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1.1: Introduction 

The material substances exist in three states of aggregation: the solid state, the 

liquid state and the gaseous state. In solids and liquids, the distance between the 

neighboring atoms is of the order of a few angstroms, while in gases the distance 

between the molecules or atoms is quite large as compared to solids and liquids. Solid 

materials are formed from densely-packed atoms, with intense interaction forces 

between them. These interactions are responsible for the mechanical (e.g. hardness 

and elasticity), thermal, electrical, magnetic and optical properties of solids. 

Depending on the material involved and the conditions in which it was formed, the 

atoms may be arranged in a regular geometric pattern (crystalline solids) or irregularly 

(amorphous solids). The forces between the atoms in a solid can take a variety of 

forms. For example, the crystal of sodium chloride is made up of ionic sodium and 

chlorine and held together with ionic bonds. In covalent solids the atoms share 

electrons and form covalent bonds. In metals electrons are shared by metallic bonding. 

Other solids, particularly including most organic compounds, are held together with 

Van der Waals forces resulting from the polarisation of the electronic charge cloud on 

each molecule. The differences between the types of solid result from the differences 

between their bonding. 

In crystalline solids, the atoms or molecules that compose the solid are packed 

closely together. These constituent elements have fixed positions in space relative to 

each other. This accounts for the solid's structural rigidity. In mineralogy and 

crystallography, a crystal structure is a unique arrangement of atoms in a crystal. A 
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specific symmetry or crystal structure is composed of a Bravais lattice which is 

typically represented by a single unit cell. The unit cell is periodically repeated in 

three dimensions on a lattice. The spacing between unit cells in various directions is 

called lattice parameters. The symmetry properties of the crystal are embodied in its 

space group. A crystal's structure and symmetry play a role in determining many of its 

physical properties, such as cleavage, electronic band structure and optical properties. 

An "amorphous solid" is a solid in which there is no long-range order of the 

positions of the atoms. Most classes of solid materials can be found or prepared in an 

amorphous form. For instance, common window glass is an amorphous solid, many 

polymers (such as polystyrene) are amorphous and even foods such as cotton candy 

are amorphous solids. Glasses do not exhibit the long-range order exhibited by 

crystalline substances. Strongly supercooled liquids behave partly as liquids and partly 

as glasses depending on the time scale of observation. Much work has been done to 

elucidate the primary microstructural features of glass forming substances (e.g. 

silicates) on both microscopic and macroscopic scales. One emerging school of 

thought is that a glass is simply the "limiting case" of a polycrystalline solid at small 

crystal size. Within this framework, domains exhibiting various degrees of short-range 

order become the building blocks of both metals and alloys as well as glasses and 

ceramics. The microstructural defects of both within and between these domains 

provide the natural sites for atomic diffusion and the occurrence of viscous flow and 

plastic deformation in solids [1]. 

In principle any liquid can be made into an amorphous solid by giving it a 

sufficiently high cooling rate. Cooling reduces molecular mobility. If the cooling rate 



is faster than the rate at which molecules can organize into a more thermodynamically 

favorable crystalline state, then an amorphous solid will be formed. Because of 

entropy considerations, many polymers can be made amorphous solids by cooling 

even at slow rates. In contrast, if molecules have sufficient time to organize into a 

structure with two- or three-dimensional order, then a crystalline (or semi-crystalline) 

solid will be formed. Water is one example. Because of its small molecular size and 

ability to quickly rearrange, it cannot be made amorphous without resorting to 

specialized hyper quenching techniques. Amorphous materials can also be produced 

by additives which interfere with the ability of the primary constituent to crystallize. 

For example, addition of soda to silicon dioxide results in window glass and the 

addition of glycols to water results in a vitrified solid. Some materials such as metals 

are difficult to prepare in an amorphous state. Unless a material has a high melting 

temperature (as ceramics do) or low crystallization energy (as polymers tend to) 

cooling must be done extremely rapidly. As the cooling is performed, the material 

changes from a supercooled liquid, with properties one would expect from a liquid 

state material, to a solid. The temperature at which this transition occurs is called the 

glass transition temperature or Tg. The transition from the liquid state to the glass at a 

temperature below the equilibrium melting point of the material is called the glass 

transition. The glass transition temperature is approximately the temperature at which 

the viscosity of the liquid exceeds a certain value (about lO'̂  Pa s). The transition 

temperature depends on cooling rate, with the glass transition occurring at higher 

temperatures for faster cooling rates. 



Amorphous phases are important constituents of thin films, which are solid 

layers of a few nm to some tens of ^m thickness deposited upon an underlying 

substrate. So-called structure zone models were developed to describe the 

microstructure and morphology of thin films as a function of the homologous 

temperature Th that is the ratio of deposition temperature over melting temperature 

[2,3]. According to these models, a necessary (but not sufficient) condition for the 

occurrence of amorphous phases is that Th has to be smaller than 0.3 that is the 

deposition temperature must be below 30% of the melting temperature. For higher 

values, the surface diffusion of deposited atomic species would allow for the 

formation of crystallites with long range atomic order. Regarding their applications, 

amorphous metallic layers played an important role in the discussion of a suspected 

superconductivity in amorphous metals [4]. Today, optical coatings made from Ti02, 

Si02, Ta205 etc. and combinations of them in most cases comprise of amorphous 

phases of these compounds. The technologically most important thin amorphous film 

is probably represented by few nm thin Si02 layers serving as isolator above the 

conducting charmel of a metal-oxide semiconductor field-effect transistor (MOSFET). 

Also, hydrogenated amorphous silicon, a-Si:H in short, is of technical significance for 

thin film solar cells. In case of a-Si:H the missing long-range order between silicon 

atoms is partly induced by the presence by hydrogen in the percent range. The 

occurrence of amorphous phases turned out as a phenomenon of particular interest for 

studying thin film growth. Remarkably, the growth of polycrystalline films is often 

preceded by an initial amorphous layer, the thickness of which may amount to only a 



few nm. The most investigated example is represented by thin muhicrystalHne silicon 

films, where such an initial amorphous layer was observed in many studies [5]. 

Wedge-shaped polycrystals were identified by transmission electron microscopy to 

grow out of the amorphous phase only after the latter has exceeded a certain thickness, 

the precise value of which depends on deposition temperature, background pressure 

and various other process parameters. The phenomenon has been interpreted in the 

fi-amework of Ostwald's rule of stages [6] that predicts the formation of phases to 

proceed with increasing condensation time towards increasing stability. Experimental 

studies of the phenomenon require a clearly defined state of the substrate surface and 

its contaminant density etc., upon which the thin film is deposited. 

Amorphous semiconductor is a solid state material that can be switched fi-om 

one state to another. For example, the recording layer in phase change rewritable CDs 

and DVDs switches between an unstructured amorphous state that absorbs light and a 

structured crystalline state that allows light to pass. In phase change memory, the 

storage cell switches between states of low resistance to one of very high resistance. 

On the basis of difference in chemical bonding amorphous semiconductors can be 

broadly classified into three major categories viz: covalent non crystalline solids 

(including tetrahedral semiconductors and chalcogenide glasses), semiconducting 

oxide glasses and dielectric films. 

Among these classifications our present work is mainly concerned with the 

study of chalcogenide glasses (CG). 



1.2: Physical Properties of Chalcogenide Glasses 

1.2.1: Structural properties 

Crystalline solid state is characterized by strict order in the position of atoms 

even at large atomic distances. CGs could be characterized by short-range order (SRO) 

and partially by intermediate range order (IRO). That means that after changing the 

crystalline state of a crystal in vitreous or amorphous state, the shortest distance 

between neighboring atoms is almost the same as in the crystal, may be, only with 

small distortion, which certainly leads to destroying of the long-range order (LRO). 

For example, the first atomic coordination in the crystals and glasses of AS2S3 and 

As2Se3 are almost the same [7]. Of course, this is not characteristic for all materials. 

The germinate glasses (GcxChi-x, where Ch=Se, Te, S) are a typical example of 

different SRO in crystals and glasses of the same composition [8, 9]. CGs bear some 

similarity to oxide glasses, since both oxygen and chalcogen belong to group VI in the 

Periodic Table. A CG can be regarded a kind of 'soft semiconductor', soft because its 

atomic structure is flexible and viscous (due to two-fold coordination of chalcogen 

atoms) and a semiconductor because it possesses a band gap energy (~2 eV) 

characteristic of semiconductor materials (1-3 eV). Accordingly, a CG may be 

characterized as being in between an oxide glass composed of three-dimensional 

networks and an organic polymer possessing one-dimensional chain structure [10]. 

Atomic bonding is, therefore, more rigid in CGs than that of organic polymers and 

more flexible that of oxide glasses (Fig. 1.1). Atomic structure and related properties 

in CGs depend upon preparation methods and history after preparation [11,12]. 



1.2.2: Electronic properties 

CGs possesses electrical and optical band gaps of 1-3 eV and accordingly they 

can be regarded as amorphous semiconductors. Gap decreases in the sequence of S, Se 

and Te, reflecting enhanced metallic character. As a semiconductor, overall property 

of CGs can be grasped as the vertical sequence (Fig. 1.1). That is, with the change 

from organic semiconductors, chalcogenides, hydrogenated amorphous silicon films, 

to crystalline semiconductors, the electronic mobility becomes higher and a faster 

response is available. The material also becomes more rigid. Instead, material prices 

seem to increase with this sequence, which may reflect their typical preparation 

methods (coating, evaporation, glow discharge, and crystal-growth techniques). 

Electrically CGs exhibit smaller conductivities than the corresponding crystals. 

This is because the electronic mobility is suppressed by band tail and gap states, which 

are manifestations of disordered structures. Glass can be regarded as a p-type 

semiconductor or, more exactly, hole conduction is greater than electron conduction 

[11,12]. In selenium at room temperature, holes exhibit conventional Gaussian 

transport with a mobility of 0.1 cm^ (Vs)''. However, at low temperatures and, in 

several materials, at room temperature, holes exhibit so-called dispersive transport, 

and the effective mobility decreases to 10'̂  cm^ (Vs)'' or even less. Such hole motions 

are described in terms of multiple trapping with band-tail states or hopping transport in 

gap states. In general, the position of Fermi energy, which may be located near the 

center of the band gap, cannot be controlled by impurity doping. However, there are a 

few exceptions, such as Bi-Ge-Se, Pb-Ge-Se and Pb-ln-Se, in which thermo power 

indicates n-type conduction [13-19]. 

7 
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1.2.3: Optical properties 

Extensive studies have been made on photo-induced phenomena in CGs 

[20,21]. At least seven distinct photo-induced phenomenon are observed in amorphous 

chalcogenides but not usually in crystalline chalcogenides. Photo-induced phenomena 

observed in CGs can be classified into two groups (Fig. 1.2): (i) It includes heat-mode 

phenomena, in which the heat generated through non-radiative recombination of 

photo-excited carriers triggers atomic structural changes; and (ii) Photon-mode, which 

can further be divided into the phenomena observed under illumination and after 

illimiination. The best-known heat-mode phenomenon may be the optical phase 

change, or the optical Ovonic effect [20]. This phenomenon appears in tellurium 

compoimds, which undergo thermal crystallization. A light pulse heats the film sample 

above crystallization temperature, resulting transformation from amorphous to 

crystalline phases. In some materials, this change is reversible. That is, a more intense 

light pulse heats the sample above melting temperature, and a successive temperature 

quenching can reproduce original amorphous structure. As for the photon-mode 

phenomena, reversible photo-darkening and related changes have been extensively 

studied [20,21]. Here, light illumination induces a red shift of the optical absorption 

edge, so that the sample becomes darker, while the red shift can be reversed with 

annealing at the glass-transition temperature. Refractive index in transparent 

wavelength regions increases with the red shift, which is consistent with the 

expectation obtained from the Kramers-Kronig relation. Sample volume, elastic, and 

9 



chemical properties also change with illumination and recover with armealing. As for 

the light, band gap illumination (hu=Eg) has been assumed to be effective. However, 

sub-gap light with photon energy lying in Urbach-tail region also produces some 

changes, which can be more prominent than those induced by band gap light [20]. 

Photo-darkening phenomenon continues to attract extensive interest, since this is a 

simple bulk phenomenon, which is characteristic of CG. That is, it does not appear in 

the corresponding crystal. Some structural studies have demonstrated that the 

amorphous structure becomes more disordered with illumination. However, it is 

difficult to identify explicitly the structural change in amorphous phases, and the 

mechanism is not yet elucidated. An example of photo-thermal bulk phenomena is the 

photo-induced anisotropy originally discovered by Fritzsche [20]. Macroscopically, 

untreated glasses are generally isotropic, while illumination with linearly polarized 

light can add some anisotropy such as dichroism, birefringence, and axial strains. Even 

unpolarized light can induce anisotropy if the light irradiates a side surface of a sample 

[20]. Photo-doping is a famous photo-thermal chemical reaction [20]. Consider a 

bilayer structure consisting of silver and AsSa films. When this bilayer is exposed to 

light, the silver film dissolves rapidly into the AsS2. For instance, if the silver film is 

10 imi in thickness, and the exposure is provided from the semitransparent silver side 

using a 100 W ultrahigh-pressure mercury lamp, the silver film will dissolve within 

few minutes. 

10 
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Fig. 1.2 Photo-induced phenomenon in chalcogenide glasses 
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Since the reaction becomes slower if the sample is illuminated at lower 

temperatures, this can be regarded as a photo-thermal phenomenon. However, it 

should be mentioned that temperature rise induced by illumination is not essential. 

There are also several irreversible and transitory changes. Examples are photo-

polymerization and photo-induced fluidity [20]. Not only photons but also other 

excitations such as electrons can give rise to a variety of structural changes [22]. Some 

of these are similar to, but others are dissimilar from, the corresponding photon 

effects. For instance, electron beams can enhance silver doping into chalcogenide 

films like photons [22], while the beam can suppress crystallization of Se, in contrast 

to the photo- crystallization phenomenon. Studies using scanning tunneling 

microscopes etc. demonstrate nanometer scale structural changes in CGs. 

1.2.4: Thermal properties 

Many properties, especially that are time dependent, can be described from the 

enthalpic / temperature diagram (Fig. 1.3). When a CG is obtained from the liquid 

state and the cooling rate is high enough, enthalpy will follow the extrapolated liquid 

equilibrium curve and for a critical temperature, called the fictive equilibrium 

temperature (Tf), viscosity will increase drastically and enthalpy will leave the 

equilibrium curve and will reach a non-equilibrium state characterized by an excess of 

enthalpy [23]. This last state corresponds to the glassy state. Because of the lack of 

thermodynamic equilibrium, which characterizes these materials, two important 

phenomena will appear: i) Heating of a glass will lead to the appearance of a new 

transition called the glass transition, where the glass upon heating softens at a 
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characteristic temperature, known as the glass transition temperature, Tg, when molar 

volumes (V) and enthalpy (H) undergo a qualitative change; and ii) When the glass is 

maintained at a temperature lower than Tg, it will undergo structural relaxation 

(physical aging), observed by an enthalpic decrease. 

