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ABSTRACT 

 

Germanium-Arsenic-Selenium chalcogenide glasses are considered as good candidates 

for photonic applications due to their excellent transparency in the infrared range and 

high optical nonlinearities. A deep understanding of composition-structure-property 

relationship in Ge-As-Se ternary system is thus becoming increasingly important, which 

can serve as a guideline for materials selection. 

 

In this work, the structure and various physical properties of GexAsySe100-x-y bulk 

glasses have been systematically investigated. Raman spectra and EXAFS 

measurements reveal that chemically ordered network model can be applied to 

Selenium-rich glasses, but fails to explain bonding characterization of Selenium-poor 

compositions. Atomic arrangements are more sensitive to the changes in chemical 

compositions. 

 

A tight association between the fragility and the deviation from stoichiometry has been 

found in the Ge-As-Se system by differential scanning calorimetry. It is shown that 

chemical compositions with the lowest values of fragility index are far less likely to 

incur structural relaxation. Those strong glasses are normally chosen as ideal materials 

for fabrication of stable photonic devices. 

 

The variation of density and elastic modulus as a function of mean coordination number 
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both show two transition thresholds, which correlate with floppy-to-rigid phase 

transition and 2D-to-3D structure transition respectively. The results provide clear 

evidence that some physical properties of Ge-As-Se chalcogenide glasses are 

significantly determined by their mean coordination numbers, but could be further tuned 

by the chemical compositions. 

 

The detailed optical investigation shows that the generalized Miller’s rule is a simple 

but effective approach to estimate the nonlinearities of a broad variety of chalcogenide 

glasses. Nonlinear properties of these materials exhibit strong dependence upon their 

optical bandgap in the near infrared. It seems that the highest nonlinearity at 

telecommunications wavelengths is predictable in chalcogenide glasses.
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Chapter 1 

Introduction 

 

1.1 Motivation 

 

Over the past several decades, the study of amorphous materials whose structures are 

characterized by the lack of periodic long-range order has drawn much attention in the 

field of condensed matter physics. Amorphous materials used in electronic through to 

photonic devices play an increasingly fundamental role in modern technologies. Among 

these, glasses are the primary materials employed in the vast majority of optical systems 

due to their broad optical transparency, lower production costs and their versatility. 

Chalcogenide glasses are a family of non-oxide inorganic glasses and have found a 

progressively wide utilization in civil, medical and military areas, including RW-DVDs, 

biochemical sensors and thermal imaging devices [1]. More importantly, their high 

optical nonlinearities and wide transparency windows in the infrared make these glasses 

excellent materials for photonic applications [2]. Since the practical significance of the 

chalcogenide platform is steadily growing, it is of vital importance to investigate their 

various physical properties including thermal, mechanical and optical behaviors of 

various chalcogenide glass systems, since this is critical to the discovery of optimized 

chemical compositions for the future specific engineering applications. 

 

Typical chalcogenide glass systems, As2S(Se)3 and GeS(Se)2 for example, have been 
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extensively studied [3-6] and successfully used to fabricate optical fibers and planar 

waveguides [2,7- 11]. However, these binary glasses suffer from significant drawbacks 

such as low glass transition temperatures or limited nonlinearities. It has been found, 

however, that more desirable materials for future photonic devices which have better 

thermal and optical properties can be obtained by adding a third element to these binary 

compounds [12,13]. Among those, the Ge-As-Se system is of particular interest because 

it has an extremely large glass forming region [14,15], and this is ideal for clarifying the 

fundamental composition-structure-property relationship in ternary chalcogenide glasses. 

Additionally, the Ge-As-Se system exhibits stronger covalent bond nature due to the 

similarity of the atomic mass, the atomic radius and the electronegativity of the 

constituent elements [16]. This characteristic provides a good opportunity to test the 

validity of structural theories for covalently-bonded glasses, such as the rigidity 

percolation model [17,18]. 

 

While certain Ge-As-Se compositions have been identified as a potential candidate for 

various applications [19-21], general knowledge of the glass structure for this system is 

still not well established. Traditional X-ray diffraction techniques are limited in 

providing the most precise structural information due to the absence of periodic atomic 

arrangements in amorphous materials. In addition, the formation of chemical bonds in 

such chalcogenide glasses is very sensitive to the preparation methods and the form of 

the materials. In view of these, a systematic study of Ge-As-Se chalcogenide bulk 

glasses has been conducted in this work. Bulk glass samples have been chosen because 

they are more stable, easier to fabricate and have better consistency compared, for 
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example, with material in the form of thin films. It is expected that the results of the 

compositional dependence of different physical properties of bulk glasses will be 

helpful in understanding the evolution of the microstructure of Ge-As-Se ternary glasses 

as well as identifying novel materials with optimum properties for the fabrication of 

GeAsSe-based photonic devices. 

 

1.2 Objectives of the study 

 

This work builds upon previous experience in studying structural and physical 

properties of chalcogenide glasses. A detailed investigation focuses on the basic, 

long-lasting and controversial arguments in chalcogenide glass materials science. This 

work is particularly aimed at answering following questions: 

 

1. How do chemical compositions and structures affect variations of different 

physical properties within Ge-As-Se system? 

2. Which factor, chemical effects or topological effects, is more effective in 

controlling the diverse physical properties of ternary Ge-As-Se glasses? 

3. Is it possible to predict any property changes in Ge-As-Se glass family? 

4. What would be the probable applications of these bulk materials in the coming 

decades? 

 

By investigating a large number of compositions within the glass-forming range, the 

information about correlation between microstructures, compositions and corresponding 
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physical properties can be elucidated, which would give an insight into the tunability of 

the characteristics of Ge-As-Se ternary chalcogenide glass system and aids the selection 

of the best materials for specific applications. 

 

1.3 Outline of the thesis 

 

This thesis describes the characterization of structural, thermal, elastic and optical 

properties of Ge-As-Se bulk chalcogenide glass prepared by conventional 

melt-quenching method. The layout is divided into seven chapters. 

 

After a brief introduction to the motivation and objectives behind this work in 

Chapter 1, Chapter 2 introduces essential background knowledge of chalcogenide 

glasses which will be referred to in the following chapters, including a summary of their 

research history, the structural theories and models, some important physical parameters 

for chalcogenide glasses, as well as primary applications of these materials. 

 

Chapter 3 focuses on the structural study of selected Ge-As-Se glasses using Raman 

spectroscopy and Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy. 

The fabrication procedure of the glass samples and a list of all studied compositions are 

provided. The validity of several structural models was also demonstrated. An attempt is 

also made to estimate the possible bond arrangement and compositional effects in this 

system of glasses. 
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Chapter 4 reports the thermodynamic properties of a variety of Ge-As-Se glasses. The 

compositional dependences of the glass transition temperature Tg, the activation energy 

for structural enthalpy relaxation Ea and the fragility index m were measured by 

Differential Scanning Calorimetry (DSC). The resulting trends are used to rationalize 

previous empirical observations on both relaxation and photostability for this family of 

glasses. 

 

Chapter 5 discusses the mechanical properties of several groups of Ge-As-Se glasses. 

After directly measuring densities ρ as well as velocities of longitudinal and transverse 

sound waves respectively, the shear modulus G, Young’s modulus E, bulk modulus K 

and Poisson’s ratio v were calculated. The results are used to examine topological and 

chemical threshold behavior of the Ge-As-Se glass system, which provide important 

information about microstructure and mechanical strength. 

 

Chapter 6 characterizes the linear and nonlinear optical properties of a series of 

Ge-As-Se glasses at 1550 nm. The linear refractive index n0, the nonlinear refractive 

index n2 and the nonlinear absorption coefficient β are presented. The spectral dispersion 

of the nonlinearities of five specific chalcogenide compositions - As2S3, Ge11.5As24Se64.5, 

Ge15Sb10Se75, Ge15Sb15Se70 and Ge12.5Sb20Se67.5 along with their optical bandgaps Eg
opt 

were also investigated from 1150 nm to 1686 nm. The results have been used to 

quantify trends in the value of nonlinearity as the composition of the glass is changed. 

The measured dispersion compared with the predictions of two widely discussed models 

for scaling of the nonlinearity of direct and indirect semiconductors. These provide 
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direct insight into optimizing chalcogenide glass for third order nonlinear photonics. 

Finally, Chapter 7 gives a short conclusion and some suggestions for future work. 



2.  Background                           7 

 
 

Chapter 2 

Background 

 

2.1 Introduction 

 

Chalcogenide glasses are an important class of amorphous solids and contain at least one 

of the chalcogen elements from Group 16 of the Periodic Table. These elements, namely 

Sulphur (S), Selenium (Se) and Tellurium (Te) (but excluding Oxygen), are normally 

covalently bonded to network formers mostly from Group 14 (Si, Ge) and Group 15 (P, 

As and Sb) to form binary, ternary or quaternary glass systems. The resulting glasses are 

regarded as semiconductors with a bandgap that ranges between 1 and 3 eV [22]. They 

have outstanding properties as infrared optical materials because the large masses of their 

constituent atoms cause the vibrational energies of the chemical bonds to be low and this 

leads to broad transparency that extends across much of the middle infrared (up to ~ 20 

µm for Te-based glasses) [23]. Their chemical bonds are highly polarizable and, therefore, 

they also possess large linear and nonlinear refractive indices [ 24 ] and this is 

advantageous for some of the current applications in photonics [25]. A widely studied 

characteristic of the chalcogenides is their photosensitivity - the tendency for the 

chemical bonds to change when exposed to light at a wavelength close to their band edge. 

This can result in changes in the macroscopic properties of the material such as the 

band-gap and refractive index which, like the photosensitive effects in Silica-Germania 

glasses, can be used to inscribe optical structures into glass films (e.g. diffraction gratings) 
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which again can be used in some specific photonic devices [24]. 

 

In contrast with oxide glasses, which have a long history, it was only at the end of 19th 

century that vitreous selenium and arsenic sulfide and selenide were first synthesized. 

They did not immediately attract much scientific interest but this changed in the last 

century when, at the beginning of the 1950s, Frerichs reported the optical properties of 

As2S3 and related glasses highlighting their potential as infrared optical materials [26,27]. 

This stimulated research into the chemical and physical properties of As2S3 glass for 

optical elements [28]. From the 1960s, the range of glass compositions had been extended 

to include ternary systems that resulted in infrared optical materials with higher softening 

temperatures and longer wavelength cut-off [ 29 , 30 ]. Meanwhile, the distinctive 

semiconducting features of chalcogenide glasses had been discovered in Russia [31,32] 

and this eventually led to chalcogenides emerging as attractive candidates for solar cells, 

most notably the Copper-Indium-Gallium-Selenide (CIGS) system which remains the 

subject of commercial development today [33]. 

 

In 1968, the pioneering work of Ovshinsky led to the invention of phase change 

memories based on reversible switching of the structure of some chalcogenides between 

the amorphous and polycrystalline states [34]. During the period from the 1970s to 1980s, 

chalcogenide glasses were, thus, being developed for memory devices based on this 

switching effect; for xerography based on their photoconductive properties [35,36]; and 

for infrared optics. Today most of these applications remain the subject of on-going 

research or commercial development, and in particular they motivate the search for a 
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better understanding of structure-property relations for this diverse range of glasses 

[7,37-39]. 

 

2.2 Structural theories and models of chalcogenide glasses 

 

A necessary prerequisite to fully understand the correlation between the physical 

properties and composition of amorphous chalcogenide materials is the determination of 

their chemical bonding on the atomic scale. Unfortunately, this is neither simple nor 

easy in these noncrystalline materials because the spatial arrangement of the atoms lacks 

order. In fact, the atomic arrangement in amorphous chalcogenides falls somewhere 

between that of an ideally periodic and a completely random structure. As a result, it is 

necessary to characterize the structural properties based on the different length scales: 

short-range order (SRO) in the range 2 - 5 Å; medium-range order (MRO) in the range 

5 - 20 Å; and long-range order (LRO) for length ≥ 20 Å (no long-range order present in 

the amorphous materials by definition) [40]. 

 

2.2.1 Short-range order 

 

The short-range order of chalcogenide glasses which are covalently-bonded amorphous 

materials showing highly directional bonding can be described by coordination 

polyhedra (Figure 2.1). In other words, topological SRO can be determined by three 

parameters, which are the number of nearest neighbors (N); the nearest neighbor bond 

length (R) and the bond angle (θ). These short-range parameters can be obtained by 
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calculating the radial distribution function (RDF) from X-ray diffraction patterns. 

Furthermore, chemical SRO, involving the formation of homopolar bonds or the 

formation of nonbridging ligands, cannot be neglected when the glass compositions are 

non-stoichiometric or more complex, such as systems containing modifier ions [41,42]. 

 

                   
Figure 2.1.  Schematic illustration of coordination polyhedra and relevant parameters. i - origin atom; j, 

k - nearest neighbors around atoms of type i. 

 

Given the above-mentioned parameters which are used to describe topological and 

chemical SRO, some structural models concerning the atomic bonding within a short 

distance have been proposed [43,44]. Two well-known models are the random covalent 

network model (RCNM) and the chemically ordered network model (CONM), both of 

which developed from Zachariasen’s pioneering random network theory for oxide 

glasses [45]. They also both assume that the coordination number (r) of constituent 

atoms in covalent chalcogenide glasses satisfy the 8-N rule [46], where N is the number 

of valence electrons of a particular atom and then r = 8 - N. In the RCNM [47,48], the 

types of bond follows a statistical distribution, viz., their abundance is determined only 

by their coordination number and the fraction of each type of atom and the probability 

of forming each kind of bond is supposed to be equal. In contrast, the CONM takes 
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preferential ordering effects into consideration [49]. It favors the atomic arrangement 

that leads to the lowest energy which means, for example, that the formation of 

heteropolar bonds (formed between two different atoms) is preferred over homopolar 

bonds (formed between two identical atoms). This chemical ordering is maximized at 

the stoichiometric compositions, also known as the chemical thresholds of the system at 

which only heteropolar bonds are expected to present. It should be noted that the 

connectivity between different coordination polyhedra are not considered in these two 

models; therefore, they are not really suitable for explaining the medium-range structure 

in chalcogenide glasses. 

 

Phillips proposed a mechanical model after considering the combinational effects of 

short-range order and network structure [50]. In this model, the mean coordination 

number (<r>) was introduced as: 

 < > i ii
r x r=∑                           (2.1) 

where xi is the concentration of atom i; ri is the coordination number of atom i which 

obeys the 8-N rule. Two types of interatomic forces, i.e. bond-stretching forces (α) and 

bond-bending forces (β), serve as mechanical constraints which are described by 

valence force fields. The total number of topological (rigid) constraints per atom is then 

calculated as Nco = α + β. Mechanical equilibrium is attained when the number of 

constraints equals to the number of degree of freedom per atom (Nd = 3) in a three 

dimensional structure, in which case the glass-forming tendency is optimized where the 

glass network is defined as ideally constrained or isostatic. If Nco < Nd, the network is 

defined as underconstrained or floppy; if Nco > Nd, the network is defined as 
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overconstrained or rigid. This idea was further improved by Thorpe on the basis of zero 

frequency modes [51]. For a r-coordinated atom (r ≥ 2), the number of bond-stretching 

constraints is r/2 (each bond constraint is shared by two atoms) and the number of 

bond-bending (angular) constraints is 2r - 3 rather than r(r - 1)/2 as given by Phillips. (A 

two-coordinated atom has only one angular constraint. Adding each additional bond will 

generate two more constraints.) Under these circumstances, for a network with mean 

coordination number <r>, the total number of topological constraints per atom can be 

written as: 

(2 3)
2co
rN r< >

= + < > −                      (2.2) 

Combining Phillips’ and Thorpe’s concepts, an important value, <r> = 2.40, also known 

as rigidity percolation threshold, is therefore obtained. For glasses having low <r>, the 

rigid regions are isolated in the network. The volume of these rigid regions increase 

with increasing <r> until <r> = 2.40, where rigid regions percolate through the glass 

matrix and the structure is believed to become stable. Several studies of the physical 

properties of chalcogenide glasses have supported this Philips-Thorpe rigidity 

percolation theory [52- 54]. These models contain no complicated calculations or 

quantum mechanisms, but still provide a solid foundation for understanding the 

structural character of chalcogenide glasses. 

 

2.2.2 Medium-range order 

 

Medium-range order has received increasing attention in terms of its importance of 

understanding the physical properties of chalcogenide glasses. To date, no clear 
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consensus exists over the definition of MRO, but in principle, MRO refers to the 

structural arrangement beyond the nearest-neighbor atoms. In practice, Elliott divided 

MRO into three subclasses, corresponding to progressively increasing length scales [40]. 

Short range MRO (≤ 5 Å) involves the type of connection between the coordination 

polyhedra which are used to define SRO, as well as their relative orientation. Such 

orientational correlation can be well-described by a structural parameter known as 

dihedral angle (f, see Figure 2.2). At the next length scale (5 - 10 Å), intermediate range 

MRO is associated with five-body correlations, in other words, triplet correlations 

between adjacent polyhedral as shown in Figure 2.2. It normally features the emergence 

of larger structural aggregation, e.g. rings or clusters of atoms. Lastly, long range MRO 

(10 - 20 Å) correlates with the local dimensionality of a covalently-bonded amorphous 

network. The difference in dimension arises from either the type of connection between 

coordination polyhedra or network depolymerization. There is a consensus that the 

characteristics of medium-range order can be reflected by the presence of the first sharp 

diffraction peak in X-ray diffraction patterns, but the actual atomic configuration is still 

dubious. The boson peaks in the low wavenumbers of Raman scattering spectra 

(between 10 cm-1 and 100 cm-1) can also provide structural information in MRO. This 

spectral feature has universality in amorphous materials. The behavior of the broad peak 

reflects the density of states. The structural correlation range (SCR = 2σ), a 

characteristic micro-region which is possible to signify certain medium-range structures, 

can be described by [55]: 

max

2 v
c

σ
π ω

≈                         (2.3) 

where v is the velocity of sound in the studied glasses, c is the velocity of light and ωmax 
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is the frequency of the maximum intensity of the boson peak. 

 

 
Figure 2.2.  Correlations between pairs of dihedral angles for neighboring bonds in covalent networks. 

Dihedral angle f is a structural parameter which defined as the relative angle of rotation between two 

connected polyhedra units. θ represents bond angle [40]. 

 

In contrast with SRO, the essence of MRO remains a highly controversial topic because 

there are no widely-applicable experimental probes which can directly specify structural 

information on such a scale. One possible method for studying medium-range structure 

is to firstly propose a structural model, then verify its applicability by interpreting 

structural data and macroscopic properties, through which the model could be 

confirmed, require modification, or be completely discarded. 

 

The distorted layer model, proposed by Vaipolin and Porai-Koshit, was first applied to 

amorphous As2S(Se)3 [56]. The model is based on the notion that glasses consist of 

layered structures with finite thickness similar to those in their crystalline counterparts 

but corrugated. The deformed layers are bonded together by Van der Waals forces. This 

concept was further developed by Phillips, who put forward a chalcogenide-bordered 
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raft model [57]. In 1989, Tanaka extended the Phillips-Thorpe models to include the 

influence of inter-cluster forces on medium-range order [ 58 ]. The constraint is 

expressed as Nco = <r>/2 + (<r> - 1), where the first variable on the right-hand side of 

the equation represents radial constraints, the angular constraints are calculated as <r> - 

1 due to the assumption of medium-range configuration. Another structural phase 

transition was observed at a critical mean coordination number (<r> = 2.67), wherein 

two-dimensional layer structures change to a three-dimensional cross-linked network. 

 

During this century, knowledge of the MRO in chalcogenide glasses has deepened, 

which is reflected by the progress of the concept of the polymeric polymorphous- 

crystalloid structure of glass and the introduction of the micro-paracrystalline model. 

The micro-paracrystalline model [59] indicate that the most stable crystallographic 

planes are preserved in the chalcogenides but with ill-defined packing, which gives rise 

to structural effects of medium-range order. The main concept of polymeric 

polymorphous-crystalloid structure can be demonstrated as follows [60]: 

1. The formation of a vitreous substance involves the process of generation, mutual 

transformation and copolymerization of structural fragments of various polymorphous 

modifications (PMs) of a crystal substance without LRO (crystalloids). The crystalloid 

is a fragment of a crystalline structure consisting of a group of atoms connected by 

chemical bonds. 

2. In every non-crystalline substance there are two or more SROs, two or more 

intermediate-range (medium) orders (IROs), and there is no LRO. 

3. Glass structure is not absolutely continuous, and there are separate broken chemical 
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bonds and other structural defects. 

 

Also worth mentioning is the discovery of the intermediate phase (IP) in chalcogenide 

glasses [61]. Temperature-modulated Differential Scanning Calorimetry (MDSC) and 

Raman scattering experiments show that with increasing <r>, glasses actually undergo 

two phase transitions instead of one fixed at <r> = 2.40 as predicted by the 

Phillips-Thorpe models. Two phase transitions, also known as the rigidity and stress 

transition, separate the glass network into three zones: floppy; rigid but unstressed; and 

stressed rigid. Glass compositions located between these two transitions are defined as 

the intermediate phase, which is assumed to be self-organized and non-aging. It has 

been found that IP in binary GexSe1-x glasses is over an <r> range of 2.40 - 2.50 [62], 

while it appears over a range of <r> between 2.27 and 2.42 in GexAsxSe1-2x glasses [63]. 

The width of intermediate phase (a limited compositional region where the network is 

elastically rigid but stress-free) depends on the chemical compositions and reflects glass 

structure at short-range as well as medium-range distances [64]. Although there is some 

evidence from numerical simulations and experimental measurements to support this 

theory [64], the existence of the IP is still open to question in chalcogenide glasses [65]. 

