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ABSTRACT 

Chalcogenide compounds have gained considerable research interest in the recent past 

owing to their capability to transform from an amorphous to crystalline phase and 

exhibit entirely different electrical properties that can be applied in building new class 

of memories such as phase-change memories, programmable metallization cells and 

cross-point devices. The present thesis is focussed on the study of the electrical 

switching behaviour and thermal properties of Te-based ternary chalcogenide glassy 

alloys to understand the effect of metallic dopants on switching voltages and their 

thermal characteristics. A novel approach to prepare chalcogenide glassy alloys has 

been discussed. In this work, two series of chalcogenide systems, namely Ge-Te-Sn 

and Si-Te-Bi were chosen to study the electrical and thermal properties of these 

systems. I-V characteristic studies revealed that all the samples prepared had a smooth 

memory type switching property. Scanning electron microscopy (SEM) studies on 

pre- switched and post switched samples revealed the morphological changes on the 

surface of the sample such as the formation of the crystalline filament between two 

electrodes during switching. Furthermore, the studies on the sample thickness and 

temperature dependence on switching voltages revealed the nature of switching 

mechanism. 

Differential scanning calorimetric (DSC) studies have been undertaken for the thermal 

analysis of Ge-Te-Sn and Si-Te-Bi chalcogenide samples. We have investigated the 

crystallization kinetics of prepared chalcogenide glassy systems. Thermal parameters 

such as change in specific heat (∆Cp), fragility index (F), thermal stability (∆T), 

enthalpy (∆Hc) and entropy (∆S) are deduced to interpret distinct material behaviour 

as a function of composition. Structural evaluation like thermal devitrification studies 

and morphological changes elucidate on restricted glass formability of the Te-based 

chalcogenide glass system. Finally, the relationship has been established between the 

thermal parameters and electrical switching characteristics.  

Keywords: Chalcogenides, Electrical switching, Metallicity factor, Differential 

scanning calorimetry (DSC), Thermal devitrification studies.   
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CHAPTER 1 

INTRODUCTION 

This chapter outlines the fundamental aspects of amorphous semiconductors and 

explains the nature of glassy state and glass forming ability. This chapter also gives 

an account of electrical switching phenomenon and its correlation with thermal 

properties. It is then followed by the literature survey. The scope of the present thesis 

and objectives are mentioned. 

1.1   BACKGROUND AND MOTIVATION 

The field of amorphous and disordered materials technology constitutes an integral 

part of Materials Science. Due to its significant impact on the largest and most 

fundamental areas of global economy, namely the information and energy, this field 

has been receiving increasing attention since the past few decades. The properties of 

amorphous and disordered materials enable their use in devices for encoding, 

switching, transmission and information storage. The first demonstration of switching 

and memory devices dating back half a century was based on the amorphous 

semiconductors known as chalcogenide glasses (Ovshinsky 1968a). These glassy 

chalcogenide semiconductors exhibit a scientifically interesting and technologically 

important phenomenon known as Electrical Switching which has applications in areas 

such as information storage, power control, etc.(Asokan and Lakshmi 2012). 

Information storage devices based on chalcogenides are generally known as phase 

change memory (PCM) devices. PCM materials exist in at least two structurally 

distinct solid phases: amorphous and one (or more) crystalline phase and they store 

information in these phases (Lencer et al. 2011). 

It is worth noting that the effects of electrical switching in chalcogenide glassy 

semiconductors have been actively investigated since the beginning of the 1960s. The 

beginning of these studies was the discovery of the switching effect by B. Kolomiets 

and E. Lebedev from the Physico-Technical Institute (Leningrad) in 1960. Ovshinsky 

was the first to propose that memory effect is related to crystallization. Over the past 

four decades, attention has been devoted to the material properties of Te - based 

binary and ternary chalcogenide compounds. Although  electrical switching has been 



Chapter 1 

  

2 

 

discovered in the year 1960, it has been exploited of late for the development of non-

volatile RAM (Reinberg 1998). Rewritable optical storage (CD-RW) introduced in 

the year 1996 (Kato et al. 1999) holds its position even now in the form of Blu-ray 

disc format (BD-RE). The phase change memory emerges to be the most promising 

next generation semiconductor technology due to its multi-bit capability, higher 

scalability, higher endurance in read/write operations and lower cost and 

compatibility over existing metal oxide semiconductor technology (Maimon et al. 

2001; Zhou 2001). Chalcogenide materials find use in many of the applications which  

have been shown in the Figure 1.1. 

 

Figure 1.1  Applications of chalcogenide materials 

Apart from many of these applications, there exists a wide scope for investigation of 

switching mechanisms involved in understanding phase change materials. Studies on 

electrical switching and thermal properties help us in identifying newer chalcogenide 

glasses which could be used for PCM applications. In order to synthesize suitable 

memory materials, selection of proper compositions is essential. This can be achieved 

by studying the compositional dependence of electrical switching parameters and 

investigating the correlation between switching behavior and other material properties 

such as thermal properties, glass forming ability, activation energy, etc. 
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1.2   GENERAL PROPERTIES OF AMORPHOUS MATERIALS  

Amorphous or non-crystalline solids represent a unique class of structurally 

disordered materials. They differ from their crystalline counterparts by the absence of 

long range periodicity. However, one finds close structural similarities between 

crystalline and non-crystalline materials, particularly in the nearest neighbor around 

each atom (Elliott 1991; Zallen 2008). Hence, amorphous materials are known as 

disordered materials and disorder implies a defective order and not complete 

randomness. Though there is no long range order (LRO) present in the amorphous 

solids, they possess a high degree of short range order (SRO) (Elliott 1991). Long 

range periodic constraints require careful and controlled preparative conditions. As 

the glassy materials are free from these constraints, they can be prepared in varied 

compositions with comparatively less cost. According to theoretical consideration, 

almost all  materials can be obtained in amorphous state if they are cooled fast enough 

from their molten state, so as to arrest the disorder contained in liquid state into the 

solid state (Debenedetti and Stillinger 2001). Many generic terms such as disordered, 

amorphous, glassy, etc., are used to refer to non-crystalline solids. Two-dimensional 

illustrations of arrangements of atoms in the crystalline and non-crystalline 

(amorphous) materials are as shown in the Figure 1.2. 