Tg represents temperature above which an amorphous matrix can attain various 

structural configurations and below which the matrix is frozen into a structure, which 

cannot easily change to another structure. Therefore, it is reasonable to assume that Tg 

must be related to the magnitude of cohesive forces within the network since these 

forces must be overcome to allow for atom movement. Predictions of the Tg are 

generally based on simple models, in which it is assumed that Tg is proportional to 

another material parameter, which strongly depends on the cohesive forces or the 

rigidity of the network. Examples found in the literature of such parameters are 

average coordination number, enthalpy of atomization, overall mean bond energy, 

band gap or the average group number [24-26]. Tg is related to the average co­

ordination number <z>. This relationship can be an exponential function as in [27] or 

follow the modified Gibbs-Dimarzio equation [28], which gives a reasonably good 

prediction of the Tg of CGs especially at low average coordination numbers. Physical 

quantities (melting temperature, magnitude of photo-darkening, mean atomic volume 

and width of the band tails in CGs) are also related with Tg [29-34]. Specific heat is 

another important thermal property of CGs, which is useful to understand the thermal 

relaxation process in these glasses. Specific heat is very sensitive to the way in which 

atoms or molecules are dynamically bound in a solid [35]. Thus measurement of such 

parameter like heat capacity will lead to an effective test for characterizing material as 
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Fig. 1.3 Enthalpic / temperature diagram for chalcogenide glasses 
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glassy substance. An abrupt change in specific heat at the glass transition is 

characteristic of the all CGs. Below glass transition temperature, Cp is weakly 

temperature dependent (Fig. 1.3). 

However, near glass transition temperature, Cp increases drastically with 

increase of temperatvire and shows maxima at glass transition temperature. After glass 

transition temperature, Cp attains a stable value, which is slightly higher as compared 

to Cp below glass transition temperature. The sudden jump in Cp value for each alloy 

at glass transition can be attributed [36] to anharmonic contribution to the specific 

heat. Overshoot in Cp at the upper end of "Cp jump" at glass transition is due to the 

relaxation effects. The time scale [37] for structural relaxation is highly dependent 

both on temperature and on the instantaneous structure itself The observed peak in Cp 

at Tg may be due to the fact that the structural relaxation times at this temperature 

becomes of the same order as the time scale of experiment. Specific heat values after 

glass transition (equilibrium liquid specific heat, Cpe) and before glass transition (glass 

specific heat, Cpg) and their difference (Cp) are found usefiil for study of thermal 

relaxation in a particular CG. 

1.3: Effects of chalcogenide glasses 

One of the main properties of the chalcogenide materials is their sensibility to 

the action of light and other electromagnetic radiations. Therefore, many effects 

discovered in chalcogenide disordered materials are based on the action of light stated 

as below [38]: 
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1. The photo-darkening effect 

It is defined as the shifts of the optical absorption edge towards longer 

wavelengths (lower energies), the so-called redshift. The effect appears when the 

chalcogenide glass (AS2S3, As2Se3 or other chalcogenide alloys) is illuminated by light 

of energy above the band gap of the material. 

2. The photo-bleaching effect 

It is the reverse effect of photodarkening. In order to get photo- bleaching, it is 

important to illuminate the sample at a temperature a little bit larger than that, which 

favors the photo-darkening. The photo-bleaching is defined as the shift of the optical 

absorption edge of a chalcogenide material towards lower wavelengths (higher 

energies) when the sample is heated under Tg or illuminated with light of energy 

below the band gap. 

3. The photo-plastic effect 

This effect has been discovered and largely studied by Trunov and Bilanich . 

They observed that inorganic glasses are typically brittle materials at ambient 

temperature and this is due to the relatively low hardness as compared to their flow 

limit. By applying in-situ stress measurement to photostructural changes in 

chalcogenide films based on As-S(Se), Trunov and Bilanich have found essential 

dynamic changes in film plasticity, i.e. a reversible photo-induced transition from 

brittle to ductile state. The effect was explained in terms of the viscous flow of glasses 

under band gap illumination. 
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4. The photo-induced fluidity effect 

It is the flow of a chalcogenide glass under illumination with sub-band gap 

light. The effect was discovered by Hisakuni and Tanaka. 

5. The elongation effect 

It was firstly reported by Vonwiller. He observed that the light influences the 

elongation speed in vitreous selenium fibers. 

6. The photo-induced ductility effect 

It was reported by Kastrissios et al.. The effect is related to fiber elongation 

under the action of light. The name of the effect reflects the presence of the combined 

action of illumination and application of an external stress. 

7. The optomechanical effect 

It was discovered by a group led by Elliott. The effect consists in the 

displacement of a cantilever with a chalcogenide film under the action of light. This 

displacement is the result of film internal stress relaxation or generation caused by 

increase or decrease in its plasticity (therefore is related to the photoplastic effect). 

Earlier B. V. Deryagin et al. reported an optomechanical effect in As-S films. 

8. The polarization-dependent photoplastic effect 

The polarization-dependent photoplastic effect in AssoScso chalcogenide 

glasses has been discovered by Trunov and Bilanich. The authors have shown that 

band-gap linearly polarized light produces hardness anisotropy of the surface of the 
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AssoSeso films. The light induced decrease or increase of the plasticity of the glass 

depends on the polarization state of the incident light. 

9. The light-stimulated interdiffusion effect 

It was discovered by Kikineshi consists in the interdiffusion of the layers in 

multilayer structures based on chalcogenides (i.e. a-Se/As2S3) under the influence of 

light. An effective intermixing of components at short nanometer-size distances is 

produced and a volume increase is observed. 

10. The photo-expansion effect 

The photo-expansion effect consists in the increase of the volume of 

chalcogenide glasses under illumination. Sometimes a giant expansion effect is 

observed. In some films a photo-contraction effect is observed. The volume change 

during light induced diffusion in multilayers is due to the deviation from the Vegard 

law during intermixing. The light stimulates the contraction- expansion effects, 

especially the giant photo expansion in nano-multilayers. Giant deformations 

(thickness changes up to 4-5 %) occurs under low-intensity laser illumination in a-

Se/As2S3 nanolayer structures, similarly to the expansion effects observed in 

chalcogenide layers at high power illumination. 

11. The photoinduced softening and hardening effect 

The effect was observed in Ge-As-S films subjected to ultraviolet irradiation. 

This effect could be explained by the special property of chalcogenides: they are soft 

semiconductors, due to the two-fold coordinated chalcogen atoms, which are 
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susceptible to exhibit electro-atomic responses, and they behave as a flexible electron-

lattice coupling system. 

12. The photo-amplified oxidation effect 

In ambient conditions the photo-oxidation is triggered during exposure to light. 

The composition GessSes is the most sensible composition to this process. 

13. The photo-dissolution and photo-doping effects 

The first one consists in the photo- dissolution of the metals into a 

chalcogenide alloy. A metal layer deposited on the surface of a chalcogenide film 

diffuses in the chalcogenide under the influence of a light beam. The effect was 

discovered in 1966 by Kostishin et al. Silver diffuses very easily. A maximum silver 

concentration in a chalcogenide film is 29.1 %. The second one is related to the 

diffusion of various atoms at long distances, under the action of light. 

14. The photo-polymerization effect 

The polymerization of the glass during exposure to light, accompanied by a red 

shift of the optical absorption edge, is a typically irreversible phenomenon, which was 

observed both in evaporated arsenic-chalcogen films and simple chalcogenide films. 

15. Photo-induced amorphisation effect 

The amorphisation has not a thermal origin but an electronic one. The driving 

force of amorphisation is the presence of a small amount of amorphous phase and of 

strains. 
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1.4: Motivation and purpose of this research 

Chalcogenide glasses have immense importance as they find applications in 

civil, medical and military areas to produce industrially electrical switches, 

xerographic and thermoplastic media, photo-resistant and holographic media, optical 

filters, optical sensors, thin films waveguides, nonlinear elements, etc. Application of 

chalcogenide glasses in infi:a-red optics includes energy management, thermal fault 

detection temperature monitoring and night vision. Chalcogenide infrared fibers are 

available today for spectroscopic applications but their applicability is still limited. 

Various other applications of the chalcogenide glasses will only be realized after much 

further study of their properties. All of the applications depend on our ability to 

engineer glass compositions to meet the specific requirement of the system. The 

tailoring of chalcogenide glasses for specific properties is possible but we do not know 

enough about most of the glassy systems to choose according to compositions. It is 

intent of this research to develop a basic understanding of the optical behavior of 

chalcogenides. These results may lead directly to the applications or more likely lay a 

foimdation for other research into the optical behavior of chalcogenide glasses. 

Chalcogenide glasses are having relatively high atomic mass and weak bond 

strength resulting low characteristic phonon energies (-50 - 450 cm'') even relative to 

fluoride glasses [39]. Thus, chalcogenide glasses are highly transparent in the mid to 

far infi-ared and they originally attract technological and commercial interest for use in 

IR windows and optics. The transparency window of sulphide glasses is 0.5-12 |im. 
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selenide glasses is approximately 0.8-15 ^m while that of telluride glass transparency 

window extends to 20 jam wavelength range [40,41] . Related to their narrow band 

gaps and high linear refractive index, chalcogenide glasses exhibit high nonlinearities 

in the near IR wavelength region [42]. Key challenges for the use of chalcogenides (S, 

Se and Te) include disadvantages like short lifetime and low sensitivity etc. Due to 

high glass forming ability of Se it represents a good host matrix for the investigation 

of chalcogenide glasses in the bulk and in thin film forms [43-46]. Thus the above 

problems can be overcome by alloying Se with some impurity atoms (Bi, Sb, Ge, As, 

Pb etc), which gives higher sensitivity, higher crystallization temperature and smaller 

aging eflfects [47-49]. Here we have chosen Ge as an additive to Se. Since alloying of 

Se with Ge improves the thermal stability and gives smaller aging effects. The third 

element added is Sb as it improves thermal stability and enhances the IR transmission 

of Ge-Se glasses. 

The present work deals with the systematic study of structural, physical, 

thermal and optical properties of GenSega-xSbxCx == 0, 3, 9, 12, 15) glassy system. Ge-

Se system is the most studied system for its structural, electrical and optical properties. 

There is enough structural data on the Ge-Se systems but the structural study on the 

addition of Sb to Ge-Se for these particular compositions have not been performed 

well. So we have studied the effect of Sb addition on the structural properties of Ge-Se 

system using FTIR spectroscopy. On the other hand what happens to the Ge-Se system 

on account of its optical properties when Sb is alloyed to it? Also the glass transition 

temperature and thermal effects are studied. 
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1.5: Outline of thesis 

Chapter I describes the general introduction of amorphous semiconductors and 

their classification. Various effects of chalcogenide glasses (CG) are described. A 

brief introduction of general properties of CG has also been given. Various 

applications of CG, motivation and objective of the thesis have also been included. 

Chapter II includes the theoretical background of CGs. This includes topics 

like structural models for CG and a brief description of Wemple-DiDomenico single 

oscillator model. 

Chapter III describes the experimental techniques used for the preparation of 

bulk glasses, cleaning of substrate, deposition of thin films, characterization of bulk 

and thin films for X-ray diffraction and FTIR spectroscopy. Method for optical studies 

of thin films using UV-Vis-NIR transmission spectra has been included. 

Chapter IV contains the structural properties of Ge-Se-Sb system using far-

infi-ared transmission spectra. This includes the study of bond energies, probability 

functions and the comparison of theoretical and experimental values of the wave 

numbers for the stretching vibrational modes. 

Chapter V includes the study of physical parameters of GenSega-xSbx (x = 0, 3, 

9, 12, 15) glassy system. The theoretical investigation of various physical parameters 

like average coordination number, number of constraints, average heat of atomization, 

mean bond energy and glass transition temperature have been studied. 
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Chapter VI includes thermal studies of GenSegs-xSbx (x = 0, 3, 9, 12, 15) 

glassy system which includes the calculation of activation energy using Kissinger's 

model. 

Chapter VII describes the optical properties of thin films of GenSegs-xSbx (x = 

0, 3, 9, 12, 15) glassy alloys. This includes the study of absorption coefficient, optical 

band gap, refractive index, extinction coefficient, dielectric constants and optical 

conductivity by using reflection and transmission spectra. 

Chapter VIII includes the summary, discussion and suggestions for the future 

work of the present study. 
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2.1: History of chalcogenide glasses 

Chalcogenide glasses which are semiconducting in nature contain one or more 

of the chalcogen elements (group VI elements S, Se, Te) as alloy elements. They 

behave as semiconductors, or more precisely, they exhibit amorphous semiconductor 

behavior with band gap energies from 1 to 3 eV. Chalcogenide glasses possess 

properties intermediate between those of organic polymers and oxide glasses. The 

term glass was developed in the late Roman Empire. It was in the Roman glassmaking 

center at Trier, now in modem Germany, that the late-Latin term 'glesum' originated, 

probably from a Germanic word for a transparent, lustrous substance [1]. 

It is difficult to define with accuracy when mankind first fabricated its own 

glass but some sources go back 10,000 years in time [2]. It is also difficult to point in 

time when the field of chalcogenide glasses started. For the vast majority of time the 

vitreous glassy state was limited to oxygen compounds and their derivatives. Schulz-

Sellack was the first to report data on oxygen-free glass in 1870 [3]. Though vitreous 

selenium and arsenic selenide and sulfide were synthesized for the first time at the end 

th 

of the 19 century, scientists were not attracted to these new materials. Vitreous 

selenium became of interest for the scientific community at the beginning of the ZO"' 

century when Wood [4] and Meier [5] reported the first research on the subject. 

The rising of infrared (IR) optics in the 20'*' century lead to the need of new IR 

materials. Classical oxide glasses covered a transparency region from 3 îm to 5 nm 
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while the heavy oxide materials helped to extend that region up to 8 ^m. The interest 

for the chalcogens comes from the attempt of scientists to extend the IR transparency 

region in glasses past 8 îm. The first works on CG were attributed to Frerichs in the 

early 50's on AS2S3 glass [6, 7], and As2Se3 by Fraser [8] and Dewulf [9]. Frerichs was 

also at the instigation of the development of selenium glasses and binary compounds 

with sulfur [7]. Another important investigator of vitreous around that time was 

Winter-Klein [10]. At this point, two major research groups from Saint-Petersburg 

started the first developed research program on CG: one was led by B.T. Kolomiets 

and N.A. Goryunova from the "A.F. Joffe Physico-Technical Institute" who were 

reported to discover the first semiconducting glass [11], while the other group from 

the University of Saint-Petersburg was led by R.L. Myuller. 

Another famous contributor to the knowledge on CG is S.R. Ovshinsky who 

worked at Energy Conversion Devices in Michigan. His most famous discovery is the 

memory and switching effect in CG [12,13]. This led to the development of non­

crystalline CG in various fields such as xerography or computer memories. Around the 

same period in the 1970's, Sir N. F. Mott (a former Nobel Prize winner in Physics in 

1977) and E.A. Davis developed the theory on the electronic processes in non­

crystalline CG [14]. Several review books were published in the following years on 

glasses and with an interest on CG: "The Chemistry of Glasses" by A. Paul in 1982, 

"The Physics of Amorphous Solids" by R. Zallen in 1983 or "Physics of Amorphous 

Materials" by S. R. Elliott in 1983. However, the first review entirely dedicated to CG 
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materials entitled "Chalcogenide Semiconducting Glasses" was published in 1983 by 

Z.U. Borisova who previously worked with Myuller in Saint-Petersburg. G.Z. 

Vinogradova from Moscow followed the next year with her monograph "Glass 

Formation and Phase Equilibrium in Chalcogenide Systems". More recently, A.M. 

Andriesh dedicated a book to some specific applications of CG entitled "Glassy 

Semiconductors in Photo-electric Systems for Optical Recording of Information". 

Finally, M.A. Popescu gave a large and detailed account on the physical and 

technological aspects of chalcogenide systems in his book called "Non-Crystalline 

Chalcogenides" published in 2001. Most recently a compendium of monographs on 

the subject of photo-induced processes in CG entitled "Photo-induced Metastability in 

Amorphous Semiconductors" was compiled and edited by A. Kolobov (2003). 