 

2.2.3 Structural relaxation 

 

The glass-forming process (Figure 2.3) involves fast cooling of a liquid and a 

commensurate increase in the viscosity of that liquid. If a glass-forming liquid is cooled 

rapidly enough, crystallization can be avoided as the temperature is lowered below the 
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melting point Tm. A supercooled liquid is thus obtained. When the temperature 

approaches the glass transition temperature (Tg), the time for structural rearrangements 

in the liquid becomes roughly analogous with the experimental time scale (a 

macroscopic parameter which is inversely proportional to the rate of cooling) due to the 

sharp increase in the viscosity of the liquid. Therefore, the system starts to diverge from 

thermal equilibrium and the liquid starts to undergo a glass transition. At a temperature 

well below Tg, the structural movements are completely frozen and a glass is eventually 

formed. Glasses are in a state of thermodynamic non-equilibrium. If an external 

thermodynamic driving force, e.g. the temperature, is changed, a glass in the 

transformation region tends to evolve towards the equilibrium state by the reorientation 

of molecular clusters. This temperature-sensitive slow process is commonly referred to 

as structural relaxation. Structure relaxation can occur when glasses are heated, cooled 

or held isothermally at a temperature near or below Tg, and is manifested by 

time-dependent changes in macroscopic physical properties, such as heat capacity (Cp), 

enthalpy (H) and volume (V) [66]. 

 

Whilst no single universal explanation has been found concerning the mechanism of 

structural relaxation, several kinds of models have been suggested to describe this 

phenomenon. The Vogel-Fulcher-Tamman (VTF) equation [67] successfully interprets 

the relationship between relaxation time (τ) and temperature for many glass-forming 

systems. This temperature dependence of the structural relaxation time has also been 

derived from a free-volume model [68]. The Gibbs-Dimarzio theory [ 69] and a 

modified Adam-Gibbs model [70] describe structural relaxation from a thermodynamic 
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perspective. Kinetic models, such as the order parameter model [71] and the kinetic 

Ising model [72], link the evolution of physical properties with time in amorphous 

materials. The Tool-Narayanaswamy-Moynihan (TNM) model [73] is one of the most 

widely used phenomenological models, which indicates that the structural relaxation 

time depends not only on temperature but also on the instantaneous structure of the 

glass characterized by the fictive temperature (Tf), which corresponds to the temperature 

of the undercooled liquid having the same structural state as the glass. This model is 

able to predict the physical properties of glasses subjected to any thermal history. It has 

been found that structural relaxation is closely correlated with changes in the glass 

structure, and therefore studying this process could be helpful in selecting the optimum 

glass compositions with predictable macroscopic properties for different technical 

applications. 

 

 
Figure 2.3.  Enthalpy as a function of temperature for glass-forming process. 
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2.3 Physical properties of chalcogenide glasses 

 

2.3.1 Thermal properties 

 

Thermal properties are one of the most widely studied topics in glass science. They can 

reveal details of the glass structure and have a fundamental role in determining the 

practicability of a given chalcogenide glass composition for a specific application. They 

cover a wide range of aspects, including the glass transition and the stability to 

devitrification. 

 

The glass transition is perhaps the most common and important thermal property of an 

amorphous material. Although the glass transition has generally been accepted as a 

relaxation phenomenon instead of a phase transition, the nature of the glass transition is 

still ambiguous [74-77]. A lot of attention has been paid to the measurement and 

understanding of the glass transition temperature [78]. The glass transition temperature 

is that at which a state transformation (supercooled liquid ↔ glassy solid) takes place in 

the material. Additionally, some other physical properties, such as the volume and 

hardness, also undergo a dramatic change at this point. It is widely acknowledged that 

Tg is not a thermal constant because it varies in magnitude depending upon the particular 

experimental conditions − the quenching rate of the liquid, for example. To better 

explore the underlying correlation of Tg with other chemical or physical factors, some 

empirical relations have been proposed. According to Kauzmann, the glass transition 

temperature can be estimated as [79]: 
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Tg ≈ (2/3) Tm                         (2.4) 

where Tm is the melting temperature of corresponding crystalline phase (refers to a 

phase transition in which converts crystalline solid to liquid polymer). An empirical 

relationship between Tg and mean coordination number: lnTg ≈ 1.6 <r> + 2.3 was first 

obtained for the covalent glasses in [80]. Following this, a modified Gibbs-DiMarzio 

equation including the effect of cross-linking was derived for multicomponent 

chalcogenide glasses as in [81]: 

0

[1 ( 2)]g
TT

rβ
=

− < > −
                      (2.5) 

where T0 is the Tg of the non-cross-linked parent chain and β is a system constant. In 

addition, the linear dependence of Tg and the overall bond energy <E> (related to mean 

coordination number, the type of bonds, the degree of cross-linking and the bond 

energy), which can be expressed as Tg ≈ 311(<E> - 0.9), demonstrated that the 

arrangement of the chemical bond is the main factor determining Tg in chalcogenide 

glasses [82]. 

 

When an amorphous solid is heated, it is likely to crystallize. Glass compositions with a 

low tendency to crystallize are useful for the fabrication of optical fiber, because if 

crystalline phases are formed in an amorphous matrix they are likely to lead to large 

scattering losses. By contrast, crystallization is the essential mechanism applied to 

optical storage devices and to the creation of glass-ceramics. As the viscosity decreases 

with increasing temperature, the mobility of atoms in a glassy solid will be enhanced. 

Meanwhile, rearrangement of the chemical bonds between the atoms may also occur, 

which can lead to crystallization of the glass at a characteristic crystallization 
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temperature (Tc). Similar to glass transition, crystallization is a kind of structural 

relaxation but exothermic in nature. The difference between the glass transition 

temperature and the crystallization temperature ∆T = Tc - Tg can be used to measure the 

resistance to devitrification of a glassy alloy. As a rule of thumb, ∆T = 100 K is regarded 

as the minimum requirement for a glass to have good thermal stability. 

 

2.3.2 Mechanical properties 

 

The density (ρ) is an important parameter as it can reflect the atomic structure of a glass. 

Precise determination of the density is also an essential prerequisite for determining the 

elastic properties of chalcogenide glasses. The density is normally measured by the 

Archimedes’ method [83]. The accuracy of the data so-obtained can be improved by 

eliminating air bubbles when the sample is immersed in the liquid; by increasing the 

sample size; and by using beakers (for the immersion liquid) with a large diameter to 

minimize edge effects. 

 

The elastic properties are sensitive to both the SRO and MRO in glass materials. The 

elastic moduli can serve as an indicator of the atomic packing density and the physical 

strength of each component. By measuring the velocity of the longitudinal sound wave 

(Vl) and the velocity of transverse sound wave (Vt) along with the density of the glass 

(ρ), the Young’s modulus (E), the shear modulus (G), the bulk modulus (K) and 

Poisson’s ratio (v) can be calculated from the following relationships [84]: 
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2.3.3 Optical properties 

 

Chalcogenide glasses are historically known for their high transmittance in the near- and 

mid-infrared (MIR). The MIR cut-off (Figure 2.4) is determined by the particular 

chalcogen element that the glass contains and is approximately 11 µm, 15 µm and 20 

µm for sulphides, selenides and tellurides, respectively [23]. The linear optical 

properties of chalcogenide glasses comprise the linear refractive index (n0); the 

absorption coefficient (α); and optical bandgap (Eg
opt). 

 

 
Figure 2.4.  Transmission spectra for several oxide and chalcogenide glasses (2-3 mm thick) [23]. 



2.  Background                           23 

 
 

The refractive index of a glass is defined as the ratio of the speed of light in vacuum to 

the speed of light in the glass and this varies with the wavelength of the incident light. 

Since the refractive index is one of the most basic but important factors when designing 

an optical system, there have been many experimental and theoretical attempts to find 

the relationship between n0 and other properties of glassy materials. It has been found 

that it is possible to predict values of the refractive index using some simple 

mathematical expressions. The Gladstone-Dale equation [85], (n - 1) / ρ = K = Constant, 

is one of the simplest empirical equations that has been used to estimate the refractive 

index of oxide glasses (n) from their densities (ρ). According to the 

Wemple-DiDomenico single-oscillator model [86], the dispersion of the refractive 

index is related to photon energy through the relationship: 2 2 2 2
0 01 ( )dn E E E ω− = −  , 

where Ed is the dispersion energy, E0 is the single oscillator energy, and ћω is the 

photon energy. Chalcogenide glasses possess relatively large refractive index, normally 

between 2 to 3. A high refractive index is useful for applications that involve integrated 

photonic devices since it permits the fabrication of waveguides with a large index 

contrast between the light core and the surrounding cladding which allows the light to 

be tightly confined within a small waveguide to enhance the optical intensity and 

permits the waveguide to be bent with a small radius. 

 

The optical absorption is one of the intrinsic optical properties that determines the 

transmittance of device made from a chalcogenide glass. The absorption coefficient can 

be calculated from the transmission spectra of a sample using the following relation: 

1 1 = l ( )n
d T

α                           (2.10) 
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where d is the thickness of the sample and T is the transmission. A typical absorption 

curve can be separated into three regions (shown in Figure 2.5). In general, the region of 

high absorption (Region A, α ≥ 104 cm-1) corresponds to transition across the bandgap 

of the material where the absorption is governed by Tauc law [87]: 

( )opt n
gh B h Eα υ υ= −                     (2.11) 

where hv is the incident photon energy, B is the proportional constant, Eg
opt is the optical 

band gap and n is the parameter corresponding to the nature of transition. In amorphous 

solids, in the second intermediate absorption region (Region B, 1 cm-1 ≤ α ≤ 104 cm-1) 

exists due to the presence of disorder and defects with the absorption following an 

exponential dependence, the so-called Urbach relation [88] where: 

0 exp( )Uh Eα α ν=                       (2.12) 

where α0 is a constant, EU is the Urbach energy. For weak absorption coefficient 

(Region C, α ≤ 1 cm-1), the absorption depends on the preparation, purity and thermal 

history of the material [89]. 

 

 
Figure 2.5.  Schematic diagram of the absorption curve of amorphous materials. 
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The optical bandgap can be depicted as a barrier beyond which an exciton will gain 

enough energy jumping from the valence band to the conduction band by absorbing a 

photon. Exciton is an electron and a hole combined together to form a neutral pair by 

Coulomb interaction. It is believed that excitons contribute to the occurrence of 

photoluminescence which is of great interest to the application of optoelectronic devices 

in amorphous solids [90,91]. The optical bandgap is normally at a lower energy than the 

electrical bandgap, since the former refers to the threshold for photons to be absorbed, 

while the latter is the threshold for separating the electron and hole. For chalcogenide 

glasses, there is little interaction between electrons and holes, therefore, the optical and 

electronic bandgaps are deemed essentially identical. The optical bandgap of 

chalcogenide glasses varies from 0.7 eV to 3 eV [92]. According to Tauc law, the optical 

bandgap can be obtained by plotting (αhv)1/n as a function hv. The exponent n indicates 

the type of electronic transition responsible for the absorption, n = 1/2, 2, 3/2 and 3 

corresponds to the direct allowed transition; indirect allowed transition; forbidden 

transition; and indirect forbidden transitions, respectively. It should be noted that 

because of the existence of the Urbach tail, measurement of the optical bandgap from a 

Tauc plot can only be done reliably by using a thin (a few microns thick) sample. 

 

The value of the optical bandgap can be theoretically calculated from Shimakawa’s 

empirical relation [93]: 

 ( )( ) ( ) (1 ) ( )opt opt opt
g g gE AB Y YE A Y E B= + −               (2.13) 

where Y is the volume fraction of element A, and Eg
opt(A) and Eg

opt(B) are the optical 

gaps for elements A and B, respectively. The volume fraction Y is converted from 
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atomic composition by using atomic weights and the densities. 

 

In addition to their linear optical properties, chalcogenide glasses are also known to 

exhibit large nonlinear optical effects. Optical nonlinearities characterize the nonlinear 

response of an optical material to an applied optical field [94]. In this case, the induced 

polarization (P) will not depend linearly upon the electric field strength (E), but can be 

described by the relationship: 

(1) (2) 2 (3) 3 ...P E E Eχ χ χ= + + +                  (2.14) 

where χ(n) denotes the nth-order optical susceptibility of the material. The first-order or 

linear optical susceptibility χ(1) is related to the linear optical properties of the material, 

namely, linear refractive index (n0) and linear absorption (α0). The second-order 

nonlinear optical susceptibility χ(2) is a third-rank tensor and can produce second-order 

nonlinear optical interactions, such as second-harmonic generation (SHG), sum- and 

difference-frequency generation (SFG and DFG). χ(2) is only present in materials that 

lack inversion symmetry. As glasses are centrosymmetric materials, the lowest order 

nonlinear response would arise from the third-order nonlinear optical susceptibility χ(3). 

χ(3) is comprised of both real and imaginary component ( 3 3 (3)
Im= R iχ χ χ+（ ） （ ） ). The real part 

of the third-order optical response leads to the changes in the refractive index, which 

can be represented as: 

0 2n n n I= +                           (2.15) 

where n0 is the linear refractive index, n2 is the coefficient of the intensity-dependent 

refractive index (Kerr nonlinear coefficient) and I is the intensity of incident light. A 

simple and empirical relation for predicting nonlinearity of a material implies that 
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glasses with a higher linear refractive index (n0) will also have a correspondingly high 

value of nonlinear refractive index (n2) [94]. Some of the physical processes, such as 

electronic polarization, molecular orientation and thermal effects are responsible for the 

nonlinear refraction. Their effects can be distinguished by the typical time scale for the 

nonlinear response as listed in Table 2.1. 

 

Table 2.1.  Typical time scale of the nonlinear response for several physical processes [94]. 

Mechanism Response time (sec) 

Electronic polarization 10-15 

Molecular orientation 10-12 

Electrostriction 10-9 

Saturated atomic absorption 10-8 

Thermal effects 10-3 

 

Nonlinear absorption, related to the imaginary part of χ(3), describes the change in 

transmittance of a material as a function of light intensity. While there are several 

mechanisms that give rise to nonlinear absorption including higher order multi-photon 

absorption and free carrier absorption, so far reports show that the main mechanism of 

nonlinear optical loss in chalcogenide glasses can be attributed to two photon absorption 

(TPA) if the photon energy is greater than half the bandgap of the glass [95- 98]. 

Two-photon absorption is proportional to the intensity of the incident light. Similar to 

the refractive index, the case of two photon absorption can be written as: 

0 2Iα α α= +                             (2.16) 

where α0 and α2 stand for the linear absorption coefficient and two photon absorption 

coefficient respectively. TPA is a nonlinear process (Figure 2.6) where two photons are 
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absorbed simultaneously to excite a transition between the valence and conduction band 

of the material. It imposes a serious limitation on the potential usefulness of third-order 

nonlinear chalcogenide glasses, therefore, the relative performance of such material can 

be assessed by a figure of merit (FOM) [12]: 

2FOM n βλ=                       (2.17) 

where β is TPA coefficient and λ is the optical wavelength. FOM characterizes the 

nonlinear phase shift obtainable in the materials over a distance limited by two-photon 

absorption. Generally speaking, figure of merit should be maximized and FOM of >10 

is required for efficient all-optical devices. 

 

 

Figure 2.6.  Schematic of two photon absorption. 

 

2.3.4 Electrical properties 

 

Chalcogenide glasses typically have electrical bandgaps (Eg
e) in the range of 1 - 3 eV, 

and accordingly they are regarded as semiconductors (Figure 2.7). As a consequence, 

the temperature dependence of the d.c. conductivity (σdc) can be written as: 



2.  Background                           29 

 
 

0 exp( )dc aE kTσ σ= −                    (2.18) 

where σ0 is the pre-exponential constant with values between 102 - 104 Ω-1 cm-1 and Ea 

is the activation energy. At room temperature, Ea is approximately half of the optical 

band gap energy and the intrinsic d.c. conductivity in most chalcogenide glasses is low. 

Compositions containing tellurium normally have the smallest Eg
e and the highest 

conductivity, whereas those containing sulfur tend to show the opposite behavior. 

 

 

Figure 2.7.  Characterization of chalcogenide glasses as glasses and semiconductors in comparison with 

other materials [1]. As shown on the horizontal axis, the atom bonding structure becomes more rigid in 

the order of organic polymers, chalcogenide and organic glasses. Semiconductor properties, e.g. carrier 

mobility, become better in the order of organic, glassy, amorphous and crystalline semiconductors. 

 

Unlike crystalline semiconductors, the inherent structural disorder in amorphous 

materials leads to the existence of localized states. These localized states do not occupy 

all the energy continuum in the band, but form a tail above the valence band and below 

the conduction band [99]. Electrons in these localized states are trapped and this results 

in low carrier mobility. Several models have been proposed for the band structure of 
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amorphous semiconductors on the basis of this concept (Figure 2.8).  
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(c)                                 (d) 
Figure 2.8.  Schematic density of states N(E) for amorphous semiconductors. (a) The Davis-Mott model; 

(b) The modified Davis-Mott model; (c) The Cohen-Fritzsche-Ovshinsky (CFO) model; (d) The small 

polaron model. Ec and Ev represent the energies which separate the ranges where the states are localized 

and extended. Ef represents Fermi energy. 

 

According to the Davis-Mott model [99], tails of localized states are relatively narrow 

and extend to a depth of several tenths of an electron volt within the bandgap. There is a 
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band of compensated levels near the center of the bandgap, originating from defects 

such as dangling bonds, vacancies, etc. In a modified Davis-Mott model [100], the 

center band is split into overlapped donor and acceptor levels. The Fermi level is still 

pinned close to the middle of the bandgap. The Cohen-Fritzsche-Ovshinsky (CFO) 

model [101] assumes the localized band tails overlap in the middle of bandgap. This 

results in an appreciable density of states at the Fermi level and cause the Fermi level to 

be pinned near midgap. In contrast to above mentioned models, the small-polaron 

model suggests that the charge carriers in some amorphous semiconductors might form 

small polarons [102]. These carriers reside within two narrowed bands of small-polaron 

levels. The position of the Fermi level would then be shifted away from the middle of 

the bandgap. Kastner emphasizes the importance of unshared electron pairs in 

chalcogenide semiconductors [103]. These unshared or lone-pair (LP) electrons form a 

band that symmetrically splits the bonding (σ) and antibonding (σ*) bands with respect 

to this reference energy. Both the σ and LP bands are occupied and the role of 

conduction band is played by the LP band instead of the bonding band. 

 

The electrical switching behavior of chalcogenide glasses was firstly discovered in 1968 

[104]. These semiconducting glasses exhibit a transition from high resistivity (OFF state) 

to low resistivity (ON state) at an applied voltage (threshold voltage VTH). Primarily, 

there are two types of switching effect. In threshold switching, the ON state will rapidly 

switch back to the OFF state when the voltage is reduced below VTH or turned off. In 

memory switching, the ON state remains even when the voltage returns to zero. The 

return to the initial OFF state can only be triggered by a current pulse. Broadly speaking, 
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materials with compositions near the center of glass-forming region are more likely to 

exhibit threshold switching, while memory switching is usually observed in materials 

near the boundary of that region where crystallization is easier. 

 

2.4 Applications of chalcogenide glasses 

 

2.4.1 Optical applications 

 

Chalcogenide glasses have been used in optical systems for the mid-infrared (MIR) for 

over 50 years and a wide range of lenses and bulk optical components are now 

commercially available. After being exposed to the optical or other electromagnetic 

irradiation, they may undergo significant changes in structure and physical properties. 

These photo-induced effects are either reversible or irreversible, which provide a great 

opportunity of developing devices for many practical applications [105]. For example, 

in xerography, thin films of amorphous selenium or arsenic triselenide works as a 

photoreceptor based on their photoconductivity [15]. The photodissolution effect in 

chalcogenides is desirable for high-resolution photoresists and optical storage [37]. 

 

More recently, interest has grown in the use of chalcogenides to create infrared optical 

fibers and waveguides. The applications of chalcogenide glass optical fibers can be 

essentially divided into two categories: “active” and “passive”. For “active” applications, 

the light propagating through the fiber is modified by processes other than those due to 

loss, for example, using the fiber nonlinearity or by mechanisms that produce optical 
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gain. In “passive” applications, the fiber acts only as a conduit for light. In the latter 

case a potential application, due to the wide transmission window in the mid-infrared 

region, is to chemical and biochemical remote sensing, including detection of chemicals, 

pollution monitoring and identification of biomolecules [106]. Another important 

passive application involves the delivery of laser power for surgical purposes, which 

provides more precise method for tissue cutting or ablation. Some applications based on 

chalcogenide glass fibers are listed in Table 2.2 [23,38]. 

 

“Active” applications have been the major focus of our team, with the primary aim 

being to apply chalcogenide waveguides or fibers to optical communications technology 

taking particular advantage of the favorable nonlinear optical properties of these 

materials. The background for this research is the large bandwidths and low operating 

powers that may be used for future advances in optical communications technology. 

Currently electronics dominates optical communications networks and is used for 

buffering, error correction, regeneration and routing of data, etc, while optics provides 

only the backbone for data transport. The dominance of electronics introduces two 

limitations: firstly the bandwidth of the electronics is relatively small and this imposes 

an upper limit on the data rate that can be employed. Secondly the network contains 

many points where conversion between the optical and electrical domains (OE 

conversion) is required and this can result in wasted power. To a degree both these 

problems can be reduced by eliminating some of the electronics and replacing it with 

all-optical devices. 

Table 2.2.  Active and passive applications of chalcogenide glass optical fibers. 
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The early research into all-optical devices focused on creating optical switches that 

utilized the fast third order nonlinear optical response of the material used to fabricate 

optical fibers or waveguides. In this context, chalcogenide glasses stand out because 

they combine the highest third order nonlinearity of any of the glasses with values 

switching in the 1990s using a nonlinear optical loop mirror made of an As2S3 based 

comparable with silicon in the telecommunications band, together with high refractive 

index and low nonlinear absorption [24]. Asobe et al. first demonstrated all-optical fiber 

[ 107 , 108 ]. Since then all-optical demultiplexing of high-speed time-division 

multiplexed (OTDM) data stream into lower-speed (10 Gb/s) signal at a receiver was 

demonstrated at 160 Gb/s and 640 Gb/s signal using As2S3 planar waveguides [109,110]. 

