sample. 

With the same device, the emission lifetime can be measured as well, using 

NIR PMT single channel detector (Fig. 3.8), operating in 1000-1700 nm wavelength 

region. In order to measure the emission lifetime the sample is excited with pulsed 

light at desired wavelength. Following this, emission was recorded at appropriate 

emission wavelength. Time per channel can vary from several hundred nanoseconds 

to milliseconds. Then, measurements were carried out until the peak channel reached 

10000 counts. The decay curves are than fitted with a first-order exponential decay to 

extract the emission lifetimes. The decay in fluorescence can be measured over a 

wide time range: from picoseconds to milliseconds.  
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3.2.3. STRUCTURAL CHARACTERISATION 

As it is already discussed in the chapter 2, ChGs lack a long range periodic 

ordering of the constituent atoms. Chemical ordering has a significant effect on the 

control of the atomic correlation in these glassy solids. The chemical bonding 

between atoms, which result in the short-range order, is responsible for most of the 

properties of glassy materials. Hence, by knowing the structure of a glass we can 

explain the mechanism responsible for particular properties and therefore control the 

phenomena occurring in these materials. The atomic structure and related properties 

in ChGs depend on preparation methods and history after preparation as well [107]. 

Various experimental techniques like X-ray diffraction (XRD), Electron diffraction, 

Molecular vibrational (IR and Raman) spectroscopy, Electron Spin Resonance (ESR), 

Nuclear Magnetic Resonance (NMR) and Extended X-ray Absorption Fine Structure 

(EXAFS) are used to probe the microscopic structures of ChG. Some of these 

techniques are discussed in this chapter. 

 

X-ray diffraction (XRD) is one of the fundamental analyses used for the 

investigation of non-crystalline structure of glasses. This technique is based on 

observing the scattered intensity of an X-ray beam hitting a sample as a function of 

incident and scattered angle, polarization, and wavelength or energy. X-ray 

diffraction peaks are produced by constructive interference of a monochromatic x-ray 

beam scattered at specific angles from each set of lattice planes in a sample. The peak 

intensities are determined by the distribution of atoms within the lattice. 

Consequently, the x-ray diffraction pattern is the fingerprint of periodic atomic 

arrangements in a given material. A search of the ICDD standard database of x-ray 

diffraction patterns enables quick phase identification for a large variety of crystalline 

samples.  

During the irradiation of sample with an X-ray beam, the detector revolves 

around the sample and measures the intensities of diffracted X-rays. The directions of 

constructive interference are found by Bragg formula: 2·d·sinθ = nλ, where d is the 

interlayer distance, θ the incident angle, n the refractive index and λ the wavelength. 

XRD spectra are obtained by varying the deviation angle (angle between incident 
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beam and direction of detector). Unlike crystalline solids, which have strong X-ray 

scattering, that is concentrated into a few sharp peaks, the scattering of glasses spread 

throughout reciprocal space and therefore typical XRD curve represents 2 or 3 large 

humps without any well distinguished peak.  

Raman spectroscopy is a technique based on the inelastic scattering of 

monochromatic light, which allows observing vibrational, rotational, and other low-

frequency modes in a system. During absorption and reemission of light by the 

sample, the frequency of photons undergoes some changes. Thus, these changes 

provide information about the vibration, rotation and other low frequency changes in 

the molecules. The effect of Raman scattering occurs when electromagnetic radiation 

faces the molecule and interacts with the bonds of the molecule. The photon with a 

specific wavelength excites the molecule either in the ground state or in an excited 

state. This leads the molecule to be in some virtual energy level for a short period of 

time before relaxation. When the molecule relaxes, it emits a photon and returns to a 

different rotational or vibrational state. The energy difference between the initial state 

and the new state leads to a frequency shift of the emitted photon. This phenomenon 

is schematically presented in Fig. 3.9. If the final state of vibration of the molecule is 

more energetic than the initial state, the emitted photon is shifted to a lower frequency 

(Stokes shift), so the total energy of the system remains constant. If the final 

vibrational state is less energetic than the initial state, the emitted photon is shifted to 

a higher frequency (anti-Stokes shift).  

As a result, Raman spectroscopy provides an invaluable analytical tool for 

molecular finger printing as well as monitoring changes in molecular bond. Each 

molecule has a different set of vibrational energy levels, and the emitted photons have 

unique wavelength shifts. Vibrational spectroscopy involves collecting and 

examining these wavelength shifts and using them to identify structural units formed 

in a sample. Different peaks in the spectrum correspond to different Raman 

excitations. Moreover, the polarization of the Raman scattered light can provide 

information on the symmetry and the deformations of the molecule.  
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Fig. 3.9. Energy level diagram showing the  

states involved in the Raman signal 
 

Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy is a 

technique of analysis of X-ray absorption spectrometry using synchrotron radiation. It 

provides structural information about a sample by means of the analysis of X-ray 

absorption spectrum. It allows determining the chemical environment of a selected 

atom in terms of the number and type of its neighbours, inter-atomic distances and 

structural disorders. EXAFS is a powerful technique for the analysis of glasses, 

because it does not require a long-range order.  

Theoretical description: The X-ray absorption coefficient (μ) for an atom is 

directly proportional to the probability of absorption of one photon and is a monotone 

decreasing function of energy [108]. The edge energy is characteristic of each atom. 

The incident x-ray beam is able to extract a core electron from atom if the energy of 

photon is equal to or greater than the edge energy. The ejected electron is called 

photoelectron and it has the characteristics of both a particle and a wave. Its kinetic 

energy is given by: 0xE E E  , where Ex is the energy of the X-ray photon and the 

E0 is the energy of edge. If the absorbing atom is isolated in space, the photoelectrons 

propagate as unperturbed isotropic wave, but in most cases, there are many other 

atoms around the absorber, which become scattering centers for the photoelectron 

wave. The final state of the photoelectron can be described by the sum of the original 

and scattered waves [109]. This leads to an interference phenomenon that modifies 
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the interaction probability between core electrons and incident photons. A typical 

EXAFS spectrum is shown in Figure 3.10. The region near the maximum absorption 

is called XANES and it characterises the electronic state of the atom of interest. After 

the threshold of absorption, oscillations are observed, corresponding to the region of 

the EXAFS. These oscillations provide information on the distance between the 

excited atom and its nearest neighbours in the sample, as well as the nature of those 

neighbours.  

 
Fig. 3.10. Typical EXAFS spectrum [109] 

 

For the EXAFS, only the oscillations well above the absorption edge are considered, 

and define the EXAFS fine-structure function χ(E), as [109] 

     
 

0

0Δ

E E
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 





  (3.3) 

where  E is the experimental absorption coefficient and  0 E is the intrinsic 

atomic absorption coefficient,  0Δ E  is the jump in the measured absorption  E

at energy threshold 0E . Such definition means that ( )k contains only the oscillatory 

part of the absorption coefficient. 

To connect   to structural parameters of the system, it is necessary to convert 

the energy E to the wave number (k) of photoelectron, which is defined as: 

0
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k





 (3.4) 

where m is the electron mass. This transformation is called EXAFS equation [109]: 
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 where N is the number of neighbouring atoms, R  is the distance to the neighbouring 

atom, 2 is the Debye-Waller factor (disorder in the neighbour distance). ( )f k  and 

( )k  are scattering properties of the neighbouring atoms, i.e. a scattering amplitude 

function and a phase function, respectively. They depend on the Z of the 

neighbouring atom. The different frequencies apparent in the oscillations in ( )k  

correspond to different near-neighbour coordination shells. 

EXAFS measurements: For x-ray source it is typically used a synchrotron, 

which provides a full range of x-ray wavelengths, and a monochromator made from 

silicon to select a particular energy. There are two modes of measurements of EXAFS 

spectra: transmission and fluorescence.  

The most common EXAFS beam-line works in transmission. It collects data 

measuring the decrease of the beam intensity as it passes through the sample while 

scanning energy using a crystal monochromator. This method works well for 

concentrated samples, i.e. samples with higher concentration of the element of 

interest (> 10%). For thick samples or lower concentrations, monitoring the x-ray 

fluorescence is the preferred technique. In a fluorescence XAFS measurement, the x-

rays emitted from the sample include the fluorescence line of interest, fluorescence 

lines from other elements in the sample, and both elastically and inelastically 

scattered x-rays [109].  

Experimental spectra are usually recorded by scanning energy from about 200 

eV below the explored edge to 1000 eV above it. Energy steps are varied between 

0.05–2.0 eV, depending on the energy interval and the experimental setup. A 

spectrum recording takes from 15 minutes up to three hours. 

Data reduction: The first step in data analysis is the redaction of raw data. The 

software used for the signal extraction, by background removing, is called Athena 

(FEFFIT software package). This delicate operation can be divided into following 

steps: 
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1. Conversion of measured intensities to  E . 

2. Subtraction of a smooth pre-edge functions from  E to get rid of any 

instrumental background and absorption from other edges. 

3. Identification of the threshold energy E0 (the energy of the maximum 

derivative of  E ). 

4. Normalisation of  E to 1.  

5. Removing of a smooth post-edge background function to approximate

 0 E . 

6.  Isolation of the XAFS ( )k . 

7. Weighting by k the XAFS ( )k and Fourier transformation into R-space 

(see figures 5.4-5.6). 

Data modeling: After obtaining of EXAFS spectra in R-space, the data are 

exported into a program called Artemis (FEFFIT software package), where the 

experimental signal is simulated. Experimental functions are extracted from proper 

reference samples whose structure is already known. These can be used due to the 

phase and amplitude transferability principle, which claims that phases and 

amplitudes are insensitive enough to chemical environment in order to be extracted 

from a well-known sample and transferred to an unknown sample containing the 

same absorber-scatter pair at a similar distance [108]. Once these theoretical 

scattering factors are calculated, they are used in the EXAFS equation (Eq. (3.5)) to 

refine structural parameters from the data, i.e. the calculated functions ( )f k  and 

( )k are used in the EXAFS equation to predict and modify the structural parameters  

N , R  and 2 . We allow 0E  to change until we get the best-fit to the ( )k .  

The accuracy of the structural parameters estimated with EXAFS spectroscopy 

heavily depends on the data and the quality of the analysis. Errors are generally about 

0.01 to 0.02 Å interatomic distances, and 5-15% for coordination numbers. 
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CHAPTER 4 
Tm3+ DOPED Ga-As-S CHALCOGENIDE 

GLASSES AND FIBERS 

 

As it is already mentioned, among all chalcogenide systems, As2S3 glasses were 

the most extensively studied because of their high thermal stability, broad 

transparency window and easy fiber fabrication. However, the utilisation of these 

glasses in the active applications is limited, because of the low solubility of RE ions 

in this glass matrix. So, the primary focus of this work is to improve the solubility of 

Tm3+ ions in As2S3 glass. 

The present chapter is based on an article manuscript that discusses the role of 

Ga in the solubility of Tm3+ ions in the As2S3 matrix. For this research the network 

modifier Ga was co-doped with Tm in As2S3 glass, in an effort to modify the local 

environment of the Tm3+ ions. The effects of co-doping are examined by studying the 

spectroscopic properties of the Tm3+ ion in the different compositions of glass host 

environments using standard spectroscopic techniques. The main aim of this work 

was the achievement of the highest possible intensity of luminescence of Tm in As-S-

Ga system by varying the concentrations of Ga and Tm in the glass. Optical and 

thermal properties of this system were studied, as well, in order to achieve the 

optimal composition of glass preform for fiber drawing. Luminescence properties of 

Tm3+ doped Ga-As-S fiber were also explored.  
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RÉSUMÉ DE L’ARTICLE INSÉRÉ 

 

Verres et fibres Ga-As-S dopés au Tm3+ 

 

Ce travail est consacré à l’étude d’une nouvelle famille de verres chalcogénures 

comme une matrice hôte pour le dopage des ions terres rares (TR). L'effet de Ga sur 

la solubilité des ions TR dans la matrice d’As2S3 a été exploré. Les propriétés 

d'émission de Tm3+ dans le verre Ga-As-S ont été étudiées par des mesures de 

photoluminescence. Trois bandes d'émission à 1.2 μm (1H5 → 3H6), 1.4 μm (3H4 → 
3F4) et 1.8 μm (3F4 → 3H6) ont été obtenues sous l'excitation d’une lampe à 698 nm et 

800 nm. Les propriétés optiques et thermiques des verres As-S-Ga dopés au Tm ont 

été analysées pour les différentes concentrations de Ga ainsi que de Tm, afin 

d’obtenir les paramètres optimaux pour la préforme du verre convenable pour la 

production d’une fibre optique. Une fibre Ga-As-S dopée au Tm3+ a également été 

fabriqué et les trois bandes d'émission obtenues dans le verre ont été aussi bien 

observées dans la fibre. 
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ABSTRACT 

Tm3+ doped Ga-As-S chalcogenide glass samples were produced using As2S3 

pure glass as starting materials. Their photoluminescence properties were 

characterized and strong emission bands were observed at 1.2 µm (1H5→3H6), 1.4 µm 

(3H4→3F4) and 1.8 µm (3F4→3H6) under excitation wavelengths of 698 nm and 800 

nm. The thulium and gallium concentrations were optimized to achieve the highest 

photoluminescence efficiency. From the optimal composition, a Tm3+ doped Ga-As-S 

fiber was drawn and its optical properties were studied. 

 

 

 

Keywords: Ga-As-S glasses, Tm3+ doped chalcogenide glasses, rare-earth doped 

fibers. 
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4.1. INTRODUCTION 

Chalcogenide glasses show great potential for laser applications in the IR 

region because of their low phonon energy (i.e. 400–450 cm-1 for sulphides), and 

consequently low non-radiative decay rates [110], compared to other glass systems. 

Since these glasses also possess a high refractive index (n > 2), it results in a strong 

local electric field around the ions which induces high emission and absorption cross-

sections [111]. A variety of chalcogenide systems were considered as host glasses for 

RE ions, namely  Ge-S [112], Ge-Ga(As)-S [41,113-116], Ge-Sb-S [117], Ga-Ge-Sb-

S [42,91,118,119] and Ga-La-S [33,120-122]. However, the majority of doped 

chalcogenide glasses were prone to crystallization, making the fiber drawing process 

very difficult. As2S3 glasses were the most extensively studied because they present a 

high thermal stability, a broad transparency window up to 7 µm and they can be 

easily drawn into fibers [60]. There have been several demonstrations of As2S3 

glasses doped with RE ions such as Nd3+, Ho3+, Er3+ and Dy3+. However, the 

solubility of RE ions in the glass matrix was limited and induced crystallization [36]. 