 

Figure 1.2  Two-dimensional illustrations  of arrangements of atoms in the crystalline 

and non-crystalline (amorphous) materials 
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Like their crystalline counterparts, non-crystalline materials can be ionic, covalent or 

metallic bonded materials. Consequently, they can be insulating, semiconducting or 

metallic in nature (Adler 1971). Glassy alloys prepared by rapid quenching of the melt 

are excellent conductors of electricity(Gilman 1975). Crystalline and amorphous 

semiconductors are potential materials in electronic devices. Amorphous 

semiconductors can be generally classified into two groups, namely tetrahedral 

semiconductors (a-Si, a-Ge, etc.) and lone-pair semiconductors or chalcogenide 

semiconductors (GeTe, SiTe, Ge2Sb2Te5). Chalcogenide glasses have gained much 

attention as they exhibit interesting phenomena like switching, memory effects and 

photo darkening, etc. (Ovshinsky 1968b). Due to the fascinating feature such as 

electrical switching and its potential applications in memory devices, the field of 

amorphous semiconductors has become an interesting area of research and 

development. 

1.3   NATURE OF GLASSY STATE 

The phenomenon of glass transition can be understood by considering the fact that 

two events may occur when a material is cooled from the melt. Often, crystallization 

takes place at the melting temperature 𝑇𝑚, with discontinuous changes in the first 

order extensive thermodynamic parameters like volume, entropy and enthalpy 

(Kauzmann 1948). In certain cases, the liquid can become super cooled at temperature 

below 𝑇𝑚, becoming more viscous with decreasing temperature. At one particular 

temperature called the glass transition temperature (𝑇𝑔), these liquids freeze into a 

solid which is structurally rigid but possesses no long range order. Meanwhile, glassy 

solids when heated, exhibit glass to super cooled liquid transition at Tg. Unlike the 

liquid - crystal transition the liquid- glass transition is characterized by a gradual 

change in volume, entropy and enthalpy (Kauzmann 1948). Although the first order 

thermodynamic variables are continuous, there are usually sharp changes in second 

order thermodynamic variables. The typical variations in the thermodynamic 

parameters at the glass transition are shown in the Figure 1.3. 
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1.4   GLASS FORMING ABILITY 

The glass forming tendency (GFT) or glass forming ability (GFA) has been a subject 

of much interest due to the technological importance of the composition dependent 

glassy materials. On the basis of structural, thermodynamic and kinetic factors, 

various models have been proposed to understand the origin of glass formation. 

However, there is no structural rule which may be used universally to predict GFA in 

any given system. Numerous factors are believed to decide the GFA of any particular 

 

Figure 1.3  Volume vs. temperature curve showing the phenomenon of glass 

transition  and crystallization 

glassy material. In the glassy chalcogenide, important parameters like compound 

formation and the resulting atomic structure, viscosity of the melt, cooling rate and 

the frustration in a multicomponent melt are found to influence the GFA (Elliott 

1991). The GFA is said to increase the covalency of the additive element and decrease 

with size (Cornet and Rossier 1973). In terms of composition, the GFA decreases with 

increasing atomic mass. For example, GFA of elements belonging to a particular 

column in the periodic table follows the following order(Borisova 2013; Hilton 1970). 
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Si > Ge > Sn > Pb 

O > S > Se > Te 

P > As > Sb > Bi 

Many oxide glasses can be formed even with the cooling rate slower than 1K/ h, 

whereas most of the metallic glass require cooling rate of the order 106 K/s (Elliott 

1983). Further,  efforts have been made by Phillips to understand the compositional 

dependency of GFA on the basis of percolation in network rigidity using constraint 

theory (Phillips 1979; Phillips and Thorpe 1985). It is interesting to note from Figure 

1.4 that chalcogenides display wider range of chemical bonds of all types, out of 

which tellurides are rarely found to bond with trivial ionic or covalent contributions, 

leading to relatively metallic bond properties (expressed as resonance bonds), heading 

to exhibit interesting electrical properties (Waser et al. 2010). Meanwhile, in our 

current study, we have doped Si20Te80, Si15Te85 and Ge20Te80 with a heavy metal such 

as Bi and Sn, respectively. It is obvious that excess of heavy metal atoms decreases 

covalent nature of the bond, adding to their ionic/metallic bond properties. This in 

turn decreases the viscosity of the molten alloy, leading to the complexity to arrest the 

molten alloy in vitreous form. Hence, metallicity factor (more metallic in nature), 

breaking of covalent bonds and growth of microcrystals in the amorphous background 

restrict the glass formability of Si-Te-Bi  and  Ge-Te-Sn system to the narrow glass 

forming region. In this thesis, effort has been made to explain the reason for narrow 

glass formability and suitable quenching methods to prepare glassy alloys with the 

help of improved furnace design. 

1.5   ELECTRICAL PROPERTIES 

The electrical and optical band gaps for chalcogenide glasses (ChG) lie in the range of 

1-3 eV, and are thus called amorphous semiconductors. The gap increases in the 

pattern Te < Se < S, reflecting metallic characters in Te based chalcogenides (Mehta 

2006). Structural defects play an important role in electrical properties in ChG. In the 

amorphous phase, the position of the Fermi level and the presence of defect states 

within the optical gap (or the mobility gap) have been extensively addressed 

throughout the course of phase change materials research. Amorphous solids can 



Chapter 1 

  

7 

 

exhibit a much wider range of defects, among which charged defects are the most 

important in chalcogenide glasses (Adler 1980). 