In addition, error-free demultiplexing of a 1.28 Tb/s signal down to 10 Gb/s by 

four-wave mixing (FWM) with negligible system penalty (< 0.5 dB) was achieved in a 

dispersion-engineered As2S3 planar waveguide [111], proving the feasibility of compact 

chalcogenide waveguide devices for Tb/s applications. 

 

All-optical signal regeneration is also possible [ 112 , 113 ] as well as all-optical 

wavelength conversion both of which can eliminate some of the need for OE conversion. 

Techniques such as four wave mixing or cross phase modulation (XPM) have been 

applied to perform all-optical wavelength conversion in chalcogenide devices [114,115]. 

Recently, non-phase-matched wavelength conversion via XPM at high bit rates (10 Gb/s) 

has been demonstrated in a 5 cm As2S3 chalcogenide rib waveguide over a wavelength 

range of 25 nm near 1550 nm [116]. 
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Chalcogenides glasses can also be good hosts for rare earth doping because of their low 

photon energies [117] suggesting that they could be used to create on-chip optical 

amplifiers allowing the development of low loss circuits for all-optical signal processing. 

Chalcogenide films can be deposited on arbitrary substrates by physical vapour 

deposition and readily patterned using CMOS compatible processes [118] and hence 

complex circuits containing different amplifying and nonlinear elements appear feasible. 

Fiber and waveguide amplifiers have been demonstrated in rare earth doped 

chalcogenide glasses [118- 123]. It was reported that an internal gain of 6.7 dB can be 

obtained in a 2.4 cm long Er3+-doped gallium lanthanum sulfide (GLS) chalcogenide 

waveguide device at 1550 nm. 

 

Stimulated Brillouin scattering (SBS) is a nonlinear process that involves coherent light 

scattering off acoustic waves [94] and has been extensively investigated in fibers for 

applications including Brillouin lasers [124,125], sensors [126,127] and Brillouin 

amplifiers [128,129]. Chalcogenide glass waveguides have been recently shown to be 

very effective structures for on-chip SBS devices [130,131]. For example, an on-chip 

reconfigurable narrowband microwave photonic filter with high Q has been 

demonstrated in chalcogenide (As2S3) rib waveguide [132]; as well as a Brillouin 

dynamic grating (BDG) [133] and a narrow linewidth Brillouin laser [134]. These 

demonstrations suggest there are new opportunities for integration of chip-scale 

SBS-based chalcogenide devices to achieve all-optical signal processing relevant not 

only to telecommunications but also more generally to radio frequency signal 

processing. 
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Chalcogenide glasses are also prominent materials for applications in nonlinear optics. 

Supercontinuum (SC) generation in the mid-infrared has recently received particular 

attention due to its applications ranging from spectroscopy to metrology [21,135]. High 

nonlinearities make chalcogenide glasses good nonlinear media to generate broad SC 

spectrum. The successful SC generation has been demonstrated in the As2Se3 fiber taper, 

As2S3 planar waveguide and other chalcogenide devices [136,137]. 

 

2.4.2 Electronic applications 

 

Electrical switching phenomena in chalcogenide glasses have been widely used to 

produce electronic devices. The most important applications are two types of switches: 

threshold switches and memory (bistable) switches [15]. The threshold switch is an 

example of a negative resistance two-terminal device, which is believed to be electronic 

in essence. It has been noticed that almost all chalcogenides containing arsenic show 

threshold switching (TS), and multicomponent chalcogenide glasses, such as the 

quaternary system Si-Ge-As-Te, are normally suitable for manufacturing threshold 

switching devices due to high degree of stability because of their cross-linked structure 

[138,139]. The typical sandwich structures of TS devices start with the bottom metal 

electrode onto which a thin layer of chalcogenide film is deposited and end with the top 

metal electrode. Early devices were used as electronic relays, oscillators and 

multivibrators but they can equally be applied in logic circuits [140]. With the advent of 

integrated circuits, threshold devices were employed in memory and display 

applications. For example, the function of the threshold switch in a display panel is to 
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control the excitation supplied to an a.c. electroluminescent light emitting element. In 

the modern age, the threshold switch has been utilized in semiconductor memories as a 

selection device for controlling the flow or direction current. Recently, a new three 

terminal device based on the threshold switch has also been reported [140]. Memory 

switching in chalcogenide glasses is generally believed to be dominated by a thermal 

process, which involves phase changes from amorphous to crystalline state to store 

information. In the early 1970s, an electrically alterable nonvolatile memory with 

256-bit capacity was produced based on chalcogenide glasses [141]. Starting from the 

1990s, progress has been made towards developing new, thermally optimized phase 

change memory devices with increased crystallization speed and reduced programming 

power [142-144]. It is expected that new phase change memories could replace flash 

memories in the market to meet the needs for low-cost and quicker storage although it 

has proven difficult to achieve the desired combination of fast switching and high 

stability as cell sizes are reduced. 

 

In addition, chalcogenide glasses, such as CdTe and Cu(In,Ga)Se2 (CIGS), are used as 

absorber layers in thin film solar cell [145]. The highest power conversion efficiency of 

21% has been attained to date, which beats the record of polycrystalline silicon solar 

cell devices in the current photovoltaic industry [146]. Some chalcogenide systems have 

already proven their potential as fast ion conductors, and all-solid batteries have been 

developed using these materials as solid-state electrolyte [147]. 
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2.5 Summary 

 

Several milestones in the development of chalcogenide glasses and their structural, 

thermal, mechanical, optical and electrical properties have been reviewed. The 

applications of these materials in specific field have also been presented. However, 

these only represent a fraction of the capability of chalcogenide glasses. Therefore, for 

the purpose of realizing full potential of these unique glasses, mastering the knowledge 

of composition-structure-property relationships will become particularly important.
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Chapter 3 

Structural Study of Ge-As-Se Glasses 

 

3.1 Introduction 

 

Information on the short-range order in chalcogenide glasses is absolutely invaluable in 

establishing useful correlations between structural and macroscopic properties. This is 

particularly important for fabricating planar chalcogenide glass devices in order to 

realize their full potential for photonic applications. Two major approaches, computer 

simulations and experimental observations, have been employed to investigate the 

structure of glassy materials. Computer simulations, such as Molecular Dynamics (MD) 

and Reverse Monte Carlo (RMC) algorithms have been successfully and quite widely 

used to quantitatively explore the geometric characteristics of the chalcogenide systems 

[148,149]. These methods can provide detailed structural images, but the calculation 

processes are tedious and complicated and the credibility of the results relies heavily 

upon the chosen parameters and computational capacity. On the other hand, the rapid 

developments of experimental techniques, such as Nuclear Quadrupole Resonance 

(NQR), High-resolution X-ray Photoelectron Spectroscopy (XPS) and Mössbauer 

Spectroscopy, have improved markedly the measurement of the steric features of 

chalcogenide glasses. Golovchak et al. investigated binary GexSe100-x (0 ≤ x ≤ 30) and 

AsxSe100-x (x ≤ 40) chalcogenide glass family using High-resolution XPS. The results 

have shown that, edge-sharing GeSe4/2 tetrahedral units exist in Se-rich GexSe100-x (x > 
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10) glasses and there is no evidence for intermediate phase in all compositions; As-As 

homopolar bond exists in the stoichiometric composition As40Se60 and the formation of 

double As=Se bonds is not observed in the structure of Se-rich AsxSe100−x glasses 

[150,151]. Combining NQR and Electron Paramagnetic Resonance (EPR) spectroscopy, 

Bolebrukh et al. have found that structural transition from a two-dimensional to 

three-dimensional structure occurs at <r> = 2.45 for the Ge-As-Se system [152]. The 

Mössbauer studies support the idea of physical threshold behavior at <r> =2.40 as 

predicted by the rigidity percolation model [153]. Although various spectroscopic 

methods have been used to probe the structure of chalcogenide glasses, the explanations 

of spectra are sometimes controversy due to limited knowledge. 

 

Over the last few decades, Raman spectroscopy has become a powerful experimental 

tool for studying the local structure of glassy materials [154-156]. Raman spectroscopy 

involves scattering of an incident light beam by an optical-mode lattice vibration. Since 

this inelastic scattering process involves the interaction of a photon with vibrational, 

rotational and other low frequency states in condensed matter, the analysis of Raman 

spectra can provide real structural information on the sample by carefully choosing the 

excitation light. In general, the intensities of the various peaks are associated with 

vibrational modes of particular structural units, and the changes in the shape and 

position of these peaks reflect the evolution of the structure. It has been found that, for 

GexSe100-x glasses, the 250 cm-1 and 230 cm-1 peak are characteristic of ring-shaped 

selenium and chain-like selenium respectively, while the peaks located at 215 cm-1 and 

195 cm-1 are assigned to edge-sharing and corner-sharing GeSe4/2 tetrahedral breathing 
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modes respectively [157,158]. As for AsxSe100-x glasses, one peak situated around 230 

cm-1 is associated with the vibrational mode of AsSe3/2 pyramidal units. The appearance 

of several distinct peaks centered around 240 cm-1 and 250 cm-1 are contributions of 

As4Se3 and As4Se4 cage-like clusters [156,159]. 

 

Another important experimental technique that has been successfully used to probe 

structural information of amorphous materials is Extended X-ray Absorption Fine 

Structure (EXAFS) spectroscopy [160- 162]. The EXAFS spectrum appears as an 

oscillating part of the X-ray Absorption Spectrum (XAS) extending from 50 eV up to 

1000 eV beyond the absorption edge of a particular atom. It involves a process (Figure 

3.1) in which an incident X-ray beam with sufficient energy when incident on a material 

ejects a core electron from the absorbing atom. This ejected photoelectron exhibits 

wave-particle duality and can be scattered by neighboring atoms which are also called 

backscattering atoms. The scattered photoelectron can return to the absorbing atom, 

which gives rise to an interference effect between the outgoing photoelectron wave and 

the backscattered wave. The regions of constructive and destructive interference are 

respectively seen as local maxima and minima leading to the characteristic oscillations 

in the EXAFS spectrum [163]. The variation of the EXAFS spectrum is specific to each 

element and sensitive mostly to short-range order, hence EXAFS spectroscopy can 

provide information on the local environment of a specific atom in terms of its 

coordination number, the type of neighboring atoms as well as the interatomic distances. 

Early EXAFS studies on chalcogenide glasses in the Ge-Se and As-Se systems have 

confirmed the Pauling covalent radii and the 8-N rule for the constituent atoms [164]. 
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The average nearest-neighbor distances obtained for binary GexSe100-x and AsxSe100-x 

glasses are as follows: the Ge-Se bond is around 2.365 Å and the As-Se bond is around 

2.40 Å [160,162]. Homopolar bonds were also identified in the two aforementioned 

systems depending on the composition. The bond length was about 2.35 Å for Se-Se 

bond, slightly shorter than 2.45 Å for the Ge-Ge bond, and approximately 2.40 Å for the 

As-As bond [160,165]. Sen et al. have reported the EXAFS spectra of GexAsySe1-x-y 

glasses with x:y = 1:1 and 1:2 and found that chemical order is largely preserved in 

stoichiometric and Se-rich GexAsySe1-x-y glasses [41]. On the contrary, chemical order is 

strongly violated in the case of Se-poor GexAsySe1-x-y glasses where the chalcogen 

deficiency is compensated by the formation of As-As homopolar bonds at low and 

intermediate levels of Se deficiency. The Ge atoms take part in homopolar bonding only 

in strongly Se-poor glasses. 

 

 

Figure 3.1.  Schematic diagram of the x-ray absorption process [166]. 

 

It has become unambiguous in recent years that glass compositions with stable physical 

properties are essential for integrated photonic devices. However, the chemical bond 
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within chalcogenide glasses can rearrange when the materials are exposed to light or 

heat, which can cause changes in the structure, density, and optical and electrical 

properties [167]. This effect, in addition to physical aging phenomenon [168], can 

undermine the long-term stability and reliability of fabricated devices under certain 

thermal, mechanical or optical conditions. Hence, a fundamental understanding of their 

structures will be helpful in choosing the best compositions with reliable and predicable 

properties over the glass-forming ranges for applications in photonics. In this chapter, 

the local structure of some ternary GexAsySe100-x-y chalcogenide glasses is investigated 

by Raman and EXAFS spectroscopy. The validity of several structural models is further 

examined. An attempt is also made to estimate the possible bond arrangement and 

compositional effects in this system of glasses. 

 

3.2 Sample preparation and experiments 

 

Bulk GexAsySe100-x-y chalcogenide glasses were prepared by the conventional 

melt-quenching technique. Since chalcogenide glasses are extremely sensitive to 

impurities, such as oxygen or hydrogen, all synthesis processes were carried out in an 

oxygen-free and water-free environment. The raw starting materials used in this study 

were Germanium, Arsenic and Selenium metals with 99.999% purity. These elements 

with a total mass of 15 g were weighed inside a dry nitrogen glove box and loaded into 

a pre-cleaned quartz ampoule. The loaded ampoule was evacuated under vacuum (10-6 

Torr) at 110 °C for 4 h to remove surface moisture from the raw materials. The ampoule 

was then sealed under vacuum using an oxygen-hydrogen torch. The procedure of 
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preparing sealed quartz ampoules under vacuum is schematically depicted in Figure 3.2. 

 

The sealed ampoule was then introduced into a rocking furnace and gradually heated to 

a temperature between 900 and 950 °C, depending on the glass composition. In order to 

avoid compositional heterogeneity and facilitate reactions between the different 

elements, the furnace was rocked slowly throughout melting. The melt was thereby 

homogenized for a period of not less than 30 hours, after which the ampoule was 

removed from the rocking furnace at a predetermined temperature and quenched in 

water. To reduce the internal stress resulting from the quenching step, the resulting glass 

boule was subsequently annealed at a temperature 30 °C below its estimated glass 

transition temperature, Tg, then slowly cooled to room temperature. Following this, the 

bulk glass was removed from the broken ampoule, sectioned and parallel polished to 

about 2 mm thickness for further testing. The amorphous nature of each glass was 

verified by using X-ray diffraction (XRD) and no sharp peaks were observed for any 

composition. The optical quality was checked by a handheld digital microscope 

(Dino-Lite). Glass defects such as bubbles or inclusions were not found in the samples. 

 

              
Figure 3.2.  Normal setup used for preparing sealed quartz ampoules under vacuum. 
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Raman spectral measurements were conducted using a T64000 micro-Raman 

spectrometer (HORIBA Jobin Yvon). The Raman spectra were collected over the range 

from 150 - 500 cm-1 using a 830 nm laser source. In order to achieve a good signal to 

noise ratio and avoid photo-induced effect, the Raman spectra of samples after being 

irradiated by higher laser power were checked against those of fresh samples measured 

at lower laser intensities. Provided that there was no difference between these two 

spectra, the experimental conditions were considered to have been optimized and 

photo-induced effects were generally suppressed. 

 

The typical experimental setup for an EXAFS measurement is shown in Figure 3.3.  

EXAFS spectra of the Ge, As and Se K-edge (11103, 11867 and 12658 eV, respectively) 

were recorded at 1W1B-XAFS beam line of the Beijing Synchrotron Radiation Facility 

in transmission mode. Samples of bulk glasses were ground into powders with particle 

sizes of about 30 µm. These powdered samples then were spread evenly on adhesive 

tape for the measurement. The beam line was equipped with a Si (111) monochromator. 

The EXAFS data were collected at room temperature using ionization chambers filled 

with mixtures of nitrogen and argon gases. The processing and analysis of EXAFS data 

were carried out by a standard technique using IFEFFIT software package [169]. 

 

Figure 3.3  Schematic of EXAFS experiment setup. 
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Figure 3.4.  Glass formation domain of the GexAsySe100-x-y ternary system showing the 19 compositions 

investigated by Raman spectroscopy. The red, blue and magenta dots correspond to compositions with 

high, intermediate and low Se content, respectively. Five stoichiometric compositions are depicted by 

black dots. 

 

The structure of 19 bulk GexAsySe100-x-y glasses including stoichiometric compositions 

(equivalent to (GeSe2)x(As2Se3)100-x) was investigated using Raman scattering 

spectroscopy. The non-stoichiometric compositions can be categorized as follows: (1) 4 

compositions with high Se content (Se ≥ 75 at%, depicted by red dots in Figure 3.4) (2) 

3 compositions with intermediate Se content (70 ≤ Se ≤ 65 at%, depicted by blue dots in 

Figure 3.4) (3) 7 compositions with low Se content (Se ≤ 60 at%, depicted by magenta 

dots in Figure 3.4). In addition, for non-stoichiometric compositions, the departure from 

stoichiometry can be quantified as the degree to which the glasses are Se-rich or 

Se-poor according to (Se-rich/-poor) % = (100 - x - y) - 2x - 1.5y = 100 - 3x - 2.5y. The 
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chemical compositions of the glasses are listed in Table 3.1 and illustrated in Figure 3.4. 

The local coordination environment of five glass samples with same mean coordination 

number (<r> = 2.50) were also investigated by EXAFS.  

 

Table 3.1.  Compositions and respective mean coordination number (<r>), the extent of Se-rich/Se-poor 

for GexAsySe100-x-y glasses investigated by Raman spectroscopy. 

Compositions 
Ge-As-Se (at%) 

<r> Se-rich/-poor 
(at%) 

12.5-5-82.5 2.30 +50 

10-10-80 2.30 +45 

7.5-15-77.5 2.30 +40 

15-10-75 2.40 +30 

10-20-70 2.40 +20 

20-10-70 2.50 +15 

15-20-65 2.50 +5 

10-30-60 2.50 -5 

20-20-60 2.60 -10 

25-20-55 2.70 -25 

27-18-55 2.72 -26 

21-30-49 2.72 -38 

18-36-46 2.72 -44 

30-20-50 2.80 -40 

7.5-35-57.5 2.50 -10 

6.25-32.5-61.25 2.45 0 

12.5-25-62.5 2.50 0 

18.75-17.5-63.75 2.55 0 

25-10-65 2.60 0 

31.25-2.5-66.25 2.65 0 
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3.3 Results 

 

3.3.1 Raman scattering spectra of Ge-As-Se glasses 

 

The normalized Raman spectra for non-stoichiometric GexAsySe100-x-y bulk glasses are 

shown in Figure 3.5. For samples with high Se content (Se ≥ 75 at%, high level of 

Se-rich), the whole spectra typically consist of a peak at about 197 cm-1 and a main 

band centered around 255 cm-1. At intermediate Se content (70 ≤ Se ≤ 65 at%, 

intermediate level of Se-rich), no obvious changes in the position are observed for the 

first Raman band (197 cm-1); while the second one (255 cm-1) becomes broader 

accompanied by a downward shift of the center. For the third set (Se ≤ 60 at%, Se-poor), 

the peak located at 197 cm-1 shifts towards lower wavenumbers with decreasing Se 

concentration, another principal band decreases in intensity and a weak shoulder 

appears in the range of 280 - 300 cm-1. 
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Figure 3.5.  Normalized Raman spectra of non-stoichiometric bulk glasses. The vertical dashed lines 

(from left to right) are drawn to indicate the Raman shift at 197 cm-1, 230 cm-1, 240 cm-1 and 255 cm-1. 
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Figure 3.6 shows Raman spectra of glasses with stoichiometric compositions. In 

comparison with the non-stoichiometric cases, a distinct band appears near 230 cm-1 in 

all five samples. With increasing Ge/As ratio, the relative intensity of this band becomes 

extremely weak and it shifts to higher wavenumbers, while the intensity of other band at 

197 cm-1 rises steadily. This is simultaneously accompanied by the emergence of a 

shoulder at 213 cm-1. 
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Figure 3.6.  Normalized Raman spectra of glasses with stoichiometric compositions. The vertical dashed 

lines (from left to right) are drawn to indicate Raman shift at 197 cm-1, 213 cm-1 and 230 cm-1. 

 

In order to obtain more detailed information on the structural evolution as a function of 

the composition, the Raman spectra were further decomposed into several Gaussian 

curves whose positions and areas indicate the vibrational frequencies of each structural 

unit and their relative intensity contribution to the total spectra. Table 3.2 summarizes 

the contributions of the main structural units to the Raman scattering spectra in 

GexSe100-x and AsxSe100-x glass according to previous studies. These assignments of 
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Raman mode can be used to perform the peak-fitting analyses for GexAsySe100-x glasses, 

since Ge, As and Se atoms are of similar atomic radii and weights, substituting one 

element in small amount for another will not cause significant changes in the vibrational 

frequencies but only broaden the bands in the amorphous phase. Figure 3.7 shows 

examples of decomposed Raman spectra for two typical Se-rich and Se-poor 

compositions, respectively. 

 

Table 3.2.  Assignment of Raman modes for GexAsySe100-x-y glasses. 

Raman Shift 
(cm-1) 

Assignment Reference 

193 - 200 
215 
224 - 230 
235 
250 - 260 
170, 270 
190 
248 
285 - 300 

corner-sharing GeSe4/2 tetrahedra symmetric stretching 
edge-sharing GeSe4/2 tetrahedra vibration 
AsSe3/2 pyramids symmetric stretching 
Sen chains vibration 
Se8 fragments or rings vibration 
Ge-Ge bond vibration 
As-As bond vibration 
As-Se bond vibration 
GeSe4/2 tetrahedra asymmetric vibration 

[157,170] 
[158,170] 
[156,170 ,171] 
[171] 
[171] 
[170,172] 
[171,173] 
[170,172] 
[172] 

 

Figure 3.8(a) shows decomposed Raman vibrational frequencies as a function of the 

departure from stoichiometry for the Se-rich glasses. The position of each peak is 

essentially in agreement with results shown in Table 3.2. The band located between 252 

cm-1 and 258 cm-1 is attributed to stretching vibration of “meandering” Se chains 

including both Sen polymeric chains and Se ring-like fragments. The band at 235 - 240 

cm-1 is related to a small fraction of helical Se chains exclusively. Decreasing Se content 

will lead to a progressive growth in the intensity of the 235 cm-1 band and a 

simultaneous reduction in the intensity of the 255 cm-1 band (Figure 3.8(b)). 
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Figure 3.7.  Decomposed Raman spectra for Ge10As10Se80 and Ge21As30Se49 glasses. Black lines 

represent experimental data, red lines are fitted spectra and the rest colored lines are the decomposed 

Gaussian curves. 
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Figure 3.8.  Raman vibrational modes (a) and relative intensity of two bands (b) as a function of 

departure from stoichiometry in atomic percent of selenium for Se-rich glasses. Band at 235 cm-1 and 250 

cm-1 correspond to contributions from helical Se-chains and meandering Se-chains respectively. 
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The intensities of the corner-sharing and edge-sharing GeSe4/2 both increase with 

increasing Ge content for Se-rich glasses (Figure 3.9). As shown in the insert of Figure 

3.9, the relative change of the scattering intensity covering 195 - 215 cm-1, which relate 

to Ge-Se bond vibrations to that at 227 cm-1, is roughly proportional to the change of the 

Ge/As ratio, which confirms the existence of AsSe3/2 pyramidal units.  