According to previous reports, the solubility of RE ions in chalcogenide glasses can 

be improved dramatically by adding gallium (Ga) in the host matrix [2,20,21]. Such 

solubility increase has been reported to be associated with the formation of GaS4 

tetrahedra in the vitreous network [22-24]. The increased solubility of REs in 

presence of gallium would actually come from the formation of chemical bonds 

between Ga and RE ions which compensate for the free S2-ions negative charge. 

Kolomiets et al. first reported the incorporation of Ga in As2S3 glasses in 1960 [127]. 

It was shown that the glass formation region in the Ga-As-S system was very small: a 

maximum Ga concentration of 3.5 at% could be incorporated. 

In this paper, we studied the Ga-As-S ternary system as a new host matrix for 

Tm3+ ions. Tm3+ doped chalcogenide glasses are very attractive laser gain media that 

can not only emit light at 1.2 μm and 1.8 µm, but also near 1.45 µm, 2.3 µm and 3.4 

µm (unlike silicate glasses) using readily available and cheap laser diodes pumps in 

the near infrared. We optimized the concentration ratio of Ga and Tm3+ in Ga-As-S 

glasses to achieve optimal physical and optical properties, i.e. obtain a transparent 

and homogeneous glass with high luminescence efficiency. A distillation process of 
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the starting compounds under high vacuum was first performed to produce a high 

purity glass based on As2S3. Afterwards, the Ga and Tm3+ were added to produce the 

adequate glass composition in the Ga-As-S system 

 

4.2. EXPERIMENT 

4.2.1. BULK GLASS PREPARATION AND CHARACTERIZATION 

The Ga-As-S glasses were prepared by melting Ga2S3 crystalline compound 

(99.999%) and pre-purified As2S3 glass based on a new purification procedure 

developed at the COPL (pending Patent). Glasses were synthesized in silica ampoules 

sealed under high vacuum (10-5 Torr). The ampoule was placed in a rocking furnace 

and heated at a rate of 1°C/ min up to 900°C. After being rocked for 12 hours, the 

homogenized glass was successively quenched in water at room temperature for a 

few seconds and annealed at 160°C for 6 hours to remove the thermal stress. The 

glass rods were then cut into disks and polished with an abrasive silicon carbide disc 

to obtain flat and transparent bulk glasses. 

The emission spectra of Tm3+ doped Ga-As-S glasses were collected with a 

Horiba Jobin Yvon NanoLog 3-22-TRIAX spectrofluorometer. The samples were 

excited with a 450 W continuous xenon lamp connected to a computer controlled 

monochromator. Excitation wavelengths of 698 nm and 800 nm were selected, i.e. 

near the absorption peaks of the doped glasses. The luminescence spectra were 

measured with a Symphony II CCD detector operating in the infrared region from 

1000 to 2200 nm. Fluorescence lifetime measurements were also performed with a 

NIR PMT single channel detector with 1000 - 1700 nm wavelength range. The 

fluorescence decay curves were fitted with a first-order exponential decay to extract 

the emission lifetimes. 

The X-ray diffraction (XRD) spectra of the powdered samples were obtained 

with a Siemens D5000 X-ray diffractometer. The X-ray source was made of a Cu 

anode and emitted at a wavelength of 1.54 Å. XRD data were collected in reflection 

mode with Theta-Theta configuration (2Theta step = 0.02°, time step = 1.2 s) using a 
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NaI scintillation counter detector. It was processed with the JADE 2.1 software based 

on the JCPDS database of ICDD (International Centre for Diffraction Data). 

The IR transmission spectra from 1 to 20 µm were measured with a 

PerkinElmer Frontier FT-IR/FIR Spectrometer using the factory-supplied MIR source 

and MIR TGS detector combination.  

The glass transition temperature (Tg) was measured with a Netzsch 404 F3 

Pegasus differential scanning calorimeter (DSC). A 20 mg glass sample was placed in 

the aluminum crucible and heated up to 400 °C (10°C/min ramp) and the heat flow 

was compared with that of an empty crucible.  

The density was measured with an Electronic Densitometer MD-300S based on 

Archimedes' principle. 

The refractive index was measured with a Metricon 2010/M prism coupler for 

1308 nm and 1538 nm wavelengths. A prism with index range 2.35 - 3.10 was used 

for these measurements. 

 

4.2.2. FIBER PREPARATION AND CHARACTERIZATION 

The chalcogenide glass fiber was drawn using the double crucible method, 

with Tm3+ doped Ga-As-S glass as the core and As2S3 glass as the cladding. The core 

and cladding diameters are 11 µm and 210 µm, respectively (Fig. 4.1). The numerical 

aperture (core/cladding) is about 0.52 for wavelengths in the 1.3 - 1.5 µm range. The 

cladding can also serve as a multimode guide due to its large refractive index 

compared to the acrylate polymer jacket.  

 
Fig.4.1. Image of the Tm3+ doped Ga-As-S glass fiber. 

 

We measured the amplified spontaneous emission (ASE) spectrum generated 

by this fiber. The setup used for this experiment is shown in Fig. 4.2. A 789 nm 
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multimode laser pump providing output power up to about 1 W is delivered in a 250 

µm coreless silica fiber. This silica fiber is then butt-coupled to a 16 cm segment of 

our Tm3+ doped Ga-As-S fiber using precision alignment mounts. The residual pump 

power is then filtered out from the output signal with an homemade dielectric stack 

long pass filter (T ≈ 0.01 % at λ= 789 nm, T > 75 % at λ > 1200 nm) and the ASE 

signal is collected by a multimode silica fiber having a 220 µm diameter core (242 

µm diameter cladding) and a numerical aperture of 0.22. The output spectrum is 

measured with two commercial fiber-coupled optical spectrum analysers OSA 

(Yokogawa AQ6370D and Yokogawa 6375) covering the short wavelengths from 0.6 

to 1.7 µm and the longer wavelengths from 1.2 to 2.4 µm respectively. 

 

 
Fig. 4.2. Experimental setup used to measure the 
ASE spectrum of the Tm3+ doped Ga-As-S glass 

fiber. 
 

The ASE spectrum was measured for an incident pump power of 430 mW. 

Considering a Fresnel reflection of about 17% and the slight mismatch between the 

Ga-As-S fiber and the coreless silica fiber diameters, the estimated launched pump 

power is at least 250 mW (in the cladding of the fiber).  

 

4.3. RESULTS AND DISCUSSION 

4.3.1. EFFECT OF Ga CONCENTRATION ON Tm3+ DOPED Ga-As-S 

GLASSES 

Systematic studies were performed to quantify the effect of Ga in the optical 

and thermal properties of Tm3+ doped Ga-As-S glasses. For this section, the 

concentration of Tm3+ was fixed to 0.2 at% and the Ga concentration was varied from 
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0 to 4 at% based on a previous study by Kolomiets et al. [127]. The infrared 

transmission spectra are shown in Fig. 4.3. A red shift in the UV-visible region and a 

decrease in the maximum transmission are observed with increasing concentrations of 

Ga in the stoichiometric matrix. The difference of unoccupied energy levels between 

the molecular orbitals of As-S and Ga-S is not substantial; therefore the red shift 

could be related to structural defects (e.g. Ga-Ga homo-bonds). The decrease of the 

maximum transmission could be explained by inhomogeneities in the glass. For 

comparison, we have included the transmission spectra of the pure As2S3 sample 

which shows some residual oxygen but is free of impurities such as S-H and H2O. 

The addition of Ga and Tm3+ during the preparation process introduces other 

impurities as can be observed in the transmission spectra. The absorption bands in the 

Ga-As-S glass spectra are attributed to traces of oxygen and hydrogen (i.e. S-H, H2O 

and As-O bonds) [92].  

 
Fig. 4.3. IR transmission spectra of 0.2% Tm3+ 

doped Ga-As-S glasses (thickness is 2.5 mm). The 
spectra of an undoped As2S3 glass sample are 

shown for comparison. 
 

Table 4.1 shows the glass transition temperature (Tg), the density and the 

refractive index of Ga-As-S glasses doped with 0.2 % Tm3+. The glass transition 

temperature typically depends on the bonding strength and on the coordination 

number (N) per atom [128]. Since the bonding strength of Ga-S is higher compared to 

As-S and since the coordination number is 4 for Ga while it is only 3 for As, an 
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increase of Tg is expected when replacing As2S3 by Ga2S3. However, the opposite 

behaviour occurs experimentally: the addition of Ga in the As2S3 matrix lowers Tg by 

approximately 10 °C. The lower Tg could be explained by the formation of metal-

metal bonds which are weaker than hetero-bonds (e.g. bonding strength is 265 cm-1 

for S3Ga-GaS3 and 335 cm-1 for Ga-S [129]). Note that Tg stays constant with further 

increase of Ga because of its lower solubility in the As2S3 glass network. The 

refractive index of the glass increases by 0.055 with the incorporation of Ga but 

further increase of the Ga content does not lead to significant changes. 

The variation of the density is related to the change in the atomic weight and the 

atomic volume of the elements in the system. Since the atomic weight of Ga is 

slightly lower than that of As, the replacement of As by Ga caused a slight decrease 

in density: from 3.43 to 3.20g/cm3.  

 

 
Tg (˚C)

(2˚C) 

Refractive index 

( 0.003) 
Density (g/cm3) 

(0.05) 
1308nm 1538nm

As2S3 200 2.400 2.390 3.43 

Ga0.8As39.2S60 193 2.455 2.445 3.22 

Ga1.2As38.8S60 188 2.452 2.441 3.20 

Ga1.6As38.4S60 192 2.451 2.439 3.25 

Ga2.4As37.6S60 190 2.447 2.437 3.23 

Ga3.2As36.8S60 190 2.446 2.435 3.19 

Ga4As36S60 190 2.447 2.436 3.22 

Table 4.1: Characteristics of 0.2 % Tm3+ doped Ga-As-S glasses 

 

The XRD patterns recorded for 0.2 % Tm3+ doped Ga-As-S glasses are 

presented in Fig. 4.4. The patterns associated to samples with Ga = 0.8 and Ga = 1.2 

at.% indicate an amorphous character while samples with concentrations of Ga ≥ 1.6 

at.% show diffraction peaks superimposed to the broad amorphous profile. The 

intensity of these diffraction peaks increases with further increase of Ga content, 
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revealing the formation of a crystalline phase that can be assigned to Ga2S3 (JCPDS 

card No. 14-0401). 

 
Fig. 4.4. X-ray diffraction of 0.2 % Tm3+  

doped Ga-As-S glasses. 
 

The emission spectra of 0.2 % Tm3+ Ga-As-S glasses were measured for Ga 

concentrations varying from 0.8 to 4 at%, excited at either 698 or 800 nm (Fig. 4.5). 

The excitation wavelengths 698 nm and 800 nm are near the absorption peaks of Tm 

in glasses. Lower absorption wavelengths were not used because the optical band-gap 

of these glasses is in the region of 600 nm. Thus, pumping at lower wavelengths 

would induce photo-darkening and reduce the luminescent intensity with exposure 

time. 

No emission was observed for the Tm3+ doped As2S3 glass sample. However, 

the incorporation of Ga in the As2S3 vitreous network allowed the solubility of Tm3+ 

ions and its corresponding emission bands were observed. Three strong emission 

bands centered at 1.22 µm, 1.46 µm and 1.82 µm are shown in these spectra, 

corresponding to the optical transitions 3H5→3H6, 
3H4→3F4 and 

3F4→3H6 respectively 

(Fig. 4.5c). With increasing Ga concentrations from 0.8 to 3.2 %, all emission bands 

are enhanced and their central wavelength is unaltered. However, the emission 

intensity decreases at Ga concentrations larger than 3.2 %, where the density of Ga2S3 

crystallites is higher. The fluorescence spectra were measured for two different 
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excitation wavelengths (698 nm and 800 nm). The intensity of both 1.22 µm and 1.82 

µm emission bands is significantly higher when using an excitation wavelength of 

698 nm (as compared to 800 nm) whereas the 1.46 µm band has a similar intensity 

for both excitation wavelengths. This is related to the fact that at 698 nm, the levels 

3H5 and 3F4 were populated more efficiently due to the cross-relaxation process 3F3, 
3H6→3F4, 3H5 [8,29]. 

 

 
Fig. 4.5. Emission spectra of 0.2 % Tm3+ doped Ga-As-S glasses 

(a. excitation at 698 nm, b. excitation at 800 nm, c. energy diagram of Tm3+). 
 

Figure 4.6 shows the fluorescence effective lifetime of 0.2 % Tm3+ doped glasses as a 

function of the Ga content for an excitation wavelength of 800 nm. The fluorescence 

lifetime of the 1.22 µm emission band rises gradually with increasing Ga 

concentrations up to 6.84*10-4 s. As for the 1.46 µm emission band, its fluorescence 

lifetime is nearly constant around 1.25*10-4 s.  
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Fig. 4.6. Fluorescence effective lifetime vs Ga concentration in  

0.2 % Tm3+ doped Ga-As-S glasses (excitation at 800 nm). 
 

The increase of Ga in the As2S3 matrix enhances the solubility of Tm3+ ions allowing 

a stronger emission and longer lifetimes for glass samples up to 3.2at% of Ga. Above 

this value, the formation of a new Ga2S3 crystalline phase takes place (fig. 4.4), which 

contributes to the diminution of luminescence intensities and lifetimes, possibly due 

to a change in the degree of symmetry of Tm3+ ions local environment. In summary, 

the intensity of luminescence reaches its highest value at a Ga concentration of 3.2% 

(Fig. 4.5), but the crystalline phase begins to form for samples containing ≥2.4% of 

Ga (Fig. 4.4). In addition, the transmission of the glass falls as the Ga concentration is 

increased beyond 0.8 % (Fig. 4.3). We therefore selected the Ga0.8As39.2S60 glass as 

the optimal composition for investigating the effect of Tm+3 dopant concentration on 

luminescence.  