2.2: Classification of Amorphous Semiconductors 

Amorphous semiconductors can be classified into different categories 

depending upon their physical and chemical properties, and techniques employed for 

their preparation. Thermodynamically, these materials are unstable and tend to relax 

with time towards a stable or metastable phase. As shown in Fig. 2.1, amorphous 

solids, like crystalline materials, can be ionic, metallic, covalent. Van der Waals and 

hydrogen bonded [15]. 
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I 
IONIC 

e.g-VzOs-PzOs, 
VzOs-GeOE-BaO, 
MnO-AlaOa-SiOz, 
CoO-AhOs-SiOa etc. 

COVALENT METALLIC 
e.g. GdCo, 
GdTbFe, 
NlNb. CuZr. 
TiBeZr etc. 

VAN DER 
WAALS 
eg-
Isopentaiie 
etc. 

HYDROGEN 

e.g. C2H5OH, 

H2O etc. 

TETRAHEDRAL 
AMORPHOUS 
FILMS 
e.g. Si, Ge, 
InSb, GaAs, 
GaSb etc. 

TETRAHEDRAL 
GLASSES 
e.g. CdGexAsz. 
CdSixPe. ZnSixP2, 
CdSnxAs2 etc. 

ELEMENTAL 
e.g. S, Se, Te etc. 

CHALCOGENIDE 
GLASSES 

BINARY 
e.g. AS2S3, ASESCS 
etc. 

OTHERS 
e.g. B. AS, 

lCu(i.x),AiixlTe2 

CROSS-LINKED 
NETWORK 
e.g. As-Ge-Te, 
Ge-Sb-Te, Si-Ge.^s-
Te, 

As2Se3-As2Te3 etc. 

Fig 2.1 Classification of Amorphous Semiconductors 
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A brief description of some of these categories is given below: 

1. Ionic Solids: 

The ionic solids are inorganic glasses consisting of mixtures of silicates with 

strong ionic bonds, also called as Semiconducting Oxide Glasses. These glasses are 

widely used in everyday applications like window glasses, glass tubing and optical 

instruments. These include halide and oxide glasses, vanadium phosphate and iron 

phosphate glasses [15-17]. The hopping of electrons between ions contributes to the 

electrical conductivity of glasses. The electrical conduction in transition metal oxide 

glasses has been explained on the basis of bipolaron hopping between two sites [18]. 

2. Metallic Amorphous Solids: 

The most widely used metallic solids are, metglass alloys which consist of base 

metals such as Fe, Ni, Al, Co, Mn, Cr and Cu together with inexpensive metalloids B, 

C, Si, P, N, Ge and As. Metglass alloys with Fe, Ni and Co are amorphous solids. In 

addition, there are rare earth-transition metal amorphous alloys like GdCo, GdFe, 

GdTbFe which have good magnetic properties. Because of high quenching rate 

required, these materials are prepared by melt- spinning and sputtering [19]. These 

materials are found to have superior magnetic properties than their crystalline 

counterparts [20]. 

3. Covalent Amorphous Semiconductors: 

The covalently bonded amorphous semiconductors can be subdivided into 

three different parts 

(a) Tetrahedral Amorphous Semiconductors (TAS): 

These are group IV and III-V semiconductors. Being metallic, above their 

mehing point they can be prepared either by thin film deposition or by amorphisation. 
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They cannot be prepared by quenching the melt, because the melt has a structure 

characterized by higher co-ordination number. 

(b) Tetrahedral Glasses (TG): 

They may be represented by the general formula 

A"B'^ X2^, where the suffix gives the group of the periodic table. The 

interesting feature of the tetrahedral glasses is that although the Fermi level lies always 

near the middle of the gap, still some of them are n-type or p-type materials [21], 

(c) Chalcogenide Glasses (CG): 

Sulphur (S), Selenium (Se) or Telluriimi (Te) group VI elements of the 

periodic table are called Chalcogenide glasses. Like Silicon (Si), the best known and 

most widely used in IC technology, chalcogenides as Germanium Selenide (GeSe) and 

Arsenic Sulphide (AS2S3) are poor conductors of electricity, unless some impurities 

are added to these materials. This process of impurity addition is called doping. 

However unlike Silicon, which has to be manufactured in an extremely pure 

crystalline state for use in most electronic devices, chalcogenide glasses do not have 

extended order in the arrangement of their atoms. This means that they can be 

deposited very easily, using any of number of well-known thin film manufacturing 

techniques, and are not nearly as susceptible to the presence of contamination or 

defects in their structure as Silicon (Si). Chalcogenides are also known as Lone Pair 

semiconductors, because of their distinct feature of having two non-bonding p-orbitals 

of the group VI chalcogen in two fold coordination, which accounts for many of their 

imique properties. 

Chalcogenide glasses are predominantly electronic with conductivities ranging 

from 10''̂ -10"^ Q-' cm" . These can be either elemental semiconductors such as S, Se, 
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etc.; binary such as AS2S3, AsaSes etc. or multi-component mixtures as Si-Ge-Te-As, 

As2Se3:Tl2Se3, As2Se3:As2Te3 etc. The elemental and binary chalcogenides have chain 

or layer structure with considerable order extending locally in one or two dimensions, 

whereas, the multi-component alloys possess three dimensional network structure. The 

range of short order in elemental and binary chalcogenides is longer as compared to 

multi-component chalcogenides. These glasses are therefore, said to have 

comparatively incomplete structural or positional disorder. These glasses were 

investigated in the early 1950's as possible infrared materials [22,23]. The interest in 

these materials increased when Kolomiets [24] showed that chalcogenide glasses 

behaved like intrinsic semiconductors and their electrical conductivity could not be 

increased by adding certain dopants. 

The field livened considerably with the observation of switching and memory 

effects in these materials [25]. In 1975, Mott and his collaborators [26,27] proposed 

that the important localized states in chalcogenide glasses are not because of the 

disorder in the material, but because of well-defined defects much like those in a 

crystalline semiconductor. They further explained the unique properties of these 

glasses using the concept of dangling bonds. Presently various models [28-30] have 

been proposed to explain transport mechanism in chalcogenides but the recombination 

kinetics and transport phenomena, of both pure and doped materials, have not been 

clearly understood. Further, the incorporation of impurity (e.g. Ag, Ni, Mn, Al, Ga, Tl 

etc.) in some chalcogenides (e.g. As2Se3, AS2S3) has revealed interesting results. Heat 

or light energy can be used to dissolve metals such as Silver (Ag) or Copper (Cu) into 

the chalcogenides to form a Solid Solution. During dissolution, a simple chemical 

reaction takes place; Ag atom looses an electron in the process to form Ag+ ions. 
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Ag - e" = Ag"̂  

which are relatively free to move in a ternary compound. This reaction will go on till 

an equilibrium state is achieved in this process. 

2.3: Band Models for Amorphous Semiconductors 

The band model, which has been proved helpful in explaining the behavior of 

crystalline materials, is not directly applicable to the highly disordered materials. 

However, the band models used to explain the behaviour of amorphous materials 

asstmie a band of extended states along with the localized states. Extended states are 

quantum-mechanical states of motion in which an electron may be found anywhere in 

space with equal probability. Due to large variation in the nature, properties and 

constituents of amorphous semiconductors, various models and their modifications are 

proposed to give a fair amount of understanding of the essential features of these 

semiconductors. Three basic models are discussed below to describe the properties of 

amorphous materials. 

2.3.1: Cohen, Fritzsche and Ovshinsky (CFO) Model 

This model has been developed by Cohen, Fritzsche and Ovshinsky [31], in 

which they have suggested that in case of disordered covalent alloys, such as 

chalcogenide glasses, the valence and conduction band tails overlap each other close 

to the center of forbidden gap. The mobility of the carriers has finite value in high-

density states but it decreases abruptly in the tail states. These boundaries are called 

mobility edges. The critical energies at mobility edges define mobility gap. CFO 

model discussed above is shown in Fig. 2.2. 
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Fig 2.2 Cohen, Fritzsche and Ovshinsky (CFO) Model 
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2.3.2: Davis and Mott (DM) Model 

This model has been developed by Davis and Mott [32]. They proposed that 

there is a narrow band of compensated localized states which pins the Fermi level 

between the two tails. The mobility edges for electrons and holes are at Ec and Ev as 

shown in Fig. 2.3. This model suggests that hopping conduction can take place in the 

localized states. The model that explains the behaviour of crystalline materials is based 

upon the assumption that band edges are sharp. 
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2.3.3: Mott, Davis and Street (MDS) Model 

Mott-Davis and Street (MDS) proposed a band model in 1975 to explain the 

behavior of amorphous semiconductors [25,27]. The mobility edges for electrons and 

holes are at Ec and Ev. The localized states originate due to lack of long-range order 

while the defect states are due to various kinds of defects in the structure. The center 

band splits into two levels forming donor and acceptor bands as shown in Fig. 2.4. 

They considered the states near Fermi level due to defects, particularly, dangling 

bonds. Their model is based on Anderson's idea [33] that paired electron states are 

preferred in chalcogenide glasses i.e., D" and D"̂ . In some structural configurations, the 

atoms are not able to share the electrons and the bond breaks. Hence, a dangling bond 

emerges out of this imstable situation. If a dangling bond is singly occupied, it is 

neutral (D°) indicating that an Electron Spin Resonance (ESR) signal is expected. In 

some cases, a dangling bond can attract an additional electron and, thus providing a 

lone pair, it is designated as D", indicating that there will be no ESR signal, and D ,̂ 

when the bond loses even the single electron it has, giving rise to a hole representing a 

bond without any spin. 
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Fig 2.4 Mott, Davis and Street (MDS) Model 
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This model predicts no ESR, paramagnetism and can explain many other 

properties of chalcogenide glasses. 

2.4: Wemple-DiDomenico (WDD) Model 

According to single oscillator model proposed by Wemple DiDomenico 

(WDD) model [34], the optical data could be described to an excellent approximation 

by the following expression: 

Eo-(hv) 

Where n is the refractive index, hv is photon energy, Eo is single oscillator 

energy and Ed is dispersion energy which is the measure of the average strength of 

interband optical transitions (interband transition energy or also called dispersion 

energy). Experimental verification of equation (1) can be obtained by plotting (n^-1)'' 

against (hv)̂ . The resulting straight line yields values of parameters Eo and Ed. 

Moreover an important achievement of WDD model is that it relates the dispersion 

energy Ed to other physical parameters of the material through a simple empirical 

relation: 

E,=pN,Z,N, [2] 

where Ne is the effective number of valence electrons per anion, Nc is the effective 

coordination number of the cation nearest neighbor to the anion, Za is the chemical 

valence of the anion and P is a two valued constant with either an ionic or covalent 

value (for ionic materials P = 0.26 ± 0.03 eV and for covalent materials p = 0.37 ± 

0.04 eV [35]). 
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2.5: Defect States in Chalcogenide Glasses 

In chalcogenide glasses, the absence of Electron Spin Resonance (ESR) [36], 

curie para- magnetism at low temperature [37] and Variable Range Hopping (VRH) 

[38] indicates non-crystalline structiire. Despite all this, ample evidences are there that 

these materials contain high concentration of \defect states" such as \broken bonds" or 

\dangling bonds", which can be proved from photoluminescence [39-41], field effects 

[42], photoconductivity [43], drift mobility [44] and pinned Fermi energy levels [38]. 

In these glasses, the top of the valance band is derived from lone pair orbital of the 

chalcogen atom [45]. Thus, significant rearrangement in chemical bonding may take 

place within the glass and utilizing the lone pair orbitals, the chalcogen atoms can 

become over-coordinated, giving rise to doubly occupied defect states and additional 

degrees of freedom into the network, with a consequent diminution in rigidity. 

Anderson [33,46] fiirther extended the Cohen-Fritzsche-Ovshinsky (CFO) model by 

developing a theory which describes the nature of defect states within a glass. He 

concluded that, under certain conditions, the formation of doubly occupied states (pair 

spin) is energetically favoured at the expense of singly occupied states. This reaction 

is favoured if the elastic energy gained through a lattice distortion in forming the 

doubly occupied center, is greater than the Columbic repulsion between the electrons. 

Electron pairing due to the electron-phonon interaction is strong enough to over- come 

the Columbic repulsion between two electrons placed on the same site [33,46]. 

Electron therefore experiences a negative Columbic energy Ueff. 
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Pair Spin Model of Anderson [46] formed the basis of Charged Defects Model 

put forward by Street and Mott [25], who introduced the concept of charged dangling 

bonds in chalcogenide glasses. The dangling bonds may be occupied by zero or two 

electrons and are designated as D"̂  and D" respectively. The superscripts denote the 

total charge of the center. These dangling bonds have no unpaired spins; half the 

dangling bonds have two anti parallel spin of half zone. Considering the lone pair 

electrons, the spin pairing at the dangling bonds defects can be explained in the 

following maimer [25,27]. The unpaired electron from one defect site moves to 

another similar site producing a spin paired negatively charged defect D". The empty 

orbital produces a positively charged site which bonds with a lone pair, resulting in a 

threefold coordinated defect results. These charged defect states successfully account 

for the absence of an Electron Spin Resonance (ESR) signal in the dark, the 

luminescence spectra, an ESR signal and absorption at midgap induced by irradiation 

with light of slightly sub-band-gap energy, and lack of the T'^'' variable range hopping, 

the dominant d.c. conduction mechanism. Following Anderson [33,46], the total 

distortion of electron cloud occurs when the electron occupation of the dangling bond 

changes and it is sufficiently strong for the reaction illustrated in Fig. 2.5 (a), i.e., 

2D°->D^+D" [3] 

Mott et al. [25,27] presumed that the whole process is exothermic as a result of strong 

electron-phonon interaction, associated with relaxation of these centers. Kastner, 

Adler and Fritzsche [46,47] applied chemical bond approach to explain the reason for 

the above reaction to be exothermic and emphasized that both D^ and D centers in 

chalcogenide glasses are three-fold-coordinated. Mathematically, if B is the optical 
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band gap, Wi is the energy required (distortion plus electronic) to take an electron 

from the valance band and place it on D" center thereby turning it into D", and W2 is 

the total energy necessary to take an electron from a D° center and place it in 

conduction band as shown in Fig.2.5 (b). Reaction (Eq. 3) will be exothermic when 

W, + W2 < B [4] 

Furthermore, the thermal energy required to take two electrons out of the Dj center 

and place them in conduction band is 

W „ = B - W , + W , [5] 

where Wm can be taken to be simply twice the energy difference between the Fermi 

level and conduction band, assuming that there is no distortion energy associated with 

the D' center. Fermi energy is the average energy per electron to take an electron out 

of highest occupied state D' and places it in the lowest occupied state. Since 

chalcogenide glasses are, in general, p-type, exhibiting simply activated d.c. 

conduction with activation energy AE, Wm can also be written as 

W„-2(B-AE) [6] 

The Fermi energy is piimed as stated by Anderson [33,46]. 