 

For Se-poor glasses (the third sub-set having lower Se content), the band near 255 cm-1 

disappears. Instead, a new Raman feature peaking near 247 cm-1 appears. The shoulder 

appears in the region 280 - 290 cm-1 which is attributed to the asymmetric vibration 

mode of GeSe4/2 tetrahedra. The presence of a distinct Raman peak at 189 cm-1 indicates 

the formation of As-As homopolar bonds in the glassy matrix. The changes in the 

relative intensity of three vibration groups are roughly consistent with the variation of 

Ge content (Figure 3.10). With increasing Ge content, the contributions of As-Se 

heteropolar bonds and As-As homopolar bonds decrease and increase, respectively. 

 

For stoichiometric compositions as shown in Figure 3.11, the changes in two main 

Raman bands at around 195 - 199 cm-1 and 226 - 242 cm-1 respectively verify that 

corner-sharing GeSe4/2 tetrahedra and AsSe3/2 pyramids are fundamental structural units. 

The positions of these peaks gradually shift towards higher wavenumber with increasing 

Se concentration. The weak bands situated around 300cm-1 can be assigned to the 

asymmetric vibration modes of GeSe4/2 tetrahedra. The contribution from the band at 

257 - 262 cm-1 is associated with the vibration of Se-Se homopolar bond. In addition, 

the broader shoulders, situated in the 183 - 186 cm-1 and 278 - 288 cm-1 regions, 
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indicate the presence of structural units containing As-As and Ge-Ge homopolar bonds 

in the stoichiometric glasses containing higher Ge/As ratio as shown in Figure 3.12. 
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Figure 3.9.  Relative intensities of corner-sharing and edge-sharing GeSe4/2 as a function of Germanium 

content. The inset is the ratio of the scattering intensity at 195 - 215 cm-1 to that at 227 cm-1 as a function 

of Ge/As ratio. The dotted line is a linear fitting result. 
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Figure 3.10.  Relative intensities of three vibrational modes as a function of Germanium content for 

Se-poor glasses derived from the decomposed Raman spectra.  
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Figure 3.11.   Decomposed Raman spectra for Ge18.75As17.5Se63.75 and Ge31.25As2.5Se66.25 glasses. Black 

lines represent experimental data, red lines are fitted spectra and the rest colored lines are the decomposed 

Gaussian curves. 
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Figure 3.12   Relative intensities of structural units containing homopolar bonds as a function of Ge/As 
ratio for stoichiometric glasses. 
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3.3.2 EXAFS spectra of Ge-As-Se glasses 

 

After removal of the background and normalization, the EXAFS data were converted 

from energy space, E, to momentum space, k. The EXAFS oscillations were 

k3-weighted to compensate for the reduction in amplitude at higher k values, and to 

minimize the chemical effects on the signal in the lower k region. Subsequently, the 

spectra were Fourier transformed to R-space by applying a Hanning window function 

within the k range between 3.1 and 12 Å-1. The main peak in the spectrum was inverse 

Fourier transformed through a Hanning window function with the width of 2 Å from 1 

Å to 3 Å. Eventually, the structural parameters, e.g. the coordination number (N), the 

average interatomic distance (R) and the Debye-Waller factor σ2 were extracted from 

fitting of the experimental data to the theoretical EXAFS formula in k-space. 

 

The Fourier transform of the k3-weighted EXAFS spectra for GexAsySe100-x-y glasses 

with the same mean coordination number (<r> = 2.50) for the Ge, As and Se K-edge are 

shown in Figure 3.13. In the Fourier transform EXAFS spectra, the position of the peaks 

are related to the distance between the absorbing atom and the neighboring atom while 

the amplitude of the peaks are related to coordination environments (e.g. the numbers 

and types of the neighboring atoms, the scattering power of these atoms). Apparently, all 

the compositions preserve short-range order primarily to the first shell, since Ge, As and 

Se K-edge EXAFS spectra all show a single peak within 3 Å. No significant shift is 

observed in the position of these peaks. With increasing Se content, there is an increase 

in the peak intensity at Ge and As K-edge, whereas there is a decrease in the peak 



3.  Structural Study of Ge-As-Se Glasses              57 

 
 

 

 
Figure 3.13.  Magnitudes of the Fourier transform without phase correction of k3-weighted EXAFS 

spectra at (a) Ge K-edge, (b) As K-edge and (c) Se K-edge. 

 

intensity at Se K-edge. The decrease in the intensity of the Fourier transform first peak 

can be related to an increase of the Debye-Waller factor, which indicates an increase in 

the structural disorder around Se atoms. In order to obtain more precise structural 

information, the peaks in the Fourier transform k3-weighted EXAFS spectra are 

backtransformed from R-space into k-space, and the resulting filtered EXAFS function 
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is then analysed by non-linear least squares fitting to obtain structural parameters of 

interest. Figure 3.14 shows backtransformed first shell of Fourier transform k3-weighted 

EXAFS spectra at Ge, As and Se K-edge and the fittings to these data which are 

generally in good agreement. The structural parameters for the first coordination shell of 

the Ge, As and Se atoms obtained from the fitting procedure are given in Table 3.3. 
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Figure 3.14.  Backtransformed first shell of Fourier transform k3-weighted EXAFS spectra at (a) Ge, (b) 

As and (c) Se K-edge and experimental fit. Solid lines represent experimental data and dot lines 

correspond to fitting results. 
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Although these glasses have same mean coordination number, their chemical 

compositions change from being as low as 10 at% Se-poor, to stoichiometric, and up to 

15 at% Se-rich, and these can be used to investigate the proportion of different 

structural units and bonding trend in the glasses. According to the fitting results, the 

nearest coordination number of Ge atoms is fixed at 4. The overwhelming majority of 

Se atoms are bound to Ge atoms showing negligible Ge-As bonds in the compositional 

range studied. The nearest neighbor bond lengths of Ge remained approximately 

constant, within experimental error, no matter whether they are deduced from Ge-edge 

data or from the data for the neighboring Se atoms. These are consistent with previous 

study [41]. In the case of the As K-edge EXAFS spectra, two types of bonds (As-Se and 

As-As) were also deduced. As can be seen from Table 3.3, changes in the coordination 

number for As atoms indicate that the role of homopolar bonds becomes obvious with 

increasing As content. The larger Debye-Waller factors also imply increased local 

distortion. All Arsenic atoms are always 3-fold coordinated, which is in accordance with 

trigonal pyramidal configuration. The average nearest neighbor bond length for As 

atoms decreases slightly from 2.42(0) Å to 2.41(4) Å with decreasing As content, 

resulting from the formation of homopolar bonds in As-rich glasses. A similar behavior 

was detected from the local structural information of Se atoms. The nearest coordination 

number for Se atoms in all glasses remained approximately constant at 2. The average 

nearest neighbor distance for Se atoms decreases significantly from 2.40(4) Å for 

Ge7.5As35Se57.5 to 2.38(0) Å for Ge20As10Se70, due to the contribution of a certain 

amount of Se-Se bonds in the samples. Se-Se bonds have not been identified in the 

stoichiometric composition, which may partially due to the resolution limit of EXAFS 



60               3.  Structural Study of Ge-As-Se Glasses 

method. 

 

Table 3.3.  Ge, As and Se K-edge EXAFS structural parameters (the coordination number N, the bond 

length R and Debye-Waller factor σ2) for GexAsySe100-x-y glasses. 

 

3.4 Discussion 

 

The coordination environments of Ge, As and Se atoms all obey the 8-N rule, implying 

that the system is a covalently bonded solid. Previous study on the non-reversing heat 

flow ΔHnr of ternary GexAsxSe1-2x glasses indicates the existence of the intermediate 

phase with the presence of quasi-tetrahedral Se=As(Se1/2)3 structural units [63]. 

However, the EXAFS data in this work show no evidence for the four-fold coordinated 

As atoms in addition to the absence of Se=As double bond vibration mode in the Raman 

spectra. In view of these facts, the claim that Se=As(Se1/2)3 building blocks can be 

formed in ternary Ge-As-Se glasses seems to be disputed. 

 

        Ge7.5As35Se57.5 (+10)     Ge10As30Se60 (+5)      Ge12.5As25Se62.5 (0)      Ge15As20Se65 (-5)     Ge20As10Se70 (-15) 

       N     R(Å)   σ2(Å)   N    R(Å)   σ2(Å)    N       R(Å)   σ2(Å)    N      R(Å)   σ2(Å)   N    R(Å)   σ2(Å) 

Ge-Se 

Ge-As 

As-Se 

As-As 

Se-Ge 

Se-As 

Se-Se 

3.84 

0.16 

2.56 

0.45 

0.51 

1.49 

- 

2.37(7) 

2.42(8) 

2.41(9) 

2.42(6) 

2.38(3) 

2.41(6) 

- 

0.005 

0.009 

0.007 

0.006 

0.006 

0.004 

- 

3.73 

0.27 

2.64 

0.36 

0.65 

1.36 

- 

2.37(8) 

2.42(9) 

2.41(5) 

2.42(8) 

2.37(2) 

2.41(8) 

- 

0.005 

0.007 

0.005 

0.006 

0.004 

0.005 

- 

3.91 

0.08 

2.79 

0.21 

0.81 

1.19 

- 

2.37(5) 

2.42(7) 

2.41(4) 

2.42(5) 

2.37(4) 

2.41(9) 

- 

0.004 

0.006 

0.005 

0.004 

0.002 

0.003 

- 

3.94 

0.06 

2.95 

0.05 

0.85 

0.75 

0.42 

2.37(3) 

2.42(5) 

2.41(4) 

2.42(1) 

2.36(5) 

2.42(0) 

2.37(5) 

0.004 

0.005 

0.004 

0.004 

0.004 

0.007 

0.002 

3.96 

0.04 

3.0 

- 

1.08 

0.38 

0.55 

2.37(2) 

2.42(3) 

2.41(4) 

- 

2.37(3) 

2.41(5) 

2.36(9) 

0.003 

0.004 

0.004 

- 

0.003 

0.006 

0.004 
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According to the random covalent network model (RCNM), six possible bond types, 

namely Ge-Se, As-Se, Ge-As, Ge-Ge, As-As, Se-Se bonds should coexist in the 

Ge-As-Se ternary system. However, based on the Raman and EXAFS spectra results 

presented in this chapter, only Ge-Se, As-Se and Se-Se bonds could appear in the 

Se-rich glasses which is not fully consistent with above mentioned structural model. 

Thus, the chemically ordered network model (CONM) that considering the differences 

in bond energy seems to become more suitable for explaining the structure evolution of 

these glasses. 

 

It has been found that when small amount of four-coordinated Ge and three-coordinated 

As atoms having higher connectivity are added into one dimensional amorphous Se, 

these elements are randomly dispersed in the glassy matrix. Based on the relationship 

proposed by Pauling [174], Ge-Se bonds have the highest bond energy among all the 

possible bonds of the GexAsySe100-x-y system. In other words, Ge-Se bonds are expected 

to form first in the glassy structure until all the Ge atoms are consumed. Since the 

number of heteropolar bonds should be maximized and the bonds are expected to form 

in the sequence of decreasing bond energy (Ge-As are weakly polar bonds), it naturally 

implies that the bonding between As atoms and the residual Se atoms would then 

become dominant. The long Se chains or ring-like Se segments are thus broken by 

forming finite GeSe4/2 tetrahedral and AsSe3/2 pyramidal structural units. Further 

increasing Ge and As contents will result in a decrease in the number of the Se-Se 

homopolar bonds (Se-rich < 20 at%) where the glass structure can be described as a 

continuous network of GeSe4/2 tetrahedra and AsSe3/2 pyramids separated by short Se 



62               3.  Structural Study of Ge-As-Se Glasses 

chains. 

The structure of stoichiometric glasses become complicated and a violation of chemical 

order is observed in these compositions. CONM assumes that a completely chemical 

order should occur at the stoichiometric composition where only heteropolar bonds can 

be formed. However, there are some discrepancies between the theory and experiment 

as a small amount of homopolar bonds (Ge-Ge, As-As and Se-Se) can be found in the 

Raman spectra. As a matter of fact, the existence of Se-Se bonds in the stoichiometric 

binary glasses, such as GeSe2 and As2Se3, has been supported by several experimental 

methods and simulation analysis, even though the estimated ratio of Se involved in the 

homopolar bonds varies largely [175- 178]. For the Ge-As-Se system, the existence of 

homopolar bonds seems closely related to the Ge/As ratio. It appears that the number of 

homopolar bonds can be effectively reduced in ternary stoichiometric compositions by 

controlling the ratio of Ge/As at a low value (Ge/As < 1).  

 

For the Se-poor glasses, the Raman results indicate that the vibration feature 

corresponding to Se-Se bonds disappear, whereas the contribution of As-rich fragments 

containing As-As homopolar bonds become evident in all samples. Since Se atoms 

always preferentially bond to Ge atoms, the configurational disorder will gradually 

become high around As atoms when there are insufficient Se atoms to produce stable 

AsSe3/2 pyramidal units. Se deficiency is then balanced by the appearance of As-rich 

clusters in the form of either polymeric Se2As-AsSe2 structural units or monomeric 

cage-like As4Se4 molecules [179]. Note that no sharp Raman peaks indicative of As4Se4 

molecules are observed in these glasses, which suggests that As4Se4 molecules do not 
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exist as isolated monomers in the structure. It appears that As-rich phases still connect 

to the other structural units and function as a part of the network backbone. The absence 

of Ge-Ge homopolar bonds in Se-poor glasses is supported by Raman and EXAFS 

spectra. This result is consistent with previous studies [41,180]. It also reinforces the 

idea that Se deficiency causes the formation of As-As homopolar bonds in the first place, 

Ge-Ge homopolar bonds only start to appear in extremely Se-poor (> 50 at%) glasses. 

 

3.5 Conclusions 

 

The short-range structural characteristics of GexAsySe100-x-y bulk glass have been 

investigated by Raman spectra and X-ray absorption fine structure spectroscopy 

(EXAFS). It has been found that the chemically ordered network model can be used to 

effectively describe the structure of Se-rich glasses, which is mainly composed of 

GeSe4/2 tetrahedra and AsSe3/2 pyramids connected by the Se chain fragments with 

various lengths. The existence of homopolar bonds has been confirmed in the 

stoichiometric glasses with high Ge/As ratio as a sign of small deviation from chemical 

order. Se-poor glasses contain As-rich phases with no trace of 4-fold coordinated 

Arsenic structure unit (Se=AsSe3/2). As atoms tend to cluster together leading to a 

minimal number of Ge-Ge homopolar bonds in these glasses. There is no identification 

of nanoscale phase separation since weakly bound isolated As-rich molecules are not 

observed in Se-poor glasses. Overall, the network connectivity of ternary 

GexAsySe100-x-y glass system steadily increases from Se-rich through stoichiometric to 

Se-poor compositions.  
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Chapter 4 

Thermal Properties of Ge-As-Se Glasses 

 

4.1 Introduction 

 

The nature of the glass transition is one of the most important but unsolved problems in 

the scientific community. It relates to the question of how structure changes when 

glass-forming liquids are cooled. A generally accepted notion is that the glass transition 

is a kinetic transition arising from the competition between the cooling rate and the time 

for structural relaxation. The process involves two important characteristics: the glass 

transition temperature (Tg) and sub-Tg relaxation. If the glass is held isothermally at a 

temperature below Tg, the system will evolves towards an equilibrium state via atomic 

rearrangement. This is also known as sub-Tg relaxation and leads to changes in the 

properties of the glass. Glass transition temperature Tg is a critical thermal parameter for 

characterization of glassy materials, which acts as an indication of changes in the 

connectivity and rigidity of glassy network. It has been pointed out that, for a given 

chalcogenide glass system, increasing the relative atomic mass of the chalcogen or its 

proportion in the glass will lead to a decrease in Tg owing to the reduced average bond 

strength [37]. Investigations on the Tg trends in GexAsySe100-x-y ternary chalcogenide 

glasses therefore will be helpful for investigating the possible structural arrangements in 

this system.  
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Thermal analysis techniques, such as differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA) and thermomechanical analysis (TMA), enable a 

better understanding of the influence of temperature dynamics on a material’s behavior. 

Among those, DSC measures changes in heat flow as a function of temperature or time. 

These changes are recorded as peaks in DSC curves (Figure 4.1). The peak area relates 

to the change of enthalpy and peak direction indicates whether the thermal event is 

endothermic or exothermic. This measurement is applicable to various types of 

materials and is easy to undertake. It allows the detection of transformations taking 

place in a sample, such as melting, the glass transition, phase changes and 

crystallization. For these reasons, DSC is the most common approach used in the 

laboratory for determining the glass transition temperature and for acquiring useful 

information about relaxation effects in glasses. Temperature-modulated differential 

scanning calorimetry (MDSC) is a new variant of DSC and has been applied to study 

glass transition of chalcogenide glasses. A programmed sinusoidal temperature profile is 

superposed on the liner heating ramp during the scan, then the total heat flow can be 

deconvoluted into two parts. One part tracks the temperature modulation and is known 

as the reversible heat-flow, which can be used to obtain Tg. Another one does not track 

the temperature modulation and is known as the non-reversing heat-flow, which can be 

used to obtain non-reversing enthalpy (∆Hnr). Vanishing of ∆Hnr features the existence 

of intermediate phase in network glasses [181]. 

 

For various applications in photonics, the preparation of high quality chalcogenide thin 

films with stable physical properties has become the necessary prerequisite. Our 
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previous work has reported that as-deposited GexAsySe100-x-y thin films with mean 

coordination number <r> ∼ 2.45 are thermally stable and have a bulk-like linear 

refractive index [182]. Recently, photostable thin films with <r> in between 2.45 and 

2.50 were also found in thermally evaporated GexAsySe100-x-y film by members of our 

group [ 183 ]. Structural analysis confirmed that the stoichiometry and bond 

configurations of these particular films are basically the same as those present in bulk 

source materials, in spite of the fact they are formed under non-equilibrium conditions 

involving phase changes. The similarity in the bond structure of the as-deposited films 

and bulk glasses is believed to play an important role in controlling thermal and optical 

properties of thin films rather than the ratio of Ge/As [184]. It is interesting, therefore, 

to investigate whether existence of stable films with bulk-like properties requires some 

specific and definable property of the glass. 

 

 
Figure 4.1.  Typical DSC curve for a multicomponent chalcogenide glass [185]. 

 

In this chapter, therefore, the structural relaxation properties of glass forming liquids 
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have been investigated by DSC. The composition dependences of the glass transition 

temperature (Tg), the activation energy for structural enthalpy relaxation (Ea) and the 

fragility index (m) have been measured. The resulting trends are used to rationalize 

previous empirical observations on both relaxation and photostability behavior of this 

family of glass. 

 

4.2 Experiments 

 

34 samples of GexAsySe100-x-y glasses with compositions distributed across the glass 

forming region and covering a wide range of stoichiometry and mean coordination 

number were prepared. Details about sample preparation procedures have been 

described in Section 3.2. 

 

DSC measurements were performed using a Mettler Toledo DSC1 equipped with an 

intercooler, and the data were analyzed with the STARe software. Indium and zinc 

standards were used to calibrate the temperature scale. About 20 mg of powder for each 

sample was sealed into an aluminum pan. In order to erase the thermal history of the 

glasses, all the studied samples were first heated far above Tg but below the 

crystallization onset temperature Tx then cooled far below Tg and reheated at the same 

rate. The temperature was scanned over a range from room temperature to 480 °C with 

different heating/cooling rates at 5, 10, 14, 20 and 30K/min, respectively, under a 

uniform nitrogen gas flow of 50 mL/min. 
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The chemical compositions of the glasses are reported in Table 4.1 and illustrated in 

Figure 4.2. The samples can be categorized as follows: (1) 20 compositions which can 

be divided into 5 groups with the same <r> = 2.30, 2.40, 2.50, 2.55 and 2.72, 

respectively (depicted by colored dots in Figure 4.2) (2) 14 other compositions 

distributed across the glass forming region (depicted by black dots in Figure 4.2). 

 

 
 

Figure 4.2.  Glass formation domain of the GexAsySe100-x-y ternary system showing the 34 compositions 

investigated in this study, color-coded according to their mean coordination number. Five stoichiometric 

compositions are marked as solid circles with horizontal lines through them. 

 

4.3 Results 

 

Figure 4.3(a) shows DSC traces obtained at heating rates ranging from 5 to 30 K/min 

for the Ge6.25As32.5Se61.25 (<r> = 2.45) sample. The variation of Tg as a function of the 

mean coordination number <r> is shown in Figure 4.4. The value of Tg is shown to 
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increase linearly with increasing <r>. It has been well established that the value of Tg 

closely correlates with the connectivity and rigidity of the vitreous network [186]. 

Indeed, increasing the concentration of the network forming elements such as Ge or As 

should lead to increased Tg, as is shown in the data. No global maximum was observed, 

which is consistent with earlier reported results [187]. 

 

The dependence of the glass transition temperature on the heating rate (Q) was found to 

obey the following equation [188]: 

d lnQ
1d

a

g

E
R

T

= −
 
  
 

                            (4.1) 

where Ea and R are the activation energy for the glass transition and the ideal gas 

constant, respectively. The variation of ln Q as a function of 1000/Tg is shown in Figure 

4.3(b) for a series of representative glass samples with different <r> values. A linear 

dependence was obtained, and the activation energy Ea was then calculated from the 

slope of these plots. 