 

4.3.2. EFFECT OF Tm3+ DOPANT CONCENTRATION IN Ga0.8As39.2S60 

GLASSES 

This section presents the characteristics of Ga0.8As39.2S60 glasses with different 

Tm3+ concentrations. The luminescence spectra are presented in Fig. 4.7 for both 

excitation wavelengths (698 nm and 800 nm). The emission intensity initially 

increases and reaches its maximum for samples with 2 % Tm3+. The intensity 

substantially decreases for higher Tm3+ concentrations.  
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The effective lifetime of Tm3+ doped Ga0.8As39.2S60 glass is presented in Fig. 

4.8. As expected, the lifetime is also maximal at 2 % Tm3+ and is reduced above this 

concentration. These values are comparable to the lifetimes reported with other 

chalcogenide glass systems such as Ge-Ga(As)-S [4,30] and Ga-La-S [33]. 

 
Fig.4.7. Emission spectra of Tm3+ doped Ga0.8As39.2S60 glasses  

(a. excitation at 698nm, b. excitation at 800nm). 
 

Samples having 2% Tm3+ are completely amorphous (no apparent 

crystallization). As the Tm3+ concentration is increased to 4%, a partial crystallisation 

is observed which can be assigned to the Tm2S3 crystalline phase (JCPDS card No. 

44-1157 and 71-0089).  

 
Fig. 4.8. Fluorescence effective lifetime vs Tm3+ concentration  

in Ga0.8As39.2S60 glasses (excitation at 800 nm). 
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With further increase of the Tm3+ concentration (> 4 %), the peaks associated 

with the Ga2S3 crystalline phase start to appear along those of Tm2S3. These results 

provide evidence in favour of an inhomogenous distribution or clustering. 

The lifetime of an excited state is governed by a combination of probabilities 

for all possible radiative and non-radiative transitions, i.e. radiative lifetime, non-

radiative relaxation due to multiphonon relaxation and energy transfers to 

neighbouring ions. The increase of emission lifetimes with increasing Tm 

concentration up to 2at% is related to the multi-phonon relaxation due to a decrease 

of phonon energy of the glass matrix, responsible for longer fluorescence lifetime 

[20]. By further increasing the concentration of Tm3+ ions, the mean distance between 

ions in the lattice becomes small enough so the transfer of excitation energy to 

neighbouring ions becomes possible, which depopulates the excited states. 

Additionally, at higher Tm concentrations (4%), the crystalline phases of Tm2S3 and 

Ga2S3 begin to form in the glass matrix (fig. 4.9), which can also affect the degree of 

symmetry of Tm3+ local environment. 

 

 
Fig. 4.9. X-ray spectra of Tm3+ doped Ga0.8As39.2S60 glasses. 
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4.3.3. EMISSION PROPERTIES OF Tm3+ DOPED Ga-As-S GLASS FIBER 

Based on the previous results (high thermal stability and amorphous phase), we 

initially selected both the 1%Tm3+ and 2%Tm3+ doped Ga0.8As39.2S60 glass 

compositions as good candidates for the fabrication of preforms to produce optical 

fibers.  However, the 1% Tm3+ doped Ga0.8As39.2S60 glass composition was chosen to 

draw the fiber, since it was completely homogenous and transparent comparing to 

glass sample obtained with 2% of Tm3+.  

In order to find the appropriate temperature region for fiber drawing, the viscosity 

of Ga0.8As39.2S60:1%Tm3+ (core of the fiber) and As2S3 (cladding of the fiber) glasses 

was measured in the glass softening range. The viscosity-temperature curves are 

presented in Fig. 4.10. As it can be seen with the incorporation of Ga the viscosity 

curve of As2S3 shifted to a lower temperature.   From these data it follows that at 

equal temperatures the viscosity of Ga based glass is considerably less than that of 

As2S3 

 

Fig.4.10. Viscosity vs. inverse of absolute temperature for  
Ga0.8As39.2S60:1%Tm3+ and As2S3 glasses in the glass softening range 

 

As it is generally established, the suitable viscosity range for fiber drawing is in 

the range of 106.5-105.5 Poises, thus to find the temperature of fiber drawing for this 

system, the viscosity curves were extrapolated into the range up to 105 Poise (Fig. 

10). It revealed that the fiber drawing temperature of Ga0.8As39.2S60:1%Tm3+ is lower 
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comparing to that of As2S3, but they are almost in the same region (300-315 °C for 

the cladding and 285-310 °C for the core).  

The coefficients of thermal expansion for both preforms were measured as well 

and it showed that with the incorporation of Ga (and Tm) it increased from 21.4·10-6 

to 22.8·10-6 (1/°C). Hence, the fiber was drawn at ~300 °C. 

The emission spectrum of the fiber is presented in Fig. 4.11. It was recorded at 

a spectral resolution of 2 nm and was averaged over 5 independent measurements. 

Three emission bands are clearly seen (3H5→3H6 around 1.2 µm, 3H4→3F4 around 1.4 

µm and 3F4→3H6 around 1.8 µm) which is consistent with the fluorescence observed 

in the bulk samples with an excitation wavelength near 800 nm. Note that the peak, 

centered at 1578 nm, is caused by the residual pump power diffracted to higher orders 

by the spectrometer grating. 

 

 

Fig. 4.11. Emission (ASE) spectra of the Tm3+ doped  

Ga0.8As39.2S60 fiber (excitation at 789 nm) 

 

Few papers have been reported on the literature regarding the luminescence of 

RE ions in Ga doped chalcogenide glass fibers [17, 31]. First, Cole et al reported the 

incorporation of Pr3+ in the glass composition based on GeAsGaSe [132]. He showed 

the IR emission in the 4-5 μm which corresponds to the transitions of Pr3+ ions 

between 3F4 and 3H4 energy levels. Later, West et al presented Gallium Lanthanum 

Sulphide (GLS) glass fiber having potential application in practical and efficient 
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1.3μm optical fiber amplifier [33]. In our work, this is the first time that three 

emission bands of Tm3+ ions were observed in the Ga based chalcogenide glass fiber. 

Tm3+ doped Ga-As-S glass fibers can be good candidates for the fabrication of 

amplifiers and infrared fiber lasers operating at 1.2, 1.4 or 1.8 µm wavelengths.  

Additionally, we can think about the possibility of the production of glass matrix with 

large emission band covering from 1.2 to 1.8 µm by using adequate co-dopants as 

Pr3+ for the emission at 1.3μm and Er3+ for the 1.55μm.  

 

4.4. CONCLUSION 

We have shown that the incorporation of Ga2S3 compound in the network of 

As2S3 glasses enables RE solubility. Tm3+ doped Ga-As-S glass samples were 

characterized and three strong emission bands at wavelengths around 1.2 µm 

(3H5→3H6), 1.4 µm (3H4 →3F4) and 1.8 µm (3F4→3H6) were observed under the 

excitation of a lamp at 698 nm and 800 nm. Different samples having various 

concentrations of gallium and thulium were studied and the 1 % Tm3+ doped 

Ga0.8As39.2S60 glass was identified as the optimal composition for the fiber preform. 

As we observed in the bulk samples, the doped fiber displayed all three emission 

bands. 

These results indicate that Tm3+ doped Ga-As-S glass fibers are good 

candidates for the fabrication of fiber lasers operating at 1.22, 1.46 or 1.82 µm 

wavelengths. 
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CHAPTER 5 

STRUCTURAL ANALYSIS OF Tm3+ DOPED As-S-

Ga GLASSES BY RAMAN AND EXAFS 

SPECTROSCOPY 

 

In order to be able to control the luminescence properties of the system it is 

important to know the crucial features and the critical factors of the system 

responsible for the emission of RE ions in the glass matrix. The subject of the present 

chapter is to understand the mechanisms that are responsible for the increase of the 

solubility of Tm ions in As2S3 glass with the incorporation of Ga. For this purpose we 

explored the molecular structure of Tm doped Ga-As-S glasses and correlated it to the 

luminescence properties of this system.  

This chapter is based on a manuscript of a published article, which investigates 

structural properties of Tm doped Ga-As-S glasses depending on the concentration of 

Ga and Tm in the matrix. Raman spectroscopy and Extended X-ray Absorption Fine 

Structure (EXAFS) spectroscopy were used to explore the structural modifications of 

Tm3+ doped As2S3 glasses induced by the addition of Ga, as well as, the changes in 

the local environment of Tm3+ depending on its own concentration. 
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RÉSUMÉ DE L’ARTICLE INSÉRÉ 

 

Analyse structurale des verres As-S-Ga dopés au 

Tm3+ par la spectroscopie Raman et EXAFS 

 

Le sujet de ce travail est l’étude des mécanismes responsables de  

l'augmentation de la solubilité des ions de Tm3+ dans le verre As2S3 avec 

l'incorporation de Ga. A cet effet, nous avons exploré les propriétés structurales des 

verres Ga-As-S dopés aux ions de Tm en utilisant deux technique 

d’analyse structurale : spectroscopie Raman et EXAFS.  Nous avons examiné les 

modifications de la structure moléculaire du verre As-S-Ga dopé au Tm, induites par 

la variation de la concentration de Ga et de Tm dans la matrice. Les changements 

dans l'environnement local de Tm en fonction de sa propre concentration dans le 

verre ont également été étudiés et corrélés à des propriétés de luminescence de ce 

système. 
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ABSTRACT 

Structural properties of Tm3+ doped As-S-Ga glasses were investigated using 

Raman spectroscopy and Extended X-ray Absorption Fine Structure (EXAFS) 

spectroscopy at As K-edge, Ga K-edge and Tm L3-edge.  The Raman spectra are 

interpreted on the basis of comparison with the well-known Raman spectra of As2S3 

glasses the structure of which mainly consists of pyramidal [AsS3/2] units 

interconnected by S–S chains. Incorporation of Ga2S3 in As2S3 glass matrix induced 

the dissociation of S-S chains in behalf of the formation of tetrahedra [GaS4]. 

Moreover, introduction of Tm into As-S-Ga glasses forms Tm-S bonds through the 

further dissociation of [AsS3/2] pyramidal units. The deficiency of S in the glasses is 

compensated with the formation of As4S4 structural units. The EXAFS results 

indicate that Ga-S bond distance in the tetrahedra [GaS4] decreases from 2.29Å to 

2.26Å with the increase of Tm concentration in the glass. Meanwhile, Tm-S bond 

distance increases from 2.66Å to 2.71Å approaching to that of crystalline Tm2S3 and 

simultaneously, the coordination number of Tm gradually decreases from 7 to 4.  

 

Keywords: Raman spectra of As-S-Ga glasses, EXAFS study of Tm3+ doped 

chalcogenide glasses, As K-edge, Ga K-edge, Tm L3-edge. 
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5.1. INTRODUCTION 

Sulphides based chalcogenide glasses attract considerable interest thanks to 

their low phonon energy, high refractive index, good chemical durability and good 

glass-forming ability. A variety of sulphide glass systems has been studied based on 

gallium, germanium, arsenic sulphides and combinations of them 

[1,6,113,114,131,133]. Among all these systems the arsenic trisulphide (As2S3) is the 

best known and the most explored system from the point of view of thermo-optical 

features and molecular structure [60]. When doped with rare earth (RE) ions 

[31,132,135], chalcogenide glasses open up the possibility of new transitions and 

significantly increased pumping efficiencies for fiber-optic amplifiers and infrared 

lasers. However, As2S3 glasses suffer from poor RE solubility [36], resulting the 

clustering of rare earth ions, which limits their applications as practical amplifiers or 

lasers. 

According to previous reports, the solubility of RE ions can be increased 

dramatically with the addition of gallium (Ga) to the host [38,111,123] due to the 

presence of edge-sharing [GaS4] tetrahedra which appear with the addition of Ga2S3 

[124]. The increased solubility of RE is due to the fact that the incorporation of Ga 

provides compensation for the negative charge of free S2- ions by forming chemical 

bonds with RE ions.  

In our previous work, we explored different compositions of As-S-Ga glasses 

as host matrix for Tm3+ ions [136]. The luminescence properties of As-S-Ga:Tm 

glasses depending of Ga and Tm concentration were studied, as well as, their thermal 

and optical properties. It was found that the incorporation of Ga2S3 compound in the 

network of As2S3 glasses improved their RE solubility. Infrared emission spectra 

were recorded and strong emission bands at wavelengths around 1.2μm (1H5→3H6), 

1.4μm (3H4 →3F4) and 1.8 μm (3F4→3H6) were obtained under the excitation of a 

xenon lamp at 698nm and 800nm. A Tm3+ doped As-S-Ga glass fiber was also 

fabricated where all three emission bands were observed as in bulk samples. 

  The present work deals with better understanding of the structural changes 

created in the As2S3 glass matrix with the incorporation of Ga and Tm. A systematic 

structural study is performed in the As-S-Ga by varying the amount of Tm from 1 to 
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8%. To obtain structural information about the local environment in these glasses, 

Extended X-ray Absorption Fine Structure (EXAFS) analysis was performed at the 

As K-edge, Ga K-edge and Tm L3-edge. Structural information was also obtained 

through Raman analysis as a function of glass composition for different 

concentrations of Ga and Tm. 

 

5.2. EXPERIMENT 

The Tm3+ doped As-S-Ga glasses were prepared by melting Ga2S3 crystalline 

compound (99.999%), metallic Tm3+ and the pre-purified As2S3 glass. The glasses 

were synthesized in silica ampoules sealed under high vacuum (10-5 Torr). The 

ampoule is placed in a rocking furnace and heated at a rate of 1°C/ min up to 900°C. 

After being rocked for 12 hours (for homogenization), the glass is quenched in the 

water at room temperature for  few seconds and annealed at 160°C for 6 hours to 

remove the thermal stress. 

The Raman scattering spectra were collected with a confocal Renishaw inVia 

spectrometer coupled to a Leica DM2700 microscope. A back-scattering geometry 

was used in the frequency range of 100-600cm−1. The excitation light source was a 17 

mW vertically polarized 633 nm (He-Ne) laser. The laser beam was focused with a 

50X long working distance objective, generating a sub-micron spot size containing a 

total power at the sample of approximately 5-10mW. The frequency uncertainty was 

estimated to be ± 2 cm-1. The deconvolution of Raman spectra were performed using 

curve fit function of Wire 4.1 software.  

