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ABSTRACT 

The present work deals with the study of infrared transparent glasses and their 

applications for sensor use. Their behavior under LASER irradiation, as well as the 

possibility to modify the surface, and the exploration of new glass compositions has 

been studied. Four tasks were completed with the main goal of designing infrared 

optical sensors. 

In a first task, the deposition of various thin films at the surface of a chalcogenide 

glass has been investigated in order to produce nano porous surfaces. Films were 

produced by vapor deposition and cathodic sputtering. Vapor deposition did not 

produce homogeneous films while cathodic sputtering lead to layers of controlled 

thickness which could produce a porous surface by selective etching. 

In a second task, the possibility of writing waveguide with femtosecond laser was 

investigated in Ge-Ga-S/Se-CsCl glasses. It was shown that high power leads to 

negative index changes unfit for light guiding, while low power lead to small positive 

index change. It was also shown that the filamentation method lead to homogeneous 

waveguide with large positive index changes.  

In a third task, photo-induced phenomena were investigated, especially photo-induced 

fluidity, on the binary system Ge-Se. The study initiated with the work on relaxation 

of fiber optics of composition Ge-Se3 Ge-Se4 and Ge-Se9 and their response to shear 

stress under LASER irradiation in the Urbach region. This leads to the determination 

of their viscosity under irradiation as a function of the power and wavelength used. 

This preliminary study enabled using this technique for optical tapering of 

chalcogenide fibers. A tapered fiber was obtained with good control over the 
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diameter, and length of the sensor and improved sensing sensitivity was 

demonstrated. 

Finally, exploration of new glassy systems containing no chalcogenide elements but 

only heavy halide compounds (PbI2, PbBr2

  

, CsI…) were investigated. These 

amorphous ionic compounds lead to infrared window transmitting from 500 nm up to 

26 µm, unfortunately their moisture sensitivity as well as poor mechanical and 

thermal properties did not make them good candidate for sensor applications. 
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INTRODUCTION 

Glasses constitute an extremely vast range of materials with various and numerous 

properties. These properties are mainly dependent on the composition of the glass. 

Glasses have been studied and used mainly for their optical transparency except for 

the metallic glasses with outstanding mechanical properties. Optical glasses are 

usually divided into three different families according to their major constituent, 

halide glasses, oxides glasses and chalcogenide glasses. 

Oxides glasses are the oldest and most studied glasses with good thermo-mechanical 

properties and good chemical durability. These glasses have a wide optical window 

ranging from ultraviolet to near infrared (typically from 0.3 µm to 3 µm). The best 

representative of this glass family is silica, which is the base of fibre optics for 

telecommunication with extremely low losses of about 0.2 dB/km at the wavelength 

of 1.55µm. Silica glass is almost a perfect material with outstanding overall qualities. 

Halide glasses are interesting for their wide optical window, which can cover the 

spectral range from UV up to middle or even far infrared [1-4]. However, for most of 

them, they have the main drawback of being sensitive to atmospheric humidity and 

not chemically stable. In this family, only fluoride glasses have attracted many 

attentions thanks to their chemical and mechanical properties which are good enough 

for practical applications [5-8]. Their domain of transparency is wider than oxides 

based glasses and goes from 0.3 to 7 µm. The intrinsic optical losses are extremely 

low, about 100 times lower than that of silica glasses. These glasses have been 

intensively studied worldwide especially in the 1980’s and 1990’s. They have even 

been considered once for replacing silica fibre for transatlantic communications 
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without repeater [9]. Fluoride glasses have a very high solubility of rare earth and 

relatively low phonon energy. Consequently, these materials are excellent host for 

rare earth doping. Potential applications include optical amplification and new laser 

sources [10, 11]. 

Chalcogenide glasses present a good stability toward crystallisation and water 

corrosion. These glasses are interesting due to their large window of transparency in 

the infrared region, from 0.7µm to 20 µm, covering the two infrared atmospheric 

windows (3-5 µm and 8-12 µm) [12]. They are already used for the manufacture of 

lenses for infrared camera [13]. This wide optical window corresponds also to the 

region where most of biological and chemical molecules have their fingerprint 

absorption, through vibrational modes of functional groups, or through stretching or 

rotation of chemical bonds. This is the main reason why chalcogenide glasses are 

interesting for medical applications or chemical analysis 

The objective of this PhD work is to improve the sensitivity of optical sensors based 

on chalcogenide glasses. This work has been performed jointly in the laboratory of 

Glasses and ceramics in University of Rennes I, France and in the Arizona Materials 

Laboratory in University of Arizona, USA. 

[14-17]. An example of this 

application is given by using glass from the ternary system Te-As-Se, (TAS) which 

presents good resistance to crystallisation. These glasses can be drawn into fibres with 

excellent transmission up to the mid infrared region. Such fibre has been used as 

optical sensor to investigate several problems encountered in microbiology or in 

environmental protection to monitor pollutant in wastewater by using the principle of 

Fibre Evanescent Wave spectroscopy (FEWS) [18-19]. 
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This work is divided into four parts dealing with three different techniques for 

designing sensors based on chalcogenide glasses and one new approach for producing 

glasses based on alkali and metal halide for improved optical transparency. 

First, we will investigate the possibility to create a nano-porous surface on an infrared 

material to be used as a sensor. The approach consists in increasing the specific 

surface in order to enhance the interaction between the infrared light and the 

substances to be detected. 

The second part of this research work will involve femtosecond laser writing of 

waveguides in chalcogenide glass. Several writing techniques and their laser power 

dependence will be investigated. A correlation between the writing parameters and the 

waveguide characteristic such as refractive index profile will be established. 

The third part will focuses on photo-induced fluidity phenomena in chalcogenide 

glasses with the aim of optically producing a tapereda fiber. These tapered fibers will 

be used to enhance the sensitivity of fiber evanescent wave sensors. Chalcogenide 

glasses exhibit photosensitivity leading to significant changes of some properties 

when irradiated with sub-band gap light. The mechanism of photo-induced fluidity in 

Ge-Se glasses will be investigated and the phenomenon will be applied to the optical 

fabrication of elongated fibers for sensing applications. 

The last part of this work will be dedicated to glass composition investigation. The 

objective will be to develop some new glasses based on alkali metal halide with 

extended transmission in the far infrared region in order to cover the fundamental 

absorption of more molecules.  
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CHAPTER 1 : NANOPOROUS GLASS FOR SENSOR APPLICATIONS 

1.1 Introduction 

Recently, Fourier Transform Infrared Spectroscopy (FTIR) has emerged as a valuable 

alternative to detect biomolecular changes in the fields of biology and medicine. 

Indeed, this technique is non-destructive and gives access to the fingerprint of the 

fundamental functional chemical groups existing in biomolecules [20, 21]. Fiber 

Evanescent Wave Spectroscopy is a practical method to record infrared spectra that 

enable in situ and real-time studies. The flexibility of such a system and the ability to 

transmit optical signals over a long distance via the fiber, make such sensors very 

attractive for the chemist, the biologist and the physician. 

The principle of evanescent wave spectroscopy is based on the interaction of a 

substance in contact with a waveguide (ATR plate or fiber) [22]. The evanescent field 

generated at the surface of the guide interacts with the substance and leads to 

absorption of the transmitted light at wavelengths corresponding to specific 

vibrational modes. 

The development of evanescent wave spectroscopy is motivated by the perspective of 

detecting chemical or biological molecules, qualitatively and quantitatively. Two 

types of fibers are known to transmit the mid infrared light with low optical losses 

over several meters: the polycrystalline silver halides fibers [23-25] and the 

chalcogenide glass fibers [26-29]. Chalcogenide glasses are excellent candidates for 

the elaboration of waveguides as these glasses have a wide infrared transmission 

window covering the fundamental absorption of most chemical and biological 
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molecules. Two parameters are important for obtaining an efficient sensor. Firstly, the 

waveguide should be as transparent as possible in the selected wavelength region and 

secondly the interaction between the light and the substance to be analyzed should be 

maximized. 

Chalcogenide glass fibers have been intensively studied and optimized for sensing 

chemical and biologic species [26, 30, 31]. The potential applications concern 

essentially remote pollutant detection [32,33], medical diagnoses [34-39] and process 

monitoring. It is for example possible to monitor an industrial polymerization process 

in-situ or to monitor the concentration of CO2 in geological sites used for storage of 

this green house gas [40-42]. 

All these studies have been performed with fibers having a smooth surface. To 

increase the sensitivity, tapered fibers are generally used in order to increase the 

number of reflection. Another possibility is to increase the specific surface of the 

sensor by creating a nano porous surface. In a previous study done in our laboratory 

[43], such nano porous surfaces have been created by etching the nano crystals out of 

glass ceramics. 

1.2 Previous work 

Previous works on the ternary system GeS2-Sb2S3-CsCl have allowed identifying the 

glass composition 62.5GeS2-12.5Sb2S3-25CsCl, at the edge of the glass forming 

region (Figure 1.1) as an excellent candidate for controlled crystallization. [44,45] 

This composition is stable enough against crystallization, which is necessary for 



 

 

synthesizing bulk samples. 

controllably generated inside the glass by appropriate 

Figure 1.1 : Glass formation domain in the ternary diagram GeS

Figure 1.2 :

for different durations and their IR transmission

 

Figure 1.2 represents the base glass

the base glass at 290°C for 7h, 73h, and 144h. 

opaque in the visible region,

 

synthesizing bulk samples. It has also been demonstrated that nano

controllably generated inside the glass by appropriate heat treatment.

Glass formation domain in the ternary diagram GeS2-Sb

: Glass ceramics obtained by heating the base glass at 290°C

for different durations and their IR transmission. 

represents the base glass and different glass ceramics obtained by heating 

the base glass at 290°C for 7h, 73h, and 144h. Although some glass

opaque in the visible region, they are still highly transparent in the infrared range
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heat treatment. 

 

Sb2S3-CsCl. 

 

heating the base glass at 290°C 

and different glass ceramics obtained by heating 

some glass-ceramics are 

re still highly transparent in the infrared range. 
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The sizes as well as the distribution of the crystals were controlled by scanning 

electronic microscopy (SEM). For example, the size of the crystals is estimated to be 

around 150 nm for a thermal treatment of 10 hours at 320°C. 

X-rays diffraction has been used for indentifying the crystallized species in the glass 

ceramic samples obtained by thermal treatment at 290°C for different durations 

(Figure 1.4). The nature of the crystalline phase is hard to determine but the 

indexation of the diffraction pattern for the samples of 7 hours shows evidence of a 

cubic lattice with a parameter of 4.12Ǻ close to the CsCl (a=4 Ǻ). One of the 

reasonable explanations for the slightly larger lattice parameter is a partial substitution 

of Cl
-
 ions by S

2-
. The observation under SEM of the microstructure indicates that the 

samples treated at 320°C show the presence of two crystalline phases with different 

structures. 

 

 

Figure 1.3 : SEM images of the glass ceramics after heat treatment at 290°C (a), (b), (c) and (d) for 

7h, 31h, 144h and 487h. (e) 320°C 10h, (f) 300 50h. 



 

 

Figure 1.4 : X-rays diffraction of

different durations, and a SEM image of a glass ceramic 

 

In order to increase the specific surface, 

etching with an acid solution 

surfaces. This solution, previously used 

preform before fiber drawing, is made out of 

H2SO4, Commonly known as “piranha solution”. 

controlling the duration 

the chemical etching starts with the crystals

than 10 min) the glass matrix 

 

diffraction of the glass-ceramics, obtained by heating the base glass

different durations, and a SEM image of a glass ceramic heated up to 320°C 

crystals. 

In order to increase the specific surface, the crystals were remove

acid solution such as to obtain glass-ceramics 

. This solution, previously used for chemical polishing of 

drawing, is made out of 30 vol%H2O2 and 70% concentrated 

known as “piranha solution”. Pore sizes can be controlled 

duration of the acid treatment, as shown in Figure 

the chemical etching starts with the crystals and if the duration is long enough

the glass matrix is also etched. 
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Figure 1.5 It is clear that 

if the duration is long enough (more 
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Figure 1.5 : SEM image of the glasse ceramic etched with the “piranha solution” (a) no treatment, 

(b) 15sec, (c) 1 min, (d) 10 min and (e) 1h. 

After 1h of acidic treatment, a slice of the material was examined with a SEM and the 

result shows that the sample was etched over a depth of about 200nm. BET 

measurement (Brunauer-Emmet-Teller) indicated an increase of specific surface by a 

factor of 7000 for a porous sample compared to the same sample without any etching. 

The porous glass ceramic still keeps an excellent transmission in the infrared region. 

It is interesting to point out that the pore size can be controlled by controlling the 

etching time. This gives the possibility of adapting the pore size to the size of the 

molecules or bacteria to be detected. 

The possibility of using porous glass ceramics for chemical sensing was demonstrated 

by using an ATR (attenuated total reflection) plate (Figure 1.6) made of the porous 

infrared glass ceramics. 

The same ATR plate with and without porous surface has been used for detecting 

aminopropyltriethoxysilane (APTS). The results presented in Figure 1.7, shows that 

the porous surface leads to much higher sensitivity. 



 

 

Figure 1.6 : ATR plate of the glass

Figure 1.7 : Comparison of the absorption spectra of the APTS deposited on the po

While a significant improvement of sensibility 

obtained by creating a porous surface on the ATR plate

from expectation as the specific surface has been increased by several orders of 
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omparison of the absorption spectra of the APTS deposited on the porous 

due to increased adsorption has been 

this improvement is still far 

from expectation as the specific surface has been increased by several orders of 
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magnitude. The reason is probably associated with the fact that reflection on the 

porous and consequently rough surface induces significant optical losses. A new 

strategy would then be to create a smooth interface on which the total reflection can 

be induced and to create a porous surface just above this interface. The approach to 

make such a component is to deposit a thin film on an ATR plate and to create a 

porous surface only on the thin film. This way, the interface between the thin film and 

the ATR plate will not be deteriorated. Of course, the porous surface should be close 

enough to the interface in order to have strong interaction between the evanescent 

wave and the substances to be analyzed. 

Considering the interaction length of the evanescent wave in the infrared region, the 

deposited thin films should have a typical thickness in the range of 200-400 nm and 

the porous surface should have a slightly lower depth. 

Two experimental techniques will be used to deposit different thin films on a 

substrate made of GASIR1, a commercially available chalcogenide glass. The main 

challenge is to deposit thin films containing different chemical species with different 

solubility in order to dissolve preferentially one phase to create a porous surface. The 

first material we select for thin film deposition is the glass from the GeS2-Sb2S3-CsCl 

system. As described before, these glasses have controllable crystallization to form 

transparent glass ceramics containing CsCl which can be relatively easily dissolved. 

The second selected material is a mixture of ZnS and NaCl. 

Thin film deposition of the GeS2-Sb2S3-CsCl glass will be performed by sputtering 

and ZnS/NaCl thin films will be prepared by thermal evaporation. 
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1.3 Thin film deposition of chalcogenide glass 

1.3.1 Glassy target preparation 

The procedure for the glass preparation is the following: the set-up shown in Figure 

1.8 is put under vacuum during about 4 hours in order to dry the silica tube previously 

washed with solvents. A trap is cooled down in liquid nitrogen to retain these washing 

liquids. Then, the chemical compounds (polycrystalline germanium 99.999%, 

antimony 99.99%, sulphur 99.999%, cesium chloride 99.9%), weighed in 

predetermined quantities are introduced in a 10 mm or 50 mm diameter silica tube. 

Samples with diameter of 10 mm are used for standard characterization and samples 

with diameter of 50 mm are used as sputtering targets. The tubes containing raw 

elements are put under primary vacuum during a few minutes and then under 

secondary vacuum for about 8 hours. The reaction tube is obtained by sealing the tube 

as shown in Figure 1.8. 

 

Figure 1.8 : Experimental set-up. 

Figure 1.9 describes the thermal treatment imposed on the reaction tube, which is first 

heated (with a relatively low heating rate of 2°C/min to avoid an excessive pressure 

due to evaporation of sulphur) until the homogenization temperature (800°C). The 
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melt stays at this temperature for 

vapour pressure above the melted bath

temperature is decreased to 7

water and the glass rod is annealed in an annealing furnace previously heated at a 

temperature Tannealing near the glass transition temperature Tg.