 

 

 

 

 

 

 

Figure 1.4 Pictorial representation of bond characters of chalcogenides in triangular 

form displaying wide range of bond types such as, ionic bonds, covalent bonds and 

metallic bonds (Waser et al., 2010) 

Amorphous semiconductor properties such as magnetic properties, opto-electronic 

behavior, vibrational properties, mechanical characteristics, etc., are controlled by the 

intrinsic defects which exist in the gap states. This is due to the low creation energy of 

these defects and hence they can be present in concentrations sufficiently large 

enough to control the transport behavior (Mott and Davis 1979). Hence, defects turn 

out to be essential for the conduction properties and electrical switching process. The 

band of states existing near the centre of the gap arises from specific defect 

characteristics of the material like dangling bonds, interstitials, etc. Thus, the band 

structure of the ChG specifically defines its property as shown in the Figure1.5 

1.5.1   DC conductivity in chalcogenide glasses 

The dc conductivity of chalcogenide glasses can be well understood within the frame 

work of Davis and Mott model. It predicts three regions of conductivity, (i) extended 

states conduction, (ii) conduction in band tails and (iii) conduction in localized states 

at the Fermi energy 𝐸𝐹 . 
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Figure 1.5  Electron band structure model of an amorphous semiconductor, showing 

band tailing and states within the mobility gap. 𝐸𝑣  and  𝐸𝑐  are the mobility edges. 

 

 (i) Extended state conduction 

Conductivity in the extended states is characterized by large mobility, which 

according to Mott decreases sharply at the mobility edge 𝐸𝑐  (or 𝐸𝑣) (Nagels 1979). 

Assuming a constant density of states and constant mobility, the conductivity was 

shown to vary as 𝜎 =  𝜎𝑜𝑒𝑥𝑝 (− 𝐸𝑐 −𝐸𝐹𝑘𝑇 )........................................................(1.1) 

where the pre-exponential factor 𝜎𝑜 is 𝜎𝑜 = exp 𝑁(𝐸𝑐)𝑘𝑇𝜇𝑐..........................................................(1.2) 

Where 𝑁(𝐸𝑐) is the density of states at mobility edge 𝐸𝑐  and 𝜇𝑐 is the mobility. 

Electrons at and above 𝐸𝑐  can move freely while those below it cannot, except 

through activated hopping.  

(ii) Conduction in the Band tail 

Conduction via band tails takes place by exchange of energy with a phonon.  The 

conductivity 𝜎 is given by 𝜎ℎ𝑜𝑝 =  𝜎0ℎ𝑜𝑝𝑒𝑥𝑝 (− 𝐸𝐴−𝐸𝐹+𝑊𝑘𝑇 )...............................................(1.3) 

where W is the hopping energy (Nagels 1979) and 𝐸𝐴 is the energy in the tail state. 
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(iii) Conduction in the localized state at the Fermi Energy 

In the third region ( conduction in the localized states), carriers move between states 

located at 𝐸𝐹  via phonon assisted tunnelling process which is analogous to impurity 

conduction observed in heavily doped and lightly compensated semiconductors at low 

temperatures. The temperature dependent hopping conductivity can be expressed as 

(Mott and Davis 1979) 𝜎 = 𝜎0𝑒𝑥𝑝 (− 𝑊𝑘𝑇)......................................................(1.4) 

where W is the energy difference between the two localized states ( (𝑊 = 𝐸𝐴~𝐸𝐵) 

At room temperature, the dc conductivity of most of these glasses obeys the Arrhenius 

relation given by equation 𝜎 = 𝐶𝑒𝑥𝑝 (− ∆𝐸𝑘𝑇)........................................................(1.5) 

 

where C is the pre-exponential factor and ∆𝐸 is the thermal activation energy for 

electrical conduction. The value of the conductivity activation energy (∆𝐸) varies 

from 0.3 to 1 eV.  

1.5.2   Electrical switching in chalcogenide glassy alloys 

Electrical switching refers to an electric field driven transition exhibited by 

amorphous/glassy chalcogenides from  a semiconducting OFF state to a conducting 

ON state which can be of two types, viz.: (1) memory and (2) threshold switching. 

Memory switching is a phenomenon which involves a structural phase transition 

(amorphous - crystalline); whereas, threshold switching is a process particular to the 

amorphous phase and does not involve a structural phase transition. Memory 

switching refers to crystallization and this distinguishes itself from threshold 

switching (Lencer et al. 2011). Chalcogenides exhibiting memory switching will 

retain their crystalline phase even after the input electric field has been removed. 

However, the OFF state can be restored by applying a short intense pulse with a rapid 

trailing edge. This process is known as reset process. Hence, they are used as phase 

change memories (PCM). PCM devices can be programmed by applying an electrical 

power through applied voltage, which leads to an internal temperature change that can 

melt and rapidly quench a volume of amorphous material (RESET) or hold this 
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volume at a slightly lower temperature for recrystallization (SET). A low voltage is 

applied for sensing the device resistance (READ) without perturbing its state. Current 

pulses of different states and corresponding I-V plot of a representative sample has 

been shown in the Figure 1.6 (a) and (b) respectively. 

 

Figure 1.6 (a)Current pulses used in reading, SET and RESET process (b) SET, 

RESET and READ states are represented by a representative I-V plot of a 

representative chalcogenide sample 

1.5.3   Current Controlled Negative Resistance (CCNR) memory 

switching behavior 

Pictorial representation of current controlled negative resistance (CCNR) switching 

behavior for  a representative chalcogenide Si20Te78Bi2 sample is shown in Figure 1.7. 

The initial electrical resistivity values of the as prepared glasses are in the range of 

106  Ω.cm. The voltage across the Si20Te78Bi2  alloy increases linearly with increasing 

current, indicating an ohmic behavior. Near a threshold voltage VT, the I-V curve 

shows a small nonlinearity, after which the voltage across the sample starts to 

decrease with current, indicating a negative resistance behavior. The negative 

resistance eventually leads to a low resistance state. As seen from the I-V plots, the 

samples exhibit swift switching from high resistance state (OFF) to low resistance 

state (ON). The samples do not revert back to their original high resistance state even 

after the removal of the applied electrical field. This observation clearly indicates that 

Si20Te78Bi2 glassy alloy exhibits memory switching behavior at comparatively lower 

applied currents ( 2 mA).  



Chapter 1 

  

11 

 

 

Figure 1.7 Pictorial representation of current controlled negative resistance (CCNR) 

switching behavior. (a) Triangular current pulse (input signal of maximum amplitude 

2 mA) applied on a representative Si20Te78Bi2 chalcogenide glassy alloy. (b) I-V 

characteristics corresponding to the input (as shown in a), which represents CCNR 

memory switching behavior. The region AB represents ohmic behavior, BC 

represents negative resistance region, CD represents low resistance On state and 

region DA represents sample taking the low resistance path i.e. sample has switched 

from high resistance (amorphous) state to low resistance (crystalline) state.  