EXAFS measurements were carried out at the Sector 10-BM-B (MRCAT) 

beamline at the Advanced Photon Source [137] (Argonne National Laboratory, 

Chicago). All measurements were performed using powdered samples at room 

temperature. The EXAFS spectra were collected at the As K-edge (11867eV), Ga K-

edge (10367eV) and Tm L3-edge (8648eV). The Ga and Tm edges were measured in 

fluorescence mode using a 4 Element Vortex Silicon Drift detector. The As edge was 

measured in transmission mode, using Nitrogen (incident beam) and Argon 

(transmitted beam) filled ionization chamber detectors. The positions of the 
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monochromator for As, Ga and Tm edges were calibrated using Au, Ta and Cu metal 

foils, respectively.  

Structural parameters including coordination number (N), interatomic distance 

(r) and the Debye-Waller factor (σ) were obtained from least squares fitting in k-

space, using theoretical phase and amplitude functions using the IFEFFIT-based 

software [138] packages Athena and Artemis [139].  

 

5.3. RESULTS AND DISCUSION 

5.3.1. RAMAN SPECTROSCOPY 

Figure 5.1 shows the Raman spectra of 0.2%Tm3+ doped GaxAs40-xS60 (0<x<4) 

glasses as a function of Ga concentration as well as the Raman spectra of As2S3 glass 

as reference. The structure of As2S3 glasses has been extensively studied by several 

authors using Raman spectroscopy [140-143]. It is generally accepted that the three 

dimensional network of As2S3 glass is built of trigonal pyramidal units [AsS3/2], 

which are interconnected through S2AsS-SAsS2 bridges [20,23,24], which give rise to 

two main bands centered at 342 cm-1 and 495 cm-1. Such bands can be observed in the 

Raman spectra of As2S3 glass in figure 5.1a.  

The addition of Ga2S3 to As2S3 glass matrix gives rise to two bands centered at 

189 cm-1 and 233 cm-1, which are ascribed to the presence of As-As homo-polar 

bonds [145] in As4S4 realgar molecules and to Ga-S-Ga bend [146] in GaS4 

tetrahedra, respectively. Besides, there are additional shoulders at approximately 365 

cm-1 and 390 cm-1 (Fig. 5.1a) which have been associated to As4S4  cage-like 

nanocluster units [20,21,27] and to the symmetrical stretching vibration of GaS4 

tetrahedra [15,28], respectively. Moreover, the band at 495cm-1 disappears with the 

incorporation of Ga (0.8 at%).  

In order to better understand the role of the addition of gallium on the structural 

changes of the matrix of arsenic sulphide, the Raman spectra of studied glasses were 

deconvoluted with Gaussian peaks using least squares approach. A preliminary 

subtraction and a polynomial baseline were performed in the collected Raman spectra 

followed by the normalization at 342 cm-1. The intensity of each band was calculated 
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by integrating the surface of the corresponding peak for all Raman modes present in 

the spectra, which allowed us to quantify the contribution of the molecular 

constituents to Raman spectra.  The resulting structural trends for each assigned 

structural units depending on Ga contents are presented in the figure 5.1b. 

 

 
Fig. 5.1. a.) Normalized Raman spectra of 0.2%Tm3+ doped GaxAs40-xS60 glasses.  

The inset represents the schematic structure of As2S3 glasses. b) Relative intensities  
of Raman bands for different structural units as a function of Ga content. 

 

It can be seen that the band associated with symmetric stretching of AsS3/2 

pyramids (342cm-1) decreases with the incorporation of Ga in the matrix, whereas the 

band assigned to As4S4 structural units (365cm-1) increases in amplitude. A slight 

increasing of [GaS4] tetrahedral units (390cm-1), Ga-S-Ga bonds (233cm-1) and As-

As homo-polar bonds (189cm-1) is observed as well. Further increasing the Ga 

concentration did not show any significant changes in the band amplitudes, which is 

probably related to the fact that the glass formation region in this system is very small 

and up to 3.5at% of Ga can be incorporated in the glass [127]. This limits the 

observation of significant structural changes in the glass upon the increasing of Ga 

content. 
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Based on the above results, one can suppose that the sulphur, originally 

connecting AsS3/2 pyramids, was removed to provide extra sulphur needed for the 

formation of GaS4 tetrahedra. This trend is observed through the disappearance of 

the band centered at 495 cm-1 and the increase of the shoulder at 390cm−1 (Fig. 5.1b).  

It is well know that the formation of [GaS4] tetrahedra from Ga2S3 results in a 

deficiency of sulphur in the glasses since the S/Ga ratio of Ga2S3 is 1.5 which is less 

than the 2 required to form tetrahedra [149]. Therefore, as we increase the amount of 

Ga2S3 in the glass matrix, AsS3/2 pyramidal units started to be dissociated creating 

non-bridging sulphurs for Ga, which is visualised by the decrease of the 342 cm-1 

band. Simultaneously, the migration of sulphur from [AsS3/2] pyramids to [GaS4] 

tetrahedra results in the formation of metal-metal (As-As) bonds in the glass (forming 

As4S4 units).  

Therefore, we can consider that the molecular structure of our As-S-Ga glass 

matrix consists of [GaS4] tetrahedra and [AsS3] pyramids randomly linked by shared 

sulphur atoms surrounded by realgar-like As4S4 molecules (fig. 5.2).  

 
Fig. 5.2. Schematic representation of structural units formed in As2S3 glass 
 with incorporation of Ga and hypothetical local structure model around  

Tm ions in As-S-Ga glasses 
 

In our  previous work [136] we observed that  the  incorporation  of   Ga   in   

the  As2S3 vitreous network allowed the solubility of Tm3+ ions  and its corresponding 

emission bands were observed. Prior to addtion of Ga, the Tm3+ ions are described as 

clustered [150] and no emission was observed in As2S3 glasses. This behaviour may 

instead be due to a lack of solubility and random precipitation which avoid the 

luminescence [111]. With the introduction of Gallium,  Ga complexes the RE-ion in 

the presence of chalcogen forming [RE3+-S-GaIII] type species as already confirmed 

by Aitken et al. [151] in the sulphide glasses. We can suppose that the originally Tm 
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cluster are dissolved into Ga site rather than in As regions and then become fully 

spread until proportions of such Ga regions reach a certain critical value (in our case, 

Ga=3.2 at% [136]). So, [GaS4] tetrahedra form a shell around the Tm ions (Fig.5. 2), 

and the resultant complex is readily incoporated into the As2S3 glass with the same 

analogy as in silica glasses co-doped with Al2O3 to dissolve the rare earth element in 

the glass matrix [152]. 

As follows, we choose the sample already doped with Ga2S3 (namely 

Ga0.8As39.2S60 glasses) where the process of As2S3 pyramidal units breakage already 

has taken place, and we mesure the Raman spectra of this matrix with different Tm3+ 

concentrations (1-8 at.%). Results are presented in Figure 5.3. Raman spectrum of c-

Tm2S3 is added as a reference. As we can see from the spectra, with the incorporation 

of Tm a new band appears at 224 cm-1, which is associated to Tm-S bonds [153] and 

with the increase of Tm concentration  the intensity of this band increases slightly. 

The bands at 233 cm-1 (Ga-S-Ga) and 390 cm-1 ([GaS4] tetrahedral) stay almost 

constant upon the variation of Tm content in the glass (fig. 3b). On the other hand, 

the band at 365 cm-1 (As4S4) continues to increase. Simultaneously, the band at 342 

cm-1 ([AsS3]) decreases in amplitude. A slight increase of the band at 189 cm-1 (As-

As) is observed as well.  

This behaviour could indicate that the introduction of Tm into As-S-Ga matrix 

results in the formation of Tm-S bonds by breaking the As–S bond in AsS3 

pyramidal units, which increases the concentration of homo-polar (As–As) bonds due 

to the deficiency of sulphur. This would suggest that the formation of more As4S4 

units is favoured, which is associated with the increase of the band at 365 cm−1. So, 

we could confirm that even a very small concentration of Ga atoms is able to 

facilitate the solubility of Tm3+ ions and enhance their fluorescence properties [136]. 

Despite the fact that with the increase of Tm concentration up to 8at% the band at 

342cm-1 (AsS3/2) gradually decreases and the band at 224 cm-1 (Tm-S) continues to 

increase, the intensity of emission of Tm3+ ions decreases at ≥4at% [136], which 

could indicate that at higher concentrations, even if more Tm-S bonds are formed, the 

environment of Tm is no more favourable for the solubility of ions, and this leads to 

the decrease of luminescence. 
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Fig. 5.3 a.) Normalized Raman spectra of Tm doped Ga0.8As39.2S60 glasses. b.) Relative 
intensities of Raman bands for different structural units as a function of Tm content 

Ga0.8As39.2S60 glasses. 
 

These structural changes suggest that Tm ions act as a modifier in the As2S3 

glass matrix. A similar mechanism was proposed by Pisarski et al. [154] based on 

visible and infrared spectroscopy data on Tm3+ ions in lead borate glass system. 

 

5.3.2. EXAFS 

In order to further investigate the structural modifications imported by Tm3+ 

ions in the GaxAs40-xS60 glasses, EXAFS analysis at As K-edge, Ga K-edge and Tm 

L3-edge was performed. EXAFS spectra of As K-edge of As2S3 glass and Ga K-edge 

of Ga2S3 crystalline compound were also collected as references. The range of the 

Fourier Transform for As and Ga was 2-15Å-1, and for Tm it was 2-10Å-1. The range 

of the R-space fit was 1-3Å for all three elements.  

 

As K-edge 

The k3-weighted χ(k) experimental EXAFS spectra of As K-edge, the 

corresponding Fourier transforms and their theoretical fits are shown in Fig. 5.4. The 
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nominal compositions of glasses, studied with EXAFS spectroscopy, and the 

structural parameters for the first coordination shell are presented in Table 5.1.  

 

 
Fig. 5.4. k3-weighted As K-edge EXAFS spectra (a) and the magnitudes of  
Fourier transformation (b). Black solid lines represent experimental data,  

red dash lines correspond to fit 
 

 NAs-S 

(±0.2)

rAs-S(Å) 

(±0.005)

σ2 (Å2) 

±0.001
R-factor 

As2S3 3.0 2.280 0.003 0.004 

Ga0.8As39.2S60 2.9 2.279 0.003 0.005 

Ga0.8As39.2S60 : 1%Tm 3.0 2.279 0.003 0.006 

Ga0.8As39.2S60 : 2%Tm 2.9 2.279 0.003 0.006 

Ga0.8As39.2S60 : 4%Tm 2.9 2.279 0.003 0.005 

Ga0.8As39.2S60 : 8%Tm 2.8 2.281 0.004 0.005 

Table 5.1: As K-edge EXAFS structural parameters (the coordination number N, 
the bond length r and Debye-Waller factor σ) for Tm doped Ga0.8As39.2S60 glasses 

 

The fitting of EXAFS spectra showed that the first neighbour of As is sulphur 

and yields the first-shell coordination numbers of N~3 at r=2.28Å, which reflects the 

As–S bonding distance. This value of As-S distance (2.28 Å) is close to the mean As–

S distance in crystalline As2S3 [155]. The present results are consistent with those 

reported by other authors [156], where the local atomic structure is formed of [AsS3/2] 

units, and each arsenic atom is bound to three sulphur atoms with As-S bond lengths 

of 2.2701 Å, 2.2894 Å and 2.2919 Å [157]. 
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The insertion of gallium (or thulium) in the As2S3 matrix did not show any 

modification in the pyramidal units [AsS3/2], i.e. neither the average distance between 

As and S nor the coordination number of As were changed (table 5.1). Despite de fact 

that Raman spectra showed a formation of As-As bonds, no As-As bond was 

observed in the present EXAFS analysis. This could be related with the fact that these 

bonds are quite disordered in the glass and therefore the bands are overlapped in the 

spectra. So the contribution of As-As is not significant and only a single large peak is 

always obtained in spectra. 

It must be noted that the disorder inherent in a glass and the similar electronic 

structures of Ga and As backscattering atoms do not allow to distinguish at least the 

nature of the second neighbour of As (or Ga) directly by EXAFS. 

 

Ga K-edge 

Fig. 5.5 shows the k3-weighted χ(k) spectra and Fourier transformed spectra of 

the Ga K-edge. The resulting fitting of the first coordination shell of Ga are 

summarized in Table 5.2. It revealed that the Ga atoms in these glasses are 

surrounded by 4 sulphurs, like in the crystalline compound Ga2S3 which is in 

accordance with Goodyear et al. [158], where the structure of the Ga2S3 crystal is 

composed of GaS4 tetrahedral units. The interatomic distance Ga-S in the 

Ga0.8As39.2S60 matrix is 2.27Å, which is almost the same as in the crystalline Ga2S3 

(2.29Å) [159]. The estimated standard deviation is about 0.01. Benazeth et al. [160] 

also studied the structure of bulk gallium lanthanum sulphide (GLS) glasses using 

EXAFS at the Ga K-edge and lanthanum L3-edge. Their results showed as well that 

in the glass the gallium atoms exist in tetrahedral networks of GaS4 and the Ga–S 

distances are identical to those existing in the crystalline form of Ga2S3. Upon the 

addition of Tm, the coordination number of Ga stays constant andfurther changes in 

the Tm concentration do not lead to any additional changes in the coordination of Ga. 

However, at higher concentrations of Tm the bond distance of Ga-S becomes slightly 

shorter. Hence, increasing of the Tm concentration in the glass matrix leads to slight 

contraction of [GaS4] tetrahedral. 
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The results are presented only for 1 and 2% of Tm. For the compositions with 

higher concentration of Tm aberrations appear in the spectra, due the fact that 

bonding energies of Ga K-edge and Tm L1-edge are very close. 