Figure 1.9 : Thermal treatment profile

homogenization of the melting bath (c) vapor condensation in equilibrium with the molten bath (d) 

plateau before quenching the glass, the glass is kept in vertical po

The GSSCC glass is annealed at 260°C

crystallization and is cooled down to room temperature very slowly (10 hours). An 

example of glass rod obtained with this procedure is shown in 

target glasses made in a 5

important during the quenching process 

 

at this temperature for about 8 hours. Finally, in order to 

pressure above the melted bath and also to improve the quenching, the furna

is decreased to 700°C. The tube containing the melt is 

he glass rod is annealed in an annealing furnace previously heated at a 

near the glass transition temperature Tg. 

: Thermal treatment profile : (a) heating and reaction of the elements (b) Refining and  

homogenization of the melting bath (c) vapor condensation in equilibrium with the molten bath (d) 

plateau before quenching the glass, the glass is kept in vertical position (e) quenching, (f) annealing 

(g) slow cooling down until room temperature. 

Figure 1.10 : GSSCC glass rod. 

The GSSCC glass is annealed at 260°C during 10 minutes to avoid the beginning of 

crystallization and is cooled down to room temperature very slowly (10 hours). An 

example of glass rod obtained with this procedure is shown in Figure 

made in a 5 cm diameter silica tube, the mass of the glass being quite 

during the quenching process it was not possible to obtain a 
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cm diameter silica tube, the mass of the glass being quite 

it was not possible to obtain a fully glassy 
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sample, instead resulting into a partially crystallized glass. However this is not major 

problem since the sample is used as a target for pulverisation. Figure 1.11 shows a 

picture of the sample after being cut and polished to be used as the target in the 

sputtering setup. 

 

Figure 1.11 : Picture of the target used for the deposition by sputtering 

of composition 62.5 GeS2-12.5Sb2S3-25CsCl, and with a diameter of 5cm. 

1.3.2 Principle of the RF sputtering technique 

The sputtering technique works according to a process of ejection of mater at the 

surface of a solid (cathode) with a showering of ionized particles of a neutral gas (Ar
+
 

ions). With an elastic choc, ions transfer a part of their energy to one or several atoms 

at the surface of the target, thus breaking chemical bounds and giving kinetics energy 

to the detached atoms, which condensate on the substrate (anode). Ejecting atoms 

from the surface occurs when the energy transferred is greater than the bonding 

energy. 

The ion source is a luminescent discharged plasma created under partial vacuum by 

the electric field between the anode and the cathode. This electric field ionizes the 

argon gas and accelerates the argon ions towards the target, as shown in Figure 1.12. 

Unlike the DC (Direct Current) sputtering, Radio frequency (RF) sputtering is 



28 

 

 

 

developed for its capacity to deposit materials with poor electrical conductivity. This 

alternative frequency avoids an accumulation of electric charges at the surface of the 

target even when the target is an electric insulator. An accumulation of charges will 

lead to the extinction of the plasma. Indeed, the secondary electrons created during 

the collision between Ar+ ions and the insulating target, are not able to maintain the 

plasma. At the considered frequency (13.56MHz), electrons are oscillating at high 

frequency unlike the ions which are quasi-static due to their higher mass. The atoms 

are ionized with the shocks with oscillating electrons, thus reducing the dependency 

of the discharge on the emission of secondary electrons. Due to the insulating 

character, the target cannot evacuate the charges. The radio frequency is used to avoid 

charge accumulation by alternating the electric potential. 

Figure 1.12 : Schematic presentation of the Cathodic sputtering setup. 

The sputtering technique has already been used for depositing thin films with glasses 

in different chalcogenide glass systems such as As-S [46], As-Se/S [47], As-Se [48], 

Ge-Sb-S [49], Ga-Ge-Sb-S/Se [50-52] or Ge-Sb-Te [53,54] for instances. The layers 
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obtained had a composition close to the one of the target with a very good adherence 

to the substrate. The great advantages of sputtering is associated with the fact that the 

obtained thin films have generally good optical quality and morphology, often better 

than the ones obtained with thermal evaporation, as well as a better composition 

transfer. The main drawback of this technique is the low rate of deposition, in the 

range of about 10 nm per minutes. 

1.3.3 Deposition 

We use radio frequency (13.56 MHz) magneton sputtering for thin film deposition, as 

chalcogenide glasses are generally not electrically conductive. Permanent magnets are 

placed behind the target in order to align the field line to make a loop on the top of the 

target. Free electrons of the plasma gather around the field lines and this increases the 

electronic density close to the target. It will be the same for the ionic density, thus 

significantly increasing the bombardment intensity on the target. This will result in a 

significant increase of the deposition rate. The rate can by multiplied by 10 compared 

to a simple diode process. 

Several sputtering parameters have an influence on the thin film’s characteristics. The 

most important ones in our set up are the following: [50-52]. 

• Power 

• Pressure 

• Distance between the substrate and the target 

During this study, theses experimental depositions parameters were optimized on a 

Leybold Univex 300 equipment, shown in Figure 1.13 having two magnetron 
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cathodes (Plassys). The deposition equipment has two target holders for a 5cm 

diameter target, allowing multilayer deposition. It also has a rotating substrate holder, 

ensuring better composition homogeneity. The substrate can be heated up to 250 °C if 

necessary. 

 

Figure 1.13 : Sputtering Setup, for chalcogenide deposition in the glass and ceramic laboratory. 

During depositions, several parameters were modified in order to analyze their effects 

on the films morphology. The different variables parameters were: 

• The gas pressure: ranging between 5.10
-3

 mbar and 1.10
-2

 mbar. 

• The power: between 20W and 40W. 

• The deposition time 

• The application of a rotation on the substrate to get a better homogeneity 

The compositions of the targets used for this study are GeS2-Sb2S3 or 62.5 GeS2-

12.5Sb2S3-25CsCl. Figure 1.14 shows images of films deposited on two different 

substrates: one on a silicon substrate and one a silica substrate. The targets made for 
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the sputtering were 5cm in diameter with a thickness of about 2 mm. They were 

synthesized according to the process described in the section 3.1. 

 

Figure 1.14 : Picture of the deposition on two different substrates, Silicium on the left, and SiO2 on 

the right. 

Depending on the characterization to be performed, different substrates have been 

used for thin film deposition: 

• Oxide glass substrate for transmission measurement in visible and near 

infrared as shown in figure 1.15. 

• Silicon substrate thermally oxidized over 2.3 µm (Si/SiO2) for observation and 

composition analysis under SEM (Scanning electronic microscope) and EDS (Energy 

dispersed Spectroscopy). 

In both cases, substrates must be carefully cleaned before deposition in order to have 

a good adherence of the thin films. 
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Figure1.15 : Transmission of the film deposited on a silica substrate. 

1.3.4 Chemical analysis 

The composition study was realized using microanalysis EDS. This technique allows 

chemical analysis over a volume about 1µm
3
. Table 1.1 summarizes the chemical 

analysis performed on different thin films with the same target, but different 

deposition conditions. The objective is to optimize the deposition conditions for 

having the best composition transfer from the target to the film. From the composition 

analysis, it can be seen that the deposition conditions have great influence on the 

composition of the thin film. There is generally a significant loss of sulfur during the 

deposition and the antimony content increases in thin film, compared to the target. 
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Table 1.1 : Composition in Percentage of the film deposited by sputtering  

for several vacuum and power values. 

Sample 

name 

Power gas 

pressure 

(mbar) 

Ge Sb S Cs Cl 

Target   21 5 49 12,5 12,5 

A 40W 5.10-3 21,8 9,8 53,6 11,8 9,8 

B 20W 5.10-3 19,1 6,8 42,5 19,1 12,5 

C 40W 1.10-2 17,3 7,3 40,3 21,2 13,2 

D 40W 5.10-2 22,3 7,1 44,8 16,3 9,3 

1.3.5 Morphology and topographic characterizations 

The morphology of the films was studied by SEM and this allows us to have a view of 

the surface of the film as well as the side. We are ultimately looking for a smooth 

surface with no grain or columnary structure while looking at the side of our film. 

 

Figure 1.16 : SEM picture of a GeS2-Sb2S3 film deposited after one hour (on the left), and two hours 

(on the right). 
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The first analysis was carried out on the GeS2-Sb2S3 glass free from ionic compounds, 

CsCl. Figure 1.16 shows a picture of the film deposited on Si/SiO2 substrate, the 

substrate was then cleaved in order to observe the film over the depth and the 

interface film/substrate. It can be seen that the film is deposited homogenously; we 

cannot observe any colonary structure on the size of the film. 

The thickness of the film is shown by the black rectangle on the SEM pictures, the 

film obtained after a deposition of one hour has a thickness of about 100nm, and the 

film obtained after two hours of deposition is about 500nm thick. Two conclusions are 

shown by these two depositions. First, the growing speed of the film does not have a 

linear dependence on time, the process of deposition might have an initiation time 

which would explain why the film is 5 time thicker after only twice as much time. 

The second conclusion, very interesting for further step of the project, is that between 

1 hour and 2 hours of deposition we can have a film ranging from 100nm to 500nm. 

This time frame will allow a good control over the desired thickness. We do not want 

thicker films because the evanescent waves would not reach the target molecules 

otherwise. 
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Figure 1.17 : SEM picture of film deposited for one hour (left) and two hours (right). 

Figure 1.17 shows an SEM picture of the same film taken at a 45° angle from the 

surface in order to emphasize the presence of any defects. We clearly see a 

homogenous surface and cannot notice the presence of any irregularities on the 

surface 

Thin films were also deposited with the 62.5GeS2-12.5Sb2S3-25CsCl glass. This glass 

has controllable crystallization, and porous surface can be created on the surface of 

the glass ceramics containing CsCl. The deposition was made on Si/SiO2 or SiO2 

substrates. The films were obtained with a deposition time of one hour. These were 

obtained in similar conditions beside the nature of the substrate: a gas pressure of 

5.10
-3

 mbar, a power of 40W and a distance target substrate of 10cm. 
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Figure 1.18 : SEM images of the glass 62.5 GeS2-12.5Sb2S3-25CsCl deposited on a SiO2 substrate 

(left) and a Si substrate (right). 

Figure 1.18 shows the SEM images of two 62.5GeS2-12.5Sb2S3-25CsCl thin films 

deposited on two different substrates. These two films have similar structure. 

Agglomerates can be observed on the surface of the films while two phases can be 

clearly seen inside the films. The agglomerates are too small for accurate EDS 

analysis but appear to be composed of CsCl. The most interesting structure is obtained 

with silicon substrate. In this case, the glassy matrix contains a very homogeneous 

and dense second phase having a typical size of less than 100 nm. It is difficult to 

analyze precisely the composition of this second phase with the microprobe. 

However, extensive studies on bulk glasses indicate that this second phase is likely 

rich in CsCl. This ionic compound has a high water solubility of 162 g/100 ml and 

consequently, it can be dissolved easily in order to create a porous surface. 
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Figure 1.19 : Deposition of the glass 62.5 GeS2-12.5Sb2S3-25CsCl, on a SiO2 substrate. 

Figure 1.19 shows two SEM images of another batch of the glass 62.5 GeS2-

12.5Sb2S3-25CsCl deposited on a SiO2 surface. While the films have delaminated it is 

noticeable that the remaining layers have a similar structure to the one observed in 

Figure 1.18. Figure 1.19 clearly illustrates the main drawback of deposition on SiO2 

surface which is the poor adherence of the film and which leads to an easily 

removable film.  

Tests of selective etching in water were then performed on the 62.5GeS2-12.5Sb2S3-

25CsCl thin films deposited on a SiO2/Si substrate. The image of a film after an 

immersion of one hour in de-ionized water is shown in Figure 1.20. The film is 

clearly and selectively attacked with the creations of inter-connected nano-size 

chanels. 
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Figure 1.20 : SEM image a film after an aqueous treatment of one hour. 

1.3.6 Conclusion 

These preliminary results are encouraging but also indicate that tremendous progress 

must be achieved before making an ATR sensor with porous surface. These results 

lead to the following comments and suggestions. 

- The 62.5 GeS2-12.5Sb2S3-25CsCl glass seems to be a good target composition 

for deposition of thin films containing homogenously distributed CsCl 

crystals. The sputtering conditions are to be optimized to eliminate the surface 

imperfection of the thin films. Future tests should be done with infrared 

transmission materials as substrate. 

-  Porous surface of the thin films with controllable depth can be created by 

selective chemical etching. 
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1.4 Composite ZnS/NaCl thin films deposited by thermal evaporation 

1.4.1 General considerations 

Thermal evaporation was used as an alternative technique for deposition of composite 

thin films. ZnS was selected for its infrared transmission and for the possibility of 

thermal evaporation while NaCl is used because it can be etched easily. 

Thermal evaporation is commonly used for thin film deposition. It consists of heating 

the materials to be deposited, generally under vacuum, until they have sufficient vapor 

pressure. The heated materials will be deposited on cold surface, including the 

substrate. 

Compared to the sputtering technique, thermal evaporation has much higher 

deposition rate and is also much more material consuming. The adherence of the films 

to the substrate is generally poor. However, this can be greatly improved if the 

deposition is assisted by an ionic bombing. 

The melting point of NaCl and ZnS is respectively 800°C and 1566°C. The vapor 

pressure of these two materials, as function of temperature, can be expressed by using 

the equations in Table 1.2. The graphic representation of these equations is shown in 

Figure 1.21. These data are important for optimizing the deposition temperatures. 
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Table 1.2 : Vapor pressure of the compounds used for thermal evaporation. 

NaCl:  Log(P Torr)=8.3297-
����.�

���	
 if 976°C<T<1156°C [55] 

Log(P Torr)=8.548-
��
�.�

���	
 if 1156°C<T<1430°C [1] [55] 

NaCl log(P torr)=16.898-
���


���	
-2.8log(T)+log(760) if T<800°C  [56] 

log(P torr)=17.9151-
����


���	
-3.48log(T) +log(760) if T>800°C [56] 

ZnS log(P torr)=6.105-
���


���	
+log(760) if T>1293°C [56] 

 

Figure 1.21 : Vapor pressure as function of temperature for ZnS and NaCl. 

The following deposition experiments were carried out by Dr Brigitte Boulard at the 

Université du Maine, in Le Mans. 
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1.4.2 Experimental setup for evaporation 

The following figure 1.22 shows a sketch of the setup used for evaporation of ZnS 

and NaCl and the temperatures were measured using an optical pyrometer. The setup 

is under vacuum and the two compounds are heated separately. In this way, the 

composition of the film can be continuously chosen. A rotation can be applied to the 

substrate holder to ensure a better homogeneity of the surface. The substrate can also 

be heated to ensure a better adherence of the film if necessary. 

 

Figure 1.22: Schematic representation of the setup used for thermal evaporation. 

 

 

 

 



42 

 

 

 

1.4.3 Evaporation study of each initial compounds 

The investigation of physical vapor deposition (PVD) was started with two initials 

studies of the two compounds by themselves. The evaporation of ZnS alone was first 

studied in order to establish the rates of evaporation and deposition. A similar study 

was then performed on NaCl in order to know the parameters to control the 

stoichiometry of the composite film deposited. 

 

Figure 1.23: Evaporation rate as a function of temperature. 

First, the evaporation of ZnS was followed versus the heating temperature from 1060 

to 1220°C (figure 1.23). The aim of that work is to check the evaporation law, 

ln ����	 � �
�

� � with σ the evaporation rate or deposition rate. Figure 1.23 clearly 

shows that this law is experimentally verified. The study has been carried out from an 

initial mass equal to 300mg of ZnS in a platinum crucible. The substrate used was a 

microscope slide. 
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On the other hand, while observing the deposition rather than the evaporation, one can 

observe a mismatch around 1175°C (Figure 1.24). 

 

Figure1.24: Deposition rate as a function of temperature. 

For NaCl ionic salt, the temperature range lies on a very sharp range from 535°C to 

545°C. The initial mass is 1000mg of ionic salt deposit on a microscope slide. The 

evaporation law is well verified on both the evaporation and the deposition 

experimental data (respectively figure 1.25 and 1.26). 

 

Figure 1.25: Evaporation rate as a function of temperature. 
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Figure 1.26: deposition rate as a function of temperature. 

1.4.4 Co-evaporation of NaCl and ZnS 

Once the evaporation rates of the two compounds were determined, we were able to 

plot both deposition rates values on the same graphic as a function of the temperature 

as shown in the figure 1.27. This plot is essential to determine the working 

temperatures for a given stoichiometry. 