 

The variation of Ea as a function of mean coordination number is displayed in Figure 

4.5(a) and shows a sharp local minimum at <r> = 2.40. For comparison the variation of 

Ea is also plotted as a function of the departure from stoichiometry quantified as the 

degree to which the glasses were Se-rich or Se-poor. The data shown in Figure 4.5(b) 

exhibit much more scatter than those in Figure 4.5(a) especially for Se-poor glasses, 

although a very broad minimum is found for compositions containing a slight excess of 

Selenium. The Ea for Se-rich glasses are relatively lower than those for Se-poor ones. 
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Figure 4.3.  (a) DSC curves of a Ge6.25As32.5Se61.25 glass obtained at different heating rates after cooling 

at the same rate from far above Tg. (b) Plot of ln Q as a function of 1000/Tg, showing the linear regression 

used to obtain Ea for the following glass compositions: Ge10As10Se80 (<r> = 2.30), Ge10As20Se70 (<r> = 

2.40), Ge17.5As11Se71.5 (<r> = 2.46) and Ge22.5As5Se72.5 (<r> = 2.50). 

 

 
Figure 4.4.  Tg as a function of mean coordination number at heating/cooling rate of 10K/min. 
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Table 4.1.  Compositions and respective mean coordination number (<r>), glass transition temperature 

(Tg), activation energies (Ea) and fragility index (m) for GexAsySe100-x-y glasses. 

Compositions 
Ge-As-Se (at%) 

<r> Se-rich/-poor 
(at%) 

Tg 

(°C) 
Ea 

 (kJ/mol) 
m 

5-10-85 2.20 +60 95.44 285.61 40.54 
17.5-11-71.5 2.46 +20 182.22 258.57 29.93 
11.5-24-64.5 2.47 +5.5 200.99 259.15 28.59 
18-23-59 2.59 -11.5 263.39 304.91 29.73 
20-20-60 2.60 -10 278.50 318.41 30.19 
15-34-51 2.64 -30 257.16 332.88 32.79 
22-24-54 2.68 -26 298.79 353.14 32.25 
25-20-55 2.70 -25 318.41 367.61 32.43 
30-20-50 2.80 -40 361.11 402.35 33.15 
35-15-50 2.85 -42.5 375.85 422.61 33.98 
33-20-47 2.86 -49 377.31 429.37 34.45 
5-20-75 2.30 +35 136.88 262.44 33.43 
7.5-15-77.5 2.30 +40 123.63 262.44 34.58 
10-10-80 2.30 +45 124.39 268.23 35.20 
12.5-5-82.5 2.30 +50 117.99 274.02 36.64 
5-30-65 2.40 +10 165.16 241.21 28.77 
10-20-70 2.40 +20 155.37 246.04 29.98 
15-10-75 2.40 +30 156.78 251.83 30.60 
7.5-35-57.5 2.50 -10 210.29 276.92 29.90 
10-30-60 2.50 -5 220.23 273.06 28.93 
12.5-25-62.5 2.50 0 224.32 266.30 27.98 
15-20-65 2.50 +5 217.68 264.37 28.13 
20-10-70 2.50 +15 207.78 265.34 28.81 
22.5-5-72.5 2.50 +20 212.13 273.58 29.32 
18.75-17.5-63.75 2.55 0 255.37 283.67 28.00 
15-25-60 2.55 -7.5 243.35 289.46 29.30 
10-35-55 2.55 -17.5 219.90 293.32 31.04 
27-18-55 2.72 -26 332.88 357.96 30.89 
24-24-52 2.72 -32 318.97 363.75 32.13 
21-30-49 2.72 -38 302.63 370.51 33.63 
18-36-46 2.72 -44 289.74 375.33 34.82 
6.25-32.5-61.25 2.45 0 197.56 249.91 27.70 
25-10-65 2.60 0 297.45 305.86 28.02 
31.25-2.5-66.25 2.65 0 365.80 341.56 27.94 
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Figure 4.5.  Ea (a) as a function of mean coordination number and (b) as a function of departure from 

stoichiometry in atomic percent of selenium. 

 

  

Figure 4.6.  Fragility index as a function of (a) mean coordination number and (b) departure from 

stoichiometry in atomic percent of selenium. 

 

The fragility or steepness index m characterizes and quantifies the extent to which glass 

forming liquids depart from the Arrhenius viscosity behavior as they approach the glass 

(a) (b) 

(a) (b) 
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transition region. The fragility index can be calculated from Tg and Ea using the relation 

[189,190]: 

ln10
a

g

Em
RT ∗

=                           (4.2) 

where Ea is the activation energy and Tg* is the glass transition temperature at 

heating/cooling rate of 10K/min. The fragility index for the complete set of glasses is 

plotted as a function of <r> and departure from equilibrium in Figure 4.6(a), (b) 

respectively. No clear trend is visible between fragility and mean coordination number 

<r> as depicted on Figure 4.6(a), although there is a very broad minimum of m at the 

intermediate values of <r>. In the region of <r> between 2.45 - 2.60 where 

stoichiometric compositions can exist, changes in fragility index are relatively small 

compared with those that occur at smaller and larger <r>. On the other hand, the 

fragility index exhibits a sharp minimum for glasses with stoichiometric compositions. 

Compositions containing an excess or deficiency in Se both become distinctly more 

fragile with increasing departure from stoichiometry. The sharp minimum in fragility is 

exemplified by the fact that all five stoichiometric samples almost perfectly overlap on 

Figure 4.6(b). 

 

4.4 Discussion 

 

4.4.1 Liquid, fragility and stoichiometry 

 

The mean coordination is often invoked to explain various features of chalcogenide 

glasses; however, the results of Figure 4.6(b) emphasize that simple chemical effects 
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such as deviation from stoichiometry appear to be more relevant in predicting 

fundamental physical properties such as fragility in the Ge-As-Se system. Indeed, the 

mean coordination is only properly defined at low temperature where all topological 

constraints are still intact. It can therefore be effectively correlated to low temperature 

properties such as molar volume [191] but may be inappropriate for predicting 

behaviors above Tg. As shown in Figure 4.5(a), the activation energy at Tg may correlate 

with <r> because it reflects the energy required to gain mobility relative to a state where 

all constraints are intact. On the other hand, the fragility is defined by the rate at which 

these constraints are broken with increasing temperature above Tg, and this process 

appears to be rather independent of the mean coordination but instead is controlled by 

the departure from stoichiometry. A similar correlation between fragility index and 

deviation from stoichiometry has been observed in the Ge-As-S system [192], which 

again highlights the leading role of chemical stoichiometry in controlling 

thermodynamic fragility of chalcogenide glass-formers. 

 

The cooperative relaxation theory of Adam Gibbs has been widely used to explain the 

transport properties and fragility of glass forming liquids. It constitutes the basis for 

some of the most recent viscosity models [193], and it is commonly used to correlate 

energy landscape formalisms and viscosity [76,194]. Its success derives from its explicit 

correlation between configurational entropy (Sc) and transport properties of supercooled 

liquids according to: 

                                0= exp
c

C
TS

η η                           (4.3) 

where η is the viscosity and η0 and C are constants. Below we discuss how the structural 
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features of Ge-As-Se glasses may affect the configurational entropy of the supercooled 

liquid and in turn the compositional dependence of the fragility in terms of energy 

landscape. 

 

From an energy landscape point of view (Figure 4.7(a)), the fragility of a glass forming 

liquid can be correlated to the topography of the corresponding landscape (Figure 4.7(b)) 

[76,195,196]. A strong landscape has a uniform topology with basins (or local minima) 

of similar depth separated by saddles of similar height that progressively lead down to a 

general energy minimum (metabasin) corresponding to the ideal glass at the bottom of 

the landscape (upper part of Figure 4.7(b)). The activation energy required to sample 

neighboring basins during relaxation is therefore similar at high temperature (near the 

top of the landscape) and at low temperature (near the bottom of the landscape) thereby 

indicating an Arrhenius behavior characteristic of strong liquids. On the other hand, 

fragile landscapes have nonuniform topology with a high density of shallow basins at 

the top of the landscape interspersed between widely separated deep minima (lower part 

of Figure 4.7(b)). Sampling basins at high temperature therefore involve a small 

activation energy requiring the rearrangement of a few molecules. At low temperature, 

however, sampling widely separated basins involves the rearrangement of many 

molecules and overcoming large energy barriers (referred to as metabasin-metabasin 

transitions). The activation energy therefore increases steeply near Tg in a 

non-Arrhenius way characteristic of fragile glasses. 
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Figure 4.7.  (a) Schematic illustration of an energy landscape; (b) Schematic illustration of the 

topographic distinction between energy landscapes for strong and fragile glass formers [76]. The potential 

energy increases in the vertical direction, and the horizontal direction represents all configurational 

coordinates. 

 

The energy landscape formalism is consistent with the thermodynamic features 

observed in Ge-As-Se glasses. Stoichiometric glasses contain mainly heteropolar bonds 

[41] that require similar energy to be broken [197] and should therefore result in a 

uniform type of energy barrier throughout the entire landscape in a way similar to SiO2 

[76]. This feature leads to strong glass formers behavior (lowest fragility index) as 

observed experimentally in Figure 4.6(b). On the other hand, Se-rich compositions 

contain a disparity of structural domains exhibiting floppy and rigid behavior which can 

be associated with different well depths including shallow potential wells from floppy 

selenium chains and deeper wells from rigid heteropolar regions. A similarly 

heterogeneous topography is generated in Se-poor glasses where homopolar bonds 

(As-As bonds as described in Section 3.3.1) introduce shallow wells that can be easily 
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sampled and result in greater degrees of freedom characteristic of fragile systems. 

Stoichiometric factors therefore appear to largely define the energy landscape topology 

of Ge-As-Se glasses and in turn their fragility. 

 

4.4.2 Fragility and structural relaxation in glasses 

 

The temperature dependence of melt viscosities is critical to most industrial glass 

fabrication processes such as molding, drawing, and floating, etc. An accurate 

knowledge of the fragility is, therefore, critical to optimize processes involving the 

liquid phase. However, the fragility is also a useful factor in predicting some properties 

of the glass below Tg. Indeed the fragility defines the rate at which the system departs 

from equilibrium upon losing ergodicity (ergodicity refers to the equivalence of time 

and ensemble averages of thermodynamic properties of a system. For glassy state, the 

system has insufficient time to relax to the equilibrium during the observation time of 

measurement, indicating that the condition of ergodicity is not satisfied and giving rise 

to the loss of ergodicity or broken ergodicity), and consequently it controls the glass 

tendency to undergo structural relaxation below Tg. This is particularly relevant for 

chalcogenide glasses because their low Tg enables significant relaxation processes even 

at room temperature [66,198]. The correlation between sub-Tg relaxation and fragility 

can be qualitatively illustrated by extrapolating fragility plots below the glass transition, 

as shown in Figure 4.8(a) for three hypothetical glass forming liquids spanning the 

whole range of fragility with m = 16, 55, and 200. These curves are plots of a modified 

version of the Vogel-Tamman-Fulcher (VTF) equation [199] that is normally used to fit 

viscosity data but has been converted to reduced entropy units following the analogy 
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found by Martinez and Angell between excess entropy and viscosity for a wide range of 

glass forming liquids [200]. The excess entropy is scaled to its value at Tg, and the 

temperature is scaled to Tg so that each glass forming system can be compared on the 

same master curve. This provides a qualitative illustration of the entropy variation in 

glass formers with various m values. Of particular interest is the low temperature part of 

the plot in the region below Tg. The horizontal dashed line represents the frozen excess 

entropy of the glass that has solidified at Tg, while the solid lines represent the 

equilibrium entropy of the corresponding liquids cooled infinitely slowly. This plot then 

illustrates the departure from equilibrium of various glass formers as they vitrify at Tg. 

 

To more clearly illustrate the correlation between fragility and the tendency for 

relaxation, the low Tg data in Figure 4.8(a) have been replotted in reversed units in 

Figure 4.8(b) in a form reminiscent of a Kauzmann plot for the same three glass formers, 

although the expected curvature for Sexc is not reflected due to the simplistic equation 

used. Nevertheless, Figure 4.8(b) qualitatively illustrates how fragile glassy systems 

depart from equilibrium at a faster rate than strong systems and consequently build up a 

larger driving force and large propensity for relaxation as the temperature drops below 

Tg. This is of prime importance for sensitive applications such as integrated infrared 

optics where relaxation processes can lead to volume and refractive index changes that 

may impair the device functions [8,182,201]. In this case, strong glasses with minimal 

tendency for relaxation are the optimal choice of material. In that respect, the results of 

Figure 4.6(b) effectively explain previous experimental results which showed that 

Ge-As-Se films of near stoichiometric compositions exhibited negligible relaxation 
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upon annealing near Tg while far off-stoichiometry compositions exhibited significant 

relaxation, even those with a mean coordination of <r> = 2.40 [182]. Sub-Tg relaxation 

is therefore controlled by stoichiometric factors rather than topological factors. 

 

 

Figure 4.8.  (a) Schematic representation of three hypothetical glass formers based on a modified VTF 

equation with m ranging from 16 to 200; (b) Variation of the equilibrium excess entropy below Tg in 

comparison to the value frozen at Tg showing the build up of the driving force for relaxation for glass 

formers of different m. 

 

Studies of Ge-As-Se film samples suggest that glass compositions falling into a narrow 

region of <r> (around 2.45 - 2.50) seem to have the characteristics of strong glass 

formers where their structures do not change much through the transition. The results of 

Figure 4.6(a) give a direct evidence by demonstrating that the values of m are relatively 

smaller when <r> lies in the same region mentioned above, despite different 

compositions. Thermodynamically strong glasses acquire structural degrees of freedom 

at a lower rate than fragile glasses, resulting in a well preserved short- to medium-range 

(a) (b) 
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order in vapors and thin films. Homogeneous structure with the least amount of 

homopolar bonds or molecular species manages to enhance thermal stability and reduce 

photosensitivity of these thin films. From this aspect, attempts to optimize the intrinsic 

chemical composition by suppress the formation of homopolar bonds as the means of 

obtaining stable films in Ge-As-Se glasses are viable and effective. 

 

4.4.3 Absence of an intermediate phase 

 

An intermediate phase has been previously suggested in the Ge-As-Se system using 

MDSC measurements performed on a subset of Ge-As-Se samples [63]. However, the 

present experimental data indicate that no intermediate phase is generally present in 

these glasses. Instead Figures 4.5(a) and 4.6(a) show a sharp minimum in transport 

properties at <r> = 2.40. This difference most likely arises from the fact that 

intermediate phases in chalcogenide glasses are only observed using measurements of 

nonreversible enthalpy (ΔHnr). Yet it has been argued since the early days of MDSC that 

the nonreversible enthalpy does not have a well-defined physical meaning [202] and 

cannot be equated to the enthalpy relaxation [203]. Instead the MDSC signal should be 

interpreted in term of heat capacity spectroscopy using the real and imaginary 

components of the complex heat capacity [204-207]. This suggests that the observation 

of an intermediate phase in Ge-As-Se glasses is likely the result of an instrumental 

artifact associated with the nonreversible quantity ΔHnr. 

 

Similarly, the non-aging window observed in these glasses [62,208,209] is likely an 

artifact of experimental conditions. Indeed Figure 4.8 clearly shows that a glass falls out 
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of thermodynamic equilibrium as it goes through Tg and significantly departs from its 

equilibrium entropy no matter how strong it is. A finite driving force for relaxation must 

therefore build up for any glass, but aging/relaxation can be kinetically prevented if the 

structural relaxation time is much longer than the observation time when low annealing 

temperatures are used. Nevertheless, raising the annealing temperature closer to Tg 

permits reduction of this relaxation time to the observation time scale. This was recently 

demonstrated by Zhao et al. in a series of Ge-Se glasses [65] which showed large 

relaxation effects for all glasses including compositions from the so-called “non-aging 

window” [62]. The magnitude of the relaxation enthalpy was shown to correlate well 

with the fragile behavior of the glasses, as expected from Figure 4.8(b). An identical 

observation was made by Calvez et al. in the Ge-As-Se system [210], where strong 

compositions relaxed significantly less that fragile ones when annealed at a fixed 

temperature below Tg. In addition, Shpotyuk et al. have reported that, marginality of 

ΔHnr recorded for as-prepared or short-time aged glasses is not a sufficient criterion for 

identification of self-organized intermediate phases in chalcogenide glasses, especially 

for those with higer Tg [211]. For more reliable results on physical aging in a glass, the 

MDSC measurements should be repeated during relatively long time period. The 

absence of relaxation previously observed in the non-aging window is therefore likely 

the result of the low annealing temperature used in these experiments (room temperature 

[62,208,209]) far below Tg, where relaxation times quickly reach geological time scales 

and no slow relaxation process can be observed within the short measurement time. 
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4.5 Conclusions 

 

The thermodynamic properties of a large number of Ge-As-Se glasses were measured 

using Differential Scanning Calorimetry. The activation energy for enthalpy relaxation 

shows a sharp minimum at the percolation threshold <r> = 2.40 but no clear trend with 

departure from stoichiometry. On the other hand, the fragility index shows a global 

minimum for glasses of stoichiometric compositions while no clear tendency is obtained 

as a function of <r>. These data reflect that chemical effects such as departure from 

stoichiometry appear to largely control the transport properties over a wide temperature 

range and in turn must control the topology of the energy landscape. Ge-As-Se glasses 

are of particular interest for integrated optic applications due to their high nonlinearity 

and wide optical transparency. However, their low Tg may result in significant 

relaxation during the lifetime of a device which could impair proper function. Selection 

of glass composition with minimal propensity for relaxation is, therefore, desirable. In 

that respect, a strong glass former with a high Tg would show a minimal driving force 

for relaxation and very slow relaxation kinetics which should be optimal for sensitive 

applications. The present results indicate that stoichiometry rather than mean 

coordination (topological effects) is the most relevant selection criteria for selecting 

such glasses. The existence of strong glass formers is confirmed within a specific range 

of mean coordination number. These findings rationalize previous experimental 

observation of thermal stability and photostable in Ge-As-Se thin film. Glass 

compositions, such as Ge11.5As24Se64.5 and Ge15As20Se65, with <r> = 2.45-2.50, high Tg 

and low m seem to be the best candidates for photonic device fabrication.
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Chapter 5 

Elastic Properties of Ge-As-Se Glasses 

 

5.1 Introduction 

 

As an important mechanical property, the elasticity of glasses reflects the structural 

characteristics of the material, including the interatomic bonding energy and the degree 

of polymerization. This connection was first discussed by He and Thorpe who 

calculated the elastic moduli of a series of glassy networks with different mean 

coordination number <r> [212]. The results showed that the elastic properties of the 

network are predominantly controlled by <r>. An exponential increase in the elastic 

moduli starts to occur at <r> = 2.40 where the rigidity is said to percolate through the 

structure and an elastically floppy network starts to become rigid. This simulation result 

was soon confirmed by an experiment designed to measure the elastic constants of 

Ge-As-Se systems [52]. Some other experiments, however, reported that elastic 

constants do not show a transition at such rigidity percolation threshold in Ge-Se and 

Ge-As-S glasses [213,214]. Instead, the elastic transitions were observed at higher 

values of <r> ≈ 2.70. Impurities in glass samples (contaminated by oxygen and some 

metal ions) and the neglect of medium-range structural order in the calculation are 

believed to be the main reasons for the discrepancy between experimental and 

theoretical investigations. It appears that chalcogenide glasses with <r> between 2.40 

and 2.70 have a structural order of layer types, which evolves to a 3D rigidity phase at 
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<r> = 2.67 [215]. The layered structure consists of different atoms arranged in a 

two-dimensional sheet with intra-layer strong covalent bonds and inter-layer weak van 

der Waals bonds. The direct experimental evidence for the existence of medium-range 

order in chalcogenide glasses have come from the X-ray diffraction patterns [57,58]. 

The presence of so-called first sharp diffraction peak (FSDP) at low diffraction angles 

has been widely accepted as a signature of the layer structure. The position of FSDP 

relates to the distance between the layers, and the width of FSDP reflects the structural 

correlation length for the medium-range order [1]. In addition, simulations also provide 

evidence in favor of a structure with layer-like configurations in chalcogenides 

[215,216]. Meanwhile, the composition dependence of other physical properties, e.g. 

the high pressure resistivity in Ge-As-Te glasses [217], and the optical bandgap and 

thermal conductivity in Ge-Sb-Se glasses [218], all exhibit transition behaviors around 

<r> = 2.60. These experimental results on the correlation between <r> and various 

physical properties can be interpreted by the changes in the network topology due to the 

formation and development of a layered structure in the same way. It seems that the 

correlation between elastic properties and mean coordination number provides some 

insight into the short- and medium-range structural orders in chalcogenide glasses. 

Apart from the above-mentioned thresholds, elastic properties of several chalcogenide 

glasses show a distinct slope change at certain specific values of <r>, which is known as 

the chemical threshold [53,219]. The definition of chemical threshold, as yet, seems to 

be quite ambiguous [220], it has been found that this transition normally occurs at the 

stoichiometric composition in a glass system [221-224]. 
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Chalcogenide glasses are relatively soft materials with Young’s modulus E < 25 GPa 

and Poisson’s ratio v > 0.25 respectively [84]. The elastic properties of chalcogenide 

glasses can be determined from calculations based on the measurement of densities and 

wave velocities. The density of bulk glasses are normally determined by the Archimedes 

method. The interferometric technique is one of the dynamic methods which is widely 

used to determine the elastic moduli of glasses and yield a relative high accuracy. 

During the experiment, a pair of phase-coherent pulses are first applied to a 

piezoelectric transducer and this is used to generate elastic waves, either longitudinal or 

transverse depending upon the polarization of the transducer, in a sample. When the 

wave propagates through that sample, reflection at the near and far end of the specimen 

will return to the transducer as an echo. The echo will be then recorded on an 

oscilloscope. Interference between the echo signals results in a series of alternating 

maxima and minima in the amplitude of the overlapped echoes as the carrier frequency 

varies. Each of these extrema corresponds to a situation in which the two-way path 

contains either an integral or half-integral number p of wavelengths of the elastic wave. 