 

 
Fig. 5.5. k3-weighted Ga K-edge EXAFS spectra and the magnitudes of  
Fourier transformation. Black solid lines represent experimental data,  

red dash lines correspond to fit 
 

 
NGa-S 

(±0.3)

rGa-S 

(Å) 

(±0.01) 

σ2 (Å2) 

(±0.001)
R-factor 

c-Ga2S3 3.9 2.29 0.005 0.02 

Ga0.8As39.2S60 3.9 2.27 0.004 0.02 

Ga0.8As39.2S60 : 1%Tm 4.0 2.27 0.005 0.02 

Ga0.8As39.2S60 : 2%Tm 4.0 2.26 0.005 0.02 

Table 5.2: Ga K-edge EXAFS structural parameters (the coordination number N, 
the bond length R and Debye-Waller factor σ) for Tm doped Ga0.8As39.2S60  glasses 

 

Tm L3-edge  

Figs. 5.6 shows the k3-weighted χ(k) spectra and Fourier transformed spectra of 

Tm3+ ions in Ga0.8As39.2S60 glasses. The increase of Tm concentration resulted in 

significant changes in the shape of k3-weighted χ(k) and Fourier transformed R-space 

spectra, indicating modifications of local structure around Tm3+ ions. The two peaks 

between 3-5Å are more prominent in the Tm spectra than in the As and Ga spectra 
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which indicates that the Tm is in a more well-ordered environment at all 

concentrations.  

Table 5.3 shows results of the fitting on the first coordination shell around 

Tm3+ ions. Current EXAFS analysis at Tm L3-edge indicates that Tm ions are 

coordinated with sulphur ions, in accordance with the previous reports [126]. It can 

be observed that for small content of Tm3+ ions the coordination number is about 7.  

  
Fig. 5.6. k3-weighted Tm L3-edge EXAFS spectra and the magnitudes of  
Fourier transformation. Black solid lines represent experimental data,  

red dash lines correspond to fit 
 

 
NTm-S 

(±0.5)

rTm-S (Å)

(±0.008) 

σ2 (Å2) 

(±0.001)

R-

factor 

Ga0.8As39.2S60 : 1%Tm 6.5 2.666 0.016 0.003 

Ga0.8As39.2S60 : 2%Tm 5.4 2.695 0.011 0.001 

Ga0.8As39.2S60 : 4%Tm 4.9 2.716 0.011 0.005 

Ga0.8As39.2S60 : 8%Tm 4.2 2.713 0.011 0.003 

Table 5.3: Tm K-edge EXAFS structural parameters (the coordination number N, 
 the bond length R and Debye-Waller factor σ ) for Tm doped Ga0.8As39.2S60 glasses  

 

However, upon the addition of Tm, the coordination environment of Tm3+ 

shows gradual changes, i.e. with the increase of the concentration of Tm3+ from 1% to 

8%, the coordination number decreases from 7 to 4 and the Debye-Waller factor 

decreases from 0.016 to 0.011. Simultaneously, the distance between Tm and S 

becomes larger (from 2.66Å to 2.71Å). According to ref. [126] in the crystalline 

Tm2S3 the Tm-S distance is about 2.74Å, so the increase of Tm-S bond length in the 



 

79 
 

glass and the decreasing of Debye-Waller factor could means that crystalline units of 

Tm2S3 began to form in the glass matrix, when the concentration of Tm increases. 

This is in good agreement with X-ray diffraction spectra of Tm3+ doped Ga0.8As39.2S60 

glasses already reported in our previous work [16]. Meanwhile, the diminution of 

coordination number could be explained by the fact that at high concentrations the 

atoms of Tm become closer, leading to inhomogeneous distribution or clustering of 

Tm atoms. The Tm-Tm bond distance is known to be about 3.2-3.4 Å [161], but no 

Tm atom was observed in the first coordination shell of Tm. These bonds are 

significantly disordered in a glass and they could be simply not visible in the spectra.  

In summary, the EXAFS analysis did not show any changes in the local 

environment of As with the incorporation of Tm. However, introduction of Tm3+ ions 

in the glass matrix leads to the contraction of Ga-S distance in the GaS4 tetrahedra. 

Meanwhile, the formation of Tm2S3 crystalline units in the glass matrix is observed 

when the concentration of Tm became relatively high, which is reflected by the 

decrease of Debye-Waller factor, and the increase of Tm-S bond length. 

As it was already mentioned above the maximum intensity of luminescence of 

Tm-ions in  Ga0.8As39.2S60 glass matrix was observed at 2at% of Tm [136], and it 

decreases with the further increase of Tm content. Thus we can conclude that at 2at%, 

despite the coordination number of Tm decreases from 7 to 6, the concentration of 

homogenously distributed luminescent centers increases in the glass matrix, which 

promotes the increase of luminescence. However, starting from 4at% the coordination 

number of Tm decreases up to 5 and the environment of Tm becomes less favourable 

for the solubility of ions. Moreover, from 4at% the concentration of Tm ions is so 

high that the mean distance between ions could become small enough for spatial 

migration of the excitation energy, from one Tm-ion to a neighbouring ion, becomes 

possible. This leads to depopulation of excited states and decrease of the 

luminescence. 

 

5.4. CONCLUSION 

The combination of the analyses of Raman spectra of Tm3+ doped GaxAs40-xS60 

glasses and EXAFS spectra at As K-edge, Ga K-edge and Tm L3-edge revealed that 
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the atomic structure of initial As2S3 glasses matrix consists of pyramidal units of 

[AsS3/2] interconnected through As-S-S-As bridges. The As atoms are three fold 

coordinated with two fold-coordinated S atoms with the distance about 2.28Å. The 

incorporation of Ga2S3 leads to the formation of [GaS4] tetrahedra, by means of 

breaking both the As–S bond in AsS3 of pyramidal units and the interconnecting S–S 

chains. The deficiency of sulphur is compensated by the formation of As4S4 realgar 

units, as the amount of Ga2S3 increases. Successively, the incorporation of Tm 

gradually breaks the [AsS3/2] pyramids and takes the role of charge compensators for 

non-bridging S ions forming Tm-S bonds. No dissociation of [GaS4] tetrahedra 

occurred with the incorporation of Tm. However, Ga-S bond length decreases from 

2.29Å to 2.26Å with the increase of Tm concentration. The local environment of Tm 

undergoes significant changes upon the variation of its content in the glass. With the 

increasing of Tm content from 1% to 8% the coordination number gradually 

decreases from 7 to 4, and simultaneously the Tm-S bond distance increases from 

2.66Å to 2.71Å approaching that of crystalline Tm2S3, which indicates the formation 

of crystalline units and Tm clusters in the glass at higher Tm concentration.  

 

ACKNOWLEDGEMENTS 

 

The authors would like to thank the Canadian Excellence Research Chair 

program (CERC) on Enabling Photonic Innovations for Information and 

Communication for their financial support. The supports of Natural Sciences and 

Engineering Research Council of Canada (NSERC) and of the Canada Foundation for 

Innovation (CFI) agencies are also acknowledged. MRCAT operations are supported 

by the Department of Energy and the MRCAT member institutions. This research 

used resources of the Advanced Photon Source, a U.S. Department of Energy (DOE) 

Office of Science User Facility operated for the DOE Office of Science by Argonne 

National Laboratory under Contract No. DE-AC02-06CH11357. 

  



 

81 
 

CHAPTER 6 

TAILORING OF PROCESSING PARAMETERS 

FOR PURIFYING Tm DOPED As-S -BASED 

GLASSES 

 

As discussed in the introduction, the impurities present a major concern for any 

optical glass and represent a particular problem when exploring new glass 

compositions. In this sense, one of the most important advantages of As2S3 glasses is 

that the impurities can be decreased notably in these glasses, due to the purification of 

starting elements. The technique of the purification of As2S3 glasses, via chemical 

distillation of sulphur and sublimation of arsenic, is already well developed in our 

research group at COPL. 

This chapter first discusses the steps and processes of chemical distillation, that 

were used for the purification of Tm doped As-S-Ga glasses, followed by discussion 

of strategies, applied on the optimization of thermal parameters of As-S-Ga glass 

matrix, that leads to the diminution of the melting temperature of the system and 

facilitation of distillation process of these glasses. 

 

6.1. PURIFICATION OF Tm3+ DOPED As-S-Ga GLASS 

The next step, after obtaining of Tm3+ doped As-S-Ga luminescent fiber, was 

the purification of this glass preform in order to remove the impurities, which had led 

to appearance of strong absorption bands in the NIR transmission spectra (Fig. 4.3). 

For this purpose a standard chemical distillation technique was used. Normally, the 

method of thermal distillation is more efficient for systems with lower melting 

temperature, so using this method for Tm doped As-S-Ga glassy system we expected 

to implement a partial distillation of the glass preform, because of higher melting 

points of Tm (1545°C) and Ga2S3 (1090°C) compounds.  

The scheme for the chemical distillation is presented in the Fig. 6.1. The system 

consists of three interconnected ampoules, the two of which were placed in special 
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furnaces. The open edge of the system is attached to a high vacuum pump (10-5 Torr). 

The purification procedure included melting of the glass, followed by vacuum 

distillation of the melt. The doped glass was loaded into the first ampoule (reactor) 

and slowly heated up to 600°C. Distilled elements were condensed in the second 

ampoule (receiver), which was maintained at 150°C. Extracted impurities condensed 

in the third ampoule (trap) left at room temperature. After the distillation process was 

finished the receiver was sealed from both sides and placed in the rocking furnace at 

900°C for the homogenisation of the purified melt.  

 

 
Fig. 6.1. Scheme of purification of Tm doped As-S-Ga glass via chemical distillation  

1) Ampoule loaded with Tm doped As-S-Ga glass, 2) Condensed elements after 
distillation, 3) Trap for extracted impurities 

 

After the distillation was completed, a yellow powdered compound was formed 

in the reactor, indicating that this composition was not distilled completely. In order 

to find the content of the powdered compound, a XRD analysis was done and the 

results are presented in Fig. 6.2. As it was found out, this substance represents a 

mixture of two crystalline compounds: Ga2S3 and Tm2S3. The distillation of these 

compounds was failed, because of their low volatility. 

An elemental analysis was performed for the glass before and after the 

purification, using Energy Dispersive X-ray (EDX) spectroscopy to find the 

concentration changes of elements in the glass after the distillation. The same 

elemental analysis was done for the non-distilled compound as well. The results are 

shown in Table 6.1. Usually, this technique is not very effective for the analysis of 

RE ions, since a small amount of RE ions is not detectable by EDX, because of the 

lower power and resolution of the device, but it gave a general idea on the 

concentration of components in the glass.  
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Fig. 6.2. XRD spectra of non-distilled substance after  

the purification of Tm doped As-S-Ga glass 
 

 

Expected 

Obtained

Before 

purification 

After 

purification 

Non-distilled 

powder 

As 38.81 41.05 42.66 0.00 

S 59.40 57.96 57.28 55.48 

Ga 0.79 0.99 0.06 44.52 

Tm 1.00 - - - 

Table 6.1. EDX of As-S-Ga:Tm glass before and after purification 
 

As we can see, all of As2S3 was distilled and almost all of the Ga and the Tm stayed 

in the reactor. No luminescence was observed in the purified glass. Therefore, in 

order to be able to purify this system we needed to decrease the melting temperature 

of the glass matrix. 
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6.2. DIMINUTION OF THE MELTING POINT OF As-S-GA 

GLASS MATRIX 

In order to make possible a complete distillation of Tm doped As-S-Ga glasses 

a reduced melting temperature of this system is needed. For this purpose, we replaced 

the gallium sulphide (Ga2S3) with melting point of 1090°C with the gallium iodide 

(GaI3) with the melting point of 212°C.  

Ga-I-As-S glass was fabricated trough the pre-purified As2S3 glass and GaI3 

crystalline compound (99.999%). Because of high hydrophobic nature of GaI3 

compound, the elements were weighted and loaded in the ampoule in a glove box 

filled with ultra-high purity grade argon gas. The parameters of synthesis for this 

system were the same as those for As-S-Ga (at 900°C during 12 hours and quenching 

in the water). Since the system Ga-I-As-S is prepared through GaI3 compound, thus 

4mol% of GaI3 was incorporated into the As2S3 glass to maintain the same atomic 

percentage of Ga (0.8 at.%) as in the Ga0.8As39.2S60 (the best composition for the 

doping of Tm).  

 
Fig.6.3. Emission spectra of 2%Tm doped chalcogenide  
glasses based on Ga2S3 and GaI3 (excitation at 800nm) 
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The concentration of Tm3+ was fixed to 2 at%. The fluorescence spectrum was 

measured for excitation wavelength of 800 nm. The results are presented in Fig. 6.3, 

comparing with Ga0.8As39.2S60 glass. 

We observed the same emission bands centered at 1.22 µm, 1.46 µm and 1.82 

µm in the spectrum; however the incorporation of iodine in the Ga-As-S system 

increased the intensity of the band at 1.46 µm about 1.5 times, while maintaining 

almost constant the intensities of the emission bands at 1.22 µm and 1.82 µm.  

Table 6.2 shows the thermal and optical properties of Ga(I)-As-S glasses doped 

with 2%Tm3+. As it is seen, the addition of iodine in the Ga0.8As39.2S60 matrix 

decreased its Tg and the density, as well as the refractive index. 

 

 
Tg (°C)

(2˚C) 

Density (g/cm3)

(0.05) 

Refractive index 

( 0.003) 

1308nm 1538nm 

As2S3 200 3.43 2.400 2.390 

Ga0.8As39.2S60 193 3.22 2.455 2.445 

Ga0.8I2.4As38.8S58 173 3.25 2.435 2.425 

Table 6.2. Characteristics of 2%Tm3+ doped chalcogenide glasses 
based on Ga2S3 and GaI3 

 

6.3. PURIFICATION OF Tm3+ DOPED I-Ga-As-S GLASS 

For the purification of this new glassy system based on GaI3 the same 

distillation scheme was used, as shown in Fig. 6.1, except that the matrix with desired 

composition was prepared separately and loaded in the reactor. The metallic Tm was 

loaded in the receiver to avoid the formation of lower volatile compound of Tm2S3 in 

the reactor. Prior the distillation, the receiver was heated at 500°C during 30 minutes 

to extract the impurities of oxygen, hydrogen and carbon from the ampoule, after 

what the receiver was maintained at room temperature to avoid the evaporation of 

iodine. The temperature of the reactor increased slowly up to 600°C. Unfortunately, 

after the distillation was completed the same yellow powdered substance was again 

formed in the reactor.  
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An analysis of XRD was performed for the powdered settling to find the 

content of this substance. The result is shown in Fig. 6.4. As it is seen, despite the fact 

that the Ga2S3 had been replaced with GaI3, during the synthesis of the matrix a lower 

volatile compound of Ga2S3 was formed in the glass and prevented the complete 

distillation of this system. 