 

Figure 1.27: Deposition rate as a function of temperature. 

Unless the vapors are interacting with each other, it is possible to evaporate 

simultaneously NaCl and ZnS. The choice of the temperature will depends on the 

ratio ZnS/NaCl that we want on the substrate. 
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The first attempts to use PVD for the deposition of our thin film was done with no 

additional treatment to the substrate, the deposition was done without any heat 

treatment. As mentioned before, one drawback of the PVD is the poor adherence of 

the film on the substrate. The adherence test was done by applying an adhesive band 

on the deposited film and withdrawing it. Figure 1.28 shows the interface between the 

part of the film exposed to the band and the untreated surface. It clearly shows the 

poor property of the film toward delamination. 

 

Figure 1.28 : Picture showing the section of the film that was removed where it was exposed to the 

adhesive band. 

The next depositions were done with a heat treatment on the substrate during the 

deposition. This facilitates the chemical bonding of the surface of the substrate and 

the deposited film. The work was done on four different samples; three were 

deposited on GAZIR Glass and one on monocrystaline Germanium. The interest of 

Ge is its transparency window in the infrared, and its better resistance to heat 

treatment than GAZIR. The different parameters used for the deposition of these 

substrates are listed in table 1.3. Some pictures of the film obtained are shown in 

figure 1.29. 
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Table 1.3 : List of samples and the condition of deposition of the films. 

Sample 

name 

Substrat substrate 

temperature 

Tevap ZnS Tevap NaCl estimated 

thickness 

NaZn18 GAZIR 200°C 1154°c 710°C 80 nm 

NaZn19 GAZIR 200°c 1086°C 755°C 90 nm 

NaZn20 GAZIR 200°c 1241°C 683°C 60 nm 

NaZn21 Germanium 400°C 1154°C 710°C 270 nm 

 

 

Figure 1.29: Picture of two substrates with the deposited layer. The first substrate (left) is GASIR 

and the right one is monocrystaline Germanium. 
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Figure 1.30: Transmission curve for the different deposited film (on the left) compared to the 

transmission of the initial GASIR substrate without any deposited film (on the right). The black 

curve on the left correspond to the transmission of Ge. 
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Figure 1.30 shows the infrared transmission of these samples after the PVD 

deposition. The overall transmission is not affected by the deposition, the difference 

in transmission between the reference and the samples with the NaCl/ZnS, layer is 

only about a few percent. Such a difference is not significant, since a slight change 

into the perpendicularity of a sample toward the IR source can cause different 

transmissions for the same sample. 

1.4.5 Morphology and topographic characterizations 

Initially the surfaces of the samples have been analyzed by optical microscopy, and 

SEM, Figure 1.31 and Figure 1.32 show the surface of these four samples. 

We see that the first two samples (18 and 19) present a heterogeneous surface, 

showing more islands-like deposition on the surface. They were also found to be very 

sensitive to mechanical abrasion; it is likely that the presence of area with a very 

small concentration of island is due to damage during the transportation. The other 

two depositions (20 and 21) seems to be more homogeneous, they present some 

defects but those are not present on the major part of the surface and might be due to 

scratches. The lines seen on the NaZn21 sample are probably due to defects during 

the polishing of the surface, they are more prominent for this sample due to the 

difference in substrate (not GASIR but mono-crystalline germanium). 
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Figure 1.31 : Optical microscope pictures of the 4 samples from top left to bottom right, 

 NaZn18, NaZn19, NaZn20, NaZn21. 

 

 

 

Figure 1.32 : SEM images of the 4 samples from the left to the right, 

NaZn18, NaZn19, NaZn20, NaZn21, before any treatment. 
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The samples were then tested with two chemical treatments: water and NaOH. Figure 

1.33 and 1.34 show the result of the chemical etching done with immersion in de-

ionized water for one hour.  

The effect of water treatment is shown to vary between samples. When compared to 

the pictures taken before the treatment on the first two samples NaZn 18 and 19, it 

appears that the superior part of the film that previously resulted in an 

inhomogeneities have been washed of the surface. This might also be a phenomenon 

of dissolution and re-crystallization at the surface. The last two samples were less 

sensitive to this treatment, the apparition of some defects is shown but mainly where 

the film was already damaged. 

 

Figure 1.33 : Optical microscope pictures of the 4 samples (same order as Fig 1.31) 

after and immersion of one hour in distilled water. 
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Figure 1.34 : SEM images of the four samples from top left to bottom right, NaZn18, NaZn19, 

NaZn20, NaZn21, after an immersion of one hour in distilled water. 

The following picture (figure 1.35 and 1.36) is the results of an immersion into a 

NaOH aqueous solution of 0.1M. 

It is clear that this test is severely damages the films. The test was done with no 

agitation but it is very likely that sample NaZn 18-19 and 21 would be completely 

washed of their films if this chemical etching was done under agitation. The reason 

why this was not tested under agitation was that the samples were kept in one piece 

during those test, the surface would have probably be damaged if the substrates were 

to be broken. It is clearly visible on both figures that the sample NaZn 20 had a better 

resistance than the other 3. 
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Figure 1.35 : Optical microscope pictures of the four samples (same order). 

 

 

Figure 1.36 : SEM images of the four samples from top left to bottom right, NaZn18, NaZn19, 

NaZn20, NaZn21, after an immersion of one hour in a 0,1 M solution of NaOH. 
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It conclusion, this study shows that the deposition conditions can be optimized in 

order to co-evaporate two compounds (NaCl, ZnS) according to their vapor pressure 

as a function of the different temperatures used. But while good visual quality films 

were obtained, no selective dissolution could be achieved. The layers were either 

insensible to the etching, or completely dissolved/attacked. 

 

1.5 Conclusion 

After these preliminary tests one can conclude that the sputtering method provides the 

most promising results. The glass composition selected appears to give interesting 

results to establish nano-porosity at the surface. Further effort will be focused on 

controlling the surface treatment in order to control the size of the holes, and then 

evaluate the infrared enhancement due to the porous surface. This will then be applied 

to the design of an ATR plate for molecular sensing. 

Unlike the cathodic sputtering the PVD did not produce encouraging results. The 

control of the homogeneity of the deposited film was difficult and the selective 

etching did not lead to a porous surface. Different factors could be responsible for 

these results including an incompatibility between the two evaporated compounds or 

the formation of a different phase than the one expected at the surface of the substrate.  
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CHAPTER 2: PHOTO INDUCED PHENOMENA AND APPLICATION TO 

WAVEGUIDE WRITING IN BULK GLASS 

2.1. Photo-induced phenomena 

Photo-induced changes of structure and properties have been intensively studied since 

the discovery of an optical phase-change phenomenon by Ovshinsky et al. in 1971 

[57] because of their potential applications in optoelectronics (manufacture of optical 

components, optical storage, optical waveguides, optical gratings, micro-lenses, etc). 

In spite of the fact that large efforts were given to this subject and several models for 

the description of individual photoinduced changes have been proposed, the 

mechanism of many photo-induced processes in chalcogenide glasses is still unclear 

and has been the subject of many debates. 

Indeed, one of the most unique properties of chalcogenide glasses is their 

photosensitivity to sub-bandgap light irradiation which produces notable structural 

rearrangement in the irradiated volume [58]. At least seven distinct photoinduced 

phenomena are observed in amorphous chalcogenides but not usually in crystalline 

chalcogenides. Thus, when samples of a suitable size are exposed to light, then 

photocrystallization [59], photopolymerization [60], photodecomposition [61], 

photoinduced morphological changes [62], photovaporization [63], photodissolution 

of metals [64] and light induced changes in local atomic configuration [65-67] can 

occur. 

These changes are accompanied by changes in the optical constants of the material, in 

particular and in most of the cases, in the position of the optical band-gap. This is 

termed photodarkening or photobleaching depending on whether the optical band-gap 
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moves to longer or shorter wavelength. For example, the photodarkening phenomenon 

is named when a shift of the optical band-gap toward longer wavelength is observed 

[68]. 

The origin of photoinduced phenomenon in glasses consists in a rearrangement of 

some bonds during photoexcitation hence modifying the optical/mechanicals 

properties of the glass. Upon photoexcitation an exciton is formed which allows 

structural rearrangement before relaxing to the ground state. Two models have been 

suggested to describe the mechanism of photostructural changes which occur when 

light interacts with sulfide or selenide lone pairs: the first one is the valence 

alternation pair model by Street [69] and the second one is the double well model by 

Tanaka [70]. 

A chalcogenide glass can be regarded as a kind of ‘soft semiconductor’: soft because 

it’s atomic structure is flexible (due to chalcogen atoms having two-fold coordination) 

and a semiconductor because it possesses a band-gap energy (~2 eV) characteristic of 

semiconductor materials (l-3 eV). Accordingly, in atomic structure terms, a 

chalcogenide glass may be characterized as being in between an oxide glass 

composed of three-dimensional networks and an organic polymer possessing one-

dimensional chain structures [58]. Regarding semiconductor properties, such as the 

electronic mobility, a chalcogenide glass appears to possess intermediate properties 

between a crystalline material (e.g. Si) and a polymer (e.g. poly-N-vinylcarbazole). 

These characteristics of chalcogenide glasses have been utilized in applications to 

infrared optical components and photoelectric materials [59]. 
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The open network of chalcogenide explains why most of the photo-induced 

phenomena have been observed only in these glasses. This is due to their low 

dimensionality network compared to oxide glasses or fluoride glasses. The 

chalcogene atoms are responsible for this lower dimensionality as they impose a 

coordination of two for S or Se thus leading to a lower connectivity than in other 

glasses.  

These light-induced changes are favored in chalcogenide glasses due to their 

structural flexibility (low coordination of chalcogens) and also due to their high-lying 

lone-pair p states in their valence bands. Annealing chalcogenide glasses can affect 

the photoinduced changes, in particular irreversible effects occur in as-deposited 

films, while reversible effects occur in well-annealed films as well as bulk glasses. 

Changes in local atomic structure are observed on illumination with light having 

photon energy near the optical band gap of the chalcogenide. Although light-induced 

effects can also be observed at longer wavelengths, they generally necessitate much 

higher intensities. Photodarkening is sensitive to hydrostatic pressure and can be 

thermally erased by annealing near the glass-transition temperature. Photoinduced 

anisotropy (PA) is induced when the glass or film is exposed to plane-polarized light 

and can be removed by exposure to unpolarized light or thermal annealing. When 

chalcogenide glasses are exposed to short laser pulses, large Kerr-type non-linearity 

are induced. Photoinduced stable second-harmonic generation has also been reported 

in chalcogenide glasses [76]. 

This chapter will be focus on the study of photoinduced phenomena induced by. 

femtosecond lasers. Laser writing in chalcogenide glasses offers great potentials for 
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fast and low-cost fabrication of photonic devices notably because of their high photo 

sensitivity and their wide infrared transparency [71-78]. Photo-writing of optical 

circuit in chalcogenide glasses could be of great use for the design of on-chip type 

optical bio-sensors.  

2.2. Glass synthesis, optical and thermal properties 

2.2.1 Sample preparation 

The synthesis of chalcogenide glasses is done under vacuum for two mains reasons: 

 - avoid any contamination of the starting materials especially with oxygen or 

water 

 - maintain the initial stoichiometry by avoiding losses due to high vapor 

pressure of chalcogenes at the synthesis temperature. 

Starting materials (5N to 6N purity) are carefully weighted to prepare glass rods of 

10g, and then inserted in the silica setup as shown in Figure 2.1, the inside diameter of 

the reaction tube varies between 9 and 10 mm depending on the difficulty to obtain a 

glass without any crystallization (narrower tubes can be quenched at a higher rate). 

The tube is then pumped under primary vacuum (10
-3

 mbar).  

Once the tube is sealed under vacuum, it is introduced in a rocking tubular furnace. 

The raw elements are then heated up until their melting point by applying the heat 

treatment showed in Figure 2.2, the annealing temperature is adjusted as a function of 

the glass transition temperature of the synthesized glass. 
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Figure 2.1 : Schematics of the setup used for glasses synthesis. 
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Figure 2.2 : Heat treatment profile used to synthesize GeS2-Ga2S3-CsCl glasses. 

 

Glass formation is fairly easy in the center of the glass domain in the system GeS2-

Ga2S3 and this system can dissolve large amounts of CsCl. Hence, several samples 

with increasing CsCl content up to 20% were synthesized. 

The glass rods were then cut with a diamond saw to obtain 2cm high cylinders and 

subsequently polished with abrasive silicon carbide disk and alumina powder with 

special support to shape glasses into a parallelepiped samples as shown in Figure 2.3. 

This samples were used to perform writing experiments using a femtosecond laser. 
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Figure 2.3 : Picture of two samples of 80GeS2-20Ga2S3 composition realized for bulk inscriptions. 

Figure 2.3 shows a picture of two samples of composition 80GeS2-20Ga2S3, prepared 

as described above. The usual size is 20*5*7 mm, with variation due to issues 

encountered during the quenching process. Depending on the glass composition the 

quenching can leads to mechanical stresses and fracture of the glass rods. 
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2.2.2 Optical and thermal properties of GeGaS-CsCl glasses 

In order to make optical waveguides transparent in the infrared range, the optical 

characteristics of each synthesized glass are necessary. Also, the refractive index and 

the transmittance window must be known. A Metricon 2010/M Prism has been used 

to measure the refractive index of each sample at 633, 825, 1311 or 1600 nm. 

600 800 1000 1200 1400 1600
1,95

2,00

2,05

2,10

2,15

2,20  0 CsCl

 5 CsCl

 10CsCl

 15 CsCl

 20 CsCl

R
e
fr

a
c
ti
v
e

 i
n
d
e
x
 n

Wavelength (nm)
 

Figure 2.4 : Refractive index of (80GeS2-20Ga2S3)(1-x-)-CsClx composition measured by Metricon. 

As observed in Figure 2.4, the refractive index of glasses is decreasing with 

increasing amount of CsCl. Finally, to extend these results to the whole visible range 

and also to the near IR region, data were fitted using the Cauchy equation: 

 

 

Table 2.1 are summarizes the a0, a1 and a2 parameters permitting to calculate the 

linear refractive index at a specific wavelength. 
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Table 2.1 : Schedule of fitting parameters of GeGaS-CsCl glasses. 

Glass composition a0 a1 a2 

80GeS2-20Ga2S3-0CsCl 2.1027 2.9513.10
4
 2,1481.10

9
 

76GeS2-19Ga2S3-5CsCl 2.0643 1.5267.10
4
 9.6316.10

9
 

72GeS2-18Ga2S3-10CsCl 2.0272 3.0475.10
4
 3.6070.10

8
 

68GeS2-17Ga2S3-15CsCl 1.9974 2.7341.10
4
 9.5456.10

8
 

64GeS2-16Ga2S3-20CsCl 1.9658 2.3825.10
4
 1.4603.10

9
 

 

Figure 2.5 presents the decrease of the refractive index of the 100-x(80GeS2-

20Ga2S3)xCsCl glass at 825nm. It is generally observed that the refractive index 

decreases linearly as a function of the CsCl content for all the wavelengths analyzed. 

 

Figure 2.5 : The linear refractive index proportionally decreases as a function of the CsCl rate 

introduced in the 80GeS2-20Ga2S3 base glass. 

The glass transmittance was measured using a double beam spectrophotometer 

(Perkin Elmer) in the visible and near IR range. The beginning of transmission in the 

visible range is presented in the Figure 2.6. By adding up to mol 20% of CsCl in the 
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glassy matrix the band-gap evolves from 2.70 eV to 2.94 eV. This wide range of glass 

compositions will permit to match the laser wavelength and the band-gap in order to 

make photo-induced waveguide. 
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 Figure 2.6 : Shift of the beginning of transmission of GeS2-Ga2S3 chalcogenide glasses as a 

function of CsCl content. 

A Bruker Vector 22 spectrophotometer has been used to measure the mid and IR 

spectra with an accuracy of ±1%. All the synthesized glasses present a multiphonon 

cut-off at 11, 5µm. As already demonstrated the increasing amount of CsCl induces a 

white shift of the optical band-gap but do not affect the multiphonon cut-off which 

mainly due to S vibrations. 