1.5.4   The mechanism of electrical switching 

In general, the memory switching is believed to be dominated by the thermal process. 

Memory switching in chalcogenide glasses is considered to be a consequence of a 

phase transition of the material from  amorphous to crystalline state (Adler 1977); in 

the crystalline state the conduction is higher as the disorder is significantly lesser. It is 

believed that memory switching occurs in those glassy chalcogenides in which the 

cross-linking atoms are too few in number. Such glasses have lesser thermal stability 

(Adler 1977) and  application of a high electric field or heating leads to the 

crystallization of these glasses. The crystallization of the chalcogenide glasses into  

fine filaments which is responsible for memory switching is believed to be caused by 

the Joule heating (Fritzsche 1974), and the resultant excess carrier concentration in 

the current path is due to a larger electric field. The formation of crystalline 

conducting channel in a memory chalcogenide glass during switching has been 

confirmed by electron microscope and optical reflectivity investigations (Fritzsche 

1974).  
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Reports so far suggest that switching in chalcogenides is always associated (implicitly 

or explicitly) with the region of current-controlled negative resistance (CCNR) (Owen 

and Robertson 1973). CCNR provides a positive feedback mechanism which allows 

the system to carry the same or larger currents with smaller voltages in the region of 

instability. On the other hand, thermal mechanisms of switching were first discussed 

by Warren (Warren 1970),  where the current suddenly increases  when the voltage 

reaches VT, wherein VT corresponds to the complete filling of the defect states in the 

chalcogenides. When the defect states are filled, the field dependent mobility or 

carrier concentration suddenly increases from a low to a high value, thereby 

decreasing the resistivity (initiation of switching, Threshold voltage VT) of the 

material, enabling a larger current to flow through the chalcogenide. The larger 

current flowing through the sample causes higher joule heating which further reduces 

the resistance of the sample. Consequently, conductivity of the sample will increase, 

thereby allowing more current to flow in the sample. This cyclic process (Figure 1.8) 

can eventually trigger the phase change and memory switching in certain 

chalcogenide glasses. 

 

Figure 1.8 The cyclic process which succeeds after the initiation of switching leads to 

memory switching. 
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1.5.5   Factors affecting switching voltages of chalcogenide glasses 

There are many factors which affect threshold/switching voltage of chalcogenide 

glasses. Threshold/switching voltage (VT) is defined as the voltage at which the 

sample initiates to switch. The threshold/switching voltage is found to vary with 

composition of the sample as well as with the quantities like thickness of the sample, 

ambient temperature of the sample, network topology, metallicity of the additives, 

etc., which are briefly discussed below. 

(i) Temperature 

Temperature dependence of threshold voltage is an important factor which 

characterizes the material against thermal degradation and hence, stability of the 

material for device application. In both threshold and memory samples, 𝑉𝑇 is found to 

decrease with increasing temperature. The temperature dependence of 𝑉𝑇  can be 

expressed as (Shimakawa et al. 1973), 

𝑉𝑇 = 𝑉0𝑒𝑥𝑝 ( 𝜀𝑘𝐵𝑇)..................................................(1.6) 

Where, 𝑉𝑇 is the threshold switching voltage,  is the threshold voltage - activation 

energy, 𝑘𝐵 is the Boltzmann constant (8.617 X 10−5 eV 𝐾−1 ) and T is the 

temperature in Kelvin. At higher temperature, the charged defect centers are filled by 

thermally excited charge carriers, contrary to the field injected charge carriers, 

resulting in the decrease in switching voltage (Singh and Shimakawa 2003). The 

above discussions suggest that there is an increase in electrical conductivity with 

increase in temperature, confirming the semiconducting nature of the as- synthesized 

chalcogenide glassy alloys. For memory switching glasses, the reduction of VT with 

temperature has been interpreted based on a configurational free-energy diagram. This 

suggests that the reduction of 𝑉𝑇  is due to the reduction in energy barrier required for 

the crystallization of a sample with elevating temperature (Singh and Shimakawa 

2003). 
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(ii) Thickness of the sample 

The sample thickness (d) is a significant parameter and provides a clear perception of 

the switching mechanism. Literature reports suggest that  for samples exhibiting 

memory switching,  the variation of VT shows linear or square root dependence (𝑑1 2⁄ ) 

with thickness, whereas for threshold switching, the variation of VT  shows square 

dependence (𝑑2) with the sample thickness (Jones and Collins 1979). It is noteworthy 

to realize that heat loss through the electrode surface is determined by thermal 

conductivity (k) of the sample and external heat conductivity (), leading to the 

variation in switching voltage (Nakashima and Kao 1979). The development of 

filament formation in the sample is associated with memory switching.  In this case, if 

the sample is a thin slab, then the loss of heat generated from the filamentary channel 

to the surface of the electrode is less. Hence, VT is less dependent on thickness for thin 

samples.  

On the other hand, VT increases with increase in sample thickness. Increase in VT is 

usually observed with thickness greater than 0.30 mm. This is mainly because of large 

power consumption by the sample for filament formation. Therefore, we use samples 

of thickness (d = 0.30 mm) for our memory applications, which is optimized for most 

of the cases. It is very intricate to prepare samples of thickness less than 0.30 mm 

owing to their brittle nature. In this work, we observe linear increase in the switching 

voltages as a function of thickness for the studied Ge-Te-Sn and Si-Te-Bi 

chalcogenide glassy systems. 

(iii) Network topology effect 

The network topology such as network connectivity and rigidity, topological 

thresholds - rigidity percolation threshold (RPT) and chemical threshold (CT), etc., 

have been found to play a crucial role in the electrical switching behaviour. Electrical 

switching is one of the best characterizing tools for identifying the network 

topological thresholds, namely the RPT and CT of chalcogenide glassy system. 