Since W^ = W^ (to first order approximation), the Fermi level will lie near the 

mid gap i.e., E = —Bfor chalcogenide materials. Hence W^=B, within 10% 

approximation [48]. 
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Fig 2.5 (a) Formation of Charged Dangling Bonds, (b) Thermal Energy Levels 

Associated with Electronic Transition between D"̂  and D' centers. 
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3.1: Preparation Techniques of Chalcogenide Glasses 

3.1.1: Quenching Technique: 

Chalcogenide materials are prepared by rapid cooling from the melt. For 

preparation of glasses, required composition is prepared by weighing the 

constituent elements in desired atomic percentages and then sealed in quartz 

ampoules under high vacuum. Sealed ampoules are kept in a furnace at a temperature 

which makes the components to melt. Inside furnace, ampoules are frequently rocked 

for 12 h to make the melt homogeneous. Quenching is done by dropping the quartz 

ampoules suddenly in ice-cooled water or liquid nitrogen depending upon the 

requirement. In some cases, air quenching is sufficient where an air blower blows air 

on the heated ampoules. Not all the materials can be made in glassy form even at the 

fastest cooling rates. In case of alloys also, there are certain range of constituent 

elements in which they can be glassy. A systematic study is made to find out phase 

diagram for a specific series for making glassy alloys by preparing small amount 

of sample and checking glassy nature by X-ray diffraction. 

3.1.2: Thermal Evaporation Technique: 

Chalcogenide materials are made amorphous in the form of thin films by 

creating high vacuum in the bell jar and heating the filament containing the material 

by passing electricity. Substrate used may be glass or any other suitable material. 

Substrate temperature can also be varied by mounting a heater inside the bell jar. 

Standard coating units are available in the market for making thin films by this 

technique. 

49 



3.1.3: Flash Evaporation Technique: 

This technique is similar to Thermal Evaporation except that the material is 

dropped on already heated filament. In addition to the coating unit, an AC magnetic 

field is established to produce vibration in a magnetic strip containing material. 

3.1.4: Sputtering Technique: 

It consists of bombardment of a target by energetic ions fi"om low-pressure 

plasma, causing erosion of material, either atom by atom or as clusters of atoms, and 

subsequently depositing of film on the substrates. Simplest way to induce sputtering 

is to apply a high negative voltage to the target surface, thereby attracting positive ions 

fi-om the plasma. However, DC sputtering process is feasible only when target is 

sufficiently conducting so that target can act as electrode. 

3.1.5: Glow Discharge Decomposition Technique: 

This technique, like sputtering, relies on the production of plasma in a 

low-pressure gas, but instead of ions from the plasma ejecting material from the 

target, a chemical decomposition of the gas itself takes place, leading the deposition 

of a solid film on a substrate kept in the plasma. The plasma is produced by the 

application of a radio frequency field, either using inductive coupling or capacitive 

coupling. The films deposited depend upon gas pressure, flow rate, substrate 

temperature and chamber geometry. 
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3.1.6: Chemical Vapor Deposition Technique: 

It is analogous to the glow discharge method in that both depend on the 

decomposition of a vapor species. This method relies on the thermal energy for 

the decomposition and the applied radio frequency field simply serves to heat up 

the substrate upon which the vapor decomposes. 

3.2: Thin film deposition 

Thin films can be prepared from a variety of materials such as metals, 

semiconductors, insulators or dielectrics etc. and for this purpose various preparative 

techniques have been developed. Techniques involved in general are 

(i) Thermal deposition in vacuum by resistive heating, electron gun or laser gun 

evaporation, etc. fi-om suitable sources. 

(ii) Sputtering of cathode materials in presence of inert or active gases either at 

low or medium pressure. 

(iii) Chemical vapour deposition (CVD) by pyrolysis, dissociations, reactions in 

vapour phase. 

(iv) Chemical deposition from solutions including electro-deposition, chemical 

displacement, chemical reaction etc. 

In the present work, we have dealt with thermal deposition in vacuum by 

resistive heating. This is the most commonly used technique adopted for deposition of 

metals, alloys and also many compounds. The primary requirement for this method is 

a high vacuum deposition system at a pressure of about 10"̂  Pa or even less. 
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Fine powder of the material to be deposited was put into the flash cleaned boat. 

Flash cleaning was done by passing a heavy current through the boat so as to make it 

white hot or incandescent for a short period. Then the system was evacuated to a base 

pressure of 10"̂  Pa. A shutter was incorporated in between the source and the substrate 

so that no vapour stream of the material can reach the substrate directly prior to 

attaining the required deposition conditions. After establishing required source 

temperature, substrate temperature and vacuum in the chamber, the shutter was 

removed to start the deposition of film on the cleaned substrate. When the required 

film thickness was obtained the shutter was brought back to the original position. 

Cleaning of the substrate was done in three steps: (i) soap solution cleaning 

and (ii) cleaning with acetone (vapour cleaning) and (iii) with methanol. Soap solution 

cleaning basically involves scrubbing the substrate in the soap solution, then rinsing it 

thoroughly with distilled water. This procedure was repeated 3 - 4 times for cleaning 

the single substrate. Soap solution cleaning was used to remove any visible oil, grease 

and dust impurities. Vapour cleaning procedure was used to remove the organic 

impurities, which may be present on the surface of substrate. Acetone was used for the 

removal of organic impurities. For the removal of inorganic impurities methanol was 

used. After all this cleaning the substrates are subjected to dry in an oven at a 

temperature approximately 110*̂ C and then put into deposition chamber. 

Thin films were kept in the deposition chamber in the dark for 24 h to attain 

thermodynamic equilibrium as stressed by Abkowitz et al [1]. The vacuum 

evaporation process was carried out in a coating system (HINDHIVAC model 12A4D 

India). The rate of evaporation of deposited thin films and thickness of the films 

deposited has been measured by thickness monitor (Model DTM-101). 
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3.3: X-ray Powder Diffraction (XRD) 

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used 

for phase identification of a crystalline material and can provide information on unit 

cell dimensions. The analyzed material is finely ground, homogenized, and average 

bulk composition is determined. 

Max von Laue, in 1912, discovered that crystalline substances act as three-

dimensional diffraction gratings for X-ray wavelengths similar to the spacing of planes 

in a crystal lattice. X-ray diffraction is now a common technique for the study of 

crystal structures and atomic spacing. 

X-ray diffraction is based on constructive interference of monochromatic X-

rays and a crystalline sample. These X-rays are generated by a cathode ray tube, 

filtered to produce monochromatic radiation, collimated to concentrate, and directed 

toward the sample. The interaction of the incident rays with the sample produces 

constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law 

(nA,=2d sin 0) [2]. This law relates the wavelength of electromagnetic radiation to the 

diffraction angle and the lattice spacing in a crystalline sample. These diffracted X-

rays are then detected, processed and counted. By scanning the sample through a range 

of 20 angles, all possible diffraction directions of the lattice should be attained due to 

the random orientation of the powdered material. Conversion of the diffraction peaks 

to d-spacings allows identification of the mineral because each mineral has a set of 

unique d-spacings. Typically, this is achieved by comparison of d-spacings with 

standard reference patterns. 
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All difiraction methods are based on generation of X-rays in an X-ray tube. 

These X-rays are directed at the sample, and the diffracted rays are collected. A key 

component of all diffraction is the angle between the incident and diffracted rays. 

Powder and single crystal diffraction vary in instrumentation beyond this. X-ray 

diffractometers consist of three basic elements: an X-ray tube, a sample holder, and an 

X-ray detector. 

X-ray powder diffraction is most widely used for the identification of unknown 

crystalline materials (e.g. minerals, inorganic compounds). Determination of unknown 

solids is critical to studies in geology, environmental science, material science, 

engineering and biology. 

Other applications include: 

• characterization of crystalline materials 

• identification of fine-grained minerals such as clays and mixed layer clays that 

are difficult to determine optically 

• determination of unit cell dimensions 

• measurement of sample purity 

With specialized techniques, XRD can be used to: 

• determine crystal structures using Rietveld refinement 

• determine of modal amounts of minerals (quantitative analysis) 

• characterize thin films samples by: 
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o determining lattice mismatch between film and substrate and to 

inferring stress and strain 

o determining dislocation density and quality of the film by rocking 

curve measurements 

o measuring superlattices in multilayered epitaxial structures 

o determining the thickness, roughness and density of the film using 

glancing incidence X-ray reflectivity measurements 

• make textural measurements, such as the orientation of grains, in a 

polycrystalline sample 

The powder method was used to check the nature (i.e. amorphous or 

polycrystalline or crystalline) of the bulk samples. The bulk samples were crushed to 

fine powder with a pestle and mortar and then this powder was used for taking XRD 

0 

pattern. Philips PW 1710 X-ray diffractometer (Cu-Ka radiation, X = 1.540598 A, 40 

KV and 25 mA was used to take the XRD patterns of the samples. Data acquisition 

was made in the 20 range from 10° to 100°. Step size was set to 0.05° was employed. 

Thin films of the fabricated bulk samples deposited on the microscopic glass slides 

were also characterized to check the natiire of the films. 

3.4: Transmission spectroscopy 

Ultraviolet-Visible-Near-Infrared (UV-Vis-NIR) spectroscopy is usefiil to 

characterize the absorption, transmission, and reflectivity of a variety of 

technologically important materials, such as pigments, coatings, windows, and filters. 
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Transmission Spectroscopy is highly interrelated to Absorption Spectroscopy. This 

technique can be used for solid, liquid, and gas sampling. Here, light is passed through 

the sample and compared to light that has not. The output depends on the path length 

or sample thickness, the absorption coefficient of the sample, the reflectivity of the 

sample, the angle of incidence, the polarization of the incident radiation, and, for 

particulate matter, on particle size and orientation. 

This application usually requires recording at least a portion of the spectrum 

for characterization of the optical or electronic properties of materials. No material is 

fiiUy transparent in all optical frequencies and hence there is always some absorption 

in some region of the spectra. When light is incident on a thin film some of its energy 

is reflected, some is absorbed and rest is transmitted. Thin films are studied more 

accurately by acquiring transmission instead of absorption as is the case for bulk 

glasses. The transmission spectra of the thin films in the spectral range 400 - 2000 nm 

were obtained using a double beam ultraviolet - visible - near infrared 

spectrophotometer (Hitachi-330 and Perkin Elmer Lambda-750). The 

spectrophotometer was set with a slit width of 1 rmi. Therefore it was unnecessary to 

make slit width corrections because of a small slit width value in comparison with 

different line widths [3]. 

3.5: Fourier-Transform infrared spectroscopy 

FTIR is most useful for identifying chemicals that are either organic or 

inorganic. It can be utilized to quantitate some components of an unknown mixture. It 

can be applied to the analysis of solids, liquids, and gasses. The term Fourier 
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Transform Infrared Spectroscopy (FTIR) refers to a fairly recent development in the 

manner in which the data is collected and converted from an interference pattern to a 

spectrum. Today's FTIR instruments are computerized which makes them faster and 

more sensitive than the older dispersive instruments. 

3.5.1: Qualitative Analysis 

FTIR can be used to identify chemicals from spills, paints, polymers, coatings, 

drugs, and contaminants. FTIR is perhaps the most powerful tool for identifying types 

of chemical bonds (functional groups). The wavelength of light absorbed is 

characteristic of the chemical bond as can be seen in this annotated spectrum. 

By interpreting the infrared absorption spectrum, the chemical bonds in a 

molecule can be determined. FTIR spectra of pure compounds are generally so unique 

that they are like a molecular "fingerprint". While organic compounds have very rich, 

detailed spectra, inorganic compounds are usually much simpler. For most common 

materials, the spectrum of an unknown can be identified by comparison to a library of 

known compounds. We have several infrared spectral libraries including on-line 

computer libraries. To identify less common materials, IR will need to be combined 

with nuclear magnetic resonance, mass spectrometry, emission spectroscopy. X-ray 

diffraction, and/or other techniques. 

3.5.2: Quantitative Analysis 

Because the strength of the absorption is proportional to the concentration, 

FTIR can be used for some quantitative analyses. Usually these are rather simple types 
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of tests in the concentration range of a few ppm up to the percent level. For example, 

EPA test methods 418.1 and 413.2 measure the C-H absorption for either petroleum or 

total hydrocarbons. The amount of silica trapped on an industrial hygiene filter is 

determined by FTIR using NIOSH method 7602 spectroscopy, X-ray diffraction, 

and/or other techniques. 

3.5.3: Physical Principles 

Molecular bonds vibrate at various frequencies depending on the elements and 

the type of bonds. For any given bond, there are several specific frequencies at which 

it can vibrate. According to quantum mechanics, these frequencies correspond to the 

ground state (lowest frequency) and several excited states (higher frequencies). One 

way to cause the frequency of a molecular vibration to increase is to excite the bond 

by having it absorb light energy. For any given transition between two states the light 

energy (determined by the wavelength) must exactly equal the difference in the energy 

between the two states i.e. ground state and the excited state. The energy 

corresponding to these transitions between molecular vibrational states is generally 

1-10 kilocalories/mole which corresponds to the infi-ared portion of the 

electromagnetic spectrum. 

Fourier - Transform infi-ared (FT-IR) spectroscopy combines the advantages of 

IR spectroscopy and Fourier -Transform to allow the identification of functional 

groups and the detection of the presence of impurities. When a molecule absorbs 

specific frequencies of IR radiation, vibration or rotations of the functional groups are 

created and an absorbance spectrum regrouping the absorbed frequencies can be 
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observed. This spectrum is specific to each molecule which allows an experimenter to 

know with precision the functional groups forming the sample. In addition the 

radiation absorbed is proportional to the concentration of each compound. This 

electronic process is combined with Fourier transform, named after Jean-Baptiste 

Joseph Fourier, which converts time based signals into frequency domain. The IR 

beam used in FT-IR is split into two components in an interferometer, one component 

traveling to a mirror placed at a distance and other one to a moving mirror, thus 

creating constructive and destructive interference [4]. The resulting interference 

pattern is a time based function that is translated as a function of frequency after 

Fourier transform. 

The far IR transmission spectra of different alloys were recorded on a Fourier 

transform IR (NICOLET 5700) used in conjunction with the KBr disc technique, over 

the spectral range of 500-200 cm"' at room temperature. Powdered samples of 4 mg 

were thoroughly mixed and ground with 200 mg KBr; after which the mixtures were 

pressed at 10 tons cm~̂  for 5 min. under vacuum. 

3.6: Differential Thermal Analysis (DTA) 

Differential thermal analysis (or DTA) is a thermoanalytic technique, similar to 

differential scanning calorimetry. In DTA, the material under study and an inert 

reference are made to undergo identical thermal cycles, while recording any 

temperature difference between sample and reference [5]. This differential 

temperature is then plotted against time, or against temperature (DTA curve or 

thermogram). Changes in the sample, either exothermic or endothermic, can be 
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detected relative to the inert reference. Thus, a DTA curve provides data on the 

transformations that have occurred, such as glass transitions, crystallization, melting 

and sublimation. The area under a DTA peak is the enthalpy change and is not 

affected by the heat capacity of the sample. 

A DTA consists of a sample holder comprising thermocouples, sample 

containers and a ceramic or metallic block; a furnace; a temperature programmer; and 

a recording system. The key feature is the existence of two thermocouples connected 

to a voltmeter. One thermocouple is placed in an inert material such as AI2O3, while 

the other is placed in a sample of the material under study. As the temperature is 

increased, there will be a brief deflection of the voltmeter if the sample is undergoing 

a phase transition. This occurs because the input of heat will raise the temperature of 

the inert substance, but be incorporated as latent heat in the material changing phase. 

DTA experiments were carried out on a Perkin Elmer (Pyris Diamond) in 

Nitrogen atmosphere (200 ml/min). All measurements were referenced to Alumina 

powder in an Alumina-pan, and carried out in a nitrogen atmosphere flowing at 50 

ml/min. 
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This chapter includes the structural study of GenSegs.xSbx (x = 0, 3, 9, 12, 15) 

glassy system by using FTIR. 