In order to measure the influence of increasing amount of cesium chloride in the 

GeSe2-Ga2Se3 glass matrix, thermal analysis were performed with a DSC2010CE 

differential scanning calorimeter (TA Instruments) in argon atmosphere. The heating 

rate was set to 10°C/min in order to measure the glass transition temperatures (Tg is 
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measured at the inflexion point of the transition) of the samples base-glass. The 

experimental error is ± 2°C for Tg. The density has been measured using the 

Archimede technique which consist in comparing the differences of glass weight in 

air and in solvent such as water ethanol or CCl4. results are presented in the table 

Table2.2 : Characteristic temperatures and density of GeS2-Ga2S3- CsCl glasses. 

Composition Tg (°C) Tx (*) (°C) ∆T (°C) 

Density 

(g/cm
3
) 

80GeS2-20Ga2S3-0CsCl 442 520 78 2.789 

(80GeS2-20Ga2S3)95CsCl5 416 532 116 2.951 

72GeS2-18Ga2S3-10CsCl 396 526 130 2.958 

68GeS2-17Ga2S3-15CsCl 378 521 143 2.976 

64GeS2-16Ga2S3-20CsCl 363 492 129 2.993 

 

While the glass transition temperature is always decreasing when adding CsCl, the 

glass stability against crystallization reaches a maximum with 15% CsCl mol. As 

observable, a glass without cesium chlorine is difficult to synthesize without 

precipitation of particles inside the glassy matrix. This phenomenon is easily 

explained by the fact that chlorine progressively breaks Ge-S or Ga-S bonds forming 

GaS3/2Cl
-
 tetraedra. In a previous paper, Ledemi et al. [77] have demonstrated the 

possibility to synthesize chalcogenide glasses belonging to the GeS2-Ga2S3-CsCl 

system totally transparent in the visible range by adding more than 45% mol. of CsCl. 

While experiments were also performed on this family of glasses, their low resistance 
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against moisture because of the high CsCl content did not permit their use for further 

optical applications. 

2.3 Femtosecond LASER inscription on Ga-Ge-S/Se glasses doped with CsCl 

Different approaches are available for the creation of optical waveguides: fiber 

drawing, photolithography, buried fiber or ionic exchange. An interesting aspect of 

chalcogenides glasses is their sensitivity to laser irradiation in the Urbach band. In this 

section we investigate the possibility of writing waveguides in a bulk glass using a 

femtosecond laser. The study focuses on the selection of a glass presenting good 

properties toward photoinduced effects, in particular the variation of refractive index, 

since the guidance properties depend on the difference of index between the guiding 

media and the surrounding of the guide. The elaboration of an optical setup for 

producing waveguide with an appropriate geometry is also investigated. 

Chalcogenide glasses have many useful properties for photonic circuit design, notably 

their large optical window in the infrared region, their non-linear optical properties 

and their high photo-sensitivity. They have shown to be good candidates for several 

optical applications including all optical switches [78], integrated optical elements 

[79], data storage [80]. 

In photonic circuit fabrication, the technique of femtosecond LASER direct writing 

for changing the refractive index has been widely studied in oxide glasses. It is well 

known that the induced refractive index variation ∆n, negative or positive, can depend 

on the glass composition or the LASER writing conditions [81-82]. 
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Applying this technique to chalcogenide is of a great interest as it can promote the 

development of sensors based on infrared detection. The technique is easier to 

develop on bulk glass but could be adapted to produce a guide at the surface of a glass 

allowing an interaction between the surrounding medium and the transmitted light 

thus allowing evanescent wave spectroscopy. 

2.3.1 Writing procedure 

The high photo sensitivity of GeGaS/Se-CsCl glass system allows us to perform the 

inscriptions in longitudinal geometry: the sample is translated parallel to the LASER 

beam. This configuration ensures a cylindrical symmetry of the written waveguide 

(Figure 2.10) that is very useful to reconstruct the refractive index as described later. 

The guide writing in the glassy matrix has been implemented using an ultra short 

pulse laser in the Laboratoire de Physicochimie de l’Atmosphère of Dunkerque, 

France. The laser oscillator used delivers femtoseconde pulses with repetition rate of 

76MHz at a wavelength of 800nm. The pulse duration was measured to be τ=120fs 

and the energy was set to 0.66nJ. The LASER was focused with a 0.1-NA microscope 

objective to 1/e² diameter of 9µm. 

The sample was held on a XYZ translation stage equipped with Newport LTA-HS 

motors. After irradiation, the sample was cut into slabs of thickness ranging from 0.4 

to 1 mm and polished according to the same procedure as described above. 

The first experiments were performed on the 90(70GeSe2-30Ga2Se3)-10CsCl glass 

composition because of its band-gap close to the laser wavelength, which should 

facilitate the photo-induced inscriptions. 
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The photo-writing set-up is presented in Figure 2.7. 

 

Figure 2.7 : LASER inscription Setup used for waveguide inscription. 

The irradiation conditions of the femtosecond pulsed laser are listed below: 

- Writing section: the sample is moved perpendicularly to the laser beam 

- Pulse length: 115 fs 

- Repetition rate: 76 MHz 

- Wavelength: 800 nm 

- Microscope ocular: x5 NA 0.1 

- Moving speed: 10 µm/s 

- Focalization: 500 µm beneath the surface 
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Waveguide writing was tested on the glass system 100-x(70GeSe2-30Ga2Se3)xCsCl. 

Irradiation has been performed on three different glass composition (x=0, 10, 20). All 

irradiations made on the three glasses led to written guides upon optimization of 

irradiation power and moving speed of the plate. The best results were obtained with 

the 90(70GeSe2-30Ga2Se3)-10CsCl. In fact, the composition without CsCl was too 

dark, resulting in bad flatness of inscription and the one containing 20%mol of CsCl 

presented several microcrystals inducing scatterings and limiting a good visibility of 

the written waveguides. Nevertheless, these nitials results show the possibility to 

write LASER induced guides within the bulk glass, but the geometry of the 

inscriptions did not permit a good light transmission. Figure 2.8 clearly shows the 

linear inscription within the bulk glass, the picture was taken with an optical 

microscope at x20 magnification. The written guide can be described as a succession 

of droplets as shown in the figure below. 

        

Figure 2.8 : Microscope pictures of the 90(70GeSe2-30Ga2Se3)-10CsCl glass irradiated with 30mW 

(left) and 20mW (right) power. 

Even though the LASER induced writing is efficient, the geometry is far from optimal 

for guiding light and other parameters such as power or glass composition must be 

optimized to improve the geometry. The irradiation conditions are extremely 
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visible range. Figure 2.10 presents a picture of the 80GeS2-20Ga2S3 glass in which 

inscriptions were performed using different powers varying from 0 to 500 mW, from 

the top of the glass. 

    

Figure 2.10 : Photograph of the 80GeS2 20Ga2S3 bulk glass sample in which one can distinguish 

some entries made at different powers (from 0 to 500 mW). 

It is found that inscriptions in sulfide glasses can be fairly inhomogeneous and highly 

sensitive to experimental parameters. This may be linked either to instability in the 

writing technique or to inhomogeneity in the glassy samples due to microcrystallites. 

Furthermore, glasses containing CsCl seem to present a lowest photosensitivity than 

the base glass without CsCl. This result can be explained by the high electronegativity 

of Cl
-
 forming non bridging bonds in the glassy network and Cs

+ 
linking terminal S 

atoms. This might affect the lone pairs of sulfur responsible for photoexcitation as as 

well as hinder rearrangements in the glassy network. 

Nevertheless, the written waveguide made in a 80GeS2 20Ga2S3 glass present a good 

homogeneity and is approximately 6 µm in diameter as observed in Figure 2.11. 
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Figure 2.11 : Photograph obtained with a microscope (x 50) of an inscription made with a power of 

100 mW (λλλλ = 800 nm      ττττ = 76 MHz, VTrans = 1mm / s). 

The next step will consist in characterizing the written waveguide by injecting 

infrared light in the core and then measuring the losses and the beam shape at the 

waveguide exit. 

2.3.2 Refractive index profile reconstruction 

Refraction index profiles of the waveguides have been reconstructed on the basis of 

quantitative optical phase microscopy [93]. This technique is able to recover not only 

the magnitude (and the sign) but also the spatial distribution of the refractive index 

variation. 

The figure below represents the refractive index profile of wave guides written for 

different values of translation speed of the glass. 
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Figure 2.12 : Refractive index profile of wave guides written for different values of translation speed 

[93]. 

It is clear from the figures above that a small change in the illumination conditions 

can strongly affect the morphology of the refractive index change. Both magnitude 

and radius are affected by the change of speed of glass translation during the 

irradiation process. However no law of behavior can be established when looking at 

these curves. 
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2.3.3 Optical or thermal effect? 

The main question when writing a glass by laser irradiation is to know if the 

waveguide is made by photoinscription or by a recombination of chemical bonds due 

to a strong increase of temperature at the focal point. While many study report on 

photo-induced effects in chalcogenide glasses, none of them has demonstrated the fact 

that the results are only due to photoinduced effect and the question is still remaining. 

Thus, an infrared camera was focused on the focal point during the inscription process 

of the 80GeS2-20Ga2S3 glass in order to monitor the temperature change. Figures 2.13 

presents the infrared images observed when increasing the laser power in the glass. 

The white point visible in the following picture is due to a defective pixel and is not 

the result of heating. Instead it is clearly visible that an increase of temperature is 

effective when a power higher than 30mW is injected. 

It is then important to emphasize that all experiments performed with laser power 

lower than 30 mW have permitted to write waveguides and therefore indicate index 

changes due to photo-induced effects. However, experiments made with power higher 

than 30 mW also lead to the inscription of waveguides. In this case the thermal effect 

might also contribute to the index change.  

In order to further clarify this point the refractive index profile was measured and 

compared when using different power (Figure 2.14). 
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Figure 2.13 : Observation of the beam focal point with an infrared camera. 
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Figure 2.14 : Refractive index profile of wave guides written for different values of laser pulse 

energy. 

The initial results comparing the profile of refractive index as a function of laser pulse 

energy shown in Figure 2.14 appear to indicate that that low pulse power which is 

linked to photo-induced effects leads to positive ∆n channels, while high power 

associated with thermal modifications seem to lead to a negative refractive index of 

the waveguide. 

This effect could be correlated to density changes in the glass: a local contraction of 

the glass leads to an increase of the local refractive index while an expansion leads to 

a decrease of the refractive index. Additionally, thermal effects due to higher energy 

of laser beam could lead to larger written waveguide because of the glass thermal 

conductivity while photoinduced-effects should be more localized. 
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2.3.4 Another way to make a waveguide: laser filamentation 

This section reports the first refractive index changes in chalcogenide glasses by 

femtosecond laser pulse filament. Filamentation, is the result of the dynamical 

balance between Kerr self-focusing and defocusing due to the plasma generated by 

multiphonon excitation of electron. 

Different focusing elements are used as specified later. A quarter waveplate is placed 

before the focusing microscope objective because it is known that waveguide 

photowritten by circulary polarized light present lower propagation loss. 

At the writing wavelength of l0=800nm, the linear and nonlinear refractive index of 

the glass are respectively equal to n=2.15 and n2=1.708*10
-13

 cm²/W. All ∆n have 

been written with power higher than this value. So we conclude that in our case the 

light propagates also as a filament. 

All the experiments that we have performed on the 80GeS2-20Ga2S3 base glass, 

present common features. A typical image of filamentation induced by femtosecond 

laser irradiation is presented in the figure 2.15. This is the first work which shows the 

possibility of filamentation in chalcogenide glasses. This particular condition of light 

propagation leads to the formation of a low diverging beam of small diameter with 

high intensity in its core. Despite the relatively low amount of energy per pulse, ∆n 

channels of few millimeters and constant diameter can easily be formed.  
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Figure 2.15 : Filamentation photo induced by femtosecond laser irradiation, the power is increasing 

as going down. 

The laser pulses are propagated from left to right and with increasing values of energy 

from top to bottom. The morphology of the refractive index change is similar than 

what has been already reported in silica glass [84]. The filamentations performed 

present common features. A typical image of ∆n and its reconstruction are shown on 

the left of Figure 2.16 and on the right, respectively. The light propagation is from left 

to right. 

 

(a)   (b) 

Figure 2.16 : Microscope photography of a structure generated by filamentation with a femtosecond 

laser irradiation in the 80GeS2 20Ga2S3 glass (a), and the image of typical ∆n profile and its 

reconstruction (b). 
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Figure 2.17 : Transverse profile of ∆n along the green line highlight on the reconstruction of figure 

2.16 (b). 

The figure 2.17 shows a discontinuity of the refractive index profile with 3 maxima. 

The difference of refractive index reach a magnitude of 0,02 which is high compared 

to previous results (5x10
-3

) presented in the literature [84-85]. The shape of the curve 

is typical of an accordion phenomena as the strong contraction produced in the center 

of the waveguide induces an expansion in the second zone of the glass network and so 

on. One can guess that a lower energy of irradiation should lead to a decrease of the 

contraction allowing to reach a Gaussian shape of the refractive index curve. 

Figures 2.18 shows the different length of ∆n obtained with different focusing 

conditions.  
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Figure 2.18 : Magnitude of ∆n in the core (∆n(r = 0)) of structure written with pulse energy of 2 nJ 

with lenses of focal length of 9 mm (left) and 25.4 mm (right). 

 

Figure 2.18 shows the changes in refractive index of the core of the inscription made 

by filamentation in the glass. The overall magnitude of index change appears to stay 

equal, around 0.2. However one can see the direct impact of the focal length on the 

length of inscription. Written structures with lengths of about 300µm and 1mm are 

obtained with lenses having a focal length of 9 and 25.4 mm respectively. The 

negative part of the index change is however not increasing as much as the positive 

part is. Also, by increasing the laser pulse, the written waveguide lens can be adjusted 

as the length is proportional to the pulse energy, as demonstrated in Figure 2.19. 
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Figure 2.19 : Variation of the refractive index ∆n as a function of the pulse energy. 

The length of the written structure shows an almost linear increase with increasing 

pulse energy. A structure of almost 3 mm can be obtained with a with lenses having a 

large focal length of 25.4 mm. Even greater length can be obtained with longer focal 

lengths as shown later. 

 

The guiding properties of these structures have not yet been characterized and are 

actually currently under investigation. However, Figure 2.20 shows that the structure 

present a homogeneous positive index that is expected to guide light. This filament 

structure was obtained using a focal of 100mm and energy of 5.92nJ, the written 

waveguide is 7mm in length  
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Figure 2.20 : Magnitude of ∆n in the core (∆n(r = 0)) of structure written with pulse energy of 5.92 

nJ with lenses of focal length of 100 mm. 

 

The morphology of the channels formed by filamentation (Figure 2.20) is complex 

especially around the zone where the optical beam collapses. However the central 

area forms a pipe where ∆n is positive and nearly constant in magnitude and diameter. 

These conditions should therefore be adequate for light guiding applications. 
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2.4 Conclusion 

In conclusion, it was shown that translational femtosecond laser writing at low power 

can induce a positive index change suitable for waveguide propagation in 

chalcogenide glasses. Conversely, high powers induce thermal effects that result in a 

negative index change. It was also shown that the addition of CsCl in the glass 

appears to reduce the photosensitivity of the glass. 

This study also demonstrates that filamentation in bulk chalcogenide glasses permits 

to produce channel waveguides. By optimizing the laser power and the focal length, 

the written waveguides present a positive difference of refractive index between the 

heart of the guide and the glassy matrix suitable for light guiding applications. The 

next step will be to characterize the written waveguides by using an infrared laser to 

measure the losses along the waveguide. Additionally, the glass purity will be 

improve in order to avoid residual impurities such as carbon, and the temperature of 

synthesis will be adjusted to obtain a glass without micro crystallites. 
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CHAPTER 3: APPLICATION OF PHOTOINDUCED FLUIDITY FOR OPTICAL 

FABRICATION OF TAPERS IN LOW LOSS CHALCOGENIDE FIBERS 

3.1 Introduction 

Chalcogenide glasses are known for their large window of transparency in the infrared 

(IR) domain, which make them good candidates for fiber evanescent wave 

spectroscopy (FEWS) [94–97]. In this technique, an IR source is coupled into one end 

of a fiber and collected on the other end onto a detector. The IR light can interact with 

a substance in contact with the fiber through the evanescent wave extending above the 

fiber surface. This interaction permits to collect the vibrational spectra of target 

molecules remotely using a flexible fiber cable probe [98–102]. In order to improve 

the detection resolution, the fiber is normally tapered along a sensing zone. This 

sensing zone serves two purposes: first to localize the signal collection along a small 

fiber region in order to minimize noise, and second to increase the signal intensity. 