According to Phillips and Thorpe, the optimum glass compositions are those in which 

the number of constraints exactly equals the degrees of freedom, which is called 
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rigidity percolation threshold (RPT). The critical value of < r > = 2.4 is called RPT 

(Phillips and Thorpe 1985). At this composition, rigid structures percolate throughout 

the glass, leading to an isostatic network. The network is flexible with < r > < 2.4, and 

the network is stressed rigid with < r > > 2.4. It is exactly isostatic at < r > = 2.4. In 

our present work, glass composition  is restricted to a value < r > ≥ 2.48, which falls 

in the domain of topological constraint theory, whereas in the over constrained 

regime(< r > > 2.4), rigid structures easily percolate throughout the system, resulting 

in crystallization. The composition at which highest chemical stability occurs is called 

as chemical threshold (CT) of the glassy system which corresponds to the 

stoichiometry  glass .  

Investigations on a wide variety of chalcogenide glasses indicate that the 

compositional dependence of switching voltages of both memory and threshold 

switching glasses exhibits anomalies at both RPT and CT of the system. However, we 

could not probe the influence of RPT and CT on switching voltages for the studied 

Ge-Te-Sn and Si-Te-Bi chalcogenide glassy system, owing to their narrow glass 

forming ability. Herein, metallicity factor plays a dominant role over network 

topology effect and the same has been discussed in the subsequent chapters. 

(iv) Metallicity factor 

The studies on variation of threshold voltage with composition have revealed that the 

switching voltage decreases with the addition of metallic dopants. This is because, the 

addition of metallic impurities increases the conductivity of the sample and decreases 

the activation energy required for the phase change (Asokan and Lakshmi 2012). 

Hence, decrease in VT is expected with the addition of more metallic impurities. 

1.5.6   Defect related switching process 

Defects in amorphous semiconductors such as structural defects can dominate the 

switching process. The atomic structure and the electron levels introduced by the 

defects have been reported to have an influence on the switching behavior in 

chalcogenides (Waser et al. 2010). David Adler has reported that lowest energy 

defects are expected in amorphous chalcogenide alloys which are known as Valence 

Alternation Pairs (VAP) (Adler 1980). Despite the presence of defects and impurities, 
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chalcogenide materials are highly resistive because the VAP defects pin the Fermi 

level near the gap center. This property gives a high-resistance OFF state. This is 

totally different from other semiconductors with comparable energy gaps.  Here, 

switching occurs when the defect states are filled by the field injected charge carriers 

(by a way of Poole-Frenkel effect) (Xu et al. 2009). This shows that electrical 

conductivity of the medium is field dependent. When the defect states are filled, the 

field dependent mobility or carrier concentration  suddenly increases from a low to a 

high value, thereby decreasing the resistivity (initiation of switching, Threshold 

voltage VT) of the material, enabling a larger current to flow through the 

chalcogenide. 

1.6   THERMAL PROPERTIES 

The fundamental properties of glasses are their thermal properties, and knowledge of 

the same guides us to select proper glass composition to be used for various 

applications. Chalcogenide glasses can be classified based on the tendency for 

vitrification. Glasses with low tendency to crystallize are promising for applications in 

fiber optics. However, glasses with increased crystallization ability also find their 

applications in optical switches and storage devices(Adam and Zhang 2014). Owing 

to the fundamental differences between chalcogenide glasses and their oxide counter 

parts, understanding the thermal behavior and response of chalcogenide glasses 

assumes greater importance. 

1.6.1   Thermal analysis 

Thermal analysis involves a great variety of techniques in which a sample is subjected 

to a pre-determined temperature profile, and its properties or its reaction products are 

continuously measured as a function of temperature and time. Such measurements 

provide qualitative and quantitative  information about physical and chemical changes 

that involve either endothermic or exothermic process (Gill et al. 1993). During any 

physical or chemical reaction, transfer of heat is involved. Many of the applications 

involving chalcogenide glasses require precise control over the crystallization process 

as the most promising properties of chalcogenides have been found to deteriorate 

drastically with crystallization. Therefore, understanding the crystallization and its 
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kinetics is an important aspect (Upadhyay and Murugavel 2013). Although tellurium 

(Te) based chalcogenide glasses have been reported to exhibit tremendous potential 

for electrical switching device applications, fundamental studies are still required for 

understanding the thermal stability of different alloy compositions. Various 

techniques such as electrical resistivity, X-ray diffraction, electron microscopy and 

differential scanning calorimetry (DSC) have so far been adopted to understand the 

crystallization of chalcogenide glassy alloys (Raoux and Wuttig 2010). However, out 

of all the above techniques, DSC analysis is found to be the most powerful tool 

designed to obtain information about glass structure and its properties over a wide 

range of length scale and applications.  

1.6.2   Differential Scanning Calorimetry (DSC) 

DSC is the most often used thermal analysis method, owing to its speed and 

simplicity. This technique was developed by Watson and O'Neil in 1960. DSC adopts 

a differential method of measurement in which the difference in the amount of heat 

required to increase the temperature of a sample and reference is measured as a 

function of temperature and time. DSC can be performed either in isothermal or non-

isothermal mode to study the crystallization kinetics of a material. In isothermal 

mode, the sample is brought near the crystallization temperature very quickly and the 

changes in the physical quantities are measured as a function of time. In case of non-

isothermal mode, the sample is heated at a fixed rate and physical parameters are 

recorded as a function of temperature. However, DSC measurements in the non-

isothermal mode are usually preferred, since it is impossible to ensure homogeneous 

furnace temperature during the injection of sample in the isothermal mode (Lafi and 

Imran 2011). The parameters of crystallization kinetics of a material are generally 

recorded at the onset of crystallization temperature (𝑇𝑐), glass transition 

temperature (𝑇𝑔), and peak crystallization temperature (𝑇𝑝). Molecular motions and 

the rearrangement of atoms in the glassy alloys occurring around the critical transition 

temperatures reveal  their activation energy (Suri et al. 2006).  An example of a DSC 

trace for a multicomponent chalcogenide glass showing the characteristic 

temperatures of interest is shown in the Figure 1.9. 
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1.6.3   Crystallization Kinetics 

The dynamics involved in the devitrification of amorphous materials corresponding to 

time and temperature is called as crystallization kinetics (Singh 2013). Crystallization 

kinetics of chalcogenide glassy alloys is a qualitative/quantitative analysis of the 

obtained characteristic temperatures and their respective activation energy. 