4.1: Introduction 

Chalcogenide glasses have drawn colossal attention over the past three decades 

because of their potential in photoresist [1,2], microelectronic [3-5], optoelectronic 

[6-9], holographic [10,11] applications and especially their ability to transmit light in 

the mid to far-infrared region. Impurity effects in chalcogenide glasses may have 

importance in fabricating glassy semiconductors. The infrared transparency of 

chalcogenide glasses allows their use in optical fibers for transmission of light 

generated by CO and CO2 lasers operating in infrared region and such fibers are 

applied towards high-precision tools in surgery, industrial cutting and welding etc. The 

study of the IR spectra of chalcogenide glasses provides a pave way into the molecular 

structure of these glasses. Recently several workers have reported [12-15] vibrational 

spectroscopic studies of these glasses and have tried to assign the observed 

absorptions to the different chemical bonds in the system. 

Amorphous solids display a characteristic extreme far infrared (FIR) and 

microwave absorption as a result of phonon coupling to modes which are not active in 

the corresponding crystalline counterpart material. For many years infrared 

spectroscopy is used as an important tool for investigating chemical processes and 

structure. The combination of infrared spectroscopy with the theories of reflection has 

made advances in surface analysis possible. Specific IR reflectance techniques are 
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divided into the areas of specular reflectance, diffuse reflectance and internal 

reflectance [16-19]. The latter is often termed as attenuated total reflectance. Recent 

advances in low frequency IR and Raman spectroscopy and Brillouin scattering have 

given a great stimulus to studies on vibrations in solids and liquids and in providing 

data which supplement that obtained from measurements of elastic properties from the 

velocities of acoustic waves and by neutron and X-ray inelastic scattering. It is 

important to have the low frequencies for two reasons: they are needed to complete the 

vibrational assignments and they are essential for calculating the thermodynamic 

properties. Sometimes the low frequencies cannot be obtained from the Raman 

spectrum because the selection rules forbid them, the sample is unsuited for the 

experiment because of colour or instability or the Raman bands are just too weak. The 

only source of data may be the far infrared [20]. 

Optical transmission is among one of the major applications of Ge-Se-Sb thin 

films which generally offer IR transparency in the wavelength (X) regions of 3-5 ^m 

and 4-14 nm [21]. Ge-Se-Sb thin films family is emerging as one of the most 

promising families which feed the material requirements for the fabrication of optical 

fibers, such as large band gap, low material dispersion, low light scattering and long 

wavelength multiphonon edge along with good thermal, mechanical and chemical 

properties. These properties of Ge-Se-Sb thin films makes several groups [22,23] to 

work on these glasses to prepare IR optical fibers for the 2-14 \im regions. Structural 

properties of both amorphous and crystalline solids can be explained with topological 

models [24], chain crossing model (CCM) [25], random covalent network model 
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(RCNM) [26] and chemical bond approach (CBO) [27]. In these models, some of the 

properties can be discussed in terms of the average coordination number, which is 

indiscriminate of the species or valence bond. The glass network has either a 

mechanical threshold or critical composition, at which the network changes from an 

elastically floppy (polymeric glass) mode to a rigid (amorphous solid) mode. The 

particular base composition of oiir study GenSega is the bearer of short range order of 

initial components and also exhibit compound short range order formed from both the 

initial components [28]. 

In the present work far-IR absorption studies have been carried out on 

GenSega-xSbx (x = 0, 3, 9, 12, 15) thin films. The results are discussed in the light of 

probabilities and the bond energies of various chemical bonds possible in this glass. 

4.2: Experimental Details 

Glassy alloys of GenSegs-xSbx (x - 0, 3, 9, 12, 15) system were prepared by 

melt quench technique. Materials (99.999% purity) were weighed according to their 

atomic percentages and sealed in evacuated (at~10^ Pa) quartz ampoules. The sealed 

ampoules were kept inside a furnace where the temperature was increased up to 950°C 

at a heating rate of 3-4*'C/min and then the ampoules were fi-equently rocked for 8 h at 

the highest temperature to make the melt homogeneous. Ice cold water was used for 

quenching. The bulk samples were characterized by X-ray diffraction technique and 

found to be amorphous in nature as no prominent peak was observed in the spectra 

[29]. 
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The far IR transmission spectra of different alloys were recorded on a Fourier 

transform IR (NICOLET 5700) used in conjunction with the KBr disc technique, over 

the spectral range of 500-200 cm"' at room temperature. Powdered samples of 4 mg 

were thoroughly mixed and ground with 200 mg KBr; after which the mixtures were 

pressed at 10 tons cm~̂  for 5 min. imder vacuum. 

4.3: Results 

Far IR transmission study provides valuable information about the atomic 

configuration of glasses. The IR spectra of GenSegs-xSbx (x - 0, 3, 9, 12, 15) glassy 

system is shown in Fig 4.1. 

The bond energies of Ge-Ge, Se-Se, Sb-Sb, Ge-Se, Ge-Sb and Se-Sb bonds 

have been calculated on the basis of the relation postulated by Pauling [30]: 

D(A - B) = [D(A - A)X D(B - B)]i + 30(XA - X^ f 

where XA and XB are the electronegativities of atoms A and B, and D(A-A) 

and D(B-B) are the bond energies of A-A and B-B bonds, respectively. 

The relative probabilities of the different bonds have also been calculated using 

the probability fimction exa M^ rp at room temperatures as well as at the 
v/'^B^/ 

temperature of 950°C at which the sample was prepared. The results are shown in 

Table 4.1 
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Fig. 4.1 Far IR transmission spectra of amorphous GenSega-xSbx glassy alloys. 
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Table 4.1 Bond energies and their relative probabilities of formation at 27°C and 

950"C of Gei7Se83.xSbx(x = 0, 3, 9,12,15) glassy alloys. 

Bond Bond energy (kcal mol"') Relative probability of 
bond formation 

Bond Bond energy (kcal mol"') 

27°C 950°C 

Ge-Se 49.4 1 1 

Se-Se 44.0 1.18 X 10-̂  1.08x10-' 

Se-Sb 43.9 1.08 X lO"* 1.06 X 10'' 

Ge-Sb 39.7 9.31 X 10"̂  1.88 X 10'̂  

Ge-Ge 37.6 2.57 X 10-' 7.78 X 10'̂  

Sb-Sb 30.2 1.06x10-'^ 3.70 X lO"' 
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4.4: Discussion 

Researchers have applied various methods and models to explain the structure 

of amorphous solids. Chain crossing model and random covalent model has been 

proposed for the structural analysis of Ge-Se amorphous glasses [25,26]. In chain 

crossing model the fourfold tetrahedrally coordinated Ge atoms acts as chain crossing 

points in the Se chain structure. In random covalent model the tetrahedrally 

coordinated Ge atoms bond to the other Ge atoms as readily as to the twofold 

coordinated Se atoms. 

From an energy point of view heteropolar bonds are preferred over homopolar 

bonds. This can be largely explained on the basis of CBO proposed by Biecerano and 

Ovshinsky [27]. In this approach, the glass structure is assumed to be composed of 

cross linked structural units of the stable chemical compounds (heteropolar bonds) of 

the system and excess if any, of the elements (homopolar bonds). Due to the chemical 

ordering, features like extremum, a change in slope or kink [32], occur for the various 

properties at the tie line or stoichiometric compositions. In this case the glass structure 

is made up of cross linked structural units consisting of heteropolar bonds only. 

Heteropolar bonds thus have preeminence over homopolar bonds and bonds are 

formed in the sequences of decreasing bond energy until all the available valances of 

the atoms are saturated. Each constituent is coordinated by 8-N atoms, where N is the 

number of electrons in outer shell and this is equivalent to neglecting the dangling 

bonds and the other valence defects. 
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In the GenSega bulk glass the main absorption bands appear at ~ 250 cm" and 

300 cm''. The existence of the absorption band at 250 cm'' is assigned due to the 

presence of Seg (Ai, E mode) and the absorption band appearing at 300 cm'' is due to 

the presence of Ge-Se-Ge (vi mode). These resuUs are in good agreement with Goyal 

and Mann [22]. On addition of Sb to the base sample it is seen that the Se-Se 

absorption band is bifurcated into 228-231 cm"' and 250-260 cm''. The new absorption 

band appearing at 228-231 cm'' having lower bond energies is assigned to Se-Sb and 

the absorption band at 250-260 cm"' is assigned due to the presence of Seg. The 

absorption band near 250-260 cm"' in the spectra corresponds well to the value of 250 

cm'' calculated by Somayayulu [33]. As the amount of Sb goes on increasing 

heteropolar Se-Sb bonds starts forming on the expense of Se-Se bonds [34]. So 

formation of Se-Sb bonds reduces the average energy of the system which 

consequently supports the decrease in optical band gap [29]. 

From Table 4.2, the order of bond energies and the probability functions 

indicate that the Se atoms will preferentially first saturate Ge atoms and thereafter Se-

Sb and Se-Se bonds will be formed. The result also shows that there is least 

probability of forming Ge-Ge, Sb-Sb and Ge-Sb bonds. The Se atoms will form chain 

like structures and these chains will be interlinked by Ge and Sb atoms. The bond 

energy results exclude the random covalent model structure where germanium atoms 

can be linked with other germanium atoms. These leads to the exemption of bonds like 

Ge-Sb and Sb-Sb whose bond energies are very low. 
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Table 4.2 Experimentally and theoretically calculated values of wave number (v), 

reduced mass and force constant of the probable bonds. 

Bond Reduced 

mass 10'̂ ^ 

(kg U-') ill) 

Bond 

length (rmi) 

(d) 

Force 

constant 

KAB (eV) 

Wave number Bond Reduced 

mass 10'̂ ^ 

(kg U-') ill) 

Bond 

length (rmi) 

(d) 

Force 

constant 

KAB (eV) 
Experimental 

(cm-') 

Theoretical 

(cm-') 

Ge-Ge 6.060 0.224 1.29 - 231 

Ge-Sb 7.584 0.263 1.07 - 206 

Ge-Se 6.301 0.239 1.93 300 277 

Sb-Sb 10.129 0.282 0.87 - 173 

Se-Sb 7.962 0.258 1.54 226 201 

Se-Se 6.559 0.234 1.91 250-260 270 
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4.5: Theoretical justiflcation of some absorption bands 

Two assumptions are generally employed for discussing the IR transmission 

measurements for Ge-Se-Sb materials: (1) The valence force field model (VFF) [35]; 

(2) The position of the intrinsic IR features is influenced mainly by stretching force 

constants of corresponding chemical bonds. 

The wave number of the vibration modes in the IR spectra is determined by the 

mass of the atoms and the interatomic force within the groups of the atoms comprising 

the glass network. The wave number is given by the following formula: 

v = 
^K ^I 

^ J 

where K, is the bending or stretching force constant of the bond and [i is the reduced 

mass of the molecule and is given by the following relation: 

M.M, 

M,+M2 

where Mi and M2 are the atomic masses of two atoms. The force constant Kr can be 

calculated by the following relation obtained by Gordy [36]: 

K, = aN ^ ^ + h 
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Here a and b are constants which depend on the structural unit type, d is the bond 

length, XA ^^d XB ^® the electronegativities (Ge=1.8, Se=2.4, Sb=1.9) in Pauling 

scale [37] and N is the bond order, which can be determined from the expression [30] 

^ ^ d + 2r,-3r2 
2d + Ti - 3r2 

where ri and X2 are the covalent radii for the single bond and double bond respectively. 

By using the elemental covalent force constant electronegativities Somayayulu [33] 

has developed a method for predicting the force constant as follows: 

K A B = ( K A A K 3 3 ) I + ( X , - X B ) ' 

where KAB is the force constant between the elements A and B and KAA and KBB are 

the force constants for bonds A-A and B-B respectively the values of which are (10̂  

dyne cm"') 1.29 eV for Ge-Ge, 0.87 eV for Sb-Sb and 1.91 eV for Se-Se. 

Both the experimental and theoretical values of wave number (v) are listed in 

Table 4.2, together with the calculated reduced mass and the force constants of the 

probable bonds. From the Table 4.2 it can be seen that the experimental values of the 

wave number for the stretching vibrational modes for Ge-Se and Se-Sb bonds are 

greater than the theoretically observed values but the wave number for the stretching 

vibrational modes for Se-Se bond the experimental values are lesser than the 

theoretically observed one. This could happen because of the existence of more 

closely lying modes which leads to the broadening in the absorption bands. 
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4.6: Conclusions 

The structure of the taken glassy system is based on the chain structure of 

selenium atoms interlinked by the tetrahedrally coordinated germanium and 

conceivably trivalent antimony atoms. The bond energies and probability functions 

conclude the least existence of bonds like Ge-Ge, Sb-Sb and Ge-Sb whose bond 

energies are very low. The comparison of theoretical and experimental values of the 

wave nimibers for the stretching vibrational modes shows that the experimental wave 

number value for Ge-Se bond and Se-Sb bonds are greater than their corresponding 

theoretical values but it is just reverse for the Se-Se bonds. This may be due to the 

existence of more closely lying modes which leads to the broadening in the absorption 

bands. 
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This chapter includes the study of physical parameters of GeivSegs-xSbxCx = 0, 

3, 9, 12, 15) glassy system. The theoretical investigation of various physical 

parameters like average coordination number, number of constraints, average heat of 

atomization, mean bond energy and glass transition temperature have been studied. 

5.1: Introduction 

Prior investigative studies of physical properties in chalcogenide glasses have 

gain immense importance in technological [1] and commercial field [2]. Chalcogenide 

glasses are considered as promising materials for infi-ared optical elements, infrared 

optical fibres, information transfer, xerography, switching and memory devices, 

photolithography, fabrication of inexpensive solar cells and for reversible phase 

change optical records [3-11]. The GcxSei-x system is of special interest in view of the 

fact that it forms glasses over a wide domain of composition [12,13]. Addition of third 

element like As, Sb, Te, In etc. increases the glass forming region as well as creates 

the compositional and configurationally disorder in the system. Since, each impurity 

may satisfy its valence requirements by adjusting its nearest neighbour's environment, 

so it was believed that properties of amorphous semiconductors are weakly affected by 

the addition of impurities [14], but recently this has been reported that the addition of 

metal impurities [15] increases the refractive index and lowers the optical band gap 

significantly. The addition of Sb in the Ge-Se system may change its optical and 

electrical properties significantly. This stimulated to us to study the Ge-Se-Sb system 

which varies from floppy mode to rigid mode. 
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The aim of the present work is to examine the system GenSegs-xSbx (x = 0, 3, 

9, 12, 15) theoretically for various physical parameters. The physical parameters viz. 

coordination number, number of constraints, number of lone pair electrons, bond 

energies of the different bonds formed in the system, heat of atomization, average 

single bond energy (which is a measure of cohesive energy [16]), mean bond energy 

and glass transition temperature. The glass transition temperature has been 

theoretically investigated using the model proposed by Tichy and Ticha [17,18]. 

5.2: Experimental details 

Bulk samples GepSega.xSbx (x = 0, 3, 9, 12, 15) were prepared by conventional 

melt quenching technique. High purity (99.999%) elements Ge, Se and Sb in the 

appropriate weight proportion, were vacuum sealed (10"̂  Pa) in quartz ampoules and 

heated upto 950°C in a rocking furnace at a heating rate of 3-4°C/min, the ampoules 

were frequently rocked at the highest temperature for 8 hrs. The quenching was done 

in ice-cold water immediately after taking out the ampoules from the furnace. The 

detailed experimental technique has been given elsewhere [19]. The amorphous nature 

of the bulk samples was confirmed by the X-ray diffraction technique as no sharp peak 

was observed in spectra. 