The penetration depth of the evanescent wave absorption is inversely proportional to 

the fiber diameter [103,104] and therefore the absorption intensity increases with 

decreasing fiber diameter. In chalcogenide glass the sensing zone is often produced 

during fiber drawing by rapidly reducing the fiber diameter down to 100 µm. This 

does not allow a very good control of the sensing length and diameter. The length is 

typically 10 cm, which is problematic for detection in an aqueous solution such as 

cell-based sensors because of the strong overlapping signal of the surrounding water. 

A finer control of the taper length can be achieved using resistive heating [105]; 

however, the taper length is limited by the heater size. The reduction in length of the 

tapered zone is highly desirable as it would reduce the interaction with the 

surroundings and maximize the signal collection from the analyte. Additionally, a 
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greater control over the fiber diameter would permit to adjust the penetration depth of 

the evanescent wave and consequently would result in higher detection sensitivity. In 

addition to their outstanding transparency and good rheological properties, 

chalcogenide glasses display unique photostructural effects under sub-bandgap 

irradiation [106,107]. In particular they have been shown to undergo optically induced 

matrix softening called photofluidity [108–110]. This process is based on the 

cumulative photoexcitations of covalent bonds which result in the plastic deformation 

of the glass network even at room temperature. This phenomenon is indeed athermal 

and it was shown that a glass under irradiation actually becomes more fluid at lower 

temperature [108] contrary to normal expectation if the process was thermally 

induced. The photofluidity phenomenon appears to be common to most chalcogenide 

glasses and it should then be possible to direct it to the fabrication of fiber tapers with 

controlled size and diameter. This study investigates the phenomenon of 

photoinduced fluidity and its application to the formation of tapered chalcogenide 

fibers under appropriate irradiation conditions and stress loads for the production of 

effective FEWS sensing probes. 

 

3.2 Photoinduced phenomena 

Chalcogenide glasses exhibit a wide range of photoinduced phenomena, from 

photodarkening to giant photoexpansion. One of these spectacular effects is the 

photoinduced fluidity. First evidences of this effect were underlined by Wonwiller 

who explained that light has an influence on the distortion rate of selenium fiber. 

During the 1990’s Hisakuni and Tanaka [107] were the first to address the critical 

importance of the light source wavelength (with an energy lower than the Tauc or 



 

 

optical band-gap energy Eg), in order t

authors studied the photoinduced effect at various temperatures on a As

showed that viscosity increases with temperature, therefore clearly demonstrating that 

photoinduced fluidity is athermal.

Figure 3.1 : First report of photofluidity on chalcogenide glasses (As

Figure 3.1 shows an 

chalcogenide glasses 

corresponding to sub-band

fluidity increases in the irradiated domain and leads to plastic deformation

 

 

gap energy Eg), in order to avoid any significant thermal effects. The 

authors studied the photoinduced effect at various temperatures on a As

showed that viscosity increases with temperature, therefore clearly demonstrating that 

photoinduced fluidity is athermal. 

: First report of photofluidity on chalcogenide glasses (As

an image of the first report of photofluidity on

 irradiated with a He-Ne laser at a wavelength of 632 nm 

band-gap energy for this glass. It is clearly shown that the glass 

fluidity increases in the irradiated domain and leads to plastic deformation
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o avoid any significant thermal effects. The 

authors studied the photoinduced effect at various temperatures on a As2S3 glass and 

showed that viscosity increases with temperature, therefore clearly demonstrating that 

 

: First report of photofluidity on chalcogenide glasses (As2S3). 

the first report of photofluidity on an As2S3 

Ne laser at a wavelength of 632 nm 

gap energy for this glass. It is clearly shown that the glass 

fluidity increases in the irradiated domain and leads to plastic deformation [107].  
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3.3 Fiber evanescent wave spectroscopy (FEWS) 

Previous studies have shown that reducing the diameter of a fiber increases the 

sensitivity of detection. Figure 3.2 shows the critical interest of a reduced diameter 

along the sensing zone where each additional reflection increases the interaction with 

the substance in contact with the fiber. 

 

Figure 3.2 : Effect of the diameter reduction on the propagation of the light signal. 

In this configuration, the number of reflections N inside the fiber increases when the 

fiber diameter decreases, according to the following relationship:  

d
zN

)90tan( θ−
=   

With             θ : angle of incidence 

 z : length of the tapered zone 

   d : diameter of the fiber 

In conclusion, the reduction of the fiber diameter increases the number of reflections 

thus increasing the sensitivity of the chemical sensor. 



 

 

On the other hand, the light intensity in a fiber is proportional to the square of its 

diameter hence the necessity, for the part of the fiber used as a waveguide and not as a 

chemical sensor, to reach a diameter suitable to get a good signal 

Figure 3.

with thermal tapering done during the drawing process.

Figure 3.3 represents the profile used in our laboratory for previous research on 

remote infrared spectroscopy. Here the sensing zone i

process of the fiber by increasing ra

speed thus decreasing the diameter. With this method the control over the length of 

the sensor does not allow to have distance much smaller than 10 cm. A shorter 

sensing zone would decrease the noise signal,

 

 

On the other hand, the light intensity in a fiber is proportional to the square of its 

diameter hence the necessity, for the part of the fiber used as a waveguide and not as a 

chemical sensor, to reach a diameter suitable to get a good signal to noise ratio.

Figure 3.3 Profile of the chemical sensor using a tapered fiber 

with thermal tapering done during the drawing process.

represents the profile used in our laboratory for previous research on 

remote infrared spectroscopy. Here the sensing zone is obtained during the drawing 

process of the fiber by increasing rapidly and during a short time period the drawing 

speed thus decreasing the diameter. With this method the control over the length of 

the sensor does not allow to have distance much smaller than 10 cm. A shorter 

sensing zone would decrease the noise signal, thus giving a better sensibility.
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On the other hand, the light intensity in a fiber is proportional to the square of its 

diameter hence the necessity, for the part of the fiber used as a waveguide and not as a 

to noise ratio. 

 

Profile of the chemical sensor using a tapered fiber  

with thermal tapering done during the drawing process. 

represents the profile used in our laboratory for previous research on 

obtained during the drawing 

pidly and during a short time period the drawing 

speed thus decreasing the diameter. With this method the control over the length of 

the sensor does not allow to have distance much smaller than 10 cm. A shorter 

thus giving a better sensibility. 
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3.4 Chalcogenide optical fibers 

3.4.1 Glass synthesis 

3.4.1.1 Glass system selection 

Optical fibers from the Ge–Se system were selected for this study because they can be 

obtained in very high purity [111] and also have appropriate chemical resistance to an 

aqueous environment [112] for use in bio-sensing. This makes them very good 

candidates for FEWS applications such as water supply monitoring or biomedical 

sensing where fibers with high optical quality and high chemical resistance are 

required. Optical losses below 0.5 dB/m can be obtained between 2–7 µm. This range 

contains the domain of interest for the vibrational signature of most molecules as well 

as the first atmospheric window (3–5 µm). Indeed these fibers have already been 

applied to the detection of CO2 for underground storage [113]. 

3.4.1.2 Chalcogenide glasses 

Glasses used in optic are very sensitive to the presence of impurities and require a 

very clean synthesis. Chalcogenide glass synthesis requires an atmosphere of 

synthesis free of oxygen, water or any carbon traces. The presence of impurities can 

have two effects on the glass; they could decrease its glass forming ability, and 

deteriorate the transmission due to phenomenon such as scattering or absorption in the 

near infrared. 
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Figure 3.4 : Transmission spectra of the Te2As3Se5 glass, with purification (black) and without 

purification (red). 

Figure 3.4 shows the differences of transmission with and without purification of a 

glass of the same composition. This is why chalcogenide glasses are synthesized 

under vacuum, in silica tube using starting materials of high purity followed by 

several purification steps detailed below. The melt is then quenched in water, and 

annealed in a furnace initially set up at a temperature of Tg minus 10°C. Figure 3.5 

shows the thermal treatment for a glass synthesized in the binary system Ge-Se.  

Even with the utilization of starting materials of high purity (4N or 5N), the glasses 

synthesized without any purification show absorption bands in several spectral region 

corresponding to specific impurities as listed in Table 3.1. 
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Figure 3.5 : Thermal treatment of a glass in the Ge-Se binary system. 

 

Impurity O-H CO2 Se-H H2O Se-O Ge-O 

Position 

(µm) 

2,9 4,2 4,5 6,3 10,4 

13,9 

11,4 

10,7 

Table 3.1 : Position of the major absorption bands in the chalcogenide glasses studied in this 

section. 

 

3.4.1.3 Synthesis process 

The glasses chosen to study photo-induced properties were based on the binary 

system Ge-Se. The synthesis process of the fiber preform is conducted in two steps: 

• The first step consists in the synthesis of a glass rod, and includes a first 

purification of the Selenium in order to remove its surface oxide. 

• The second step consists in a static distillation of the glass to remove 

refractory impurities such as germanium oxide as well as carbon. 
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Glass synthesis. 

The selenium is first introduced in the set-up and pumped under vacuum. We then 

proceed to a purification of the selenium by heating the tube to 240°C to remove the 

surface oxide of the selenium. This is possible because the vapor pressure of selenium 

oxide is higher than the one of selenium. The germanium is then added in the tube 

along with 100ppm of magnesium. The magnesium will act as an oxygen trap since 

its affinity toward oxygen is greater for magnesium than for germanium. 

The tube is then sealed and place in a rocking furnace. It then undergo a heat 

treatment shown in Figure 3.5, the annealing part can be skipped here because we do 

not need a rod a glass since we are going to proceed to a distillation. 

Distillation. 

Once the glass containing Mg is formed, the ampoule is opened and the glass is 

placed in a double chamber filter tube as depicted in Figure 3.6.  

Once the glass is placed in the filter the setup is pumped under vacuum, and then 

sealed at level 1 in Figure 3.6. The tube is then placed in a distillation furnace (Figure 

3.7) where we have a temperature gradient allowing the glass in the top of the set up 

to be distilled and condensed in the lower part of the tube as shown in Figure 3.7. 

 



 

 

Figure 3.6 : Experimental Setup used for the preparation of glasses in the Ge

 

 

 

 

: Experimental Setup used for the preparation of glasses in the Ge-Se 

Figure 3.7 : Distillation process. 
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Se system. 

 



 

 

3.4.2 Fiber fabrication

The first condition in order to draw a fiber with homogeneous properties will be to 

ensure that the glass rod does not have defect such as bubble in the middle of the rod. 

Chalcogenide glasses being opaque 

glass homogeneity. Instead

to check for defects. Figure 

drawing: no defects are present.

3.4.2.1 Preform drawing

The glass rods obtained that way are then heated in a drawing tower in order to 

produce a fiber. The tip of the glass perform is introduced in a ring heater until the 

glass softens and a glass drop appears. The drop is pulled to generate a fiber which is 

attached to a drum in rotary motion. The p

drawing furnace while the fiber is collected on the drum. Finally, the relative feed 

speed and drum rotation are adjusted such as to control the fiber diameter t

Figure 3.8 

 

Fiber fabrication 

The first condition in order to draw a fiber with homogeneous properties will be to 

ensure that the glass rod does not have defect such as bubble in the middle of the rod. 

Chalcogenide glasses being opaque to visible light prevent visual inspection of the 

glass homogeneity. Instead we use an infrared camera sensitive in the region 8

Figure 3.8 shows an infrared image of a glas

are present. 

 

 

Preform drawing 

The glass rods obtained that way are then heated in a drawing tower in order to 

produce a fiber. The tip of the glass perform is introduced in a ring heater until the 

glass softens and a glass drop appears. The drop is pulled to generate a fiber which is 

ttached to a drum in rotary motion. The preform is then moved down feeding the 

drawing furnace while the fiber is collected on the drum. Finally, the relative feed 

speed and drum rotation are adjusted such as to control the fiber diameter t

 : Infrared Image of a chalcogenide glass Rod 
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The first condition in order to draw a fiber with homogeneous properties will be to 

ensure that the glass rod does not have defect such as bubble in the middle of the rod. 

prevent visual inspection of the 

in the region 8-12µm 

shows an infrared image of a glass rod suitable for 

 

The glass rods obtained that way are then heated in a drawing tower in order to 

produce a fiber. The tip of the glass perform is introduced in a ring heater until the 

glass softens and a glass drop appears. The drop is pulled to generate a fiber which is 

form is then moved down feeding the 

drawing furnace while the fiber is collected on the drum. Finally, the relative feed 

speed and drum rotation are adjusted such as to control the fiber diameter to 300 µm. 
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The fibers produced this way are therefore single index air-clad in order to allow the 

formation of an evanescent wave for chemical sensing. The fiber attenuation is 

subsequently characterized using the cut-back method. 

The elaboration of fiber optics is conducted in a custom-built drawing tower, 

described in Figure 3.9. 

 

Figure 3.9 : Schematics of the drawing tower 

 

Elaboration of optical fibers is made possible using a drawing tower which was 

entirely conceived in our laboratory. The glass rod is fixed at the top of the tower in a 

chamber purged with a helium flow. This inert gas eliminates all impurities in the 

chamber as well as avoids crystallization on the 92erform surface due to remaining 

water. Moreover helium has a good thermal conductivity which allows the 

temperature homogenization around the glass rod during the drawing process. 

The drop formation constitutes the first step of the process. This is made possible with 

a ring furnace. In the case of GeSe glasses the furnace is heated up to 240-350°C. The 

glass drop falls under its own weight, and leads to a glassy wire or fiber. The fiber is 

pulled out up to the rotating drum where it is fixed. The fiber diameter is a function of 

the drum speed and the 92erform descent speed. Sensors allow the control of the fiber 

diameter. The typical parameters for GeSe glasses are listed in table 3.2. 

 

The fiber diameter (∅f) is linked to the 92erform diameter (∅p) through the following 

relationship: 

Pulley 

coupled with 

a tensiometer 

Diameter  

GeSe9 

glass rod 

Helium 

Preform 

descent 

10 cm 

1 cm 
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2 2v vp p f f∅ ⋅ = ∅ ⋅   

In this equation, vp is the descent speed of the perform and vf is the rolling speed of 

the fiber on the drum. Fiber diameter in then controlled with two parameters:  

- Descent speed of the 93erform: by raising the descent speed into the furnace, 

we raise the amout of mater in the furnace hence the diameter of the fiber. 

- The rolling speed of the drum: by raising the rotation speed of the drum we 

reduce the diameter of the fiber. 

 

The diameter chosen for our mono-index fiber was around 300µm. The drawing 

parameters for the different glasses are show in the table 3.2. 

 

 

 

 

 GeSe3 GeSe4 GeSe9 

Helium Flow 2 L/min 2 L/min 2 L/min 

Preform Diameter 10 ou 12 mm 10 ou 12 mm 10 ou 12 mm 

Preform length 10 cm 10 cm 10 cm 

Fiber Diameter 300 µm 300 µm 300 µm 

Drawing température 485°C 400 °C 220°C 

Tension 10-20 g 10-20 g 10-20 g 

Preform descent speed 2 mm/min 2 mm/min 2 mm/min 

Drum Speed 1,76 mm/min 1,76 mm/min 1,76 mm/min 

Table 3.2 : Drawing parameter for the glasses in the binary system Ge-Se 
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3.4.2.2 Attenuation measurement 

Several parameters are contributing to the loss of light energy in a fiber. Phenomena 

at the origin of those optical loses are scattering and absorption. The attenuation of the 

signal in a fiber can be evaluated with the “cut-back” method. 

- A light signal is injected at the beginning of a fiber of a known length L1. The 

injection parameter are optimized in order to get the maximal intensity, and 

transmission spectrum I1(λ) is recorded 

- The extremity of the fiber corresponding to the output of the light signal is then 

cleaved (thus conserving the injection conditions), then a new transmission 

spectra is recorded I2(λ) for a length of fiber L2 shorter than L1. 

 

 

 

 

From these data and equation 1, we express the attenuation α (in dB.m-1) of the fiber 

as a function of wavelengthλ.  
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Équation 1. 

 

 

The attenuation spectrums were all collected with an infrared Fourier Transformed 

InfraRed (FTIR) spectrophotometer (bruker Vector 22). 