Furthermore, kinetics of devitrification studies is interpreted based on thermal 

parameters such as thermal stability, fragility index, specific heat, etc. Hence, 

conviction on crystallization kinetics of chalcogenide glassy alloys is important in 

identifying novel materials for memory applications. 

 

 

Figure 1.9 Typical DSC thermogram of a chalcogenide glass representing 

characteristic temperatures.  

 

 Based on the Johnson-Moynihan-Avarami (JMA) model, several statistical 

approximations have been made to evaluate the activation energy. The activation 

energies of chalcogenide glasses at critical temperatures can be illustrated from 

parameters, such as  glass transition activation energy (𝐸𝑔), onset crystallization 

activation energy (𝐸𝑐) and peak crystallization activation energy (𝐸𝑝) (Avarami 

1941; Johnson and Mehl 1939). Thermal stability and glass forming ability (GFA) of 

a compound describe its relative ability to adopt an amorphous structure. The GFA 
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criterion (∆𝑇 = 𝑇𝑐 − 𝑇𝑔), also called the thermal stability parameter was first 

introduced by Dietzel (Dietzel 1968), which was later improved by Saad and Poulin 

(‘S parameter’) (Saad and Poulain 1987). On the other hand, Hruby developed the 

GFA criterion (𝐻𝑟) to describe the thermal stability as well as the glass forming 

ability of amorphous materials (Hrubý 1972). These parameters are very useful in 

understanding the applicability of the prepared materials in the field of PCM, optical 

recording, and optical fibre communication. 

 

1.7   SWITCHING VOLTAGE AND THERMAL PARAMETERS 

The switching voltages of  chalcogenide glasses have a strong correlation with 

thermal properties such as glass transition temperature, crystallization temperature, 

activation energy for crystallization and thermal stability of the glass. Evaluation of 

thermal parameters gives significant information on material behaviour and their 

impact on switching voltages of chalcogenide glasses (Asokan and Lakshmi 2012). 

Study of thermal parameters not only helps us to identify newer materials for PCM 

devices, but also validates the results obtained for electrical properties. In  the present 

work, efforts have been made to correlate the relation between  switching voltages 

and thermal properties. 

 

(i) Glass transition temperature 

Glass transition temperature Tg is considered as one of the important parameters as it 

expresses the strength and rigidity of the glassy alloys. Increase in the value of Tg 

indicates an increase in the network connectivity, thereby increasing the switching 

voltage and vice versa. Empirical relation between switching field (𝐸𝑡 ) and 𝑇𝑔 is 

given as (Prakash et al. 1994)  Et2 = C1exp [C2 ∗ k(Tg − T) kT]⁄ ....................................(1.7) 

where  C1, and C2 are constants, T is the ambient temperature and k is the Boltzmann 

constant. Aforementioned relation states that variation of 𝑇𝑔 is directly proportional to 

the change in switching field (𝐸𝑡), thus establishing a relationship between 𝑇𝑔 and 𝐸𝑡. 
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(ii) Crystallization temperature 

When a compound (glassy material) attains systematic patterns, it releases energy in 

the form of heat and this is called as an exothermic reaction. The phase change 

corresponding to exothermic reaction is called crystallization of a compound (Singh 

2012). Higher value of 𝑇𝑐 indicates strong glasses. However, lower values of 𝑇𝑐 favor 

easy crystallization, leading to memory switching. Hence, it can be concluded that 

high electric field is required for the strong glasses compared to  those having lower 

values of 𝑇𝑐 (Asokan and Lakshmi 2012). In  the present work, we have observed 

decreasing values of 𝑇𝑐 with respect to 𝑉𝑇  for the Ge-Te-Sn and Si-Te-Bi 

chalcogenide glassy systems. 

 

(iii) Activation energy for crystallization (Ec) 

In addition to the crystallization temperature, activation energy measured for the 

crystallization sheds light on the material behavior as a function of composition. Here, 

activation energy for crystallization represents energy barrier requisite for the 

devitrification (Naqvi and Saxena 2011). Hence, we can anticipate direct relationship 

with the activation energy and switching voltage. A decreasing trend of 𝑉𝑇 in parallel 

with 𝐸𝑐  has been displayed for the studied Ge-Te-Sn and Si-Te-Bi chalcogenide 

glassy system which reveals the correlation between them. Furthermore, lower values 

of 𝐸𝑐  also imply rapid crystallization, leading to better switching speed. 

 

(iv) Thermal stability of the glass 

As discussed in the mechanism of electrical switching, the phenomenon of memory 

switching is thermal in nature which involves the formation of conducting crystalline 

channel in the sample. The formation of crystalline channel is favourable in those 

chalcogenide glasses which are easily prone to devitrification (Nakashima and Kao 

1979). Devitrification refers to the crystallization tendency of the material. The 

devitrification process  in turn depends on the thermal stability of the sample. Thermal 

stability(∆𝑇 = 𝑇𝑐 − 𝑇𝑔) indicates resistance offered by the vitreous chalcogenides to 

crystallization. Glasses with lower thermal stability have higher devitrification ability. 

Samples which are prone to an easy devitrification are expected to show the memory 

behaviour even at lower 'ON' state currents. 
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1.8   LITERATURE SURVEY 

It is difficult to date the origin of the field of chalcogenide glasses. For a long time, 

the vitreous glass state was limited to oxygen compounds and their derivatives. 

Schulz- Sellack was the first to report data on oxygen free glass in 1870. 

Investigations of chalcogenide glasses as optoelectronics materials in infra red 

systems began with the rediscovery of arsenic trisulfide glass (Frerichs, 1950, 1953) 

when Frerichs reported his work. During the period 1950-1970, the glasses were made 

available as commercial devices.  

 

In 1968, Ovshinsky and his co-workers discovered that some chalcogenide glasses 

exhibited memory and switching effects. After this discovery, it became clear that the 

electric pulses switch the phases in chalcogenide glasses back and forth between 

amorphous and crystalline state. Based on the theory of electronic processes in non-

crystalline chalcogenide glasses, Mott et al.(1979) and Kawamura et al. (1983) 

discovered xerography. The switching device applications were introduced by 

Bicerono et al. 1985 and Ovshinsky 1994. Boolchand et al. 2001 discovered 

intermediate phase in chalcogenide glasses. Further, several investigators have 

reported  the use of chalcogenide glasses in infrared transmission and detection, 

threshold and memory switching applications. ( Selvaraju et al. 2003) 

 

Anbarasu et.al. (2006) reported Differential scanning calorimeter studies on As-Te-Si 

glasses. These studies were carried out in order to understand the thermal behavior 

and the compositional dependence of thermal parameters of As40Te40-xSix glasses. 