5.3: Results and discussion 

5.3.1: Calculation of coordination number (m) and number of constraints in 

glassy network 

Nearest neighbour coordination number (m) in the ternary system 

Gei7Se83-xSbx (x = 0, 3, 9, 12, 15) is suitable for testing the validity of topological 
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concepts [20,21] because of its large glass forming domain. The average coordination 

number in our system has been calculated using the relation 

^^aNo^+pHs,+Ynsb r^. 
100 

where a, P and y are the at % of Ge, Se and Sb respectively and Noe, Nse and Nsb are 

their respective coordination numbers. The calculated coordination numbers (m) lie in 

the range 2.34 < m < 2.49 and are given in Table 5.1. 

The covalent bonded glassy networks are influenced by mechanical constraints 

(Nc) i.e. bond stretching (Na) and bond bending (Nb) which are associated with atomic 

bonding and effective coordination number < meff > . The number of constraints per 

atom arising from bond bending can be calculated by Nb = 2m - 3 and from bond 

stretching by Na = m/2 for the atomic species having coordination number (m). For 

different compositions of the glassy system GenSegs-xSbx (x = 0, 3, 9, 12, 15), 

knowing the average number of constraints i.e. Nc = Na + Nb and the average 

coordination number (m), the effective coordination number < niefr > can be calculated 

< m ^ > = | ( N , + 3 ) [2] 

The calculated values of Na, Nb, Nc and < mefr > for the glassy system 

GenSegj-xSbx (x = 0, 3, 9,12,15) are listed in Table 5.1. According to Thorpe [21], in 

the range of the glassforming compositions, the system should contain floppy and 

rigid regions. In a-GenSega-xSbx compositions the average coordination number varies 

from 2.34 to 2.49. 
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Table 5.1; Values of the average coordination number (m), number of constraints 

arising from bond stretching (Na), number of constraints arising from 

bond bending (Nb), average number of constraints (Nc), effective 

coordination number <meff> for GenSega-xSbx (x = 0, 3, 9, 12, 15) glassy 

alloys. 

Composition M Na Nb Nc <meiT> 

GenSess 2.34 1.17 1.68 2.85 2.34 

GepSegoSbs 2,37 1.185 1.74 2.925 2.37 

Gei7Se74Sb9 2.43 1.215 1.86 3.075 2.43 

Gei7Se7iSbi2 2.46 1.23 1.92 3.15 2.46 

GenSeegSbis 2.49 1.245 1.98 3.225 2.49 
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According to Zachariasen [22] heteropolar bonds have supremacy over the 

formation of homopolar bonds. This condition is equivalent to assuming the maximum 

amount of chemical ordering possible. This means that bonds between like atoms will 

only occur if there is an excess of a certain type of atom, so that it is not possible to 

satisfy its valence requirements by bonding it to atoms of different kinds alone, so 

bonds are formed in the sequence of decreasing bond energy until all available 

valences of the atoms are saturated. The possible bond distribution at various 

compositions is expressed using chemically ordered network (CON) model by 

Ovshinsky et al [23]. 

The model assumes that (a) atoms combine more favorably with atoms of 

different kinds than with the same and (b) bonds are formed in the sequence of 

decreasing bond energy until all available valences of the atoms are saturated. The 

bond energies EA-B for heteronuclear bonds have been calculated by using the relation 

[24] 

E _̂B =(E^_^ XEB_B)° ' +30 (x^ - X B ) ' [3] 

where EA-A and EB-B are the bond energies of the homonuclear bonds and XA and XB 

are the electronegativities of the atoms involved. The values of the electronegativities 

of Ge, Se and Sb are 2.01, 2.55 and 2.05 respectively. The calculated values for 

different bonds are given in Table 5.2. 
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Table 5,2; The number of lone pair electrons and bond energies of different bonds 

possible in GenSegs-xSbx (x = 0, 3, 9, 12, 15) glassy alloys. 

Composition m V L = V-m Bonds Bond energy 

(eV/bond) 

GenSega 2.34 5.66 3.32 Ge-Se 2.144 

GenSegoSba 2.37 5.63 3.26 Se-Se 1.908 

Gei7Se74Sb9 2.43 5.57 3.14 Ge-Sb 1.724 

Gei7Se7iSb|2 2.46 5.54 3.08 Ge-Ge 1.631 

GenSeegSbis 2.49 5.51 3.02 Sb-Sb 1.309 
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5.3.2: Role of lone pair electrons in the glass forming ability 

The introduction of average coordination number proposed by Phillips [20] 

leads to the calculation of the number of lone pairs of a chalcogenide glass system. 

The number of lone pair electrons is equal to the difference of all the valence electrons 

of the system and the shared electrons i.e. 

L = V - m [4] 

where L and V are lone pair electrons and valence electrons respectively. For the 

glassy system GepSega-xSbx the number of lone pair electrons is obtained by using 

equation (4) and are listed in Table 5.2. It is inferred from the above table and from 

Figure 5.1 that with the increase in content of Sb the number of lone pair of electrons 

decreases continuously for GenSegs-xSbx (x = 0, 3, 9, 12, 15) glassy system. This 

result is caused by the interaction between the Sb ion and the lone pair electrons of a 

bridging Se atom. The interaction decreases the role played by the lone-pair electrons 

in the glass formation. Zhenhua [25] introduced a simple criterion for computing the 

ability of a chalcogenide system to retain its vitreous state; the criterion contains the 

number of lonepair electrons which is necessary for obtaining the system in its 

vitreous state. For a binary system the number of lone-pair electrons must be larger 

than 2.6 and for ternary system it must be larger than 1. In our case the values of lone 

pair electrons lie in the range 3.02 < L < 3.32. This explains the fact that the system 

can be obtained in glassy state. 
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Fig. 5.1: Variation of lone pair of electrons (L) with average coordination number 

<m> for the glassy alloys GenSega.xSbx (x = 0, 3, 9,12, 15). 
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5.3.3: Average heat of atomization 

In chalcogenide glasses containing a high concentration of group VI element 

the lone-pair form the top of the valence band and the antibonding band forms the 

bottom conduction band [26]. The optical gap corresponds closely to the energy 

difference between the top of the valence band and the bottom of the conduction band. 

Metal atoms can form a dative bond with group VI atoms (lone pair with empty 

orbital) without any cost of energy, due to the presence of high-energy lone pair on the 

latter. Dative bonds correspond to (empty) antibonding levels which give localized 

acceptors states in the gap [27]. 

It is interesting to relate the optical band gap with the chemical bond energy. 

According to Pauling [28] the heat of atomization Hs (A - B) at standard temperature 

and pressure of a binary semiconductor formed from atoms A and B is the sum of the 

heat of formation AH and the average of the atomization Hs'̂  and Hs^ that corresponds 

to the average non polar bond energy of the two atoms 

Hs(A-B)=AH + i(Hs^+Hs«) [5] 

The first term in the above equation is proportional to the square of the 

difference between the electronegativities XA and XB of the two atoms 

AHOC(X^-XB) ' [6] 

In order to extend this idea to ternary and higher order semiconducting compounds, 

the average heat of atomization Hj (in kcal per gram-atom) is defined for a 

compound. AQ Bp Cy is considered a direct measure of the cohesive energy and thus of 

average bond strength, as 
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^ a+P+Y 

Obviously the Hj values do not contain the heat of formation (AH) as part of 

cohesive energy; however Hg is a useful parameter for correlating the physical 

properties of semiconducting compounds. In case of chalcogenide glasses the heat of 

formation contributes very little towards the average heat of atomization because the 

electronegativities of the constituent elements i.e. Ge, Se, Sb are very similar and in 

most of the cases of chalcogenide glasses the heat of formation is unknown. In the few 

materials for which heat of formation is known it accounts only 10% for the heat of 

atomization and is therefore neglected. Hence for binary chalcogenide glasses Hs (A -

B) is given by 

H3(A-B) = i(H^+Hs«) [8] 

whereas for ternary and higher order compounds, H^ is given by equation (7). The 

values of heat of atomization for Ge, Se and Sb elements are 373.8 kJ/mol, 226.0 

kJ/mol and 262.04 kJ/mol, respectively, and the calculated average heat of atomization 

Hg and average single bond energy (H^/m) is given in Table 5.3, where m is the 

average coordination number. From Table 5.3 it is found that heat of atomization 

increases with the increase of Sb content while the average single bond energy 

(Hj/m) which is a measure of cohesive energy decreases with the increase of Sb 

content. This decrease in the average single bond energy with the increase of Sb 

content may cause the decrease of optical band gap [16]. 
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Table 5.3; Values of average heat of atomization (Hj), average single bond energy 

(Hj/m), mean bond energy < E > and glass transition temperature Tg 

(K) for Gei7Se83-xSbx (x = 0, 3, 9,12,15) glassy alloys. 

Composition Hs 
(eV/bond) 

Hs/m 

(eV/bond) 

<E> Tg(K) 

Gei7Se83 2.61 1.115 2.257 422.03 

GenSegoSba 2.62 1.105 2.297 434.68 

Gei7Se74Sb9 2.64 1.086 2.388 462.99 

Gei7Se7iSbi2 2.65 1.077 2.438 478.59 

Ge^SeegSbis 2.66 1.068 2.491 495.09 
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5.3.4: Mean bond energy and glass transition temperature 

The covalent bond approach of Tichy and Ticha [17,18] may be considered as 

a first approximation in the case of chalcogenide glasses. The glass transition 

temperature is considered to be proportional to the mean bond energy <E>, which 

depends on factors like average coordination number, degree of cross linking, bond 

energy and the nature of the bonds. Taking account of all these factors, they have 

examined 186 chalcogenide glasses with Tg ranging from 320 to 760 K, and obtained a 

good correlation between Tg and <E> in the form 

T^=31l[(E)-0.9] [9] 

which satisfies the Arrhenius relation for viscosity. The mean bond energy of the 

system may be calculated using the relation 

<E>=Ee+E^ [10] 

where Ec is the overall contribution towards bond energy arising from strong bonds 

and Em, is the contribution arised from weaker bonds that remain after the number of 

strong bonds will become maximum. For GcxScySbz system (where x+y+z = 1), 

In the selenium rich region, 

Ec=4xEG,_s,+3zEsb_se [11] 

and 
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[2y-4x-3z] J,,, 
<r > 

The calculated values of the mean bond energy are given in Table 5.3. This is 

clear from mean bond energy data that when Sb content increases, the mean bond 

energy of the system increases. Figure 5.2 shows the variation of glass transition 

temperature with mean bond energy. The glass transition temperature increases with 

the increase of mean bond energy. The glass transition temperature for the various 

compositions of the system GenSegs-xSbx (x = 0, 3, 9, 12, 15) have been calculated 

using equation (9) and is listed in Table 5.3. The glass transition temperature of the 

system under consideration shows that it increases with the increase of the Sb content. 

This increase in the value of the glass transition temperature with increasing Sb 

content in glass forming alloys may be due to the accumulation in them of three 

dimensional structural units SbSe3/2 and GeSe4/2, and to the decrease of the content of 

chain like formation of excess Se. 
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Fig. 5.2; Variation of glass transition temperature (Tg) with mean bond energy 

(<E>) in Gei7Se83.xSbx(x = 0, 3, 9, 12,15) glassy alloys. 
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5.4: Conclusions 

The theoretical investigation of various physical parameters for GenSegs-xSbx 

(x = 0, 3, 9, 12,15) glassy system leads to the conclusion that the average coordination 

nimiber, number of constraints, average heat of atomization, mean bond energy and 

glass transition temperature increases with the increase of Sb content while the 

number of lone pair of electrons decreases. The increase of glass transition has been 

explained on the basis of accumulation of Sb in Se-chain. 
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This chapter includes the Thermal study of GenSega-xSbx (x = 0, 3, 9, 12, 15) glassy 

system. 

6.1: Introduction 

The chalcogenide glasses are one of the most widely known families of 

amorphous materials and have been studied extensively over the past few decades 

because of their interesting fundamental properties and wide commercial applications. 

The physical properties and compositional dependence of chalcogenide glasses have 

attracted much interest due to their wide technical applications [1-3]. Among various 

applications of these glasses the most important applications are in the field of 

fabricating technological important devices like IR detector, electronic and optical 

switches and optical recording media, laser fiber amplifiers, ultra low loss 

telecommunication links, radiation resistant telecommunication links, flexible CO2 

laser power guides [4,5], absorption filters, image bundles form detector array 

dissection, temperature, pressure and chemical sensors, non-linear components and 

many other optical elements [6,7]. 

Thermal studies on chalcogenide glasses including glass transition and kinetics 

of crystallization are of particular interest from fundamental and practical view points. 

The glass transition, one of the characteristic features of glasses, was firstly observed 

during the thirties of the last century and since that time, it has been the subject of the 

intensive study [8]. The glass transition was originally observed during the melt 
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cooling and for this reason; it is very often associated with gradual freezing of the melt 

structure during cooling. According to this approach, it is generally assumed that when 

a meh is sufficiently quickly cooled to avoid crystallization, an abrupt increase of 

structural relaxation time occurs and a melt gets into the structural non-equilibrium. 

Such a material, denoted as a glass, is still regarded as a melt. Until recently the glass 

transition is thus frequently considered to be a pure kinetic effect [9,10]. This view is 

commonly supported by the following findings: the value of the glass transition 

temperature depends on both applied technique of measurement and the process by 

which the glass is formed, it means on its thermal history [9-13]. 

Two methods are generally employed to study the crystallization kinetics - an 

isothermal one and a non isothermal one [14]. In the first case, the sample is subjected 

to a thermal treatment. At T«Tj.̂ 5„|,j„g for a short time and the physiochemical 

properties are studied as a ftmction of time. According to the second method, the 

sample is heated with a constant rate and the investigated characteristics are measured 

as a ftmction of the temperature. 

The study of glass forming region is of great interest so it is quite important to 

know the glass stability and chemical durability of these materials. However no simple 

way presently exists to formulate the correlation between ideal composition and 

stability of these glasses. With object to evaluate the level of stability of the vitreous 

alloys, different simple quantitative methods have been suggested. Most of these 
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methods [15-19] are based on characteristic temperatures such as the glass transition 

temperature (Tg), the crystallization temperature (Tc) or the melting temperature (Tm). 

Some of them [20,21] are based on the reaction constant (K) some of others [22-24] 

are based on the crystallization activation energy. These thermal parameters are easily 

and accurately obtained by differential thermal analysis (DTA) during the heating 

process. 

Differential thermal analysis is known to demonstrate with ease the 

characteristic difference between a structurally stable material (exhibiting switching 

phenomena) and a reversible material (exhibiting memory phenomena). This 

commimication reports a systematic investigation of the compositional dependence 

(Ge:Se:Sb) of different thermal properties for GenSegs-xSbx (x = 0, 3, 9, 12, 15) 

glassy system. 

6.2: Experimental Details 

Glassy alloys of GenSegs-xSbx (x = 0, 3, 9, 12, 15) system were prepared by 

melt quench technique. Materials (99.999% purity) were weighed according to their 

atomic percentages and sealed in evacuated (at ~ 10^ Pa) quartz ampoules. The sealed 

ampoules were kept inside a furnace where the temperature was increased up to 950°C 

at a heating rate of 3-4°C/min. The ampoules were frequently rocked for 8 h at the 

highest temperature to make the melt homogeneous. The quenching was done in ice 

cold water. Thin films of glassy alloys were prepared on glass substrates by vacuum 
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evaporation technique at room temperature and base pressure of ~10 Pa. The glassy 

substrates were firstly cleaned by soap solution at room temperature using ultrasonic 

cleaner then with double distilled water, a dip in acetone followed by ethyl alcohol, 

dried in an oven at approximately 110°C. The bulk as well as thin films of the samples 

prepared were characterized by X-ray diffraction technique and found to be 

amorphous in nature as no prominent peak was observed in the spectra. 