 

3.4.2.3 Origin of optical losses 
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Transmission losses are classified in two categories depending on whether the lossos 

are inherent to the material used to make the fiber or whether they are due to the 

presence of defects: 

- Intrinsic losses including material’s absorption and scattering losses. 

- Extrinsic losses, which include losses due to impurity absorption, and 

scattering due to structural imperfections. 

 

The complete categorization of losses is summarized in Figure 3.10. 

Intrinsic losses by Rayleigh scattering are due to local fluctuation of the refractive 

index which scatters the light in all directions. They are more important at the shorter 

wavelength, and are proportional to 1/λ
4
. This explains why the optical 

communications are done in the infrared. This kind of scattering being intrinsic it will 

determine the limits of losses reachable in a fiber. 



 

 

Figure 3.

 

Extrinsic scattering is associated with discrete scattering center like particles or 

crystallite. Defects produce a local change in the refractive index, thus producing 

scattering. Scattering losses are dependents on the wavelength o

and on the size of the scattering center. Presence of particles of the same range of size 

as the incident wavelength is producing Mie scattering which varies according to 1/

If the particles are bigger (gas bubble or crystallite), s

wavelength. 

 

  

Figure 3.10 : Optical loss in chalgogenide glasses. 

Extrinsic scattering is associated with discrete scattering center like particles or 

crystallite. Defects produce a local change in the refractive index, thus producing 

scattering. Scattering losses are dependents on the wavelength of the scattered beam 

and on the size of the scattering center. Presence of particles of the same range of size 

as the incident wavelength is producing Mie scattering which varies according to 1/

If the particles are bigger (gas bubble or crystallite), scattering is independent on the 
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Extrinsic scattering is associated with discrete scattering center like particles or 

crystallite. Defects produce a local change in the refractive index, thus producing 

f the scattered beam 

and on the size of the scattering center. Presence of particles of the same range of size 

as the incident wavelength is producing Mie scattering which varies according to 1/λ
2
. 

cattering is independent on the 
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Losses from absorption due to impurities can be important for specific wavelength. in 

the mid infrared, these absorption bands are mostly due to vibration bonds of 

chemical such as O-H, S-H, Se-H, CO2, C-S or H2O. 

In the case of chalcogenide glasses, the extrinsic losses are predominant and, this 

requires the synthesis of preform in very clean conditions as well as materials of high 

purity. 

Figure 3.11 shows two attenuations curves obtained from the cut-back method. The 

two compositions are GeSe4 and GeSe9, two of the glasses selected for studying 

photo-induced fluidity. 

In this case we see that we can reach a low background loss. In the case of the Ge-Se 

binary system we can reach losses lower than 0,5 dB per meter between 2 and 8 µm 

for the composition GeSe4, with an Se-H pick of 3dB at 4,6 µm. 

 

Figure 3.11 : Attenuation curve of a GeSe4 fiber (solid) and GeSe9 (dotted) purified by subsequent 

sublimation and distillation. 
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3.5 Photo-induced fluidity in Ge-Se glasses 

In order to control the photo-fluidity process for taper fabrication it is necessary to 

understand the mechanism of this phenomenon and in particular, its relation to glass 

structure and irradiation wavelength. The following section reports on a preliminary 

study over mechanical behavior of chalcogenides fiber under irradiation. 

Study of mechanical relaxation under irradiation has been performed on fibers of 3 

compositions in the binary glass system Ge-Se: GeSe3, GeSe4 and GeSe9. These three 

compositions were chosen because they are located well within the glassy domain and 

they can undergo fiber drawing. For compositions with a higher Ge content than 

GeSe3, crystallization occurs during the drawing process. These compositions also 

cover a range of mean coordination number to study its influence on the relaxation of 

the fibers. The mean coordination number is defined as <r>= Σi xiri ,  where xi is the 

atomic fraction of atoms i and ri the coordination number of these atoms. These means 

coordination numbers are respectively 2,5; 2,4 and 2,2 for GeSe3, GeSe4 and GeSe9.  

3.5.1 Fiber irradiation 

Chacogenide Ge-Se fibers are irradiated using a tunable CW Ti: Sapphire laser, with a 

specifical shape of the spot profile Figure 3.12. The nature of the change induced on 

the fiber (purely deviatoric) does not produce volume change. Deviatoric strain does 

not produce elongation, so the volume under irradiation is a constant. The radius spot 

is R= 0,58mm. Fibers are first irradiated at a wavelength which correspond to 80% of 

the glass transmission and a penetration depth higher than 1mm. the fiber diameter is 

300 µm hence the bulk of the fiber is irradiated. Each fiber was irradiated at different 

powers ranging from 50, 70, 90, 110 mW. 
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Figure 3.12 : Normalized profile of the laser spot. R is the spot radius defined as the distance for 

which the intensity is I0/e², with I0 the maximum intensity. 

The photoinduced fluidity is a photo-induced process which is athermal. Indeed it has 

been proven that an illuminated sample has a more important viscosity at higher 

temperature [89]. If it was a thermal mechanism the opposite behaviour would be 

observed. Upon photo-excitation of valence electrons, bonds are broken and trapped 

electron-hole pairs are generated, which allow structural rearrangement before 

relaxing. These atomic rearrangements can release an applied stress and lead to plastic 

deformation. 

For all the experiments, a wavelength significantly lower than the band-gap was 

chosen in order to ensure irradiation of the entire volume of bulk glass throughout the 

fiber. 

 

  



 

 

3.5.2  Experimental setup.

Stress relaxation experiment

dependent stress resulting from a steady strain. 

setup as follow, one end of the fiber 

attached to a horizontal carbon fiber used to submit a rotation with an angle 

shown in the Figure . 

Figure 

 

The power dependence of the photosensitivity was done by setting 

wavelength of irradiation and changing the power of irradiation. The fibers were 

irradiated at a constant position and were submitted to a constant angle of rotation 

α=200°. 

 

Experimental setup. 

Stress relaxation experiments under irradiation consisted in monitoring the 

dependent stress resulting from a steady strain. The shear stress relaxation test, was 

setup as follow, one end of the fiber was fixed into a holder while the other end is 

attached to a horizontal carbon fiber used to submit a rotation with an angle 

Figure 3.13 : Setup for the shear relaxation stress. 

he power dependence of the photosensitivity was done by setting 

wavelength of irradiation and changing the power of irradiation. The fibers were 

irradiated at a constant position and were submitted to a constant angle of rotation 

100 

monitoring the time-

The shear stress relaxation test, was 

s fixed into a holder while the other end is 

attached to a horizontal carbon fiber used to submit a rotation with an angle θ as 

 

he power dependence of the photosensitivity was done by setting constant 

wavelength of irradiation and changing the power of irradiation. The fibers were 

irradiated at a constant position and were submitted to a constant angle of rotation 
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3.5.3 Results 

Figure  shows the results of shear relaxation for the GeSe9 glass. The results are given 

at constant wavelength (790 nm) as a function of the power for fiber of composition 

GeSe9. The power used were 50, 70, 90, 110 mW (corresponding respectively to 4.7, 

6.6, 8.5, 10.4 W/cm²). Irradiation can induce some local structural relaxation in the 

glass but considering the power and the wavelength used, the glass structure 

equilibrate under irradiation after less than 10 min [90], hence the irradiation time (up 

to 6 hours) is sufficient to be representative of the equilibrium state. 

 

Figure 3.14 : Normalized stress relaxation during shear tests under irradiation. 

Figure 3. shows a fiber after a shear relaxation stress. This clearly shows the localized 

shear deformation of the fiber under the laser spot. This is a good illustration of how 

fluid the glass become under irradiation. 



 

 

Figure 3.15 : Localization of the shear deformation under the Laser spot in a GeSe9 fiber submitted 

to shear relaxation test under Laser irradiation (wavelength: 790 nm).

Analyses of the shear relaxation measurement were performed in collaboration with 

the LARMAUR lab at the University of Rennes 1 in order to extract the relaxation 

time and the viscosity from the stress relaxation functions shown on Figure 3.14. the 

relaxation data were fitted with an exponential decay function in order to yield the 

relaxation time τ and the corresponding viscosity 

using known values of the elastic moduli G with  

These shear relaxation measurement were

under irradiation as a function of power. These measurement were also performed for 

various glass compositions in the binary system Ge

corresponding to the same absoption coefficient for 

irradiation power. The results of this experiment are shown in Figure 3.16.

 

 

 

: Localization of the shear deformation under the Laser spot in a GeSe9 fiber submitted 

to shear relaxation test under Laser irradiation (wavelength: 790 nm).

Analyses of the shear relaxation measurement were performed in collaboration with 

the LARMAUR lab at the University of Rennes 1 in order to extract the relaxation 

time and the viscosity from the stress relaxation functions shown on Figure 3.14. the 

ion data were fitted with an exponential decay function in order to yield the 

 and the corresponding viscosity η was calculated directly from 

using known values of the elastic moduli G with  η=G* τ 

These shear relaxation measurement were used to estimate the viscosity of the glasses 

under irradiation as a function of power. These measurement were also performed for 

various glass compositions in the binary system Ge-Se using a wavelength 

corresponding to the same absoption coefficient for each glass and different 

irradiation power. The results of this experiment are shown in Figure 3.16.
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: Localization of the shear deformation under the Laser spot in a GeSe9 fiber submitted 

to shear relaxation test under Laser irradiation (wavelength: 790 nm). 

Analyses of the shear relaxation measurement were performed in collaboration with 

the LARMAUR lab at the University of Rennes 1 in order to extract the relaxation 

time and the viscosity from the stress relaxation functions shown on Figure 3.14. the 

ion data were fitted with an exponential decay function in order to yield the 

 was calculated directly from τ 

used to estimate the viscosity of the glasses 

under irradiation as a function of power. These measurement were also performed for 

Se using a wavelength 

each glass and different 

irradiation power. The results of this experiment are shown in Figure 3.16. 
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Figure 3.16 : Evolution of the viscosity measured by torsion tests as a function of the power of the 

light source in Ge-Se system. 

 

The experimental viscosities under irradiation plotted in Figure 3.16 range from 10
11.5

 

to 10
13.5

. Note that the viscosity of GeSe4 at room temperature is supposed to be over 

10
25

[92] Pa.s, corresponding to a relaxation time larger than hundred millions of 

years. The relaxation time of GeSe3 is supposed to be even higher. GeSe4 glass 

reaches viscosities below 10
13

 Pa.s only above 150°C for thermally activated 

processes. From this observation, we can reasonably conclude that this effect is not 

thermally induced. The viscosity reached for the GeSe9 glass and for an irradiation 

power of 110 mW is lower than 10
12

 Pa.s, this is lower than viscosity reached at the 

glass transition temperature. This show the possibility of using photoinduced fluidity 

for the fiber tapering investigated in the next section. 
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3.6 Optical fabrication of tapers for evanescent wave sensing 

3.6.1 Photoinduced tapering 

As described in the previous section a series of Ge-Se glass were selected for this 

study because of their large photosensitivity to subbandgap light. The photostructural 

effects in this glass system have been extensively studied and characterized including 

photodarkening, photoexpansion, and photorelaxation [114–116]. It has been shown 

that chalcogenide glasses with lower structural connectivity exhibit greater 

photostructural changes [110]; hence, fibers of composition GeSe9 have been selected 

for this study since it is expected that they should display greater photofluidity as 

described in Figure 3.16 and since the irradiation conditions for photostructural 

changes in this glass composition have already been identified [117,118].  

 

Additionally, it is well known that the efficiency of the photostructural process is 

strongly dependent on the laser wavelength [119] and it is therefore important to 

carefully select the irradiation wavelength in order to match the band-edge of the 

irradiated glass. Figure 3.12 shows the transmission curve of a GeSe9 glass disk with 

the arrows indicating three irradiation wavelengths corresponding to the band tail of 

the glass. This region corresponds to the excitation of localized lone pair electrons 

from chalcogen atoms which are responsible for the photostructural changes. 

 

 



105 

 

 

 

 

Figure 3.12 : Transmission curve of GeSe9 glass along the band-edge. Three different irradiation 

wavelengths in the band tail are indicated at 780, 785 and 790 nm. 

 

The photoinduced fluidity is being produced by the optical excitation of covalent 

bonds and it is very important to choose an appropriate wavelength corresponding to a 

sufficient absorption of the light, but staying within the transparency window of the 

glass to allow the irradiation inside and not just at the surface of the glassy material. 

The laser wavelength used for photofluidity was then adjusted below the bandgap of 

the GeSe9 glass using a tunable continuous-wave Ti-sapphire laser S3900 from 

Spectra Physics.  

 

Fiber tapering 

The setup for the taper fabrication is shown in Figure 3.13. The laser beam is 

modified using a set of two cylindrical lenses, one convex and the other concave in 

order to obtain a very narrow elliptic beam. The length of the elongated beam can be 



106 

 

 

 

adjusted by changing the distances between the lenses and the fiber thus allowing to 

produce photoinduced fluidity on a variable length of the fiber. A mass of 110 g was 

attached to the bottom of the fiber in order to apply a tensile stress. The displacement 

of the fiber ∆L was monitored during irradiation using a defocused laser beam aimed 

at the bottom cylinder and projected on a screen. 

 

 

Figure 3.13 : Schematics of set up for photoinduced tapering. The fiber under a tensile load is 

irradiated with an elongated beam of sub-bandgap laser light. 

 

Results of photoinduced elongation obtained with this set up are reported in Figure 

3.14. These elongations were induced using an unfocused collimated beam of 

diameter 1 mm, and the taper length was therefore limited to less than 1 mm. 
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Figure 3.14 : Elongation versus time of a GeSe9 fiber under load for different irradiation 

wavelength at an intensity of 14W/cm
2
. 

 

However it is necessary to generate tapers with lengths of a couple centimeters in 

order to produce a U-turn shape appropriate for sensing. This was achieved by 

defocusing the beam using the setup described in Figure 3.13. It is also desirable to 

use higher laser intensities to produce tapers within a reasonable time frame. As 

expected the fiber diameter decreases with increasing intensities and narrow sensing 

zones with diameter below 100 µm suitable for FEWS were obtained. In addition to 

providing higher detection sensitivity, the smaller diameter allows greater flexibility 

for bending fibers into U-shaped sensors as shown in Figure 3.20. Fibers with a 

diameter of 100 µm can easily sustain bending radii below 1 cm. 

 



 

 

Figure 3.20 : Microscope image of 

 

Thermal imaging 

While the athermal nature of photofluidity has been 

[108], the glass composition and irradiation condit

present study. A thermal imaging camera was therefore used in order to confirm that 

the observed fluidity is not thermally induced.

Figure 3.21 : Thermal image of A GeSe9 fiber Irradiated by a LASER diode emitting at 

 

 

: Microscope image of tapered fiber sensing zone. The original fiber diameter is 300 µm 

and the taper length is less than 2 cm. 

 

While the athermal nature of photofluidity has been demonstrated in As

the glass composition and irradiation conditions are slightly different in the 

present study. A thermal imaging camera was therefore used in order to confirm that 

the observed fluidity is not thermally induced. 

: Thermal image of A GeSe9 fiber Irradiated by a LASER diode emitting at 

108 

tapered fiber sensing zone. The original fiber diameter is 300 µm 

demonstrated in As2S3 fibers 

ions are slightly different in the 

present study. A thermal imaging camera was therefore used in order to confirm that 

 

: Thermal image of A GeSe9 fiber Irradiated by a LASER diode emitting at 785nm. 
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The energy generated by LASER irradiation could raise doubt about the purely optical 

nature of the phenomenon observed. It was important to us to determine if the 

phenomenon observed was indeed optical or if it was a combination of optical and 

thermal contributions. We proceeded to an irradiation of our fiber under the 

conditions used to produce elongation and monitored it using and infrared camera 

transparent in the region between 8 and 12 micron which correspond to a range of 

temperature of 0°C to about 150°C. We used a thermal heater on the background to 

produce a known temperature reference and then compared it to the thermal image of 

the fiber. We clearly see that the fiber temperature does not rise above 40°C 

(temperature of the thermal heater). We can then state that the phenomenon observed 

was clearly optical because a temperature lower than 40°C could not produce a 

decrease in the viscosity large enough to produce such an elongation. 