 
Fig. 6.4. XRD spectra of non-distilled substance after the  

purification of I-Ga-As-S glass matrix 
 

The results of EDX analysis for the I-Ga-As-S glass before and after the 

purification, as well as, for the non-distilled compound are presented in Table 6.3. As 

it is observed, all of the arsenic and iodine were distilled, while the substantial part of 

the formed Ga2S3 compound stayed in the reactor. As always, the small amount of the 

Tm is related with the fact that RE ions were not detectable by EDX. 

The luminescence spectrum of 2%Tm doped I-Ga-As-S purified glass was 

measured at the excitation wavelength of 800 nm (Fig. 7.2c) and all of three emission 

bands were observed in the spectrum, despite the fact that almost no Ga stayed in the 

glass after the purification. This revealed that the iodine has its own contribution in 

the emission properties of Tm in the matrix of As2S3. Besides, low melting 

temperature of iodine made the purification of the raw materials (pre-processing) and 

the glass purification (post-processing) easier compared to the Ga based glasses. 
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Ga
0.8

I
2.4

As
38.8

S
58 

: 2%Tm

purified glass 

Non-distilled 

powder 

Expected Obtained Obtained 

Ga 0.8 0.28 42.00 

I 2.35 2.49 0 

As 38.02 40.17 0 

S 56.83 57.06 49.71 

Tm 2 - - 

O 0 0 8.29 

Table 6.3. EDX of I-Ga-As-S:Tm glass  
before and after purification 

 

Further investigations of I-As-S system will allow finding the best ratio of 

element concentration in the glass to produce optimal physical and optical properties 

for achieving a high purity glass with high luminescence efficiency.  
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CHAPTER 7 

THE ROLE OF IODINE IN THE SOLUBILITY OF 

Tm3+ IONS IN As2S3 GLASSES 

  

As it was revealed in chapter 6 despite the fact that Ga notably increased the 

solubility of Tm ions in the As2S3 glass matrix, it can limit the use of Tm doped Ga-

As-S glasses in several active applications, since the glass formation region is very 

small in this system, leading to fast crystallisation of the glass. Besides, the low 

volatility of Ga2S3 compound prevented the purification of these glasses and therefore 

made unavailable the use of some wavelengths in NIR spectrum, because of strong 

absorption bands.  

As we saw, t iodine had its own contribution in the solubility of Tm3+ ions in 

the glass matrix. Moreover, the low melting point of this element can promote the 

purification of the glass via chemical distillation. So this chapter is dedicated to the 

detailed investigation of the importance of iodine in the solubility of Tm3+ ions As2S3 

glasses.  

This chapter is based on an article manuscript that discusses the role of iodine 

in the luminescence properties of Tm3+ ions in the As2S3 matrix, as well as, the 

changes of optical and thermal properties of the glass depending on the concentration 

of iodine and Tm. Structural studies were performed as well to explain the 

mechanisms responsible for the increase of solubility of Tm in the glass with the 

addition of iodine. 
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RÉSUMÉ DE L’ARTICLE INSÉRÉ 

 

Le rôle d’iode dans la solubilité des ions de  

Tm3+ dans le verre As2S3 

 

Ce travail étudie l'effet d'iode sur les propriétés de photoluminescence des ions 

de Tm3+ dans la matrice d’As2S3. Le rapport des concentrations de Tm et d’iode a été 

optimisé afin d’obtenir les meilleurs paramètres convenables pour le fibrage de ce 

système. L’effet de l’iode sur les propriétés fondamentales de verre dopé au Tm, y 

compris les caractéristiques optiques et thermiques, ont été explorées aussi. Les 

changements structuraux du système en fonction des concentrations d’iode et de Tm 

ont été explorés et corrélés avec caractéristiques de luminescence. En plus, on a été 

réussi à purifier la matrice hôte, par la méthode de distillation chimique, et à obtenir 

une fibre de haute pureté dopé aux ions de Tm3+.  
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Abstract: The effect of iodine (I2) on the photoluminescence 

properties of Tm3+ ions in the As2S3 matrix was investigated. Results 

showed three strong emission bands at 1.22 µm (3H5→3H6), 1.46 µm 

(3H4→3F4) and 1.82 µm (3F4→3H6) under the excitation wavelength of 

800 nm, indicating that I2 enables the solubility of Tm3+ ions in As2S3 

glasses. The concentration ratio of I2 and Tm3+ were optimized and it 

revealed that increasing of the concentration of I2 by 4 times in the 

glass increases the solubility of Tm ions three times. The effects of  I2 

on the fundamental glass properties, including optical, thermal and 

structural characteristics, were explored as well. 
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7.1. INTRODUCTION 

One of the most interesting promises of chalcogenide glasses (ChG) is related 

to their capacity to be doped by rare-earth (RE) ions, with the aim to create new 

infrared (IR) radiation sources, lasers and amplifiers. The main advantage of ChG as 

a host matrix for RE ions is the low phonon energy (360–400 cm-1) comparing with 

fluoride (580 cm-1) or oxide (1100 cm-1) glasses [162]. This enables many RE 

transitions in the near and middle IR regions, which are normally quenched in silica 

or fluoride glasses.  

The primary criteria in the search of an appropriate ChG host for the above-

mentioned applications are the transparency in the visible and near IR regions, small 

optical losses at the pump and emission wavelengths, good thermal stability allowing 

fiber drawing and sufficient solubility for the RE ions, which is an important factor 

for ensuring the efficiency of an amplifier or laser. The difficulties to combine all of 

the required properties in a single ChG restrain their use in practical devices. A 

variety of chalcogenide systems, based on arsenic [36,134], germanium 

[112,117,163], gallium [33,120-122] and their combinations 

[41,42,91,113,114,116,118,119,164,165] were considered as host glasses for RE ions. 

Some of them have poor thermal stability (Ge–Ga–S [3,164,165] and Ge–La–S 

[166]), others exhibit insufficient solubility for RE ions (As–S [36] and Ge-S [112]). 

Among all ChG systems, As2S3 glasses were most extensively studied because of 

their high thermal stability, broad transparency window (up to 7 µm) and ease of fiber 

fabrication [60]. Several demonstrations of RE doped As2S3 glasses have been made 

[36,134], however, it was established that only very small amount of REs can be 

incorporated in this glass matrix before the microscopic clustering and appearance of 

ion-ion interaction. RE ions require a large coordination number and the insufficient 

quantity of non-bridging sulphur, needed to coordinate the isolated REs in the 

network of As2S3, causes the clustering of ions.  

According to previous reports, there are some glass modifiers, namely some 

metals (Ga, In) [38,39,123,136,167], which enhance the solubility of RE ions in ChG. 

The increased solubility of RE is related to the fact that the incorporation of Ga (In) 
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provides compensation for the negative charge of free S2- ions by forming chemical 

bonds with RE ions. The effect of Ga in the solubility of Tm3+ ions in the glass matrix 

of As2S3 is reported in ref [136]. As it was shown three strong emission bands at 

wavelengths of 1.22 µm (3H5→3H6), 1.46 µm (3H4→3F4) and 1.82 µm (3F4→3H6) 

were obtained in the infrared emission spectra of Tm with the addition of Ga into the 

host. However, the glass formation region is very small in Ga-As-S system and only 

up to 3.5at% of Ga can be incorporated into the matrix [127] without crystallisation, 

which on its turn limits the solubility of higher concentrations of RE ions. Besides, 

optical losses in the metal (Ga/In) based chalcogenides are enhanced due to the 

multiphonon absorption of metal-chalcogen bonds.  

Some reports indicated that halides (I2) [6,43,168,169] also can prevent the 

clustering of  RE ions in ChG. Halide and chalcogenide glasses differ significantly in 

most aspects, including their methods of fabrication, basic glass and spectral 

properties. So, the incorporation of halogen elements into ChG (so-called 

chalcohalides) can reduce undesirable losses in the glass by mean of decreasing the 

number of metal-chalcogen bonds. This should lead to compromise between the 

improvement of optical properties and thermochemical instability incurred by the 

formation of weak metal-halogen bonds. Glass formation in I-As-S system was first 

reported by Flaschen et al. in 1960 [74]. The glass formation region is large, and 

glasses containing up to 33at% of I2 were successfully prepared.  

The goal of this work is the study of the role of I2 in the solubility of RE ions in 

the As2S3 glass matrix and to obtain purified glass preform doped with RE ions. 

Different compositions of I-As-S glasses were used as host matrices for Tm3+ ions in 

order to find the optimal concentration ration of I2 and Tm for obtaining the highest 

possible luminescence efficiency. The effects of I2 and Tm on the optical, thermal, 

structural and photoluminescence properties of the glass are also investigated. In 

order to improve the optical quality of the glass matrix, a distillation of the glass 

matrix, with the optimal concentration of constituents, was performed under high 

vacuum and a Tm3+ doped high purity glass was produced.  
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7.2. EXPERIMENT 

Glass synthesis: Tm3+ doped I-As-S bulk glasses were fabricated using the pre-

purified As2S3 glass, solid iodine and metallic Tm3+. Traditional melt quenching 

method was applied. Glasses were synthesized in quartz ampoules sealed under high 

vacuum (10-5 Torr). The synthesis was carried out at the temperature of 750°C for 12 

hours, and the glasses were cooled down with air. Samples were annealed at 130-

160°C (depending on glass transition temperature) for 6 hours to remove the thermal 

stress. The glass rods were then cut into disks and polished with an abrasive silicon 

carbide disc to obtain flat and transparent bulk glasses.  

Purification of glass matrix: ChG purification is performed in special furnace in 

a series of dynamic distillations under high vacuum. Our purification system 

consisted of three interconnected ampoules: reactor, receiver and trap (Fig.7.1).   

 

 
Fig. 7.1. Setup of glass purification 

 

First, the glass matrix (without Tm) with desired chemical composition was 

prepared separately (at 600°C), loaded into the reactor and placed in the furnace. The 

Tm3+ was loaded in the receiver ampoule and maintained at room temperature. The 

system was attached to the high vacuum pump. The purification procedure included 

melting the I-As-S matrix at 250°C, followed by vacuum distillation of the melt. 

Extracted impurities condensed in the trap. Afterwards the receiver ampoule was 

sealed from both sides. Then the purified glass melt with Tm was homogenized in a 

rocking furnace at 750°C.   

Characterisation: The emission spectra of Tm3+ doped I-As-S glasses were 

collected with a Horiba Jobin Yvon NanoLog 3-22-TRIAX spectrofluorometer. The 

samples were excited at 800 nm wavelength with a 450 W continuous xenon lamp 

connected to a computer controlled monochromator. The luminescence spectra were 

measured with a Symphony II CCD detector operating in the infrared spectral region 
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ranging from 1000 nm to 2200 nm. Fluorescence lifetime measurements were also 

performed with a NIR PMT single channel detector with 1000 - 1700 nm wavelength 

range. The fluorescence decay curves were fitted with a first-order exponential decay 

to extract the emission lifetimes.  

The IR transmission spectra from 1 to 20 µm were measured with a Perkin Elmer 

Frontier FT-IR/FIR Spectrometer using the factory-supplied MIR source and MIR 

TGS detector combination.  

The refractive index was measured with a Metricon 2010/M prism coupler for 

different wavelengths (633 nm, 972 nm, 1308 nm and 1538 nm). The prisms 200-P-5 

and 200-P-6 were used for these measurements. The measurement error was about 

±0.003.  

The glass transition temperature (Tg) was measured with a Netzsch 404 F3 

Pegasus differential scanning calorimeter (DSC). A 20 mg glass sample was placed in 

the aluminium crucible and heated up to 300 °C (10°C/min ramp) and the heat flow 

was compared with that of an empty crucible. The measurement error was ±2°C. 

The coefficient of linear thermal expansion of the samples was measured with 

Netzsch 402 F1 Hyperion thermomechanical analyser. The samples (with the 

diameter of 10 mm and height of 6mm) were brought into contact with push rod of 

fused silica, inserted in the furnace and heated up to 200°C with controlled 

temperature program. The length change in the sample was measured as a function of 

temperature by a highly sensitive inductive displacement transducer via a push rod. 

The measurement error was ±0.05·10-6 1/°C. 

The viscosity of glasses in the softening range was measured with Bansbach 

Easylift Theta US parallel plate high temperature viscometer. The disk of glass (with 

about 10 mm diameter and 6 mm height) is sandwiched between two parallel silica 

plates inside a well-insulated furnace. The samples were heated up to 300°C at a 

heating rate of 5°C/min, under the compressive load of 300 mg. By means of 

recording the rate of the thickness change of the sample as a function of time (using a 

linearly variable differential transformer (LVDT)), the logarithm of viscosity is 

calculated by DilaSoft I program.  The estimated error was about ±3°C on the 

temperature values and ~10±0.2 Poise on the viscosity values.  
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The X-ray diffraction (XRD) spectra of the glass samples were obtained with a 

Siemens D5000 X-ray diffractometer. The X-ray source was made of a Cu anode and 

emitted at a wavelength of 1.54 Å. XRD data were collected in reflection mode with 

Theta-Theta configuration (2Theta step = 0.02°, time step = 1.2 s) using a NaI 

scintillation counter detector. It was processed with the JADE 2.1 software based on 

the JCPDS database of International Centre for Diffraction Data (ICDD). 

The Raman spectra were collected with a Renishaw inVia spectrometer coupled a 

Leica DM2700 microscope. A back-scattering geometry was used in the frequency 

range of 100-600 cm−1. The excitation light source was vertically polarized He-Ne 

laser with 633 nm wavelength and 17 mW power. The laser beam was focused with a 

50X long working distance objective, generating a sub-micron spot size containing a 

total power at the sample of approximately 5-10mW. The frequency uncertainty was 

estimated to be ± 2 cm-1. The deconvolution of Raman spectra were performed using 

curve fit function of Wire 4.1 software. 