DTA experiments were carried out on a Perkin Elmer (Pyris Diamond) in 

Nitrogen atmosphere (200 ml/min). All measurements were referenced to Alumina 

powder in an Alumina-pan, and carried out in a nitrogen atmosphere flowing at 50 

ml/min. 

6.3: Results and discussion 

DTA measurements provide quantitative and qualitative information about 

physical and chemical changes that involve endothermic or exothermic processes or 

changes in heat capacity. The vitreous or glass transition is an endothermal reaction, 

specify to glassy materials. All the modifications which take place in the region of 

glass transition are essential for all the processes in glasses and influence directly the 

glass properties. The GenSega-xSbx (x = 0, 3, 9, 12, 15) glassy system is measured 

repeatedly over the glass transition region by Perkin Elmer (Pyris Diamond) in 

Nitrogen atmosphere (200 ml/min)DTA using considerable different heating/cooling 

step rates. DTA thermograms of GenSega.xSbx (x = 0, 3, 9, 12, 15) glassy system are 

studied for different heating rates viz. 10°, 15°, 20° and 25°. 
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DTA thermograms of Ge-Se-Sb at the heating rate of 10°C are shown in 

Figures 6.1-6.5. It can be seen from the figures that glass transition temperature (Tg) 

and glass crystallization temperature (Tc) shift towards higher temperature with 

increase in antimony content. This increase in the value of glass transition temperature 

(Tg) can be explained on the basis of CONM, according to which the heteropolar bond 

is favoured over the homopolar bond. The various types of bonds involved in the 

present system are Se-Se, Se-Ge, Se-Sb, Ge-Sb, Ge-Ge and Sb-Sb. When the 

percentage of antimony is increased, antimony is expected to form bonds with 

selenium rather than germanium because the bond energy of Se-Sb (43.9 Kcal/mol) is 

larger than the bond energy of Ge-Se (39.7 Kcal/mol) [25]. This explains the increase 

in glass transition temperature (Tg) with increase in antimony content. 

6.3.1: Glass forming ability 

In the differential thermal analysis (DTA) technique, the sample is heated at 

the same heating rate as an inert reference sample and temperature difference (AT) 

between these two samples is plotted against the temperature of the glass. Second 

order transformations (viz, changes in specific heat, thermal expensivity, etc.) produce 

vertical displacement of the otherwise horizontal AT curve (base line). The range of 

temperature over which this transition takes place is called the glass transition or glass 

transformation temperature Tg. The magnitude of this endothermic effect is sensitive to 

the thermal history of the glass [26]. A slowly cooled glass yields a larger area under 
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the endothermic peak (a quantity proportional to the energy which is absorbed by the 

relaxation of glass structure) than one rapidly chilled [27]. As the glass is heated 

through the temperature Tg, enough vibrational energy is present to help relaxation of 

glass structure and to break some of the weaker (highly strained) bonds, thus 

introducing some degrees of freedom into the system. These additional degrees of 

freedom result in an increase in the heat capacity. 

The glass transition is not at a precisely defined temperature. The glass 

transition is not sharp but occurs over a range of temperature. Tg is sensitive to the 

total thermal history of the glass, i.e. to rate of cooling from the liquid as well as to the 

subsequent heat treatment in the neighbourhood of Tg [28,29]. As glass is heated 

above Tg, one may observe an exotherm for the re-crystallization point Tc, and on still 

further heating another endothermic effect for the melting point Tm of the glass [30]. 

The glass transformation temperature Tg alone does not give any direct 

information in the determination of the glass-forming tendency of a melt as it is 

connected with the chemical composition of glass [31]. Nevertheless, it is a quantity of 

fundamental importance since all glasses have, approximately, equal values of 

viscosity (-10"'̂  poise) at Tg, and are in an. intermediate state between the solid and 

liquid phase, where binding forces of molecular character vanish [32]. However, 

coupled with Tc and Tm, Tg can probably assist in the evaluation of glass-forming 

tendency. 
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The temperature dependence of viscosity is of decisive importance in 

determining the behaviour of glass on its heating above glass transition temperature 

(Tg). Provided the viscosity drops rapidly, the rate of diffusion increases accordingly. 

The latter is one of the factors relevant to the rate of crystallization. In this case 

crystallization occurs close to Tg. This happens for substances that form glasses with 

difficulty. A short interval Tc - Tg signifies that glass contains structural units with 

high crystallization tendency, i.e. with high liquidus temperature of the melt which is 

unfavourable to the glass formation [33]. A short interval Tm - Tc in its tum indicates 

that the original melt has relatively low temperature of solidification (solidus). 

Therefore, this circumstance is favourable to the glass formation. 

Several attempts have been made in the past to enable one to estimate or 

predict the glass-forming ability of a melt on the basis of structural and kinetic factors 

[33-40]. As a result of this several rules or models have been worked out and they 

serve as a guide for preparation of new amorphous materials [32]. Dietzel [33] defines 

'glassiness' as the reciprocal rate of crystallization of the melt. Sarjeant and Roy [34] 

use the critical rate of cooling as a criterion of glass-forming tendency. These models 

seem to have only a limited applicability. Haverman et al [35] compared the Dietzel's 

criterion with critical rate of cooling in the system of sodium and lithium silicates and 

found that no definite relation between these two criteria existed. Kautzman [36] dealt 

in detail with the significance of the relation between Tg and Tm. He gives the criterion 

of glass-forming tendency expressed by the relation: 
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T 
T = - ^ eg Y 

where Teg is the reduced temperature of transformation Tg / Tm which he puts in a 

direct relation with the temperature dependence of the viscosity. 

The value obtained obey the two-thirds rule which states 

IL-2 
T„ 3 

However, according to Tumbull [37] this relation has limited applicability when 

confronted with experimental data. Cohen and Tumbull [38] have in turn suggested a 

semiquantitative criterion of glass-forming tendency expressed by: 

, ^ R - T „ 
H It 

where Hn is the molar heat of evaporation that they directly relate to the cohesion 

energy and the asymmetry of molecules. R is the gas constant and Tm the melting 

temperature. This criterion is valid only for/certain type of substances and certain rate 

of cooling. Its wider applicability is hindered by the loose concept of melting 

temperature, as the interval between the solidus and liquidus may be rather large for 

more complex system [39]. 

Hruby [40] has proposed another criterion of evaluation of glass-forming 

ability of a melt. This model assumes that glass has already been prepared. Therefore, 
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this is not applicable for hitherto unknown melts. Nevertheless, it is useful to compare 

different kinds of liquids (glasses) and find connections in a certain specific system. 

Also like that of Kautaman's model, this model can yield a relatively fast technique of 

evaluation of the glass-forming ability of melts. This criterion is based on the 

following three rules: 

1. All glasses are in a comparable state at Tg. 

2. The interval Tc - Tg is directly proportional to the glass-forming tendency. 

3. The interval Tm - Tc is directly proportional to the glass-forming tendency. 

The numerical measure of the glass-forming tendency according to this model 

is given by: 

T - T 
K _ <= 8 

„ i — • 'gl 
m c 

According to this model if the value of K is about 0.1, the preparation of glass 

is very difficult. For Kgi = 0.5, glass is easily formed merely by free cooling of the 

melt in air. For Kgi above 1.0 only a glass of high-molecular polymer type is possible. 

The larger the value of Kgi the greater is the stability of glass against crystallization. 

Hruby parameter (Table 6.1) of the investigated glass is indicating not high stability 

against crystallization and also indicating the formation of glass of high-molecular 

polymer type. 
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Table 6.1 Glass transition temperature, glass crystallization temperature, glass 

melting temperature, glass forming ability of GenSegs-xSbx (x = 0, 3, 9, 12, 

15) glassy system. 

Sample T.CK) T,CK) T.CK) YT ^ . / 

GepSegs 786.4885 925.4934 1007.59 0.780564 1.693182 

GenScgoSbs 812.6102 973.0723 1071.029 0.758719 1.638095 

Gei7Se74Sb9 840.5978 998.2611 1105.547 0.760346 1.469565 

Gei7Se7iSbi2 899.3717 1022.517 1124.205 0.800007 1.211009 

Gei7Se68Sbi5 813.5432 999.9927 1163.388 0.699288 1.141098 
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6.3.2: Calculation of Activation Energy by Kissinger's model: 

DTA thermograms of GenSegs-xSbx (x = 0, 3, 9, 12, 15) glassy system are 

studied for different heating rates 10°, 15°, 20° and 25°. The activation energies of 

above glassy system are calculated by Kissinger model [41] using the formula: 

ln^r = — +const 
T} RZ 

Where b is the heating rate, Eg is the activation energy of the glass transition for 

homogeneous crystallization with spherical nuclei and R is the gas constant. The 

values of activation energies are given in Table 6.2 and the related plots of In (b/Tĉ ) 

vs 1000/Tc are shown in figures 6.6-6.10. 
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Table 6.2 Activation energy of GenSega.xSbx (x = 0, 3, 9,12, 15) glassy system. 

Sample 
Kissinger's 

model(Ea)(KJ/mol) 

GenSega 0.309 

GeiySegoSba 1.095 

Gei7Se74Sb9 1.105 

Gei7Se7iSbi2 1.671 

GenSeegSbis 1.141 

no 
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6.4: Conclusions 

Hruby parameter calculated from the DTA study of the investigated glassy 

system GenSega-xSbx (x = 0, 3, 9, 12, 15) is indicating not high stability against 

crystallization and also indicating the formation of glass of high-molecular polymer 

type. Also it can be seen that glass transition temperature (Tg) and glass crystallization 

temperature (Tc) shift towards higher temperature with increase in antimony content. 

This increase in the value of glass transition temperature (Tg) can be explained on the 

basis of CONM, according to which the heteropolar bond is favoured over the 

homopolar bond. 
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Chapter? 

(Ppticai Study, of 
Qe'Se-S^L S^tem 



This chapter includes the optical study of GenSega-xSbx (x = 0, 3, 9, 12,15) thin films. 

7.1: Introduction 

Chalcogenide glasses are formed from group VI elements (S, Se and Te) of the 

periodic table. Oxides are excluded by convention, largely due to early and extensive 

development of this field. Chalcogenide glasses are similar to oxides but they exhibit 

pronoimced optical properties [1-4]. They have attracted the attention of many 

investigators due to their potential in IR optics, photonics device, reversible optical 

recording, memory switching, inorganic photo resists, antireflection coatings, optical 

imaging, optical data storage, Raman amplification, optical limiter, frequency 

doubling, etc [5-12]. Among chalcogenides, selenide materials have been identified as 

possible materials for non-linear optical applications [13]. Because of large atomic 

radius compared with oxygen in oxide glasses and sulfur in sulfide glasses, selenium 

plays an important role in the non-linear optical properties in selenide glasses. 

Working with Se causes some problems like the ageing effect and low sensitivity. 

Hence in order to produce changes in the properties of new complex glass, it is worth 

adding more than one component into the selenium matrix to get rid of these 

problems. To overcome these problems, several workers [14-17] have used certain 

additives (Ge, Bi, As, etc) to make binary alloys with selenium, which in tum give 

high sensitivity, a high crystallization temperature and smaller ageing effects. 

Germanium based chalcogenide containing heavy metal species such as Sb has shown 
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their potential as glasses with high non-linear optical properties [18]. In this work we 

have chosen the Ge-Se-Sb system. The well-known glass-forming system Ge-Se-Sb 

has been chosen because of the relatively lower vapour pressure compared with the 

Ge-As-Se [19] system. Moreover, working with Sb in comparison with As is less 

hazardous to health. The particular base composition of our study GenSess is the 

bearer of short range order of initial components and also exhibit compound short 

range order formed from both the initial components [20]. No work has been reported 

so far on optical, structural and electrical properties of the system under investigation 

as per our knowledge. Earlier we have reported the physical properties (coordination 

number, lone pair of electron, bond energy, heat of atomization, glass transition 

temperature) of this system [21]. 

Most of the applications of chalcogenide glasses depend on our ability to 

engineer their compositions to meet the specific requirements. The tailoring of 

chalcogenide glasses for specific properties is possible but we do not know enough 

about most of the glass systems to choose according to compositions. It is the intent of 

this paper to develop a basic understanding of the optical behaviour of GeiySegs-xSbx 

(x = 0, 3, 9, 12, 15) system. These results may lead directly to applications in non­

linear optics or lay a foundation for other research into the optical behaviour of the 

GenSega-xSbx system. Optical properties viz. refractive index (n), extinction 

coefficient (k) and optical energy gap (E""" ) has been reported for GenSegs-xSbx (x = 

0, 3, 9, 12, 15) thin films. Transmission and reflection spectra have been used for the 

121 



study of optical properties. The dispersion of refractive index has been studied using 

the Wemple-DiDomenico (WDD) single oscillator model. Some allied parameters 

(dielectric constant, dielectric loss and optical conductivity) have also been determined 

using n, k and absorption coefficient (a) . 

7.2: Experimental details 

Glassy alloys of the GenSega.xSbx (x = 0, 3, 9, 12, 15) system were prepared 

by the melt quench technique. Materials (99.999% purity, Sigma Aldrich) were 

weighed (4 g for each batch using a Mettler Toledo PL83-S) according to their atomic 

weight percentage and sealed in evacuated (at ~ 10"'' Pa) quartz ampoules. The sealed 

ampoules were kept inside a furnace where the temperature was increased up to 950°C 

at a heating rate of 3-4°C min~'. The ampoules were frequently rocked for 8 h at the 

highest temperature to make the melt homogeneous. The quenching was done in ice 

cold water. Films of bulk glasses were deposited on microscopic glass substrates using 

the vacuiim evaporation technique at a base pressure of-lO"'' Pa (Hindhivac Model 

No. 12A4D). The thickness of the solid films has been monitored during depositions 

by using a thickness monitor (DTM-101) (with an uncertainty of ±30 nm). The 

compositions of the evaporated samples have been measured by an electron 

microprobe analyzer (JEOL 8600 MX) on different spots (size ~ 2^m). For the 

composition analysis, the constitutional elements (Ge, Se and Sb) and the bulk original 

alloys, i.e. GenSega-xSbx (x = 0, 3, 9, 12, 15) are taken as reference samples. The 
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composition of 2x2 cm^ sample is uniform within the measurement accuracy of about 

±1.5-2.0%. The bulk as well as the thin films of the samples prepared were 

characterized by the X-ray diffraction (XRD) technique (Philips PW 1710 X-ray 

diffractometer, Cu Ka radiation, X = 1.540 598 A, 40 kV and 35 mA, 20 range from 5° 

to 100°, step size = 0.017°). The normal incidence transmittance and reflectance 

spectra in the spectral range 400-2000 rmi of films were obtained by a double beam 

ultraviolet-visible-near infrared spectrophotometer (Perkin Elmer Lambda-750). All 

measurements were performed at room temperature (300 K). 

7.3: Results and discussion 

Figure 7.1 shows the XRD patterns of the GenSega-xSbx (x = 0, 3, 9, 12, 15) 

thin films. The absence of sharp structural peaks in these XRD traces confirmed the 

amorphous nature of thin films. 