Daniele (2008) presented modeling of switching phenomenon in phase change 

memory (PCM) devices. He reported recent progress in the physical modeling of 

threshold and memory switching in phase-change memory (PCM) devices.  

 

The decrease in switching voltages with the addition of more metallic impurities has 

been observed in chalcogenide systems including CuxGe15Te85-x, AgxGe15Te85-x, 

Si15Te85-xSbx, Ge18Te82-xBix, and Ge17Te83-xTlx glasses with composition, thus 

indicating the effect of resistivity/metallicity of the constituents. Earlier investigations 
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reveal that binary Si-Te glasses (Murthy et al. 2005) and ternary samples in bulk 

glassy and amorphous thin film forms containing Si including As-Te-Si (Anbarasu et 

al. 2005) and Ge-Te-Si (Anbarasu 2007) exhibit electrical switching phenomenon. 

Zhang et al. (2008) investigated crystallization kinetics of Si15Te85 and Si20Te80 

chalcogenide glasses using non-isothermal crystallization approach. It was found that 

Si20Te80 amorphous has higher thermal stability and higher glass formation ability 

compared to Si15Te85.  

 

Lokesh et al. (2009) studied  the electrical switching behavior of melt quenched bulk 

Si15Te85-xSbx glasses. Studies have been undertaken in order to understand the effect 

of Sb additions on the electrical switching behavior of Si15Te85-x based glass. 

Chandasree et al. (2010) prepared bulk, melt quenched Ge18Te82-xBix glasses (1 ≤ x ≤ 

4). It has been found that these glasses exhibit memory type electrical switching 

behavior. Asokan et al. (2011) reported studies on electrical switching and other 

properties of chalcogenide glasses. Srinivasa et al. (2012) investigated  

thermodynamic, Raman and electrical switching characteristics of Si15Te85-xAgx           

(4 ≤ x ≤ 20). Upadhyay et al. (2013) investigated crystallization behavior, electrical 

switching and structure of the bulk GexTe100-x glasses to ascertain the role of 

composition on phase change behavior. 

 

Sherchenkov et al. (2014) have reported on the non-isothermal method for estimating 

the kinetic parameters of crystallization for the phase change memory (PCM) 

materials. Farid  and  Atyia  (2015) studied the crystallization kinetics of Se90Bi10 and 

Se85Bi5Te10 chalcogenide glasses using Differential Thermal Analysis (DTA) under a 

non-isothermal condition at different heating rates. Pumlianmunga et al. (2016) 

studied electrical switching in (GeTe4)100 − x(As2Se3)x  glasses in the range (0 ≤ x ≤ 40) 

having fixed network connectivity with average coordination number (Zav = 2.4) . In 

the same year Pumlianmunga and Ramesh reported electrical switching and aluminum 

speciation in Al-As-Te glasses. They have observed a change in switching type from 

memory to threshold with the increase of Al. Pumlianmunga and K Ramesh (2017) 

reported electrical switching in Sb doped Al23Te77 glasses. Those glasses also 

exhibited changeover of switching type as a function of composition.  
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The literature survey mentioned herein clearly suggests that memory type  electrical 

switching has been observed in Te-rich chalcogenide glasses. They also suggest a 

strong correlation between electrical switching and thermal properties of chalcogenide 

system. Accordingly, metal dopant chalcogenides show interesting electrical 

switching and thermal  properties. Tin (Sn) and Bismuth (Bi) are two such additives 

with fascinating material characteristics. This has given us the motivation to carry out 

studies on electrical switching and thermal properties on newer chalcogenide 

materials such as Ge-Te-Sn and Si-Te-Bi.  

1.9    SCOPE AND OBJECTIVES OF THE PRESENT WORK 

Chalcogenide glassy alloys are one of the important semiconductor materials 

exhibiting distinct electrical properties. The feature which enables them to be used for 

memory devices has made them technologically and scientifically important among 

materials of the semiconductor family. The present  work essentially deals with 

studies on electrical switching and thermal properties of Tellurium based 

chalcogenide glassy alloys. In this  work, two series of chalcogenide systems, namely 

Ge-Te-Sn and Si-Te-Bi were chosen to study the electrical and thermal properties of 

these systems. A detailed study has been undertaken on electrical switching studies on 

these glasses to know the dependence of switching voltages on composition of the 

glasses and the effect of metallicity factor on switching voltages. Furthermore, 

thickness and temperature dependence on switching voltages studied herein reveals 

the nature of switching mechanism. 

Differential scanning calorimetric (DSC) studies have been undertaken for the thermal 

analysis  of Ge-Te-Sn and Si-Te-Bi chalcogenide samples. The information obtained 

from thermal parameters such as glass transition and crystallization temperatures, 

specific heat capacity, relaxation enthalpy, thermal stability, etc., has been used to 

correlate it with the switching characteristics. A novel approach to prepare 

chalcogenide glassy alloys has been discussed here. The present experimental unit has 

a few modifications regarding the working chamber of the furnace and also the design 

of ampoule holder for rapid quenching of the melt purposes 
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The main research objectives are : 

1) The synthesis of Ge-Te-Sn, Si-Te-Bi ternary chalcogenide glassy alloys. 

2) The study of compositional dependence of electrical and thermal properties of 

synthesized chalcogenide glassy alloys.  

3) The study of investigation on the thickness and temperature dependence on 

switching voltage. 

4) The study of the relation between electrical and thermal properties of 

chalcogenide glassy (Ge-Te-Sn, Si-Te-Bi) alloys. 

 

1.10   ORGANIZATION OF  THE THESIS 

 The research work in this thesis is divided into 5 chapters 

 

 Chapter 1 and its sub-sections provide the background and motivation for the 

present work. This chapter also outlines the fundamental aspects of amorphous 

semiconductors and explains the nature of glassy state and glass forming ability. This 

chapter gives an account of electrical switching phenomenon and its correlation with 

thermal properties. It is then followed by the literature survey. The scope of the 

present thesis work and objectives are mentioned. 