Equivalently, the two-way travel time t contains the same integral or half-integral 

number p of carrier frequency periods (1/f), therefore t = p/f. The velocity thus can be 

calculated via the relation: 

                           Velocity = 
/ 2
d

t
                          (5.1) 

where d is the thickness of the sample, t is the two-way travel time of the elastic wave 

through the sample. The elastic properties are then calculated from the wave velocities 

and density using the relations outlined in Section 2.3.2. 
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The variation of density (ρ), the elastic constants (the shear modulus G, Young’s 

modulus E, bulk modulus K and Poisson’s ratio v) and molar volume (Vm) as a function 

of mean coordination number in GexAsySe100-x-y ternary system are presented in this 

chapter. The results are used to examine topological and chemical threshold behaviors 

of Ge-As-Se glass system, which provide important information about microstructure 

and mechanical properties of this series of glass. 

 

 
Figure 5.1.  The schematic illustrations for the pulse echo overlap ultrasonic method [225]. 

 

5.2 Experiments 

 

The density of bulk glass samples (ρ) was measured using a Mettler H20 balance with 

an MgO crystal (ρMgO = 3.584 g/cm3) serving as a reference. Each sample as well as the 

reference was weighed five times in air and ethanol respectively at room temperature. 

The density then can be calculated using the relation: 

                            ethanol air
sample

air ethanol

 = w
w w
rr
−（ ）

                    (5.2) 
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, wair (w’

air) and wethanol (w’
ethanol) is the mean value of 

measured weight of sample (MgO) in the air and in the ethanol respectively. 

 

Ultrasonic pulse interferometry was employed to measure the travel times of both 

longitudinal and transverse waves through samples at room temperature within the 

transducer response envelope centered at a resonant frequency of 20 MHz. Polished 

samples were glued to the acoustic buffer rod to which the compressional or shear mode 

thin transducer disk was bonded. In order to reduce the effect of the bonding layer 

between the sample and the transducer, only a small amount of glue was used to keep 

the thickness of the interface to the minimum. According to the calculated longitudinal 

(Vl) and transverse wave velocities (Vt), the shear modulus (G), Young’s modulus (E), 

bulk modulus (K) and Poisson’s ratio (v) could subsequently be derived using Equation 

(2.6) - (2.9) described in Section 2.3.2. These equations are repeated as follows: 
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The chemical compositions and calculated elastic properties (E, G, K and v) of the 

GexAsySe100-x-y glasses investigated in this study are listed in Table 5.1. The samples 

could be categorized as follows: (1) 25 compositions which can be divided into 8 

groups with the same <r> = 2.30, 2.40, 2.50, 2.55, 2.60, 2.70, 2.72 and 2.80, 
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respectively (depicted by colored dots in Figure 5.2); (2) 7 other compositions 

distributed across the glass-forming region (depicted by black dots in Figure 5.2); (3) 

GexAs10Se90-x and GexAs20Se80-x system with fixed As concentration (depicted by open 

dots with crosses and open dots with horizontal lines respectively in Figure 5.2). 

 

5.3 Results 

 

Figure 5.2(a) shows the density of GexAsySe100-x-y glasses as a function of mean 

coordination number <r>. On average, the density increases with increasing <r> up to 

<r> ≈ 2.40 and then decreases until <r> ≈ 2.65, which is followed by a sharp increase 

above <r> = 2.70. The same general pattern is more obvious for the GexAs10Se90-x and 

GexAs20Se80-x glasses with fixed As concentration. Two extrema, the maximum at <r> = 

2.40 and the minimum at <r> ≈ 2.65 are observed. At the stoichiometric composition 

Ge25As10Se65 corresponding to <r> = 2.60, no local extremum or a change in slope was 

observed, indicating the absence of chemical threshold in the GexAs10Se90-x system. 

Compositions with higher As concentrations but the same Ge content exhibit higher 

densities. The effect of chemical compositions can be clearly seen for the eight families 

with the same <r> respectively where the scatter in density arising from different 

chemical compositions vary between 0.064 g/cm3 (<r> = 2.70) and 0.111 g/cm3 (<r> = 

2.40). 

 

The molar volume, Vm, of the glass correlates with the molar mass and density, which 

can be expressed as: 
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where xi, Mi are the atomic fraction and the atomic weight the ith element of the glass, 

respectively and ρ is the measured density of the glass. The molar volume for the 

complete set of glasses is plotted as a function of <r> in Figure 5.2(b). The general 

trend towards a local minimum at <r> ≈ 2.40 and a local maximum at <r> ≈ 2.65 can be 

observed. 

 

 
Figure 5.2.  Density (a) and molar volume (b) of GexAsySe100-x-y glasses as a function of mean 

coordination number. The red, green, cyan, blue, magenta, violet, orange and wine dots correspond to <r> 

= 2.30, 2.40, 2.50, 2.55, 2.60, 2.70, 2.72 and 2.80, respectively. Black dots correspond to random 

compositions. Open dots with crosses and with horizontal lines correspond to GexAs10Se90-x and 

GexAs20Se80-x system respectively. Open stars correspond to average density for all the glasses over an <r> 

space of 0.1. The solid lines are a guide for the eyes. 

 

The variation of the elastic modulus of GexAsySe100-x-y glasses as a function of mean 

coordination number is shown in Figure 5.3. The Young’s modulus (E) are always 

higher than the shear modulus (G) and bulk modulus (K). The data seem scattered at 
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first glance, the fitting results however suggest the existence of two transition thresholds, 

which may result from the structural changes in glassy networks [191]. 

 

This behavior can be more clearly observed for GexAs10Se90-x and GexAs20Se80-x glasses 

in particular. Figure 5.4. shows that all three elastic constants increase with increasing<r> 

until <r> = 2.50 - 2.55 in both two systems, and then remain fairly constant before 

further increasing at <r> = 2.65. As a consequence, two thresholds can be identified 

simultaneously in these ternary compositions. It is noteworthy that the elastic moduli 

are almost the same for glasses with the same <r>, though the concentration of arsenic 

doubles. The <r> dependence of Poisson's ratio (v) shows an overall downward trend, as 

shown in Figure 5.5. The values of v change between 0.21 and 0.32, which indicates 

that these glasses are compressible. 

 

 
Figure 5.3.  The shear modulus, Young’s modulus and bulk modulus of GexAsySe100-x-y glasses. The solid 

lines correspond to polynomial least-squares fitting results. 
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Table 5.1.  Compositions and respective mean coordination number (<r>), density (ρ), elastic moduli 

and molar volume (Vm) of GexAsySe100-x-y glasses. 

Compositions 
 Ge-As-Se (at%) 

<r> Se-rich/-poor 
(at%) 

ρ 
(g/cm3) 

G 

(GPa) 
E 

(GPa) 
K 

(GPa) 
v Vm 

(cm3/mol) 
11-22-67 
17.5-11-71.5 
11.5-24-64.5 
18-23-59 
22-24-54 
35-15-50 
39-16-45 
5-20-75 
7.5-15-77.5 
10-10-80 
12.5-5-82.5 
5-30-65 
10-20-70 
15-10-75 
7.5-35-57.5 
10-30-60 
12.5-25-62.5 
15-20-65 
20-10-70 
22.5-5-72.5 
10-35-55 
15-25-60 
22.5-10-67.5 
20-20-60 
25-10-65 
30-10-60 
25-20-55 
18-36-46 
21-30-49 
27-18-55 
30-20-50 
35-10-55 
5-10-85 
7.5-10-82.5 
12.5-10-77.5 
17.5-10-72.5 
27.5-10-62.5 
32.5-10-57.5 
22-20-58 
33-20-47 

2.44 
2.46 
2.47 
2.59 
2.68 
2.85 
2.94 
2.30 
2.30 
2.30 
2.30 
2.40 
2.40 
2.40 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.55 
2.55 
2.55 
2.60 
2.60 
2.70 
2.70 
2.72 
2.72 
2.72 
2.80 
2.80 
2.20 
2.25 
2.35 
2.45 
2.65 
2.75 
2.64 
2.86 

+12 
+20 
+5.5 
-11.5 
-26 

-42.5 
-57 
+35 
+40 
+45 
+50 
+10 
+20 
+30 
-10 
-5 
0 

+5 
+15 
+20 

-17.5 
-7.5 
+7.5 
-10 
0 

-15 
-25 
-44 
-38 
-26 
-40 
-30 
+60 

+52.5 
+37.5 
+22.5 
-7.5 
-22.5 
-16 
-49 

4.488 
4.424 
4.495 
4.434 
4.449 
4.441 
4.571 
4.475 
4.429 
4.405 
4.384 
4.538 
4.482 
4.427 
4.450 
4.469 
4.493 
4.450 
4.412 
4.384 
4.471 
4.448 
4.394 
4.441 
4.363 
4.348 
4.425 
4.488 
4.472 
4.424 
4.478 
4.400 
4.390 
4.391 
4.410 
4.422 
4.345 
4.370 
4.430 
4.491 

7.35 
5.94 
7.03 
6.90 
8.39 
8.98 
11.52 
5.60 
5.28 
5.23 
4.84 
6.50 
6.18 
5.92 
7.57 
7.18 
7.01 
7.08 
6.68 
6.38 
6.36 
6.47 
6.93 
6.97 
7.09 
7.24 
7.35 
7.76 
7.51 
8.30 
8.70 
9.35 
4.72 
4.92 
5.54 
6.61 
6.87 
7.65 
6.91 
9.35 

18.38 
15.21 
18.16 
17.75 
21.08 
22.72 
29.32 
14.52 
13.61 
13.63 
12.73 
16.85 
16.01 
15.30 
18.82 
18.10 
18.00 
18.24 
17.17 
16.38 
16.22 
16.71 
17.72 
17.88 
18.09 
18.42 
18.69 
19.06 
18.79 
20.64 
21.99 
22.69 
12.38 
12.90 
14.38 
16.76 
17.56 
19.47 
17.71 
23.74 

12.24 
11.54 
14.51 
13.79 
14.43 
16.08 
21.41 
11.94 
10.76 
11.50 
11.45 
13.76 
13.00 
12.27 
12.25 
12.61 
13.93 
14.07 
13.31 
12.68 
11.98 
13.34 
13.26 
13.67 
13.49 
13.50 
13.61 
11.70 
12.58 
13.38 
15.51 
13.19 
10.95 
11.29 
11.87 
12.06 
13.24 
14.29 
13.37 
17.17 

0.25 
0.28 
0.29 
0.29 
0.26 
0.27 
0.27 
0.30 
0.29 
0.30 
0.32 
0.30 
0.30 
0.29 
0.24 
0.26 
0.29 
0.28 
0.29 
0.29 
0.27 
0.29 
0.28 
0.28 
0.28 
0.27 
0.27 
0.23 
0.25 
0.24 
0.26 
0.21 
0.31 
0.31 
0.30 
0.27 
0.28 
0.27 
0.28 
0.27 

17.24 
17.50 
17.19 
17.34 
17.22 
17.15 
16.59 
17.39 
17.58 
17.69 
17.78 
17.06 
17.30 
17.53 
17.31 
17.26 
17.17 
17.35 
17.52 
17.64 
17.20 
17.31 
17.55 
17.31 
17.64 
17.63 
17.30 
17.02 
17.09 
17.30 
17.03 
17.35 
17.82 
17.78 
17.63 
17.51 
17.68 
17.51 
17.33 
16.94 
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Figure 5.4.  The shear modulus, Young’s modulus and bulk modulus of GexAs10Se90-x and GexAs20Se80-x 

glasses. 

 

 
Figure 5.5.  Poisson’s ratio of GexAsySe100-x-y glasses as a function of mean coordination number. 

Dashed lines are guides to the eyes. 
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5.4 Discussion 

 

Density is an important parameter containing atomic packing information of materials. 

For the GexAs10Se90-x and GexAs20Se80-x glass system, if the arrangement of atoms is the 

same or quite similar, progressively replacing Se (78.96 g/mol) by Ge (72.64 g/mol) 

should lead to a monotonic decrease of molar mass with <r>. From this respect, the 

increase of density with <r> below 2.40 and above 2.70 implies a significant change in 

the topological structure of the glasses. Amorphous selenium where <r> = 2 consists of 

disordered chains and rings [14]. Weak Van der Waals forces act between the chains and, 

therefore, the packing of the structural units is extremely loose. With the addition of 

4-fold coordinated Ge and 3-fold coordinated As, the effect of covalent bonding starts to 

become pronounced. The formation of GeSe4/2 tetrahedral and AsSe3/2 pyramidal 

structural units will result in closer packing and a decrease in the molar volume. The 

local extrema at <r> = 2.40 as shown in Figure 5.2(a) and (b) confirms the presence of a 

topological transition, as expected from rigidity percolation theory. At this point, the 

optimized mechanical stability of the network where the network is isostatic and ideally 

constrained connected with tighter bonding and shorter bond lengths, results in the 

smallest molar volume and a maximum in density. Ge-As-Se glasses with <r> between 

2.40 and 2.67 are normally believed to have two-dimensional layered structural 

segments [58]. In this region, when more Ge and As atoms are incorporated into the 

layers, the formation of rigid structural units are subject to certain specific angles. This 

steric constraint could lead to the expansion of the layered structure, so that the density 

gradually decreases whereas the molar volume increases with further increasing <r>. At 
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<r> ≈ 2.67, another topological threshold occurs where two-dimensional networks 

become stable in three-dimensional space [58]. After that, highly cross-linked structural 

units yield a close packed network, which is responsible for the significant rise and fall 

in density and molar volume respectively. 

 

The elastic properties are often a macroscopic reflection of interatomic bonding and 

connectivity of glass materials. For example, Young’s modulus, which is defined as the 

ratio of the stress to the strain, can be used to measure the stiffness of compositions. The 

shear modulus is more likely to be affected by the bonding energy between atoms. It is 

expected that the bulk modulus increase monotonically with the network dimensionality. 

For Ge-As-Se glasses with low <r>, the networks are composed of large floppy 

domains containing flexible one-dimensional structural units. When applying a stress, 

the chain-like structures in the soft glass matrix are easily deformed at the cost of almost 

no energy. This is reflected in their low values of bulk modulus. As <r> increases, the 

isolated rigid units are gradually interconnected and the network connectivity improves. 

When two-dimensional layered structures have formed, a further increase in the Ge and 

As concentration first modifies the individual segments within the layers. The 

dimensionality of the network, however, remains substantially unchanged. Physical 

properties of these low-dimensional glasses would be mainly affected by weak 

inter-molecular forces, e.g., van der Waals forces between layers. This explains why the 

elastic modulus remains nearly constant between <r> = 2.50 - 2.55 and <r> = 2.65. 

Eventually, the transition from a two-dimensional to three-dimensional network is 

complete at <r> ≈ 2.70, after which fully cross-linked nature of the structure makes it 

http://en.wikipedia.org/wiki/Stress_%28mechanics%29
http://en.wikipedia.org/wiki/Stiffness
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harder to displace the atoms so that the resistance to an applied stress is considerably 

enhanced. Unlike earlier results [52,212], the elastic constants below <r> = 2.40 

decrease steadily with decreasing <r> in the present work. The differences could be 

caused by the presence of 6% - 8% oxygen impurity in previous reported glass samples 

and the complete neglect of van der Waals interactions and dihedral angle forces in the 

initial theoretical calculation. 

 

The Poisson's ratio (v) is the negative ratio of transverse contraction strain to 

longitudinal extension strain in the direction of the applied force. It reflects the 

resistance to which a material opposes volume change when subjected to a shape 

change. It has been found that Poisson's ratio correlates well with the glass network 

connectivity and that the values of v decrease monotonically with an increase in the 

network cross linking [84]. Although the data of v in Figure 5.5 spread over a relatively 

large range, it is worth mentioning that glasses having the predominant chain-like 

features exhibit values higher than 0.3, whereas the highly cross-linked structures 

correspond to a smaller Poisson's ratio (ν < 0.25). There seems to be an indication of 

changes in the way of connecting structural units when <r> passes 2.80. The formation 

of large number of homopolar bonds somehow softens the 3D compact network, leading 

to a small increase in v. 

 

For a network with purely covalent bonding, the rigidity percolation is expected to 

occur at <r> = 2.40. However, the behavior of the elastic modulus of Ge-As-Se glasses 

show some discrepancy between experimental results and the theoretic values as 
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observed in Figure 5.4. The deviation from rigidity percolation theory may be due to the 

contribution from edge-sharing structural units in the glassy network. In Section 3.3.1, 

Raman spectra results confirm that edge-sharing tetrahedral GeSe4/2 units exist in 

Se-rich glasses. The number of angular constraints of these clusters is smaller than those 

for corner-sharing structural units [226], which gives rise to soft elastic properties still 

remaining beyond <r> = 2.40 which postpones the onset of rigidity in the glasses. 

 

5.5 Conclusions 

 

The density and elastic properties of bulk GexAsySe100-x-y glasses covering mean 

coordination number from 2.20 to 2.94 have been investigated. The large glass-forming 

region of the ternary Ge-As-Se system makes it possible to distinguish the topological 

threshold from chemical threshold. No significant evidence of the chemical threshold is 

found in the studied Ge-As-Se glass system consisting of elements with similar atomic 

mass and radius. The density shows, on average, a maximum at <r> = 2.40 and a 

minimum at <r> ≈ 2.65, which underlines the topological effect. The changes in the 

slope of the dependence of density on <r> correlate with floppy-to-rigid transition and 

two dimensional-to-three dimensional phase transition respectively. Two elastic 

transition thresholds are observed simultaneously. The measurements of the elastic 

moduli support the existence of edge-sharing GeSe4/2 structural units in Se-rich glasses 

through observing a slightly upshift in the position of the rigidity transition threshold. It 

is obvious that, mean coordination number is capable of determining some physical 

properties of ternary Ge-As-Se chalcogenide glass system including density, molar 
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volume and elastic constants, however, chemical compositions still can further affect the 

topological order to some extent. 
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Chapter 6 

Optical Properties of Ge-As-Se Glasses 

 

6.1 Introduction 

 

Over the past decade, chalcogenide glasses have been quite widely used as platform for 

ultra-fast all-optical processing due to their high linear refractive indices (2.0 - 3.0 at 

1.55 μm), high third order nonlinear refractive index, n2 (≈ 100 - 1000× silica) and 

femtosecond response time [13,227-230]. Furthermore, in many chalcogenide glasses 

two photon absorption (TPA) at telecommunications wavelengths is negligible and no 

free carrier effects are present. These characteristics provide a distinct advantage for 

third order nonlinear optics compared with materials such as crystalline silicon and 

III-V semiconductors [231-233] where two photon absorption and free carrier effects 

can markedly degrade the nonlinear optical response. For example, one of the 

best-known chalcogenide glasses, As2S3, has been successfully utilized in the form of 

fibres or waveguides for all-optical signal processing [7,111,234- 238] However, As2S3 

has the disadvantages of having only a moderate nonlinearity (≈ 90× fused silica) [19] 

and also suffering from residual photosensitivity even at infrared (IR) wavelengths 

[239]. As a result, better chalcogenide glasses are needed which are more nonlinear and 

display no IR photosensitivity. It has been found that substituting more polarizable Se 

atoms for S will increase the nonlinear refractive index [227-230]. However, this can 

come at the expense of a reduced glass transition temperature, increasing two photon 
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absorption and large photosensitivity. While glass compositions with low 

photosensitivity can be obtained in the ternary Ge-As-Se system [20,170,183], whether 

such photostable glasses exist in other glass systems remains an open question. 

 

Several empirical or semi-empirical models have been proposed to predict the nonlinear 

optical properties of materials. Miller’s rule is the earliest attempt to predict the second 

order nonlinear optical behavior of materials, which states as: χ(2) (ω1, ω2, ω3) = ∆ 

χ(1)(ω1) χ(1)(ω2) χ(1)(ω3) [94], where ∆ is a constant and χ(1) is the linear susceptibility. 

Later, a generalized Miller’s rule was suggested to estimate third order nonlinear optical 

coefficient, however, this relation is not universal and is only applicable for certain 

optical materials like ionic crystals [240]. Soon afterwards Wang proposed a different 

equation to describe the link between the linear and the third-order nonlinear optical 

susceptibilities χ(3), where the estimations are accurate both for gases at low pressures 

and for ionic crystals [241]. On the basis of Wang’s expression, another simple 

empirical relationship suggests that the nonlinear refractive index n2 can be obtained 

from the linear refractive index n0 and Abbé number vd (vd = (nd - 1) / (nf - nc), where nd, 

nf and nc are the refractive index at 587.56 nm, 486.13 nm and 656.27 nm, respectively) 

[242]. It has also been found that nonlinear optical properties can be related to some 

structure parameters, such as anion valency (Za), the coordination number of the 

nearest-neighbor cation (Nc) as well as optical bandgap (Eg
opt) in the material [243,244]. 

 

Many different experimental techniques, such as degenerate four-wave mixing (DFWM) 

[245], the Z-scan technique [13], Mach-Zehnder interferometry (MZI) [246], and 
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third-harmonic generation (THG) [247], have all been applied to determine the linear 

and nonlinear optical properties of chalcogenide glasses at various wavelengths. DFWM 

is especially applicable for thin films owing to its high sensitivity and relatively large 

resonant enhancement. However, DFWM signals may contain a mixture of different 

mechanisms such as electronic, orientational and thermal effects. This differs from THG 

where the sensitivity of the experiments is relatively low, but only electronic 

nonlinearity can be obtained [248]. As for Mach-Zehnder interferometry, it can provide 

information on the time response of optical nonlinearity but requires precise alignment 

of the beams to obtain good quality fringes [249]. 

 

The Z-scan measurement technique was developed by Shiek-Bahae et al. in 1990 [250]. 