 

7.3. RESULTS 

7.3.1. PHOTOLUMINESCENCE OF Tm3+ IN I-As-S MATRIX  

As it is known from our previous work [136], no emission of Tm3+ ions was 

observed in the As2S3 glass matrix. The luminescence spectra of Tm3+ doped I-As-S 

glasses for excitation wavelength of 800 nm are presented in Fig. 7.2. As it can be 

seen, the presence of I2 enables the solubility of Tm3+ ions in the As2S3 matrix. Three 

emission bands centered at 1.22 µm, 1.46 µm and 1.82 µm were observed in the 

spectra, corresponding to the optical transitions 3H5→3H6, 
3H4→3F4 and 

3F4→3H6, 

respectively (Fig. 7.2b) [37,170].  

In order to find the maximal content of I2 that can be incorporated in the glass 

matrix of As2S3 to improve the Tm3+ emission properties, the concentration of I2 was 

gradually increased up to 15 at%, maintaining the S/As ratio equal to 1.5 (as in 

As2S3). The content of Tm3+ ions was fixed to 1 at% (presented atomic percentages 

are calculated). The emission properties of I-As-S glasses depending on the I2 

concentration are presented in fig. 7.2a. With the increasing of I2 concentration from 
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2.5 to 10%, the intensity of luminescence gradually increased for all three emission 

bands. At 15% the intensity decreased. It was thus concluded that ratio I2/Tm3+ equal 

to 10:1 corresponds to the maximum ratio to improve the solubility of Tm ions in the 

glass. 

 

 
Fig. 7.2. Emission spectra of Tm3+ doped I-As-S glasses a.) 1%Tm doped I-As-S glasses; 
b.)Tm3+ energy levels diagram c.) Tm doped I2.5As39S58.5 glasses; d.) Tm doped I10As36S54 

glasses (excitation at 800 nm) 
 

To find the limit of solubility of Tm ions in the I-As-S system (depending on the 

content of I2 in the glass), two glass compositions with low and high content of I2, 

namely  I2.5As39S58.5 and I10As36S54, were chosen as host matrices for Tm ions. The 

luminescence spectra of Tm3+ doped I2.5As39S58.5 and I10As36S54 glasses depending on 

Tm concentration are presented in the figures 7.2c and 7.2d, respectively. As we can 

see in I2.5As39S58.5 glass matrix the maximum intensity is observed for 2at%Tm, so 

we can suppose that the solubility of Tm is limited to 2 at.% since above the 4%Tm 
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the intensity of luminescence decreased. Contrariwise, in the I10As36S54 matrix the 

highest photoluminescence efficiency reached at 6 at% of Tm. 

With increasing the amount of Tm up to 8% we can note that the intensity of 

emission decreased, indicating that the limit of solubility of Tm ions in this matrix is 

about 6%. From these results, we can conclude that the increasing of the 

concentration of I2 by a factor of 4 in the As2S3 glass matrix increases the solubility 

of Tm ions three times.  

The fluorescence lifetimes of Tm3+ doped I-As-S glasses for excitation 

wavelength of 800 nm were measured, and no substantial changes have been obtained 

depending on the concentration of I2 and Tm. The lifetime of emission band at 

1.22µm band is about 1,8·10-5 sec. and at 1.46μm it is about 7,9·10-5 sec. The 

measurement error was about ±0.1·10-5 sec.  

As the glass matrix I10As36S54 has enhanced RE ions solubility, preserving good 

optical properties, further characterisations (optical, thermal and structural) are 

presented hereafter for this glass matrix as a function of Tm concentration. 

 

7.3.2. OPTICAL PROPERTIES 

The infrared transmission spectra of Tm3+ doped I-As-S glasses as a function of 

the concentration of I2 and Tm are shown in Fig. 7.3a and 7.3b, respectively. The 

spectrum of un-doped and purified As2S3 glass is presented for comparison. The 

maximum transmission of I-As-S glasses is lower than that of As2S3, but the increase 

of I2 concentration in I-As-S leads to the increase of maximum transmission of glass 

and broadens the transmission range up to 9 µm (Fig. 7.3a).  

As it can be seen from Fig. 7.3b the increase of Tm concentration in the I10As36S54 

glass leads to the decrease of maximum transmission of the glass. The absorption 

bands observed in the spectra of  the doped glasses are attributed to impurities 

coming from  traces of oxygen and hydrogen and they are assigned to S-H (3.96 um), 

O-H (3.06um), H2O (6.62um) and As-O (10.1um) [92]. This is due to the fact that the 

doped glasses were synthesized using commercial chemical products and have not 

been additionally purified during the preparation. 
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Fig. 7.3. IR transmission spectra of Tm doped I-As-S glasses a.) 1%Tm  
doped I-As-S glasses; b.) Tm doped I10As36S54 glasses (thickness is 2mm) 

 

Dependence of the refractive indices of Tm doped I-As-S glass on the 

concentration of I2 and Tm are presented in Fig. 7.4a and 7.4b, respectively. The 

incorporation of I2 in the As2S3 glass matrix and the increase of its content up to 15% 

gradually decreased the refractive index (fig. 7.4a). Contrariwise, the increase of the 

concentration of Tm increased the refractive index (fig. 7.4b). For 8%Tm the 

refractive index increased by ~0.1 compared with the host matrix I10As36S54.  

 

 
Fig. 7.4. Refractive index of Tm doped I-As-S glasses 

a.) 1%Tm doped I-As-S glasses; b.) Tm doped I10As36S54 glasses (error ±0.003) 
 

7.3.3. THERMAL PROPERTIES 

Figures 7.5a and 7.5b show the glass transition temperature (Tg), and the 

coefficient of thermal expansion (α) of Tm3+ doped I-As-S glasses versus the content 

of I2 and Tm, respectively. The addition of I2 in the As2S3 matrix and the increasing 
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of its concentration gradually decreased the Tg of glass from 200°C to 114°C. 

Simultaneously, the coefficient of thermal expansion increased from 21.4·10-6 to 

39.5·10-6. On the other hand with the increase of Tm content up to 8% in the matrix 

I10As36S54 the Tg gradually increases (Fig. 7.5b) from 133°C to 150°C. Meanwhile, 

the coefficient of thermal expansion decreased from 33.9·10-6 to 28.8·10-6. 

 

 
Fig. 7.5. Glass transition temperature and coefficient of thermal expansion of Tm doped 
I-As-S glasses a.) 1%Tm doped I-As-S glasses; b.) Tm doped I10As36S54 glasses (Tg error 

is ±2°C, α error is ±0.005·10-6 1/°C) 
 

Figure 7.6 presents the viscosity-temperature curves of Tm3+ doped I-As-S 

glasses in the glass softening range depending on the concentration of I2 and Tm. It 

may be seen that the extrusion viscosity of As2S3 is about 1010.3 Poise at 234°C. With 

the increase of the content of I2 in the glass the viscosity-temperature curves have 

tended to shift gradually to a lower temperature and at 15%I2 the temperature of 

extrusion viscosity decreases up to 139°C (Fig. 7.6a). From these data it follows that 

at equal temperatures the viscosity of I2 based glasses is considerably less than that of 

As2S3. In a similar way, the addition of Tm began to increase the temperature of 

extrusion viscosity and for 8%Tm it reached to 190°C, compared with I10As36S54 

matrix (152°C) (fig. 7.6b).  

Generally it is established that the suitable viscosity at which the fiber can be 

drawn is in the range of 106.5-105.5 Poises, so to find the temperature of fiber drawing 

for this system, the viscosity data were extrapolated into the range up to 105 Poise, as 

shown in Fig. 7.6. It revealed that the addition of up to 15%I2 in the As2S3 glass 

decreases the fiber drawing temperature by nearly 90°C. In contrast, the incorporation 
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of up to 8%Tm increased the fiber drawing temperature of I10As36S54 glass matrix by 

35°C. 

 

 
Fig. 7.6. Viscosity vs. inverse of absolute temperature for Tm doped I-As-S  

glasses in the softening range a.) 1%Tm doped I-As-S glasses;  
b.) Tm doped I10As36S54 glasses 

 

Considering the linear relation between the log(η) and temperature (1/T), the 

activation energy was calculated by the following equation [171]:  

 

(log ) / (1/ )E Rd d T   (1) 

 

where R is the gas constant. The results are presented in Table 7.1. The obtained 

activation energy of As2S3 glass is equal to 32.72kcal/mole and with the addition of 

2.5%I2 and 1%Tm in As2S3 it increases up to 37.59kcal/mole. However, the further 

increase of the content of I2 decreases the activation energy up to 21.6kcal/mole (at 

15%I). Similarly, the activation energy of I10As36S54 matrix (M) is equal to 

23.53kcal/mole and upon the addition of Tm (up to 8%) it increased gradually up to 

29.04kcal/mole. This may indicate that at 2.5%I2 the contribution of 1%Tm on the 

properties of As2S3 is more significant compared to I2, which lead to the increase of 

activation energy. 
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Composition 
Activation energy

(kcal/mole) 
Composition 

Activation energy

(kcal/mole) 

As2S3 32.72 I10As36S54 (M) 23.53 

I2.5As39S58.5 (:1%Tm) 37.59 (M) :1%Tm 25.27 

I5As38S57   (:1%Tm) 28.65 (M) :2%Tm 27.86 

I10As36S54 (:1%Tm) 25.27 (M) :6%Tm 28.48 

I15As34S51 (:1%Tm) 21.63 (M) :8%Tm 29.04 

Table 7.1: Activation energy of Tm doped I-As-S glasses vs content of I2 and Tm3+ 

 

7.3.4. STRUCTURAL PROPERTIES 

To understand which kind of structural changes occur in the As2S3 glass matrix 

by the incorporation of I2 and which mechanisms are responsible for the 

luminescence of Tm3+ ions, structural studies were done on I-As-S system using X-

ray diffraction (XRD) and Raman spectroscopy.   

The XRD patterns recorded for Tm3+ doped I-As-S glasses are presented in Fig. 

7.7. The patterns associated to 1%Tm doped I-As-S samples reveal broad diffraction 

lines indicating an amorphous character (Fig. 7.7a). Figure 7.7b shows the XRD 

spectra of Tm3+ doped I10As36S54 glasses depending on Tm concentration. As it can 

be seen the samples having ≤6at%Tm are completely amorphous (no apparent 

crystallization).  However, for the concentration of Tm =8at% small diffraction 

peaks, assigned to Tm2S3 crystalline phase (JCPDS card No. 44-1157), arise from the 

broad vitreous profile, which provide evidence in the favour of partial crystallisation 

of the glass at higher Tm concentrations. 

Raman spectra (normalized at 342 cm-1) of 1%Tm3+ doped I-As-S glasses 

depending on I2 concentration are presented in Fig. 7.8. From the Raman spectra of 

As2S3 glass (Fig. 7.8a) we can observe 2 main bands centered at 342 cm-1 and 495 

cm-1. The most intense broad band, centered at 342 cm-1, is assigned to the symmetric 

stretching vibrational modes of AsS3/2 regular pyramids [140-143]. The band at 495 

cm-1 is associated to vibrational mode of S-S bridges in S2As-S-S-AsS2 fragment 

[140,143,144]. 
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Fig. 7.7. X-ray diffraction spectra of Tm doped I-As-S glasses 

a.)1%Tm doped I-As-S glasses; b.) Tm doped I10As36S54 glasses 
 

The addition of I2 to As2S3 gives rise to two bands centered at 188 cm-1 and 211 

cm-1, (fig.7.8a). Besides, with the incorporation of I2 the band at 495 cm-1 increases. 

The band centered at 188 cm-1 is attributed to the Tm-S bond (inset in Fig. 7.8a). 

According to Khiminets et al. the band at 210 cm-1 is assigned to stretching vibration 

of IAsS2/2 groups [172]. They investigated the Raman spectra of quasibinary join 

AsI3-As2S3 of the ternary As-S-I system and suggested that the incorporation of AsI3 

in the matrix of As2S3 leads to the formation of IAsS2/2-S2/2AsI type of molecules, so 

called twisted chain structure. Whereas, Koudelka et al. propose that the band at 

208cm-1 in the Raman spectra of As40-xS60Ix glasses is assigned to symmetrical 

stretching vibration of discrete AsI3 pyramidal molecules [173], claiming that the 

formation of discrete molecules is more favourable due to the low total energy of the 

system with symmetric groups (AsI3, As2S3 and S8 rings). They assumed that the 

structure is composed of AsS3/2 pyramidal units mixed with dissolved units of AsI3 

and S8. In these Raman data no S8 ring (band at 475 cm-1) was observed. With the 

addition of I2 we observed only an increase of 495 cm-1 band (S-S bridges) 

accompanied by a decrease of the band at 342 cm-1 (showing a dissociation of AsS3/2 

pyramidal units). Hence, we associate the band at 211 cm-1 to IAsS2/2 units. The same 

twisted chain structure has been proposed by Hopkins et al. [174] when studying the 

structure of the I-As-S system by X-ray diffraction, showing that arsenic is 

coordinated to two sulphur atoms and one iodine atom on average. 
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Fig. 7.8. a.) Raman spectra of 1%Tm3+ doped I-As-S glasses,  

b.) Raman bands intensities vs concentration of I2 

 

In order to understand the role of the addition of I2 on the solubility of RE into the 

matrix of arsenic sulphide, the Raman spectra of studied glasses were deconvoluted 

with Gaussian peaks using least squares approach. The intensity of each band was 

calculated by integrating the surface of the corresponding peak for all Raman modes 

present in the spectra.  The resulting structural trends for each assigned structural 

units depending on I2 contents are presented in Fig. 7.8b. It can be seen that the band 

corresponding to the symmetric stretching of AsS3/2 pyramids (342cm-1) decreases 

with the addition of I2 in the matrix, whereas the band assigned to AsIS2/2 structural 

units (211 cm-1) significantly increases in amplitude. Simultaneously, the bands at 

188 cm-1 (Tm-S) and at 495 cm-1 (S-S) increase with the increase of the I2 

concentration.   

Figure 7.9a and 7.9b show Raman spectra (normalized at 342 cm-1) of Tm doped 

I10As36S54 glasses and intensities of observed bands depending on Tm concentration 

(1-8 at.%). As we can see AsS3 pyramids stay almost intact upon the increase of Tm 

concentration up to 4%, whereas the band 188 cm-1 (Tm-S) continues to increase 

slightly, simultaneously leading to a decrease of 495 cm-1 (S-S). At higher 

concentration of Tm (>4 at.%) it seems that the intensity of Tm-S band reaches 

saturation. However the band IAsS2/2 begins to decrease, and meanwhile an increase 

of AsS3 bands is observed.  