 

3.6.2 Fiber evanescent wave spectroscopy 

Tapered GeSe9 fibers were tested for FEWS with a Fourier transform infrared (FTIR) 

spectrometer Tensor 27 from Brucker equipped with a fiber coupling system and a 

mercury cadmium telluride (MCT) detector. The fiber ends were cleaved and polished 

in order to maximize the coupling efficiency. The tapered sensing zone was then 

introduced in various liquids and the corresponding spectra were recorded. 

Vibrational spectra were recorded with fibers of decreasing diameter in order to 

estimate the effect of the diameter on the penetration depth of the evanescent wave 

and the detection efficiency. 
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Figure 3.22 : Schematic of FEWS setup for testing tapered IR fiber. 

 

Figure 3.22 describes the experimental setup used to test the fiber for evanescent 

wave spectroscopy. The black body IR source of a conventional FTIR spectrometer is 

coupled into one end of the fiber with concave gold mirrors and the signal is collected 

the same way at the other end onto a MCT detector. The sensing zone is dipped into 

an analyte solution in order to collect the corresponding absorption spectrum. The 

gain in sensitivity from the taper was estimated by immersing a 15 mm long section 

of a tapered fiber of diameter D=120–130 µm into acetone and comparing with the 

same measurement made with the original fiber of diameter D=300 µm. 

 

Figure 3.23 compares the two spectra acquired this way and shows almost 1 order of 

magnitude gain in sensitivity resulting from the tapered sensing zone. 
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Figure 3.23 : Absorption spectra of acetone tested using a normal fiber (D=300 µm) and a fiber with 

taper (D =120–130 µm); the length immersed in solution is about 15 mm. 

 

 

 

Figure 3.24 : Absorption spectra of water tested using fibers with different diameters; the length 

immersed in solution is 10 mm. 



112 

 

 

 

Similarly, Figure 3.24 shows the signal of water collected with a 10 mm section of 

fibers with different diameter. These results indicate that the detection sensitivity 

increases rapidly with decreasing diameter and can provide gains much higher than 1 

order of magnitude.  

The gain in sensitivity increases rapidly and is only limited by the mechanical 

properties of the fiber. While the fiber becomes more flexible with decreasing 

diameter, which is an advantage for producing a U-shaped or helicoidal sensor, the 

tensile strength of the fiber also decreases and this can eventually pose a problem with 

handling. However this problem is normally solved by introducing the fiber into a 

rigid holder [122]. Besides allowing an accurate control of the fiber diameter, the 

present technique also allows control of the length of the sensing zone. This is a 

significant advantage when the signal collection must be localized within a limited 

area such as a tumor or melanoma [96,123]. While an increase in sensing length 

improves the signal collection and is advantageous in cases such as gas detection, it 

can also be a source of extraneous signal and noise when the detection must be 

localized. The present technique allows the production of a sensing zone of any size 

and tapers as small as 10 mm were tested in this study. Again the limitation in size 

comes from the mechanical properties of the fiber which must sustain smaller bending 

radii with shorter sensing zones. Conversely, it is also expected that the present 

optical tapering technique could allow the formation of long tapers with a shallow 

decrease in diameter. This taper configuration is of particular interest for application 

where the retention of adiabaticity is important [105]. 
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3.7 Conclusion 

As study of mechanical relaxation under irradiation at various powers has allowed us 

to estimate the decrease in viscosity of the glass under irradiation. It is shown that the 

GeSe9 glass exhibit the lower photoinduced viscosity, hence this glass was selected 

for tested the optical fabrication of fiber taper for sensing by FEWS. The benefits of 

reducing the fiber diameter have been well established in FEWS technology both 

theoretically and experimentally [103,104,120,121]. Based on simple geometrical 

considerations it can be shown that the number of total internal reflections of a light 

ray propagating in the fiber should have an inverse dependence on the fiber diameter 

[94,96]. The trend shown in Figure 3.24 for the GeSe9 fiber is consistent with this 

prediction.  

One of the main advantages of our optical technique versus resistive heating is the 

possibility of easily tuning the laser shape and intensity to adapt to various taper 

configurations. It should also be possible to adjust the laser intensity in real time to 

produce complex geometries. Finally, it is important to point out that the photofluidity 

effect permits the fabrication of tapers without any visible deterioration of the optical 

properties of the fiber. It is known irradiation introduces several types of defects in 

the glass structure such as valence alternation pairs [124]. This results in optical 

effects such as photodarkening. But while these defects can modify the glass 

transmission near the bandgap they do not appear to have a detrimental effect at long 

wavelengths in the mid-IR. Hence the optical quality of the fibers is maintained in the 

range of interest for FEWS as shown in Figure 3.23 and Figure 3.24. 
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CHAPTER 4: ENHANCEMENT OF THE TRANSPARENCY WINDOW 

TOWARD THE MID AND FAR INFRARED 

4.1 Introduction 

Applications of infrared transparent glasses such as sensor and spatial applications 

often require improving the transparency of the sensor material by extending the 

window of transparency or lowering the optical losses of the materials used. Much 

research has been aimed at increasing the transparency window of chalcogenide based 

glasses in the mid-far infrared region. However, an alternative way of obtaining 

materials with wide transparency is to focus on heavy ions and aim toward an ionic 

glass based on heavy elements. Previous research [128] has shown the good glass 

forming ability of compounds such as lead iodide (PbI2) and lead bromide (PbBr2). 

Current research in our laboratory is based on chalcogenide glasses; they all include 

one of the three elements sulfur, selenium or tellurium. Their transparency is 

dependent of the elements composing it and typically the multi-phonon cut-off is 

around 10µm for sulfur glasses, 16µm for Se glasses and around 20µm for telluride 

glasses. Such an evolution is due to the elements composing the glass; the most 

important factor is their atomic mass which is directly linked to the multi-phonon cut-

off, the higher the atomic mass of the element is the further the glass is susceptible to 

transmitting far in the infrared region. 

The main research goal of this section is to produce amorphous materials purely based 

on ionic compounds but containing no chalcogenide. Due to the water sensitivity of 

most heavy ionic species, the synthesis will be done in a glove box. This will allow a 

control of the synthesis atmosphere while permitting to work with open crucible to 

have a larger range of quenching rates available. The synthesis described previously 
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for chalcogenide glasses were done in sealed silica tube, this process does not allow 

rapid quenching process due to the thickness of the tube, and the low thermal 

conductivity coefficient of the silica. 

4.2 Optical properties 

The optical transmission of a glass is characterized by its optical window. At the 

shorter wavelength, the band gap limits the optical window while at longer 

wavelength; the optical window is limited by the multi-phonon absorption. 

4.2.1 Band-Gap 

The band gap results from electronic transition inside the glass. Photons with 

sufficient energy are absorbed by exciting electrons across the forbidden band-gap. 

The electrons are excited from the top of the conduction band to the bottom of the 

conduction band (figure 4.1). 

       

Figure 4.1 : Schematic representation of the band-gap. 
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As observe in Figure 4.2, in the case of glasses, additional states exist just above the 

valence band and just below the conduction band. These states are present because the 

disorder creates localized electronic states which participate in the absorption process. 

Thus, the transmission curves of glasses present a characteristic shape at the 

beginning of transmission. 

            

 

Figure 4.2 : Additional states contributing to the band-gap. 

The electronic absorption edge consists mainly of two spectral curves, the “Tauc 

region” and the “Urbach region” [125]: 

• The electronic transitions between the extended valence band and the 

conduction band are very similar to the ones known from ideal crystalline 

materials as shown by arrow in the figure above. This leads to the “Tauc 

region”. They determine the approximated by the following equation: 

  ���� � �
� �� � �0�²  Where E0 is termed the optical energy gap. 

• Below the gap, electronic transition between a localized band tail and an 

extended band may occur as shown by the arrow in figure above. The so 
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called band tail states lead to an extension of the absorption into the band gap. 

The absorption coefficient exhibits an exponential dependence on the energy 

of the light; hence, it is often referred to as the exponential absorption tail with 

the form �(E)exp� �
�	� where �
 is the Urbach energy. The exponential band 

tail is also known as an Urbach tail and is temperature dependant. 

In chalcogenide glasses, absorption phenomena are due to the excitation of non 

bonding electrons of chalcogen chemical element: S, Se, Te. Because non bonding 

electrons of Se or Te are higher in energy than non bonding electrons of sulfur, they 

are more excitable. Therefore the band gap shifts from the visible range with sulfur 

based glasses to the near infrared for Se and Te based glasses. 

The absorbance is a measure of the amount of light absorbed by the sample under 

specified conditions. The beer-Lambert law is the basis of quantitative spectroscopy. 

And can be used to determine the absorption coefficient, α. 

The most common and easier way to evaluate the band gap width is usually taken for 

an absorption coefficient equal to 10 cm
-1 

[126]. 

� � ��  ���� Or � � �
� ln ���

� � (Beer-Lambert Law) 

Équation 4.1. 

With I, the transmitted beam 

I0, the incident beam 

�, the absorption coefficient  

x, the thickness of the material  
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To be more accurate, because of the high refractive index of chalcogenide glasses, we 

have to consider Fresnel losses (reflexion of light at the two surfaces of the material). 

These losses are more important for glasses with high refractive index. 

� � �
�� � �����²����

���²�����   with  � � �����²
�� ��² � ��!�

� !� 

Équation 4.2. 

T0 is the maximal transmission, α the absorption coefficient, R the reflectivity and n, 

the refractive index of the material. 

Therefore the absorption coefficient is given by the following equation: 

� � 1
# $% & 2��²

��1 � ��( ) *�1 � ��+ ) 4�²�²- 

Équation 4.3. 

So, the window of transparency is limited by the electronic band gap for the lower 

wavelength which corresponds to the minimum energy needed by the electrons to go 

from the valence band to the conduction band. Because of their large band-gap 

silicate, fluoride and phosphate glasses are usually transparent in the whole visible 

range, while chalcogenide glasses are usually opaque in this range of wavelength 

presenting a black color for selenide and telluride based glasses, and a yellow to red 

color for sulfide based glasses. 
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4.2.2 Multi-phonon Absorption 

The multi-phonon absorption at longer wavelength deals with interaction between 

light and vibrational modes of the chemical bonds inside the glass. The phonon 

energy, E, is directly linked to the atoms mass [127]. The bonding between two atoms 

of mass m1 and mass m2 is often seen as a spring with the force constant, k: 

       � � ./    / � �
(0 12

3   With 
�
3 � �

45 ) �
4�  

   Équation 4.4. 

    

With h the Planck’s constant, / the vibration frequency, k the force constant and µ the 

reduced mass of the atoms. 

The large atomic mass of chalcogen elements causes the phonon vibration to have low 

energies. Materials with high phonon energies have multi-phonon absorption in the 

near and mid infrared region. This is especially true for materials with lightweight, 

strongly bound atoms such as silica glasses and polymers and it limits their usefulness 

for infrared applications. 

The following transmissions spectra (Figure 4.3) illustrate the multi-phonon 

absorption for glasses of different compositions showing the evolution of the 

transparency window in the infrared range as a function of the mass of the atoms 

entering in the glass composition. 
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Figure 4.3 : Transmission spectra of different family of glasses. 

It is observable that when the base elements composing the glass reach higher mass, 

the end of transmission shifts toward higher wavelength leading to an extension of the 

window of transmission in the infrared range. In this way, the use of silicate glasses is 

limited to applications in the first atmospheric window (visible), while fluorides 

glasses can be used for applications working in the first atmospheric and in the second 

one (3-5µm) also. Chalcogenide glasses based on selenium and tellurium present the 

great advantage of being transparent in the second and third atmospheric window (8-

13µm), but the disadvantage to be opaque in the visible range. Sulfide based glasses 

are a compromise as they are slightly transparent in the visible range but do not 

include the entire third atmospheric window. 

On the other hand, ionic solids made of heavy atoms show wide transparency from 

the visible to the far infrared. Polycrystalline materials such as silver bromide and 

chloride indeed exhibit wide transparency. However, very few truly amorphous ionic 

solids have been reported.  
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4.2.3 Evolution of refractive index 

Figure 4.3 also shows differences in maximum transparency, between 90% and 100% 

for silica glasses and fluoride glasses, and 60% for chalcogenide glasses. This 

difference is due to the refractive index variation between those glasses. 

The refractive index n of a media is equal to the ratio between the speed of light in 

vacuum and the speed of light in the material v (Equation 4.5). 

N=c/v 

Equation 4.5. 

The refractive index can also use a factor link to the extinction coefficient of the 

media (absorption). n is then written: 

n*=n-ik 

Equation 4.6. 

with  

k=
�6
+0 

Equation 4.7. 
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where α is the extinction coefficient and λ the wavelength used. The refractive index 

is determined by monochromatic radiation, and depends on the wavelength according 

to the Cauchy relation (Equation 4.8): 

n(λ)=A+
7
6� ) 8

69 

Equation 4.8. 

Table 4.1 summarizes the refractive index of various glasses belonging to different 

glass families. 

Table 4.1 : Schedule of refractive index for each family of glasses. 

Glass Refractive index Reference 

Silica (SiO2)  1.45 at 1.06 [130] 

SF57 (SiO2-PbO2) 1.80 at 1.06 [131] 

As2S3 2.44 at 1.55 [132-134] 

90(GeS2)10(Sb2S3) 2.1 at 1.31 [129] 

10(GeS2)90(Sb2S3) 2.8 at 1.31 [129] 

GLSO(65Ga2S3-32La2S3-

3La2O3) 

2.41 at 1.52 [132] 

GeSe4 2.444 at 1.55 [135] 

Ge30As11Se49Te10 2.5 at 10.6 [136] 

As2Se3 2.81 at 1.55 [137] 
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The linear refractive index generally increases with the molar mass of the elements 

composing the glass. The higher the electronic density of the elements in the media is, 

the higher the polarizability is, and hence the higher n is. The refractive index of 

sulfur based glasses in then lower than the refractive index of selenide glasses, which 

is lower than telluride based glasses. 

 

Based on the previous considerations it appears that the only way to enlarge the 

optical transparency window of glass toward the far infrared is the use of heavy 

elements as glass-former. The motivation of this study will then be to identify 

amorphous ionic materials with wide transparency and reasonable glass forming 

stability. Former studies on heavy halides glasses have demonstrated the good glass 

forming ability of PbBr2 and PbI2 [127, 138, 139]. Consequently, it is interesting to 

see if it is possible to find a glassy system of heavy halide which presents a good glass 

forming ability and an acceptable resistance to oxygen and water contained in the 

atmospheres in order to avoid the presence of absorption bands in the infrared region 

and a weak resistance to moisture. 
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4.3 Glass preparation 

In order to make glasses transparent in the far IR region researches has been focused 

on heavy halides. Because of their high interaction with air moisture, the reaction of 

raw materials must be performed in a neutral atmosphere. Thus, two ways of 

synthesis have been investigated: the first one consisting in making heavy halide 

glasses using the conventional way of synthesis of chalcogenide glasses, the second 

one using furnaces in a glove box maintained under a dry argon atmosphere. 

Initial glass preparation was made using sealed silica tube placed under vacuum in the 

same manner as synthesis of chalcogenide glasses (see chapter 1). As mentioned 

above, the synthesis in close tube is performed in order to prevent any variation of the 

stoichiometry during the heat treatment due to the high volatility of halogen elements 

at high temperature and also to prevent oxidation of the melt bath. The main 

drawback to make heavy halide glasses is the need of a rapid quenching. However, 

even with the use of thin silica tube (6mm inner diameter), the relatively low thermal 

conductivity of silica induces a strong lowering of the quenching rate. Thus, all the 

experiments achieved with silica tubes led to fully crystallized samples. 

Consequently, the synthesis of glasses highly transparent in the far IR range using the 

conventional way of synthesis of chalcogenide glasses has been rapidly abandoned. 

The second method was then to proceed with the synthesis in a dry glove box filled 

with argon. The glove box presents the advantage of controlling the atmosphere in 

which synthesis were made, without water or oxygen and also to proceed to a much 

faster quench using two copper pieces to crush the melt bath. Following a previous 

study published on heavy halides by Zhang et al. [138], the first experiments were 
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focused on the PbI2-PbBr2 binary system with the addition of various heavy halides 

such as AgI, CuI, CsI and RbI. Zhang et al. have demonstrated the importance of 

miximg halides in order to increase the glass forming region of heavy fluorides and 

consequently to facilitate the synthesis of bulk heavy halide glasses [139]. Here, new 

glass forming regions were investigated by melting various heavy halides such as 

CdI2, BaI2. 