It is a single-beam method capable of measuring both the nonlinear refractive index and 

nonlinear absorption coefficient simultaneously. During the experiment (Figure 6.1), the 

sample is moved along the propagation path of a focused Gaussian beam and the 

transmittance of the sample is measured as a function of its position (z) with a finite 

aperture (closed aperture) placed in the far field. In this case, the measured 

transmittance is sensitive to both nonlinear refraction and nonlinear absorption. The 

refractive part of the nonlinearity slightly modifies the phase front of the propagating 

wave so that the focus shifts towards or away from the aperture (depending on the sign 

of the nonlinearity) as the sample is translated and this changes the aperture 

transmission. If the measurement is conducted without an aperture, which is also known 

as open aperture measurement, the effect of nonlinear refraction is eliminated and the 

transmittance curve characterizes the nonlinear absorption of the sample. A reference 
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detector is used to eliminate the possible noise due to laser power fluctuations during 

the scan. After analyzing “closed aperture” and “open aperture” curves, the nonlinear 

refractive index (n2) and nonlinear absorption coefficient (β) can be determined 

separately. 

 

 
Figure 6.1.  Schematic of Z-scan setup 

 

The results of nonlinear measurements for certain chalcogenide glasses are summarized 

in Table 6.1. Unfortunately, the values of nonlinearity reported by these disparate 

methods are not always comparable especially once experimental uncertainties are 

included. Even when the same experimental method is used in different laboratories, 

reported values of the nonlinearity are inconsistent most likely, for example, because of 

uncertainties in estimates of the laser intensity [12,19] as well as extrinsic problems of 

glasses including structural inhomogeneities and non-parallel sample surfaces. Thus, it 

is not always possible to discern accurate trends from the published data. In this study, 

systematic measurements of the optical nonlinearity of a wide range of chalcogenide 

glasses using the Z-scan technique at telecommunications wavelengths were undertaken. 

Whilst a wide range of GexAsySe100-x-y glasses were included, glasses from the 
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Table 6.1.  Nonlinear properties of chalcogenide glasses 

Compositions Wavelength 

(nm) 

n2 

(10-14 cm2/W) 

β 

(10-9 cm/W) 

Method Ref 

As2S3 

 

 

 

 

 

1064 
1550 
1064 
1064 
1250 
1550 

2.5 
0.4 
5.0 

4.3 ± 1.1 
6.5 
5.5 

2 
0.03 
0.08 

0.2 ± 0.05 
0.16 

<0.03 

Z-scan 
Z-scan 
MZI 
MZI 
SRTBC 
SRTBC 

[228] 
[251] 
[246] 
[252] 
[230] 
[230] 

As2Se3 

 

 

 

 
 

1250 
1550 
1064 
1430 
1500 
1064 

30 
23 
18 
10 

12.5 
14 ± 3.5 

2.8 
0.14 
4.5 
0.01 

 
4.4 ± 1.1 

SRTBC 
SRTBC 
Z-scan 
Z-scan 
Z-scan 
MZI 

[230] 
[230] 
[229] 
[229] 
[253] 
[252] 

Ge-As-Se 
 
 
 
 
 

1064 
1430 
1064 
1250 
1550 
1540 

12 - 24 
8.5 
10.2 

13.25 - 30 
11.25 - 15.5 

6 - 24.6 

1.5 - 5.9 
0.01 
10 

0.14 - 7.4 
0.03 - 0.24 

0.4 - 0.5 

Z-scan 
Z-scan 
Z-scan 
SRTBC 
SRTBC 
Z-scan 

[229] 
[229] 
[228] 
[230] 
[230] 
[12] 

Ge-As-S-Se 
 
 

1250 
1550 
1550 

4.75 - 15.25 
3.25 - 9.75 

0.35 

0.04 - 0.24 
<0.01 - 0.06 

0.025 

SRTBC 
SRTBC 
Z-scan 

[230] 
[230] 
[252] 

Ge-Sb-Se 1064 
1550 
1500 
1500 
1064 
1550 

7.2 ± 0.3 - 15 ± 5 
5.3 - 19 

9 
4.29 - 6.22 

7.0±1.2 - 21.2±4.6 
6.5±2.0 - 20.3±3.0 

1.6±0.2 - 4.9±0.6 
0.048 - 0.41 

 
0.0314 - 0.0478 
<0.7 - 21.4 ± 4.1 

0.29 - 1.01 

Z-scan 
Z-scan 
Z-scan 
Z-scan 
Z-scan 
DTA 

[13] 
[254] 
[253] 
[255] 
[172] 
[172] 

 

GexSbySe100-x-y system, some binary glasses (As2S3 and As2Se3) and glasses in which the 

chalcogen was progressively changed from Se to S (Ge11.5As24SxSe64.5-x) were also 

added. By recording the data using a single experimental procedure and normalizing to 

a relatively well-established standard (As2S3), the relative nonlinearities of different 
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glass compositions could be determined accurately which is particularly useful to 

discover trends that identify the best materials for nonlinear photonics. 

 

This chapter, therefore, reports measurements of the nonlinearities of a large number of 

chalcogenide glasses using the Z-scan method at 1550 nm along with their linear indices. 

The spectral dispersion of the nonlinearities of five specific chalcogenide compositions 

(As2S3, Ge11.5As24Se64.5, Ge15Sb10Se75, Ge15Sb15Se70 and Ge12.5Sb20Se67.5) in the range 

of <r> = 2.40 - 2.50 was also investigated for wavelength between 1150 nm and 1686 

nm. The results were used to quantify trends in the value of nonlinearity as the 

composition of the glass was changed and the measured dispersion was compared with 

the predictions of two widely discussed models for scaling of the nonlinearity of direct 

and indirect semiconductors introduced by Sheik-Bahae [ 256 ] and Dinu [ 257 ] 

respectively. The results provide direct insight into optimizing chalcogenide glass for 

third order nonlinear photonics and indicate that there is a upper bound on the value of 

nonlinearity before two photon absorption starts to dominate degrading the nonlinear 

response. 

 

6.2 Experiments 

 

Firstly the linear refractive indices (n0) at 1550 nm were measured using a Metricon 

2010 Prism Coupler to an accuracy of ± 0.001. As shown in Figure 6.2, in this method, 

the sample contacts with the base of a prism by pressure applied through a 

pneumatically-operated coupling head. When the sample and prism are rotated with 

respect to the static laser beam, light strikes the prism and will be usually totally 
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reflected onto the photo-detector until the angle of incidence becomes less than the 

critical angle (θc), at which point the intensity of light reaching the detector drops 

abruptly. Since the index of the prism is known, the index of bulk glass can be then 

determined by the equation: 

θc = arcsin(n / np)                         (6.1) 

 

 
Figure 6.2.  Schematic of prism coupler measurement for bulk material. 

 

The transmission and absorption spectra were recorded using a dual beam Varian Cary 

5000 UV-Vis-NIR spectrophotometer in the wavelength range from 500 to 2500 nm. 

Thickness of the bulk samples was around 2 mm. To measure the optical bandgap 

(Eg
opt), it is necessary to use relatively thin glass samples otherwise the Urbach tail [88] 

dominates the transmission measurements. A hot-pressing technique was, therefore, 

employed to produce thin samples from bulk glasses since polishing was impractical 

and films deposited by physical vapour deposition often have quite different properties 

(and composition) from the bulk. For hot-pressing a small amount (milligram) of bulk 

glass was first heated in an inert nitrogen atmosphere to a set point above the glass 

transition temperature. After the glass became sufficiently soft, it was pressed between 
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polished sapphire windows using weights to control the thickness of the resulting 

sample. Once a uniform layer had formed, the sample was slowly cooled to ambient 

temperature to avoid cracking. The amorphous nature of each film was checked using 

X-ray diffraction (XRD) and no sharp peaks were observed for any composition. The 

absorption spectra of these layers, which were typically 10 - 20 µm thick, were 

measured at room temperature. From these data the optical bandgap of the material was 

extracted using a Tauc plot [87]. 

 

The nonlinearities were measured using 1 - 2 mm thick samples via the z-scan technique. 

The source used for these measurements consisted of ≈ 260 fs pulses at 1550 nm 

generated by a Quantronix Palitra OPA pumped with a Ti: sapphire laser (Clark-MXR 

CPA 2001) at a repetition of 1 kHz. The beam from the Palitra was truncated using an 

aperture to improve its spatial coherence and then focused onto the sample using a 125 

mm focal length lens. The beam transmitted through the sample was intercepted in the 

far field by a rotating scattering screen (to reduce the speckle) and the light distribution 

on the screen was imaged onto a Xenics InGaAs camera. Around 300 frames were 

averaged and then stored for different positions of the sample as it was translated 

through the focus. These stored images could be reconstructed to create a “movie” of 

the z-scan signal and then post-processed to extract the open and closed aperture signals 

in National Instruments (NI) LabVIEW software. Errors resulting from non-parallel 

sample surfaces could be avoided by tracking the beam center throughout the scan. To 

further improve the accuracy of z-scan method, which can suffer from errors due to 

uncertainties in the beam profile or pulse shape, measurements were calibrated using an 



106             6.  Optical Properties of Ge-As-Se Glasses 

As2S3 bulk glass sample as a reference since its nonlinearity is known accurately at 

1550 nm from a wide range of experiments and has a value n2 of (2.9 ± 0.3) × 10-14 

cm2/W [238]. For each sample, a series of open and closed aperture z-scan 

measurements were recorded for different incident intensities with the traces normalized 

against a “zero” power trace which contained distortions introduced by the sample. 

After division of the closed aperture by the open aperture traces, the nonlinear refractive 

index (n2) in the absence of nonlinear absorption was evaluated by: 

0
2

02 eff

n
I L
f λ

π
∆

=                               (6.2) 

where ∆f0 is the on-axis phase shift at the focus (z = 0), λ is the laser wavelength, Leff = 

(1 - e-αL) / α, L is the sample length, α is the linear absorption coefficient, and I0 is the 

peak on-axis intensity at the focus. As nonlinear phase shift is proportional to the 

change in transmittance between the peak and valley in a closed aperture z-scan curve 

(∆Tpv = Tp - Tv), the amplitude of the phase shift can be approximated by a simplified I - 

∆Tpv curve including reflection loss Rl = (n0 - 1)2 / (n0 + 1)2 as a correction factor. The 

slope of the curve against that of curve for As2S3 was then used to obtain the nonlinear 

refractive index of measured sample. 

 

When an incident beam propagates through the sample exhibiting two-photon 

absorption, the change in intensity can be written as: 

2dI I I
dz

α β= − −                           (6.3) 

where α and β are the one and two photon absorption coefficients respectively. The 

solution to Equation (6.3) is given by: 
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0
1 exp( ) exp( )L LI L
T

α β α= +                   (6.4) 

where T is the transmittance of the sample. The linear dependence between 1/T and I0 is 

generally indicative of TPA. Then, the nonlinear absorption coefficient (β) can be 

deduced from fitting open aperture trace to the equation: 

( ) 2 2
0

0

2 2 (1 )
-

eff

T z Z Z
I L

β
∆ +

≈                        (6.5) 

where ∆T(z) is the normalized change in transmittance, and Z0 is the diffraction length of 

the focused beam. The corresponding figures of merit (FOM) for certain compositions 

were calculated using Equation (2.17) described in Section 2.3.3. 

 

6.3 Results 

 

Figures 6.3(a) and (b) show the transmission curve as a function of wavelength for some 

GexAs10Se90-x and GexAs20Se80-x samples, respectively. All glasses showed good 

transparency (60% - 70% transmission) in the near infrared region (1000 - 2500 nm) 

and no absorption bands were observed in this range. It is clear that for the set of 

GexAs10Se90-x, the transmission edges shift towards shorter wavelength as the 

concentration of Ge increases, indicating a monotonic increase of optical bandgap. The 

transmission curves of GexAs20Se80-x, on the other hand, show different behavior with 

increasing Ge content. The cut-on wavelengths display a blueshift as the Ge content 

reaches 20 at%; then the redshift of transmission curves becomes evident with further 

increase of Ge content. These features suggest that a threshold corresponding to the 

maximum bandgap may occur at Ge20As20Se60 (<r> = 2.60) for the GexAs20Se80-x group. 
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Figure 6.3.  Transmission curves as a function of wavelength for (a) GexAs10Se90-x and (b) GexAs20Se80-x 

glasses. The insert graph shows a close-up view of the data. 

 

 
Figure 6.4.  Linear refractive index (n0) of GexAsySe100-x-y glasses as a function of mean coordination 

number at 1550 nm. The red, green, blue, cyan, dark yellow, magenta, pink, violet, orange and wine dots 

correspond to <r> = 2.30, 2.40, 2.45, 2.50, 2.55, 2.60, 2.70, 2.65, 2.70, 2.72 and 2.80, respectively. Black 

dots correspond to random compositions. Open dots with crosses and with horizontal lines correspond to 

GexAs10Se90-x and GexAs20Se80-x system respectively. Open stars correspond to average linear refractive 

index for all the glasses over an <r> space of 0.1. The solid line is a guide for the eyes. 
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Table 6.2.  Compositions and respective mean coordination number (<r>), linear refractive index (n0), 

As/Ge ratio and nonlinear refractive index (n2) of all glass samples. 

Compositions <r> As/Ge 
ratio 

n0 n2 

(10-14 cm2/W) 
Ge12.5As5Se82.5 2.30 0.40 2.493  
Ge7.5As15Se77.5 2.30 2 2.573  
Ge5As30Se65 2.40 6 2.711  
Ge6.25As32.5Se61.25 2.45 5.20 2.728  
Ge17.5As11Se77.5 2.46 0.63 2.518  
Ge11.5As24Se64.5 2.47 2.09 2.634 7.33 
Ge22.5As7.5Se72.5 2.50 0.22 2.464  
Ge12.5As25Se62.5 2.50 2 2.635  
Ge10As30Se60 2.50 3 2.670  
Ge7.5As35Se57.5 2.50 4.67 2.690  
Ge18.75As17.5Se63.75 2.55 0.93 2.548  
Ge15As25Se60 2.55 1.67 2.595  
Ge10As35Se55 2.55 3.50 2.648  
Ge22As24Se54 2.68 1.09 2.575  
Ge27As18Se55 2.72 0.67 2.550  
Ge21As30Se49 2.72 1.43 2.640  
Ge18As36Se46 2.72 2 2.682  
Ge5As10Se85 2.20 2 2.537 7.28 
Ge7.5As10Se82.5 2.25 1.33 2.532 7.28 
Ge10As10Se80 2.30 1 2.530 7.24 
Ge12.5As10Se77.5 2.35 0.80 2.526 7.29 
Ge15As10Se75 2.40 0.67 2.521 6.62 
Ge17.5As10Se72.5 2.45 0.57 2.515 6.41 
Ge20As10Se70 2.50 0.50 2.502 5.08 
Ge22.5As10Se67.5 2.55 0.44 2.492 5.80 
Ge25As10Se65 2.60 0.40 2.472 5.42 
Ge27.5As10Se62.5 2.65 0.36 2.463 5.92 
Ge30As10Se60 2.70 0.33 2.474 5.12 
Ge32.5As10Se57.5 2.75 0.31 2.502 6.26 
Ge35As10Se55 2.80 0.29 2.550 5.90 
Ge10As20Se70 2.40 2 2.607 8.58 
Ge15As20Se65 2.50 1.33 2.588 7.48 
Ge16.67As20Se63.33 2.53 1.20 2.576 6.84 
Ge20As20Se60 2.60 1 2.544 4.88 
Ge22As20Se58 2.64 0.91 2.541 5.62 
Ge22.5As20Se57.5 2.65 0.89 2.541 6.52 
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Ge25As20Se55 2.70 0.80 2.554 6.90 
Ge30As20Se50 2.80 0.67 2.616 7.31 
Ge7.5Sb10Se82.5 2.25 - 2.628 10.16 
Ge10Sb10Se80 2.30 - 2.624 9.03 
Ge12.5Sb10Se77.5 2.35 - 2.610 8.00 
Ge15Sb10Se75 2.40 - 2.598 8.16 
Ge17.5Sb10Se72.5 2.45 - 2.589 9.69 
Ge20Sb10Se70 2.50 - 2.576 6.65 
Ge22.5Sb10Se67.5 2.55 - 2.558 5.95 
Ge25Sb10Se65 2.60 - 2.533 7.17 
Ge27.5Sb10Se62.5 2.65 - 2.570 6.13 
Ge30Sb10Se60 2.70 - 2.625 7.05 
Ge15Sb15Se70 2.45 - 2.690 10.34 
Ge17.5Sb15Se67.5 2.50 - 2.670 8.00 
Ge20Sb15Se65 2.55 - 2.647 7.51 
Ge20.83Sb15Se64.17 2.57 - 2.635 7.12 
Ge22.5Sb15Se62.5 2.60 - 2.661 7.95 
Ge25Sb15Se60 2.65 - 2.713 8.92 
Ge10Sb20Se70 2.40 - 2.821 14.29 
Ge12.5Sb20Se67.5 2.45 - 2.803 12.70 
Ge15Sb20Se65 2.50 - 2.778 9.79 
Ge16.67Sb20Se63.33 2.53 - 2.756 10.73 
Ge17.5Sb20Se62.5 2.55 - 2.768 10.82 
Ge20Sb20Se60 2.60 - 2.819 13.42 
Ge22.5Sb20Se57.5 2.65 - 2.863 14.89 
Ge11.5As24S64.5 2.47 - 2.265 2.08 
Ge11.5As24S48.375Se16.125 2.47 - 2.356 2.82 
Ge11.5As24S32.25Se32.25 2.47 - 2.446 3.73 
Ge11.5As24S16.125Se48.375 2.47 - 2.539 5.46 
As2S3 2.40 - 2.430 2.92 
As2Se3 2.40 - 2.837 12.72 

 

The linear refractive index (n0) of all the glass samples at 1550 nm and the 

corresponding mean coordination number <r> are shown in Table 6.2. The dependence 

of n0 and <r> for GexAsySe100-x-y glasses are illustrated in Figure 6.4. The trend of this 

graph is very similar to that of density variation with <r> in Figure 5.1. The data exhibit 

notable scatter but if the linear refractive index of the glasses are averaged over a mean 
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coordination number space of 0.1, a global trend towards a maximum at <r> = 2.45 and 

a minimum at <r> = 2.65 is revealed as shown by the solid line. When the concentration 

of As was fixed, increasing the Ge content led initially to a decrease in n0, followed by a 

marked increase when <r> exceeds 2.65. Furthermore, it has been found that the n0 

correlates to the As/Ge ratio as shown in Figure 6.5. Roughly speaking, the higher the 

ratio of As content to Ge content is, the higher the refractive index. These provide direct 

evidence that mean coordination number plays an important role in determining the 

refractive index of Ge-As-Se glasses. The results about the correlation between mean 

coordination number and the refractive index in present GexSbySe100-x-y glasses were 

published elsewhere [223,258]. 

 

 
Figure 6.5.  Linear refractive index of GexAsySe100-x-y glasses as a function of the ratio of As content to 

Ge content. The solid line is a guide for the eyes. 

 

Figure 6.6 shows typical normalized closed aperture and open aperture transmittance 

curves for Ge11.5As24Se64.5 at 1550 nm for three different intensities, from 0.56 GW/cm2 
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to 2.02 GW/cm2. As the beam intensity increases, the peak transmittance of the closed 

aperture increases while the valley decreases, indicating an increase in nonlinear phase 

shift. The open aperture traces show no sign of nonlinear absorption. The nonlinear 

refraction values of GexAsySe100-x-y glasses as well as comparative results on 

GexSbySe100-x-y system, As2S(Se)3 and Ge11.5As24SxSe64.5-x at the telecommunication 

wavelength of 1550 nm are presented in Table 6.2. Nonlinearities around 100 - 800 

times those of fused silica can be achieved. On average, the glasses in the Ge-Sb-Se 

system have higher nonlinearities than those in the Ge-As-Se system for the same As(Sb) 

concentration. The nonlinearity of Ge-As-S-Se quaternary glasses increases steadily as 

Se is substituted for S. The nonlinear refractive index of As2Se3 is approximately four 

times as large as that of As2S3 glass, which is consistent with previous reports [7]. No 

significant correlation between n2 and <r> was found in the Ge-Sb-Se system. However, 

it is of interest to find that the average values of the nonlinear refractive index for 

Ge-As-Se glasses appear to have a global minimum around <r> = 2.65 (Figure 6.7). 

 

The optical bandgap, Eg
opt, is estimated by well-known Tauc relationship, which 

expressed as Equation (2.11). The variations of (αhv)1/2 with hv depicted in Figure 6.8 

show good linearity over a wide range of photon energies, which indicates that studied 

compositions obey the rule of indirect allowed transition. The optical band gap Eg
opt is 

determined by extrapolating the linear portion of the curve to the horizontal axis which 

(αhv)1/2 = 0. The estimated values of Eg
opt for five selected samples are listed in Table 

6.3. It is evident that As2S3 glass has the widest optical bandgap, and the smallest value 

is obtained in Ge12.5Sb20Se67.5. 
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Figure 6.6.  Normalized transmittance obtained from closed aperture and open aperture Z-scan 

measurement for Ge11.5As24Se64.5 for different intensities at 1550 nm. The open circles and squares are 

experimental data and the solid lines are theoretical fitting. 

 

 

Figure 6.7.  Nonlinear refractive index (n2) as a function of mean coordination number (<r>) for 

GexAsySe100-x-y system. Open stars correspond to average values of nonlinear refractive index over an <r> 

space of 0.1. The solid line is a guide for the eyes. 
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Figure 6.8.  Plots of (αhv)1/2 versus hv for five films. 

 

 
Figure 6.9.  (a) Typical open aperture traces and their corresponding fit to a numerical model for 

Ge12.5Sb20Se67.5 for different intensities at a wavelength of 1250 nm. (b) The inverse of transmittance for 

Ge12.5Sb20Se67.5 is plotted against irradiance at different wavelengths. Theoretical fits are shown in solid 

lines. 