Figure 7.2 shows the transmittance and the reflectance spectra of the GenSega-

xSbx (x = 0, 3, 9, 12, 15) thin films. The figure shows fringes due to interference at 

various wavelengths. It is apparent from the transmission spectra that there is a clear 

red shift in the interference fi-ee region with the addition of Sb content. Following the 

fimdamental Kramers-Kronig relationships, the red-shift in the spectrum must 

necessarily give an increased refi-active index value (justified later). Optical 

transmission (T) and reflection (R) are very complex fimctions and strongly depend on 

the absorption coefficient. 
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Fig. 7.1 XRD pattern for GewSegs-xSbx (x = 0, 3, 9, 12,15) thin films. 

124 



0.30-

x = 12 .-•. x = 9 

800 1200 1600 

Wavelength (nm) 
2000 

Fig. 7.2 Reflectance and transmittance spectra of GenSega-xSbx (x = 0, 3, 9, 12, 15) 

thin films. 

125 



The absorption coefficient (a) is evaluated from the relation [22] 

2.303. f\-R 
a = ^- ;—log [1] 

J 

Absorption coefficient has been found to be of the order of 104 cm '. The 

optical energy gap \E^*j of the GeiySegs-xSbx thin films has been determined from 

absorption coefficient data as a function of photon energy, according to the generally 

accepted 'non-direct transition' model for amorphous semiconductors [23], proposed 

by Tauc [24] 

ahv = B(hv-E°'")^ [2] 

where B is the slope of the Tauc edge called band tailing parameter. 

Figure 7.3 shows the variation of (ahv)'̂ ^ with hv. 

The optical energy gap has been determined by the intercepts of extrapolations 

to zero with the photon energy axis (ahv)'̂ ^ —> 0 (i.e. Tauc extrapolation). The optical 

energy gap has been found to decrease with the increase in Sb content (see Table 7.1), 

from 1.92 eV for x = 0 to 1.63 eV for x = 15. This decrease in the optical energy gap 

(Eg*") with increasing Sb content may be explained on the basis of the chemical bond 

approach proposed by Biecerano and Ovshinsky [25]. 
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Table 7.1 Values of thickness (d), optical energy gap (E°'" ), energy gap (E* ), 

oscillator strength (Eo) and dispersion energy (Ed), static refractive index 

(no) and high frequency dielectric constant (£«) of GenSegs.xSbx (x = 0, 3, 

9,12, 15) thin films. 

X d(nm) (EOP.) 

(eV) (eV) 

(Ed) 

(eV) 

(Eo) 

(eV) 

no too 

0 560 1.92 1.80 19.78 3.94 2.45 6.02 

3 540 1.82 1.74 23.22 3.55 2.75 7.55 

9 600 1.75 1.63 23.23 3.35 2.82 7.93 

12 590 1.67 1.56 23.50 3.31 2.85 8.09 

15 630 1.63 1.50 24.59 3.29 2.91 8.47 
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They assumed that heteropolar bonds have preeminence over homopolar bonds 

and bonds are formed in the sequences of decreasing bond energy until all the 

available valances of the atoms are saturated. Each constituent is coordinated by 8-N 

atoms, whereN is the number of electrons in the outer shell and this is equivalent to 

neglecting the dangling bonds and the other valence defects. Increasing Sb content at 

the expense of seleniimi leads to the formation of heteropolar Se-Sb (42.9 kcal mol"') 

bonds at the expense of Se-Se (44.0 kcal mol"') bonds [26]. Hence, the formation of 

Se-Sb bonds reduces the average energy of the system. As the optical energy gap is a 

bond sensitive property so the decrease in the average bond energy of the system leads 

to a decrease in the optical energy gap with increasing Sb content. Further decrease in 

optical energy gap with increase in Sb content may also be correlated with the 

decrease in the average single bond energy (Hs/m) [21] (where Hs is the average 

heat of atomization and m represents coordination number) which is a measure of 

cohesive energy; i.e. a decrease in (H s/m) will lead to a decrease in the optical energy 

gap. The decrease in the optical energy gap with the increase in Sb content may also 

be explained on the basis of electronegativity. Since electronegativity of Sb (2.05) is 

less than Se (2.55), the substitution of Sb (electropositive element) for Se may raise 

the energy of some lone pair states and hence broaden the valence band. This will give 

rise to additional absorption over a wider range of energy leading to band tailing and 

hence shrinking the optical energy gap. 

Energy gap has also been calculated theoretically for GenSegs-xSbx (x = 0, 3, 9, 

12,15) system using the relation proposed by Shimakawa [27] 
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(Ef) (AB) = YEg(A) + (1 - Y)Eg(B), [3] 

where Y is the volume fraction of element A, Eg(A) and Eg(B) are the optical energy 

gaps for elements A and B, respectively. The conversion from atomic composition 

(at%) or molecular composition (mol%) to volume fraction Y is made using atomic 

or molecular mass and density of the constituent elements. The values of the 

calculated energy gap are given in Table 7.1 and are in good agreement with the 

optical energy gap evaluated from absorption coefficient data. This leads to the 

anticipation that a modified virtual crystal approach for mixed crystals may be 

acceptable for an amorphous system. 

The extinction coefficient (k) has been calculated using the relation [22] 

. 2.303X, (\-R] 

where "k is the wavelength, R is reflectance, T is transmittance and d is the thickness of 

the film. The refractive index (n) has been calculated using the relation [22] 

(n + l)^+k' 

It is observed that both the extinction coefficient and the refractive index decrease 

with the increase in wavelength. The decrease in the refractive index with increasing 

wavelength shows the normal dispersion of the system under investigation. The values 

of n and k are given in table 2 at 800 nm. Further, it is observed that with the increase 

in Sb content the refractive index increases (see Table 7.2). 

130 



Table 7.2 Values of refractive index (n), extinction coefficient (k), dielectric 

constant (er), dielectric loss (sj) and optical conductivity (o) at 800 nm of 

Gei7Se83-xSbx(x = 0,3, 9,12,15) thin films. 

X n k £r Ei ffxlO'^ (s') 

0 2.62 0.0045 6.86 0.023 4.23 

3 2.78 0.0079 7.73 0.044 8.20 

9 2.91 0.0081 8.47 0.047 8.87 

12 2.98 0.0097 8.88 0.058 10.62 

15 3.05 0.0099 9.30 0.060 10.91 
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The high refractive index values are advantageous for strong optical field 

confinement, which allows small waveguide bend radii leading to compact circuit 

designs and enhances the optical intensities for efficient nonlinear interactions. The 

increase in the values of n with increasing Sb content may be explained on the basis of 

polarizability. The larger the atomic radius of the atom, the larger will be its 

polarizability and consequently, according to the Lorentz-Lorenz relation between 

refractive index and polarizability, the larger will be the refractive index. The 

Lorentz-Lorenz relation is [28] 

^ = - ^ Z N , a , , [6] 
n + 2 iSg ' 

where 8o is the vacuum permittivity, Ni is the number of polarizable units of type i per 

unit volume with polarizability ttpi . The atomic radii of Se (1.16 A) and Sb (1.40 A) 

[29]. Thus, the substitution of more polarizable Sb atoms by less polarizable Se atoms 

may lead to an increase in refi-active index. On the other hand, a clear red-shift of the 

optical absorption edge is observed in Figure 7.2, with increasing Sb content to the 

host matrix Ge-Se. It is stressed that, following the fundamental Kramers-Kronig 

relationships, the red-shift in the absorption spectrum must necessarily give an 

increased refi'active index value. It is worth quoting here the fiandamental relationship, 

n = l + (l/27i^)rapidA,, which allows checking the consistency of the values of the 

refractive index. 
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Fig. 7.4 Plot of refractive index factor (n^-1) ' versus (hv)^ for GcnSegs-xSbx (x = 0, 

3, 9, 12, 15) thin films. 

133 



The high frequency properties of GenSegs-xSbx thin films could be treated as a 

single oscillator. The spectral dependence of the refractive index, in the visible and 

nearinfirared regions, has been analysed in terms of the WDD single effective 

oscillator model [30], 

n ^ - l = ^ 0 ^ " . [7] 
E^-(hv)^ 

"y —I 

The values of the parameters Eo and Ed were estimated by plotting (n -1) versus hv 

(Figure 7.4) and fitting the relation to a straight line. These two parameters of the 

model are the dispersion energy, Ed, that measures the average strength of interband 

optical transitions and is associated with the changes in the structural order of the 

material and the effective oscillator energy, Eo, which can be directly correlated with 

optical energy gap by an empirical formula. It is empirically found that the dispersion 

parameter can be expressed by 

Ed = pNeZaNc, 

where Ne is the effective number of valence electrons per anion, Nc is the effective 

coordination number of the cations nearest neighbour to the anion, Zg is the formal 

chemical valency of the anion, P is a two-valued constant with either an ionic or a 

covalent value [30]. It is observed that the variation in the dispersion energy, Ed, 

results primarily fi-om changes in the nearest neighbour coordination number. Hence, 

the increase in the dispersion energy value is usually associated with the increase in 

coordination number. It has been earlier reported that coordination number increases 

for the GenSega-xSbx (x = 0, 3, 9, 12, 15) system [21]. The oscillator energy, Eo, is 
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independent of the scale of (EJ) (called dielectric loss) (see tables 7.1 and 7.2) and is 

subsequently an average energy gap, whereas Ed depends on the scale of (ej) and thus 

serves as interband strength parameters [31]. 

Furthermore oscillator energy EQ can also be used to estimate an approximate 

value of the optical energy gap (Eg*" ] by using an empirical relation proposed by 

Tanaka [32], relating Eo to the optical energy gap, Eo ~ 2 x E""" . It is clear from table 

7.1 that the values obtained by using the above relation are in good agreement with 

that obtained by using Tauc's extrapolation method. Similar results have also been 

reported earlier by various researchers [33, 34]. The values for the static refractive 

index (no) have been calculated from WDD dispersion parameters Eo and Ed by using 

the formula 

" 0 = 1 + ^ 
E 

[8] 

The values of no are calculated by extrapolating the WDD dispersion equation to 

hv— 0̂ {see equation (7)}. The values of no have been given in Table 7.1. The high 

frequency dielectric constant (EOO) has been calculated from the relation 8oo = (no)̂  and 

the obtained values are reported in table 7.1. The dielectric constant (8r) and dielectric 

loss (8i) has been determined from 8r = n^-k^ and 8i = 2nk for GenSegs-xSbx thin films. 

The optical conductivity calculated from o = anc/47t, where a is the absorption 

coefficient, n is the refractive index and c is the velocity of light. Optical conductivity 

has been found to increase with increasing Sb content. This increase may be a 
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consequence of increased density of localized states in the gap itself due to the 

appearance of new defect states and Sb containing structural elements [35]. 

The dielectric constant, dielectric loss and optical conductivity directly depend 

on n, k and a and hence follow similar trends. The values of er, Si and a are given in 

table 2 at 800 nm. 

7.4: Conclusions 

Optical properties of thin films of GenSega.xSbx (x = 0, 3, 9, 12, 15) glassy 

alloys were studied using their reflection and transmission spectra in the spectral 

region 400-2000 nm. The interband transitions are foimd to be indirect type and the 

optical energy gap has been estimated using the Tauc method. The optical energy gap 

has been found to decrease firom 1.92 eV for x = 0 to 1.63 eV for x = 15. The decrease 

in the optical energy gap is explained mainly on the basis of bond energies and on the 

concept of electronegativity. The energy gap calculated using Shimakawa's relation 

follows the same trend as the optical energy gap estimated fi-om Tauc's method. The 

refractive index has been found to increase with the increase in Sb content. The 

increase in the refi-active index with Sb content has been explained on the basis of 

polarizability. Dispersion of refractive index is studied using the WDD single 

oscillator model. The static refractive index has been found to increase with increasing 

Sb content fi-om 2.45 (x = 0) to 2.91 (x = 15). The oscillator energy, EQ, follows the 

empirical relation with the optical energy gap. 
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8.1: Summary and Conclusions 

Chalcogenide glasses form an important class of materials which are used in 

various solid state devices and in infrared optics. In this thesis the work reported is 

concerned with the structural, physical, thermal and optical study of GepSegs-xShxCx = 

0, 3,9, 12, 15) glassy system. 

Ge-Se-Sb system has been studied for its structural properties using far 

infrared transmission spectra. The structure of the taken glassy system is based on the 

chain structure of selenium atoms interlinked by the tetrahedrally coordinated 

germanium and conceivably trivalent antimony atoms. The bond energies and 

probability fiinctions conclude the least existence of bonds like Ge-Ge, Sb-Sb and Ge-

Sb whose bond energies are very low. The comparison of theoretical and experimental 

values of the wave numbers for the stretching vibrational modes shows that the 

experimental wave number value for Ge-Se bond and Se-Sb bonds are greater than 

their corresponding theoretical values but it is just reverse for the Se-Se bonds. This 

may be due to the existence of more closely lying modes which leads to the 

broadening in the absorption bands. 

Various physical parameters for GenSega-xSbx (x = 0, 3, 9, 12, 15) glassy 

system has been calculated theoretically. This study leads to the conclusion that the 

average coordination number, number of constraints, average heat of atomization, 

mean bond energy and glass transition temperature increases with the increase of Sb 

content while the number of lone pair of electrons decreases. The increase of glass 

transition has been explained on the basis of accumulation of Sb in Se-chain. 
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Thermal studies of the GeiySegs-xSbxCx = 0, 3, 9, 12, 15) glassy system has 

been done by using DTA thermograms. Hruby parameter of the system under 

investigation is indicating not high stability against crystallization and also indicating 

the formation of glass of high-molecular polymer type. Also it can be seen that glass 

transition temperature (Tg) and glass crystallization temperature (Tc) shift towards 

higher temperature with increase in antimony content. This increase in the value of 

glass transition temperature (Tg) can be explained on the basis of CONM according to 

which the heteropolar bond is favoured over the homopolar bond. 

Different parameters related to optical properties were calculated for vacuum 

evaporated thin films of GenSega-xSbx (x = 0, 3, 9, 12, 15) glassy system using their 

reflection and transmission spectra in the spectral region 400-2000 nm. The interband 

transitions are foimd to be indirect type and the optical energy gap has been estimated 

using the Tauc method. The optical energy gap has been found to decrease from 1.92 

eV for X = 0 to 1.63 eV for x = 15. The decrease in the optical energy gap is explained 

mainly on the basis of bond energies and on the concept of electronegativity. The 

energy gap calculated using Shimakawa's relation follows the same trend as the 

optical energy gap estimated from Tauc's method. The refractive index has been found 

to increase with the increase in Sb content. The increase in the refractive index with 

Sb content has been explained on the basis of polarizability. Dispersion of refractive 

index is studied using the WDD single oscillator model. The static refractive index has 

been found to increase with increasing Sb content from 2.45 (x = 0) to 2.91 (x = 15). 

The oscillator energy, Eo, follows the empirical relation with the optical energy gap. 
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8.2: Suggestions for the future work 

• The system under study is of ternary in nature. The work can be extended to 

quaternary compounds. This may enhance various optical and thermal 

properties. 

• Various thickness related optical studies may be done by doping the present 

system by various dopants. This may lead to a change in refractive and 

transmittive properties of the system under consideration. 

• The present work can be extended by doing electrical studies of the system. 

This helps in understanding the electrical conductivity and dielectric losses in 

the system. 

• Raman spectroscopy, SEM may be done to furthur enhance the structural study 

of the system under consideration. 
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