We expected that the dissociation of IAsS2/2 units and the reformation of AsS3 

pyramids should lead to the formation of Tm-I linkages. The formation energy of 
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TmI3 (0.477eV/atom (OQMD ID: 347708)) is much lower comparing to the 

formation energy of Tm2S3 (2.262eV/atom (OQMD ID: 23780)), so the formation of 

Tm-I bonds should be more advantageous. However no band associated to Tm-I (168 

cm-1, inset in Fig 7.9a) was detected in the Raman spectra by deconvolution. Probably 

this band is small and just overlapped with the stronger bands at 188cm-1 and 211 cm-

1. This can be explained with the fact that the formation of Tm-S bonds is more 

favourable in these glasses because of the much smaller atomic masse of S compared 

to I2. Additionally, we may note that the higher noises obtained in Raman spectra of 

TmI3 are related to the lower melting temperature of this compounds. The bands at 

310 cm-1 and 380 cm-1  (Fig. 7.9a) included in the deconvolution of spectra 

correspond to interactions among the AsS3/2 pyramids [140]. 

 

 
Fig. 7.9. a.) Raman spectra of Tm3+ doped I10As36S54 glasses (dash lines  

represent deconvoluted curves) b.) Raman band intensities vs  
concentration of Tm 

 
 

7.3.5. PURIFICATION OF Tm3+ DOPED I-As-S GLASS 

One of the key requirements of chalcogenide materials is purity, because it has 

decisive effect on their application. Hydrogen, oxygen, carbon and other impurities 

considerably reduce the transmission of chalcogenide glasses especially in middle 

infrared spectral region, which prevent their applications. Besides, the presence of 

OH- complex in the glass has an important implication in the luminescence efficiency 

of RE ions [175]. At high OH- concentrations, a direct energy transfer occurs from 
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the excited ion to OH-, which has adverse effect on luminescence properties of the 

glass. So the purification of glass matrix is one of the most important steps in the 

procedure of fabrication of doped glasses. 

Based on above shown results, the 2%Tm3+ doped I10As36S54 glass composition 

was chosen for performing an additional purification to improve the quality of the 

glass matrix. Figure 7.10 shows the infrared transmission spectra of above mentioned 

bulk glass synthesized with as-received chemicals and with purified matrix. As it can 

be seen with only one distillation cycle the impurity losses, attributed to the 

fundamental S-H vibrational (3.96 µm), S-H combinational (3.78 µm) [176] and H2O 

vibrational (6.62 µm) bands, are dramatically decreased in the glass. Additionally, the 

transparency of the purified glass is improved comparing to the non-purified.  

 
Fig. 7.10. Infrared transmission spectra of 2%Tm3+ 

doped I10As36S54 glass before and after purification 
 

It is known that the luminescence efficiency and the emission lifetime of RE ions 

in the glass strongly depend on the concentration of OH-groups in the matrix 

[175,177]. Since initially the concentration of OH-group was small in the matrix (Fig. 

7.10), the additional purification did not change luminescence properties of this glass. 

The same intensity and the lifetime of emission of Tm3+ have been obtained for non-

purified glass and the glass with purified matrix (not presented). 

Previous study presented by our group [136]  indicates that Ga can dissolve Tm3+ 

ions in the matrix of As2S3 as well. However, the drawback of the Ga based 

chalcogenide glasses is the required high reaction temperature and long synthesis 

procedure, due to the low reactivity of Ga with sulphur. Also, Ga2S3 compound 



 

106 
 

cannot be distillated during the glass purification, because of its high melting point 

(1090°C) and therefore it leads to the contamination of the sulphide with impurities 

originating from the walls of the ampoule. In contrast, the low melting temperature of 

I2 (113.7°) makes the purification of the raw materials (pre-processing) and the glass 

purification (post-processing) easier with less consuming time. 

So we can conclude that I2 can completely replace Ga because of its sufficient 

solubility for the RE ions, larger transparency region in IR, sufficient thermal stability 

for fiber drawing and promising way to decrease optical loses in these glass matrices.  

 

7.3.6. EMISSION PROPERTIES OF Tm3+ DOPED I-As-S GLASS FIBER 

The chalcogenide glass fiber was drawn using the pull from preform method.  

2%Tm3+ doped I2.5As39S58.5 composition was chosen for the fiber fabrication, since 

we did not succeed to obtain a fiber with a good quality using preforms with higher 

concentrations of iodine. A fiber with ~250um diameter was obtained. 

We measured the amplified spontaneous emission (ASE) spectrum generated 

by this fiber. The setup used for this experiment is shown in Fig. 4.2. The emission 

spectrum of the fiber is presented in Fig. 7.11. It was recorded at a spectral resolution 

of 2 nm and was averaged over 5 independent measurements. Three emission bands 

are clearly seen (3H5→3H6 around 1.2 µm, 3H4→3F4 around 1.4 µm and 3F4→3H6 

around 1.8 µm) which is consistent with the fluorescence observed in the bulk 

samples with an excitation wavelength near 800 nm.  

 
Fig. 7.11. Emission (ASE) spectra of 2%Tm3+ doped 

 I2.5As39S58.5 fiber (excitation at 789 nm) 
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7.4. DISCUSSION 

First we will discuss the structure of Tm doped I-As-S glasses. Based on the 

Raman spectra of As2S3 glass the three-dimensional network of As2S3 glass can be 

interpreted using trigonal pyramidal units [AsS3/2], which are interconnected through 

As-S-S-As bridges. With the incorporation of I2 the AsS3/2 pyramidal units are 

disassociated by means of the formation of As-I bonds, which lead to the formation 

of AsIS2/2 structural units. Hence, we can suppose that our system mostly consists of 

the AsS3 pyramids mixed with AsIS2/2 twisted chains as it is schematically presented 

in Fig. 7.12. This network configuration provides sufficient number of non-bridging 

sulphur for coordinating Tm ions in the rigid network of As2S3, which leads to the 

increase of the solubility of Tm ions in the glass. As we can see from Fig. 7.8b, the S-

S bonds increase more slowly compared with AsIS2/2 and Tm-S bonds, showing that 

the large part of non-bridging sulphur was bonded with Tm.  

When the content of I2 reaches 15% the intensity of AsIS2/2 band become higher 

than that of AsS3/2 (Fig. 7.8b), showing that the structure consists of more twisted 

chains than polymeric pyramids. This probably leads to the degradation of some 

fundamental properties of As2S3 glass, incurred by the formation weak metal-halogen 

bonds, which may cause the decrease of the luminescence of the Tm at 15at% of I2.  

With the increase of Tm up to 6% the intensity of Tm-S band continues to 

increase (see Fig. 7.9b), showing that more Tm-S bonds are formed in the glass 

leading to an increase of luminescence. At higher concentrations of Tm (>6 at.%) the 

formation of Tm-S bonds seems to reach saturation and luminescence intensity 

decreases (Fig. 7.1d). So we can assume that at 8at% of Tm3+ the ions begin to cluster 

because of the insufficient quantity of non-bridging sulphur atoms. Therefore, the 

mean distance between Tm3+ ions in the lattice becomes small enough so the transfer 

of excitation energy to neighbouring ions becomes possible, which depopulates the 

excited states, leading to the decrease of the emission intensity.  
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Fig. 7.12. Schematic representation of structural units formed  

in As2S3 glass with incorporation of I2 
 

According to Hooke’s law, the frequency of bond vibration is inversely 

proportional to the atomic mass of elements in the glass. The incorporation of I2 and 

Tm (with much higher atomic masses comparing to As and S) results in a decrease in 

the frequency of bond vibration and therefore, the long-wavelength cut-off edge of 

transmission increases (Fig. 7.3a). Usually, the lower transmission is caused by the 

presence of inhomogeneities or the formation of structural defects (for example As-

As or Tm-Tm homo-polar bonds) in the glass. We can suppose that the incorporation 

of 1%Tm in the I2.5As39S58.5 matrix has created some structural defects in the glass 

leading to the decrease of transmission (Fig. 7.3a). This could be explained by the 

fact that the contribution of Tm clusters in the properties of this composition is more 

significant comparing to I2, since the 2.5at%I is not enough to provide sufficient 

content of non-bridging sulphur for the dissolution of Tm ions. The higher activation 

energy of 1%Tm doped I2.5As39S58.5 glass is due to the same reason (Table 7.1). 

However, the increase of I2 content reduces the number of As-S bonds (responsible 

for higher absorption coefficient), by forming As-I bonds, and simultaneously 

supplies the sulphur necessary to form Tm-S hetero-bonds, leading to the formation 

of more homogeneous glass with less structural defects. This leads to the increase of 

the maximum transmission of the glass. The decrease of transmission of I10As36S54 

with the further increasing of Tm concentration (Fig. 7.3b) in the glass is related to 

the formation of Tm2S3 crystals in the glass, as it is shown in Fig. 7.7b. 

The introduction of halogen promotes the dissociation of the As-S structure  

favouring the destruction of the compact character of the glass network of As2S3, 

which may result in the decrease of its density [178], despite the higher atomic mass 
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of I2 compared with sulphur and arsenic. This leads to the decrease of refractive index 

of the glass (as well as the viscosity) with the increase of I2 concentration (Fig. 7.4a). 

In agreement with the classical dielectric theory, the refractive index depends on the 

density and the polarizability of atoms in a given material. According to the Lorenz-

Lorenz relation [179] larger is the atomic radius of the atom, larger will be its 

polarizability and consequently larger will be the refractive index (Fig. 7.4b). So in 

our case the increase of Tm concentration probably increases the polarizability [180] 

of the glass matrix, due to its much larger atomic radius leading to the increase of the 

refractive index.  

It is known that in As2S3 glasses As-S bond strength is about 90.7 kcal/mole 

[181], and the incorporation of I2 in the glass eliminates the As from S-As-S bonds 

through the formation of As-I (70.9 kcal/mole) [181] and S-S (33 kcal/mole) lower 

strength bonds [60],  which leads to the decrease of bonding strength of the glass and 

therefore of the Tg. The atomic distance As-S is about 2.28Å [157], whereas the As-I 

distance is about 2.45Å [178] so the formation of As-I bonds in the glass network 

causes a deformation of the layer structure and an expansion of interlayer distance. 

Consequently, it becomes easy for the glass to expand thermally.   

 

7.5. SUMMARY 

The incorporation of I2 in the network of As2S3 glasses increase the solubility of 

Tm3+ ions, through the dissociation of AsS3/2 pyramidal units and the formation of 

As-I bonds, which provides non-bridging sulphur for RE ions. Three strong emission 

bands of Tm3+ ions at wavelengths around 1.2 µm (3H5→3H6), 1.4 µm (3H4 →3F4) 

and 1.8 µm (3F4→3H6) were observed under the excitation by a lamp at 800 nm. The 

increase of the concentration of I2 by a factor of 4 in the glass increases the solubility 

of Tm ions three times. We have determined the best concentration ratio of elements 

in the glass to produce optimal physical, optical and thermal properties of the glass 

for achieving high stability, high luminescence efficiency and low losses. 

We think that for the fabrication of efficient and compact sources of laser 

radiation operating in near infrared region, the RE doped I-As-S glass fiber can be 

considered as a serious contender.  
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CHAPTER 8 

CONLUSION AND FUTURE WORKS 

 

The results obtained in this thesis can be divided into two parts. The first part is 

devoted to the investigation of the influence of Ga on the solubility of Tm ions in 

As2S3 glass. One of the main achievements is the production of Tm3+ doped Ga-A-S 

glasses with different concentration of Ga and Tm3+. The Ga/Tm concentration ratio 

is established to achieve the best composition in this system appropriate for fiber 

drawing. It was experimentally shown that the incorporation of Ga enabled the 

solubility of Tm3+ ions in the matrix of As2S3, and the increase of Ga concentration 

gradually increased the intensity of luminescence for the same quantity of Tm in the 

glass. The first Tm3+ doped Ga-As-S optical glass fiber was fabricated as well and the 

three emission bands of Tm3+ in NIR were obtained. Moreover, the modification of 

molecular structure of the glass, with the incorporation of Ga that leads to the 

increase of the solubility of Tm is revealed, using Raman and EXAFS spectroscopy. 

A molecular structure of Tm3+ doped Ga-As-S glass was proposed and it was 

correlated with the fluorescent features of the system. 

The second part refers to study of the role of iodine in the emission properties 

of Tm3+ in As2S3 glasses. Matrices with different content of I2 were fabricated to find 

the limit of solubility of Tm3+ ions in the glass depending on the concentration of I2. 

It was revealed that the increasing of the concentration of I2 by a factor of 4 in the 

As2S3 glass matrix increases the solubility of Tm ions three times. Besides, the 

variation of the content of I2 and Tm allowed the effective modification of optical 

(transmission, refractive index, photoluminescence) and thermal (glass transition 

temperature, viscosity, coefficient of thermal expansion) properties of this glassy 

system. Structural studies of Tm3+ doped I-As-S glasses were carried out as well and 

some mechanisms responsible for the solubility of Tm3+ in this system were 

proposed. In addition, it was shown that the replacement of Ga with I2 decreased the 

melting point of the system and promoted the chemical distillation of the glass 

matrix, leading to obtaining the first high purity chalcogenide glass doped with Tm3+ 
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ions. Tm3+ doped I-As-S glass fiber was fabricated as well, showing all three 

emission bands of Tm in NIR spectral region. 

Although a lot of effort had been devoted to the fabrication and characterization 

of the glasses discussed in this thesis, a lot of efforts are still necessary to produce 

high optical fiber with lower optical losses in the MIR and considerable 

improvements are still required for optimization of wave guiding parameters of the 

fiber for practical use. 

The obtained results can serve for other academic investigations and can be 

used in different applications, as well. For example, the high solubility of RE ions in 

this glassy system can enable the co-doping of the matrix with several RE ions (Er3+, 

Dy3+, Pr3+ etc.) to obtain continuous luminescence spectrum in NIR region. Further 

optimisation of reported structure (especially the optimisation of limiting optical 

conditions) can lead to the development of optical devices operating the wavelengths 

above 2 µm where silica fiber is not operating.  
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