 

Figure 6.9(a) shows a series of normalized open aperture traces for Ge12.5Sb20Se67.5 at a 
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wavelength of 1250 nm which exhibits the most distinct nonlinear absorption of the five 

selected samples. An obvious reduction in transmittance at the focus is noted with 

increasing of excitation intensity, implying an increase in the nonlinear absorption. In 

order to obtain reliable nonlinear absorption data, the reciprocal of transmittance 1/T (at 

the focus of open aperture traces) was plotted as a function of the peak on-axis 

irradiance for this sample for different wavelengths as shown in Figure 6.9(b). The 

inverse transmittance increases with the incident light intensities. The linear intensity 

dependent characteristic confirms that two-photon absorption is the dominant nonlinear 

absorption process at these wavelengths. By applying fitting theory based on Equation 

(6.5), the nonlinear absorption coefficient, β, could be deduced from these open aperture 

Z-scan data. Table 6.3 summarizes the wavelength dependent nonlinear optical 

parameters of the five selected glasses for which bandgap measurements were made 

from pressed films. 

 

It is evident from Table 6.3 that n2 and β both decrease with increasing wavelength. The 

large nonlinear refractive indices in Ge-Sb-Se samples appear at the cost of increasing 

nonlinear absorption. For As2S3 glass, within experiment limitation, no nonlinear 

absorption was observed at any wavelength. Similarly nonlinear absorption was 

negligible for Ge11.5As24Se64.5 and Ge15Sb10Se75 glasses at the telecommunication 

wavelength around 1550 nm. The figures of merit for As2S3, Ge11.5As24Se64.5 and 

Ge15Sb10Se75 are much higher than 10 at 1550 nm, indicating that these glasses satisfy 

the criterion for all-optical devices mentioned in Section 2.3.3. 
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Table 6.3.  Compositions, optical bandgap (Eg
opt), nonlinear optical properties (n2, β and FOM) of five 

selected chalcogenide glasses. 

Compositions Eg
opt  

(eV) 
Wavelength 

(nm) 
n2 

(10-14 cm2/W) 
β 

(10-9 cm/W) 
  FOM 

 
 

As2S3 

 
 

2.22 

1150 
1250 
1350 
1450 
1550 
1686 

4.33 
3.67 
3.50 
3.23 
2.85 
2.79 

< 0.01 
< 0.01 
< 0.01 
< 0.01 
< 0.01 
< 0.01 

> 30 
> 25 
> 24 
> 22 
> 20 
> 19 

 
 

Ge11.5As24Se64.5 

 
 

1.75 

1150 
1250 
1350 
1450 
1550 
1686 

11.8 
10.4 
8.83 
7.67 
7.90 
6.83 

1.20 
0.35 
0.11 

< 0.01 
< 0.01 
0.10 

1 
2 
6 

> 57 
> 59 
4 

 
 

Ge15Sb10Se75 

 
 

1.72 

1150 
1250 
1350 
1450 
1550 
1686 

12.5 
9.00 
7.67 
8.30 
7.50 
7.33 

1.27 
0.35 
0.12 
0.05 

< 0.01 
< 0.01 

1 
2 
5 
11 
> 52 
> 51 

 
 

Ge15Sb15Se70 

 
 

1.62 

1150 
1250 
1350 
1450 
1550 
1686 

15.5 
14.9 
13.7 
12.2 
10.0 
10.0 

5.94 
2.78 
0.81 
0.49 
0.35 
0.27 

0.2 
0.4 
1 
2 
2 
2 

 
 

Ge12.5Sb20Se67.5 

 
 

1.57 

1150 
1250 
1350 
1450 
1550 
1686 

20.3 
17.5 
13.5 
12.0 
11.4 
9.40 

7.44 
3.05 
0.94 
0.45 
0.37 
0.22 

0.2 
0.5 
1 
2 
2 
3 

 

Typical traces for the frequency dependence of n2 for these five glasses are shown in 

Figure 6.10(a), which shows a monotonic increase with normalized photon energy 

hυ/Eg
opt. This trend is consistent with previous studies for As-S-Se, Ge-As-S-Se and 

Ge-Sb-Se glasses [13,230]. Figure 6.10(b) shows that β also increases monotonically 
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with hυ/Eg
opt and the threshold for observable two photon absorption is around hυ/Eg

opt 

= 0.5 as expected. 

 

 
Figure 6.10.  Plot of n2 (a) and β (b) as a function of normalized photon energy for the glasses listed in 

Table 6.3. The solid lines are a guide for the eyes. 

 

6.4 Discussion 

 

6.4.1 Linear optical properties of Ge-As-Se glasses 

 

Predicting the exact value of the linear refractive index of a glass is complicated. 

According to the most widely used Lorentz-Lorenz equation, the refractive index n0 can 

be described by the following expression [85]: 

2
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2
0

1 =
2 ( )

m m

m

n R R
Mn V
ρ

−
=

+
                      (6.6) 

where Vm is the molar volume; M is the mean atomic weight; ρ is the density; Rm is the 

molar refraction and has a clear connection with polarizability α by introducing the 
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Avogadro constant NA as [85]: 

4
3

A
m

NR π α
=                         (6.7) 

At 1550 nm where the refractive index has been measured in this work, the contribution 

to polarizability is almost entirely from electronic transitions. The magnitude of α 

generally depends on the number of electrons. Generally speaking, the greater the 

number of electrons in the molecule, the larger is its electronic polarizability. In addition, 

the relationship between polarizability and unshared electron pairs cannot be neglected. 

Lone-pair electrons are easier to distort than those electrons shared in the covalent 

bonds, causing an increase in polarizability. The molecular shapes also influence 

polarizability. Elongated chains have electrons that can be easily deformed; therefore 

they are more polarizable than compact and symmetrical molecules. For the 

GexAsySe100-x-y system, it is normally assumed that every As and Se atom has one and 

two unshared electron pairs respectively, while Ge atom has none. With the increase of 

atomic percentage of germanium and arsenic, the number of total electrons and 

lone-pair electrons will decrease gradually. However, glasses with higher <r> tend to 

form more rigid and tight 3D structure, which would be partially offset the reduction in 

polarizability. Considering the trend of molar volume with <r> discussed in Chapter 5 

and all factors mentioned above resulting in the variation of molar refraction (or 

electronic polarizability), it is somewhat natural to understand the changes in n0 with <r> 

and As/Ge ratio as shown in Figure 6.4 and 6.5 respectively. 
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6.4.2 Nonlinear optical properties of Ge-As-Se glasses 

 

The lone electron pairs theory has been successfully used to explain the connection 

between the nonlinear refractive index and the glass structure for binary chalcogenide 

systems [228]. It has been suggested that for GexSe100-x glasses, the concentration of 

lone electron pairs and nonlinear refractive index n2 both decrease with the increase of 

germanium amount. A large number of lone electron pairs appear to be the key to obtain 

high nonlinearities in this system. However, no such correlation has been found in this 

study and in the Ge-Sb-S-Se system bringing such a conclusion into doubt [13]. Thus, 

the influence of lone electron pairs is inconclusive. Certainly this parameter seems not 

to be the predominant factor determining nonlinear properties of ternary or 

multicomponent chalcogenide systems. 

 

As is evident from Table 6.2, glasses with higher linear refractive indices also have the 

higher nonlinearities. According to the generalized Miller’s rule, the third-order 

susceptibility χ(3) (esu) is given by [94,240]: 

( ) ( ) ( ) 422 4 03 12 0
-1

= = 
0.0395 4π

nn n A Aχ χ
 

   =     
                 (6.8) 

where A is assumed to be a constant. Figure 6.11(a) plots the χ(3) as a function of χ(1) and 

demonstrates that a good linear relation is achieved using a value of 3×10-10 for A. This 

value is consistent with that reported for ionic crystals [241], various oxide glasses, 

optical crystals [259], and some chalcogenide glasses [244]. Based on the above fitting 

result, Equation (6.8) can be transformed into: 
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The relationship between the nonlinear refractive index (n2) and linear refractive index 

(n0) of the samples is shown in Figure 6.11(b). It is worth noting that in the 

measurements, some errors exist because of imperfections in the samples which could 

account for some of the scatter in the data. Nevertheless, the scatter represents only 

about ± 10% uncertainty in the experimental values of nonlinear refractive index which 

is comparable with or smaller than the uncertainties in most experiments especially 

when comparing data from different laboratories. Thus, it is safe to conclude on the 

basis of these data that the generalized Miller’s rule is a rather effective and, therefore, 

probably the best predictor of the relative nonlinear coefficients of chalcogenide glasses, 

at least at wavelengths where linear and nonlinear absorption is small. 

 

 

Figure 6.11.  (a) The variation of the third order nonlinear susceptibility (χ(3)) as a function of linear 

susceptibility (χ(1)). Solid line is the theoretical fitting curve basing on Equation (6.8). (b) Plot of the 

nonlinear refractive index (n2) as a function of linear refractive index (n0) and the theoretical fitting curve 

according to Equation (6.9). 
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Chalcogenide glasses are regarded as amorphous semiconductors, whose nonlinear 

properties depend greatly on the optical bandgap Eg
opt. For direct gap semiconductors, 

universal relationships for predicting bound-electronic nonlinearities have been 

developed by Sheik-Bahae et al. [256]. This two-parabolic-band model provides 

information about the dispersion, band-gap scaling as well as the relation between the 

nonlinear refractive index and two-photon absorption through Kramer-Kronig (K-K) 

transformation. The comparatively simple yet accurate expression can be given as: 

2 2 4
0

( )
( )opt opt

g g

AG hn
n E E

n
=                      (6.10) 

2 3
0

( )
( )opt opt

g g

BF h
n E E

nβ =                      (6.11) 

where A and B are both material-independent constants; G(hv/Eg
opt) and F(hv/Eg

opt) are 

both dispersion functions. Both n2 and β depend strongly on Eg
opt, while the 

dependences of n2 and β upon n0 become much less predominant. It has been indicated 

that when normalized photon energy (hv/Eg
opt) approaches 0.53 where two photon 

absorption starts to occur, the dispersion function G is greatly enhanced which gives rise 

to maximum value of n2. At the same time, the function F shows a broad peak at hυ/Eg
opt 

≈ 0.7 and β reaches its maximum. A different model was proposed by Dinu [257] for the 

case of indirect gap semiconductors where the situation is somewhat more complex. 

The spectral dependences of nonlinear optical properties show that the nonlinear 

refractive index is always positive below the indirect bandgap and has a maximum 

when hυ/Eg
opt ≈ 0.65. Compared to direct gap semiconductors, the dispersion of two 

photo absorption is reduced where β passes through a maximum slightly above the 

indirect bandgap at hυ/Eg
opt ≈ 7/6. 
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To compare our data with the theoretical nonlinear dispersion spectral presented in 

previous studies [256,257], the experimental values for n2 and β were multiplied by 

factors of n0
2(Eg

opt)4 and n0
2(Eg

opt)3 and are replotted in Figure 6.12(a), (b) respectively. 

Clearly the scaled values of n2 as a function of hυ/Eg
opt neither shows any sign of the 

maximum at hυ/Eg
opt ≈ 0.53 predicted by the Sheik-Bahae model (dashed line), nor 

extends far enough to confirm the existence of the maximum around 0.65 as analyzed 

by the Dinu model (solid line), although in most respects the experimental data shown 

in Figure 6.12 are well located around the theoretical curve for indirect semiconductors 

(within a standard deviation of 12%). The residual scatter in the data, especially in 

Figure 6.12(a), could easily originate from uncertainty in the value of the optical 

bandgap. Since even using thin samples, the influence of tail states due to disorder and 

defects is difficult to eliminate from the Tauc plots and neither of two models takes such 

states into account. The dispersion of Kerr nonlinear coefficient and two photon 

absorption coefficient may not exactly correspond to either of the published models, the 

overall feature shown in Figure 6.12, however, do suggest that it is possible to predict 

the magnitude of third-order nonlinear optical parameters (n2 and β) in chalcogenide 

glasses by a general relationship between the photon energy (hv), optical bandgap (Eg
opt) 

and linear index (n0). Meanwhile, caution should be exercised when this relation is 

applied to estimate nonlinearities. Since different methods are used to define the optical 

bandgap of chalcogenide glasses [13,19,230], this sometimes can cause considerable 

discrepancy between the theory and measurements. We stress that accurate 

measurements using Tauc plots in thin samples are essential to reveal the trends in 

Figure 6.12. 
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Figure 6.12.  (a) Normalized nonlinear refractive index, n2n0

2(Eg
opt)4, plotted as a function of normalized 

photon energy. (b) Normalized two photon absorption, βn0
2(Eg

opt)3, plotted as a function of normalized 

photon energy. The solid line is fitting according to Dinu’s model [257] and the dashed line is Sheik- 

Bahae’s model [256]. 

 

For nonlinear devices, a high figure of merit, equivalent to a large nonlinear refractive 

with minimal absorption is preferable. As shown in Figure 6.12, β is negligible when 

hυ/Eg
opt ≤ 0.5 for both experimental and theoretical results; therefore it is expected that 

chalcogenide glasses with Eg
opt ≥ 1.65 eV are suitable for signal processing in the 

telecommunications band (1500 - 1550 nm). Table 6.3 suggest that As2S3, 

Ge11.5As24Se64.5 and Ge15Sb10Se75 glasses appear to be the best candidates for nonlinear 

photonics operating at optical communication wavelengths, since figures of merit for 

these glasses are much higher than 10 at 1550 nm which satisfies the criterion for use in 

all-optical processing devices. It also suggests that there will be a limit to the 

nonlinearity that can be obtained since in general the optical bandgap becomes smaller 

as the linear (and nonlinear) index increases. Thus, it becomes impossible to obtain the 
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highest nonlinear index without strong two-photon absorption. In practice this appears 

to limit the maximum nonlinearity of the chalcogenides for all-optical processing at 

telecommunications wavelengths to about 10-13 cm2/W. 

 

6.5 Conclusions 

 

The linear and nonlinear optical properties of a wide range of chalcogenide glasses have 

been systematically studied. The linear refractive indices (n0) of these glasses are 

closely correlated to their molar volumes as well as electronic structures which are 

sensitive to composition. A simple but very good estimate of nonlinear refractive indices 

n2 can be obtained by easily measuring n0 and the semi-empirical Miller’s rule is 

probably the best way of predicting the nonlinearity of chalcogenides. The dispersion of 

the nonlinearities do not seem to reproduce some of the more pronounced details of the 

direct gap semiconductor model introduced by Sheik-Bahae but is quite consistent with 

the Dinu model for indirect gap semiconductors. It has been found that higher optical 

nonlinearities of chalcogenide glasses may correlate intrinsically with their smaller 

optical bandgap. Ge11.5As24Se64.5 and Ge15Sb10Se75 glasses show larger nonlinear 

refractive index with negligible nonlinear absorption at the telecommunication 

wavelengths. The optimized figures of merit demonstrate that these compositions have 

great potential for all-optical switching and processing. 
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Chapter 7 

Conclusions and Future Work 

 

7.1 Summary of results 

 

The work presented in this thesis aimed to understand how the chemical compositions 

and mean coordination numbers can affect the structure and physical properties of 

ternary GexAsySe100-x-y bulk chalcogenide glasses, and ultimately to identify the best 

materials for photonic devices. 

 

In Chapter 3, two experimental techniques, viz. Raman scattering and Extended X-ray 

Absorption Fine Structure spectroscopy were employed to investigate structure of 

Ge-As-Se compositions. It was found that each constituent atom follows the 8-N rule, 

suggesting that the coordination numbers of Ge, As, Se are 4, 3 and 2 respectively. 

Selenium chains and ring-like molecules are the dominant structural units in Se-rich 

glasses with lower mean coordination number <r>, which follows chemically ordered 

network model. With increasing of germanium and arsenic concentrations, the length of 

selenium chains is reduced and ring-like molecules are broken as they are progressively 

crosslinked by atoms having higher coordination numbers. GeSe4/2 tetrahedral and 

AsSe3/2 pyramidal structural units become the backbone of the network, leading to 

increased network dimensionality from 1D chains type of structures into a 3D-like 

continuous network. When there are not enough Se atoms to covalently bond to Ge and 
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As atoms, As-As bonds are the first homopolar bonds to form in the slightly and 

moderately Se-poor glasses with higher <r>. The existence of arsenic rich clusters does 

not destroy the connectivity of network. It seems that chemically ordered network 

model fails to predict atomic bonding in Se-poor glasses.  

 

In Chapter 4, the glass transition temperature Tg, the activation energy for enthalpy 

relaxation Ea and fragility index m of Ge-As-Se system have been investigated by 

Differential Scanning Calorimetry (DSC). Tg monotonically increases as the values of 

mean coordination number <r> change from 2.20 to 2.86, which indicates an increase in 

structural rigidity and bond strength. Meanwhile, there is no evidence of intermediate 

phase. Activation energy shows a single minimum at <r> = 2.40 but no clear relation to 

the deviation from stoichiometry. The trend in the fragility index, however, shows an 

opposite behavior. A net minimum of the fragility index is found for stoichiometric 

compositions while no clear tendency is obtained as a function of <r>. 

 

In Chapter 5, the elastic properties (the shear modulus G, Young’s modulus E, bulk 

modulus K and Poisson’s ratio v) of Ge-As-Se chalcogenide have been investigated in 

depth. The variation of density ρ and molar volume Vm as a function of mean 

coordination number <r> both show local extrema at <r> = 2.40 and <r> ≈ 2.65, which 

correspond to rigidity percolation threshold (floppy to rigid transition) and structural 

dimensionality threshold (2D to 3D transition) respectively. The dependence of elastic 

moduli on <r> shows two transition thresholds as well, although there are minor 

differences in values of <r>. This implies that elastic properties of Ge-As-Se system are 
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more sensitive to the structural characteristics of medium range order. 

 

In Chapter 6, the variation of averaged linear refractive index n0 with mean 

coordination number <r> in Ge-As-Se system follows the same changing trend as 

density, with a local maximum at <r> = 2.45 and a minimum at <r> = 2.65. It was found 

that electronic polarizability, density and structural configuration of glasses all 

contribute to changes in the linear refractive index. The result shows that estimation of 

the linear refractive index of chalcogenide glasses from other physical parameters is 

practicable. The measured values of nonlinear refractive index n2 at 1550 nm are in 

agreement with the semi-empirical Miller’s rule, implying that glasses with high linear 

refractive index are expected to have high nonlinear refractive index. Substituting 

antimony for arsenic into the glass matrix will increase the third order nonlinearity but 

reduce the optical bandgap accompanied by significant two-photon absorption. The 

dispersion of normalized real and imaginary part of the nonlinearity seems to fit the 

indirect gap semiconductors models to a large extent, which could be helpful for 

obtaining desirable nonlinearities for various optical device applications. 

 

The main questions posed in Section 1.2 as the objectives of this study, at last, can be 

briefly answered below: 

 

1. How do chemical compositions and structures affect variations of different 

physical properties within Ge-As-Se system? 

 The stoichiometric or near stoichiometric Ge-As-Se compositions containing 
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small amount of Se-Se homopolar bonds exhibit the lowest values of fragility 

index. The existence of layer-like structures in Ge-As-Se system seems to have 

little effect on their elastic constants. As/Ge ratio can directly affect the 

changes of linear refractive index and correspondingly shows indirect effects 

on third-order nonlinearity of materials. 

2. Which factor, chemical effects or topological effects, is more effective in 

controlling the diverse physical properties of ternary Ge-As-Se glasses? 

 The fragility of Ge-As-Se chalcogenide system appears to be effectively 

controlled by the chemical effects. The density, molar volume, elastic 

constants, linear and nonlinear refractive index of Ge-As-Se glasses, however, 

are all predominantly determined by the topological effects. 

3. Is it possible to predict any property changes in Ge-As-Se glass family? 

 It is quite clear that the variations of mechanical and optical properties of 

Ge-As-Se glass family are highly predictable due to their close relationships 

with the mean coordination number. 

4. What would be the probable applications of these bulk materials in the coming 

decades? 

 Since strong glass formers possess covalently bonded network with high 

resistance against structural degradation, the stoichiometric and slightly 

Se-rich (≤ 10%) GexAsySe100-x-y chalcogenide glasses with mean coordination 

number between 2.45 and 2.50 seem to be the most potential compositions for 

application in photonics. Meanwhile the present results suggest that, some 

compositional selection criteria for Ge-As-Se chalcogenide glasses to be used 
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in photonic devices should also be met including high glass transition 

temperature (Tg  > 200°C), the high ratio of As to Ge (As/Ge > 1) and large 

figures of merit (FOM > 10). 

 

7.2 Suggestions for future work 

 

Though the structure of chalcogenide glasses have been studying for decades, the 

atomic packing in these materials is still not well understood, even for some simple 

binary chalcogenides. Most of the structural theories or models, unfortunately, can be 

merely applied to the limited chalcogenide systems. Meanwhile the existence of 

intermediate phase as characterized by vanishing of non-reversing enthalpy (∆Hnr) of Tg 

is also arguable. For these reasons, structural analysis should be further conducted both 

experimentally and numerically. More sensitive experimental techniques, such as X-ray 

photoelectron spectra and nuclear magnetic resonance spectra, along with the practical 

simulation methods can be used to get precise details of the local chemical and 

geometric environment surrounding each atom in Ge-As-Se chalcogenide glasses. The 

more universal structural models thus can be developed for reliable glass property 

predictions. 

 

For Ge-As-Se glasses, several other important physical properties, including hardness 

and thermal conductivity, need to be studied afterwards. Meanwhile, the similar 

systematic studies of arsenic-free chalcogenide systems like Ge-Sb-Se and Ge-Sb-Se-Te 

on their structural, thermal, mechanical and optical properties are significant and 
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necessary, since arsenic is a toxic element and arsenic-containing glasses must be 

avoided in some applications for health and safety concerns. The results of the 

investigations are not only a complement to the glass property databases but also vital 

for designing and fabricating future miniaturized chalcogenide-based devices. In 

addition, conventional methods, for example thermal evaporation, may not entirely 

suitable for producing highly-integrated devices with complex structures or particular 

patterns any more. Thus, further work should also focus on the development and 

improvement of fabrication techniques.
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