4.3.1 Synthesis 

The synthesis was carried out in a glove box. The different compounds were precisely 

weighted and introduced in the glove box with a mortar and then milled for 15 to 20 

minutes. In order to reach a homogeneous melt of the raw elements, the heating step 

being static and quick, the best milling must be performed. After the milling process, 

the powder was introduced in an open silica crucible and placed in the glove box’s 

oven which was set at the appropriate melting temperature. The melting step was 

maintained for 15 to 20 minutes at temperatures ranging from 450°C to 650°C 

depending on the glass composition. The temperature and time parameters were 

optimized in order to melt all the batches long enough for homogeneization but short 

enough to prevent evaporation to keep the initial stoichiometry. The crucible is then 

taken out of the furnace and the melt is poured on a polished copper piece and crushed 

with another one in order to get a fast quench rate. The glasses synthesized this way 

are approximately 40 mm diameter and 200µm thick. 

In order to determinate the glass forming ability in each studied systems, glasses made 

were automatically analyzed by FTIR spectroscopy. In our case, a sample is 

considered to be a glass if its transmission in the infrared range is not prevented due to 
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scattering by crystals. However it is important to notice that XRD experiments 

performed on some samples did not present characteristic peaks of diffraction while 

these glasses were opaque in the infrared region. 

4.3.2 Best glass forming systems 

It was found that contrary to fluoride glasses made with heavy halides such as BaF2, 

CdF2, which show good glass formation [140-141], samples made of BaI2 or CdI2 

present a strong crystallization in the center and did not produce good glasses. The 

best samples obtained which allowed thermal and optical characterization, were the 

one that included lead iodide and lead bromide. 

Figure 4.4 and 4.5 presents the ternary diagrams of PbI2-PbBr2-CsI and PbI2-PbBr2-

AgI. The black squares represent compositions leading to glass-ceramics or ceramics 

while the white squares are the compositions which led to glasses transparent in the 

infrared range.  

 

Figure 4.4 : Ternary diagram of the PbI2-PbBr2-CsI system. 
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As observable in this figure, the glass forming region is limited to the addition of 20% 

of CsI in the PbI2-PbBr2 binary system. Considering the fact that glasses from the 

center of the glass forming region are the most stable against the crystallization 

process, the 45PbI2-45PbBr2-10CsI glass composition should present the best thermal 

properties. The glass forming region might be larger than what was achieved, but this 

would required higher quenching rates. This has not been investigated since the goal 

of this work was to obtain glasses usable for sensors application, and high quenching 

rate would not lead to stable bulk glass samples. 

 

Figure 4.5 : Ternary diagram of the PbI2-PbBr2-AgI system. 

The insertion of AgI in the PbI2-PbBr2 binary system leads to a glass forming region 

relatively similar to that with CsI. Up to 22% of AgI can be added without reaching 

the crystallization of the melt bath. 
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CsI and AgI were added to the PbI2-PbBr2 binary system to play the role of modifier 

cations in the glass network in the aim to facilitate the glass synthesis as it has already 

been demonstrated in chalcogenide glasses [142-143]. 

In these systems, we managed to synthesize samples large enough to characterize 

their optical properties using FTIR spectroscopy; their thermal properties such as their 

glass transition temperature and crystallization temperature have been determined by 

Differential Scanning Calorimetry. 

Figure 4.6 shows a picture of the 45PbI2-45PbBr2-10CsI glass composition obtained 

by the process described earlier. 

 

Figure 4.6 : Picture of the 45PbI2-45PbBr2-10CsI glass, obtained by quenching the melt rapidly 

between two copper pieces. 

We see that this process, while giving high quenching rate, does not allow reaching a 

good homogeneity of the entire glass. 

The only glassy samples were obtained when both bromide and iodide compounds 

were mixed. Three systems led to glasses presenting a better homogeneity and 

20mm 
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transparency than the others: the two ternary systems PbBr2-PbI2-CsI and PbBr2-PbI2-

AgI, and the quaternary system PbI2-PbBr2-CsI-RbI. Glasses from the ternary system, 

PbBr2-PbI2-AgI, had a large tendency to become opaque after synthesis due to the 

presence of AgI. The glassy samples obtained rapidly lost their transmission in the 

visible and infrared. 

All sample made from iodine compound only did not lead to glass formation. These 

results confirm the first description made by Zhang et al. [139], that a mix of halide is 

necessary to form glasses. It is important to notice that the large tendency toward 

dissolution of chlorine elements in water led us to investigate glass forming region 

without heavy halides containing chlorine. 

The visible and infrared transmission of samples having a thickness of about 200µm 

has been measured. The glass transmittance was measured using a double beam 

spectrophotometer (Perkin Elmer) in the visible and near IR range. A Bruker Vector 

22 spectrophotometer has been used to establish the mid and IR spectra with an 

accuracy of ±1%. Figure 4.7 shows the transmission of the 45PbI2-45PbBr2-10CsI 

glass. 
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Figure 4.7 : Visible and infrared transmission of the 45PbI2-45PbBr2-10CsI glass. 
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Glasses transmission extend from 500nm to more than 26 µm, the infrared 

transmission measured with a spectrometer Vector 22 from Bruker  is limited at about 

26µm because of the detector sensitivity. However, at this stage, the maximum of 

transmission of some samples is still around 60%. The shoulder observed at 800nm 

and 1800nm are due to a change of detectors. 

Several other compositions appeared to have formed glass however, once they were 

taken out of the glove box they started to react with atmosphere moisture very rapidly 

and their surface degradation progressively led to opacity in the visible and infrared 

range. Hence it was not possible to confirm their glassy nature as it would have been 

necessary to stay in controlled atmosphere from the synthesis to the characterizations.  

4.4 Results 

4.4.1 Thermal properties 

In order to establish glasses optical and thermal properties, infrared transmission 

measurements and differential scanning calorimetry (DSC) experiments have been 

performed. The glass transition temperature (Tg) and the crystallization temperature 

(Tx) of the 45PbBr2-45PbI2-10CsI glass can be determined from the curve shown in 

Figure 4.8. 
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Figure 4.8 : DSC curve of the glass 45PbBr2-45PbI2-10CsI. 

In this case the glass has a Tg of approximately 50°C, and a crystallization 

temperature Tx of about 66°C. The average glass transition temperature ranged from 

48°C to 70°C with differences between Tx and Tg not exceeding 30°C depending on 

the glass composition. 

The common value used to estimate glass stability is the difference between Tg and 

Tx which should reach about 100°C. Below this value the risk of crystallization 

during the quenching process increases severely. In the present case, the low ∆T 

obtained for the 45PbBr2-45PbI2-10CsI glass demonstrates the necessity to reach a 

high quenching rate and consequently the difficulty to make glass with heavy halide 

elements as glass-formers. Another criterion which is commonly used to determine 

the glass stability against crystallization is the Hruby factor [144] which can be 

determined by the following equation: 
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Equation 4.9. 

With Tg, Tx, and Tm, the glass transition temperature, the crystallization and the 

melting temperature respectively. The higher this criterion, the grater the stability 

against crystallization. However, it is sometimes difficult to measure the melting 

temperature and in the case of high concentration of halides, experiments were 

stopped before this temperature to prevent deterioration of the DSC by halide gas. 

4.4.2 Infrared Transmission 

In order to study the influence of alkali halide on the glass forming ability of heavy 

halides, CsI has been progressively substituted by RbI. The compositions made by 

substituting CsI by RbI according to 45PbBr2-45PbI2-(10-x)CsI-xRbI are listed in 

Table 4.2. 

Table 4.2 : Composition of the glasses synthesized in the system 45PbBr2-45PbI2-(10-x)CsI-xRbI, the 

compositions are given according to the molar percentage of the compounds. 

 PbI2 PbBr2 CsI RbI 

A 45 45 10 0 

B 45 45 7 3 

C 45 45 5 5 

D 45 45 3 7 
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The transmission of the four glasses made in this quaternary system: PbBr2 PbI2-CsI-

RbI are shown in Figure 4.9. The first composition (A) of the Figure 4.9 represents 

the transmission of the base glass 45PbBr2-45PbI2-10CsI. 
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Figure 4.9 : Evolution of the IR transmission of glasses in the quaternary system PbI2-PbBr2-CsI-

RbI. 

The sample (A) presents a good transmission which goes further than 20 µm, but as 

we exchange CsI for RbI, the transmission drops rapidly and the glass becomes 

opaque to infrared light with as little as 7% of RbI in its composition. This is clearly 

the result of crystallization. The size difference between the two alkaline cations Cs
+
 

and Rb
+
 is an explanation of this evolution. The cesium being a larger ion induces a 

greater distortion of the glass network thus improving the glass formation. 
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4.4.3 Ageing 

The potential applications of glasses are determined by their ability to resist to 

environmental conditions. Hence, based on the well-known sensitivity of heavy halide 

glasses to air moisture and considering the high content of iodine in those glasses, 

tests have been performed in order to evaluate their durability. Transmission 

measurements have been performed in order to observe the influence of water on the 

samples in two different conditions: first glasses were stored under atmospheric 

condition and then they were immersed in water. Their infrared transmission was then 

checked as a function of time in air or in water. 

 

4.4.3.1 Influence of water 

Figure 4.10 shows a comparison of transmission of the 45PbI2-45PbBr2-10CsI glass 

sample before and after an exposition to water. It is clearly shown that the 

transmission is severely affected by reaction with water, in particular at the lower 

wavelength. This is likely due to scattering effects resulting from surface 

deterioration. 

The easiest way to stabilize heavy halide glasses is often to use oxides [130] however, 

this would go against the first goal to use compounds with the highest reduce mass to 

enhance transmission in the mid far infrared. 
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Figure 4.10 : Transmission of the glass 45PbI2-45PbBr2-10CsI; initial transmission (a), and 

transmission after an immersion of 60 minutes in water. 

 

 

4.4.3.2 Influence of atmosphere 

Seeing the strong interaction between water and the glasses, the glass deterioration 

has been investigated under atmosphere condition by keeping the sample in 

acclimatized room at 25°C for several durations. Figure 4.11 shows the infrared 

transmission of the same glass after 24 hours storage under atmospheric conditions. 
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Figure 4.11 : Transmission spectra of the glass 45PbI2-45PbBr2-10AgI before any treatment (a), and 

after an exposition to atmosphere of 24 hours (b). 

Figure 4.11 shows a significant decrease of about 33% of the IR transmission of the 

45PbI2-45PbBr2-10AgI glass after only 24h under atmospheric conditions. This result 

shows that heavy halides glasses are highly sensitive to water; the atmospheric 

humidity is high enough to interact with the glass. The phenomenon occurring at the 

surface of the glass can be attributed to a surface dissolution of the glass inducing 

strong scatterings. This could also be associated with the crystallization of particles 

onto the surface after its dissolution, resulting in a decrease of the overall transmission 

of the glass. 

In conclusion, in spite of their large window of transparency, the weak resistance of 

heavy halide glasses to moisture prevents their use as optical components for infrared 

applications. 
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4.5 Conclusion 

The initial goal of this section was to investigate other glass compositions than 

chalcogenide. In order to extend the transmission in the mid-far infrared the choice of 

composition went to ionic glasses composed of heavy halide as the multi-phonon cut 

off depends on the reduced mass of the elements. 

Glassy systems containing only heavy ionic compounds as starting materials have 

been previously reported but they were highly unstable and the main goal of this study 

was to synthesize samples big enough to use for guiding and sensing applications. 

The base of most of the glasses synthesized in this work was a melt of two lead 

halides PbI2 and PbBr2. Different ternary or quaternary systems containing this base 

were investigated with the addition of various halides such as CsI or AgI which gave 

the best glass forming regions. Other elements were tested but did not permit to 

synthesize large bulk glasses transparent in the infrared range. 

The synthesis method of quenching the melt bath in a dry box was required to 

produce glassy samples. Several samples (45PbI2-45PbBr2-10AgI and 45PbI2-

45PbBr2-10CsI) were promising for their transparency, but the mechanical resistance 

low glass transition temperature and high moisture sensitivity prevented further 

applications. Most other compositions only lead to samples a few microns thick. The 

low glass transition temperature of these kinds of glasses (50 to 70°C) could lead to 

some deformation even at ambient temperature, thus making it impossible to produce 

any optical device. Moreover, they also presented a low ∆T, thus preventing from 

molding after the quenching. Finally, it should also be noticed that the synthesis 

process also raises another problem for those glasses. Since the synthesis is performed 
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in an open system the time must be long enough to melt every crystalline powder, but 

short enough to avoid the loss of elements by vaporization. In fact, un-melted crystals 

could lead to MIE or Rayleigh scatterings giving a decrease of the maximum of 

transmission, but a longer time of melting could lead to a variation of the final 

stoichiometry of the glass composition. 

Today, the only way known to stabilize these heavy halide glasses is to combine them 

with oxide or phosphate, but doing so we would drastically decrease the multi-phonon 

cut off hence loosing the exact properties initially desired. 
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CONCLUSION 

This PhD work, done in collaboration at the University of Rennes 1 in the Laboratory 

of glasses and ceramics (UMR CNRS “Sciences Chimiques de Rennes”) and at the 

University of Arizona in the Arizona Materials Laboratory, has been motivated by the 

development of infrared sensor with improved sensibility. 

In order to achieve the objective, we have started with the surface modification of 

planar sensors in order to create a nano porous surface. Different techniques based on 

selective chemical etching have been tested previously a lead to bad interface. In 

order to solve this problem, another configuration was used by depositing a thin film 

on an infrared transmitting substrate. The thin films were prepared by sputtering using 

GeS2-Sb2S3-CsCl glass as target. The thin film composition depends greatly on the 

deposition condition but good quality of thin films has been obtained. These films 

have been used for test of selective etching. The chemical etching is achieved only 

inside the thin film and the interface thin film/substrate is not affected A homogenous 

nano porous surface has been obtained by appropriate chemical etching. 

ZnS-NaCl thin films have also been obtained by co-evaporating ZnS and NaCl. These 

films are homogenous and transparent. However, it was not possible to selectively 

dissolve the NaCl contained in the films. A solid solution has probably been formed. 

A second task aimed at sensor development involved the inscription of waveguide in 

a Ga-Ge-S-CsCl glass by femtolaser writing. Chalcogenide glasses are known to be 

photosensitive. The most known effects are photo darkening and photo bleaching. It 

has also been demonstrated that the refractive index can be changed permanently 
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under laser irradiation. This effect has been used to create waveguide inside 

chalcogenide glasses. Different glasses in the Ga-Ge-S-CsCl system have been tested. 

This glass forming system is interesting because CsCl content can be used to adjust 

the width of the band gap. A femtosecond laser with short pulses at the wavelength of 

800 nm, located in the transparency region, is used to minimize the thermal effect. 

With optimized power and writing speed, it is possible to create smooth waveguide 

inside the glasses. The refractive index profile has been determined across the 

waveguide. It is shown that the interaction with the laser tends to decrease the 

refractive index of the glasses when the guide was written by translation of the glass 

at high power. However low power inscription lead to positive index change. On the 

other hand, the second writing method using laser filamentation, produced a guide 

where ∆n is positive and nearly constant in magnitude and diameter (after the 

complex region where the beam collapses), these conditions were promising for light 

guiding applications. 

In a third task aimed at the development of tapered fiber for evanescent wave sensing. 

Efforts have been devoted to re-shape chalcogenide glass fibres by using the effect of 

photo fluidity. This work is theoretically interesting and practically very useful. It has 

been demonstrated that the viscosity of the GeSex glasses decreases as function of 

laser power used for illumination. Temperature measurement with remote 

thermograph indicates no thermal effect is observed. Tapered fibres have been 

fabricated by using this effect with well-controlled geometry. These fibres have been 

used for chemical sensing with greatly improved sensibility. 
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Finally, the last task involved the development of new glasses with extended 

transparency from the visible to far IR in order to cover the fingerprint absorption of 

more molecules. Some glass forming systems based only on heavy halides such as 

PbBr2, PbI2 were studied. Glasses with exceptional transmission up to 26 µm have 

been obtained. However, these glasses are not thermally and chemically stable enough 

for practical absorption. 

This work has been devoted to the improvement of chemical sensors based on 

chalcogenide glasses. Some interesting preliminary results were obtained with the 

demonstration of feasibility for some techniques. However much more work is still 

ahead for developing usable sensors. 
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