 

 Chapter 2 provides the details of the experimental techniques used in the 

present work. In this chapter, the preparation of chalcogenide glassy alloys using melt 

quenching is described.  The characterization of the prepared samples using x-ray 

diffraction (XRD), scanning electron microscopy (SEM), energy dispersive x-ray 

analysis (EDAX), I-V and differential scanning calorimetry(DSC) is also explained. 

The investigation of electrical switching characteristics at ambient and high 

temperatures  is discussed. Details of the indigenously fabricated high temperature 

melt quenching system is also discussed.  

   Chapter 3 presents the investigation of electrical switching and thermal 

studies of    Ge20Te80-xSnx chalcogenide glassy alloys. In this chapter, we report on the 

studies of memory type electrical switching behavior and thermal properties of a 

ternary      Ge20Te80-xSnx (0 ≤ x ≤ 4) chalcogenide glassy alloys. 
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 Chapter 4 presents the investigation of electrical switching and thermal 

studies of Si-Te-Bi chalcogenide glassy alloys in the two composition tie lines 

Si15Te85-xBix  (0 ≤ x ≤ 2) and Si20Te80-xBix  (0 ≤ x ≤ 3). 

 Chapter 5 summarizes the conclusions drawn from the present work. Next, 

the scope for further work in this field is mentioned. An appendix followed by list of 

references and a brief profile with publications in international journals and 

conferences are presented at the end of the thesis. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

In this chapter, the preparation of chalcogenide glassy alloys using melt quenching is 

described.  The characterization of the prepared samples using x-ray diffraction 

(XRD), scanning electron microscopy (SEM), energy dispersive x-ray analysis 

(EDAX), I-V and differential scanning calorimetry(DSC) is also explained. The 

investigation of electrical switching characteristics at ambient and high temperatures  

is discussed. Details of the indigenously fabricated high temperature melt quenching 

unit is also discussed. 

2.1  SYNTHESIS OF BULK CHALCOGENIDE GLASSY 

SAMPLES 

There are different methods to obtain materials in the amorphous form. Bulk glasses 

studied herein, namely Ge-Te-Sn and Si-Te-Bi are prepared by conventional melt 

quenching technique. Chalcogenide glasses generally  have high vapor pressures 

around their melting temperatures (Lezal 2003) and  a tendency to react with oxygen, 

especially at high temperatures. Therefore, chalcogenide glasses are normally 

prepared by melting the constituent high purity elements in quartz ampoules sealed 

under high vacuum conditions (at a pressure of the order 10-5 - 10-6 torr). The 

condition for synthesizing these glasses generally depends on the glass composition, 

glass forming region and glass forming ability (GFA). 

Glass formation depends on the rate of cooling. When the sample is quenched, heat 

has to quickly conduct. Compared to other chalcogens, tellurium based glasses are 

difficult to prepare. Hence, the following steps are taken to ensure the formation of 

glass. 

Reduction of ampoule holder: When the ampoule diameter is less, rate of cooling 

increases. In this thesis, ampoules of 8 mm outer diameter and 6 mm inner diameter 

are used. 
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Weight of the sample: Glass formation is easier when the weight of the starting 

material is less.  Due to lower mass, the amount of heat that has to be conducted away 

is reduced. The weight of the starting material is optimized between 0.5 - 1.0 gm. 

Flattening of the sides of the ampoule: To ensure that a significant portion of the 

sample is exposed to the cooling medium, the sides of the quartz tubes are flattened, 

which reduces the diameter further. 

Apart from these necessary steps, it is very important to achieve rapid quenching of 

the quartz ampoule containing chalcogenide melt into ice bath. In order to achieve 

rapid quenching, we have indigenously fabricated a high temperature melt quenching 

system for the preparation of chalcogenide glasses (details are discussed in the 

following section 2.6). 

 

Figure 2.1 (a)-(d) Synthesis procedure of chalcogenide glassy alloys. (a) Starting 

material has been transferred to the pre-cleaned quartz ampoule and kept for vacuum 

sealing. (b) Ampoules have been sealed at high vacuum at the pressure of 10-5 torr (c) 
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Sealed ampoules have been transferred to the furnace for heat treatment and then 

quenched rapidly to the ice bath. (d) Quenched ampoule containing chalcogenide 

glassy alloy. 

 Figure 2.1 shows the steps involved in preparing chalcogenide glasses. Appropriate 

quantities of the constituent elements (99.99% purity) were weighed according to 

their atomic percentage using electronic balance accurate to 0.0001mg and were 

sealed in flattened quartz ampoules having inner and outer diameter 6 and 8 mm, 

respectively, under a vacuum of about 10-6 torr. The sealed ampoules were loaded 

inside the indigenously fabricated electric furnace (Indfurr India: patent pending) and 

heated slowly beyond the melting point of the constituent elements. The furnace 

temperature is gradually increased at the rate of 100 K/h to reach the melting 

temperature of the constituents (around 1273 to 1473 K). The sealed ampoules were 

maintained at this temperature for about 24-36 hours and to ensure the homogeneity 

of the melt, a constant rotation was given at the rate of 10 rpm. The ampoules were 

subsequently quenched by dropping them in a bath of NaOH+ ice-cold water and they 

were then broken carefully to retrieve the synthesized glass sample. 

2.1.1   Preparing samples for electrical switching experiments 

Melt quenched chalcogenide retrieved by carefully breaking the ampoule yielded 

many small chunk pieces without a regular shape (as seen in Figure 2.2a). Out of 

these, one big chunk pellet piece (as shown in the inset of Figure 2.2a) was thinned 

and polished on both sides using two different grade (1200 grade paper for initial 

thinning of the sample, 3000 grade paper for the fine polishing of the sample) emery 

papers. Digital Vernier callipers having a least count of 0.01 mm was used to measure 

the thickness. In order to obtain a precise value, the thickness was measured at regular 

intervals of time while the sample  is polished. Polishing was stopped when the 

thickness of the sample  reaches 0.30 mm (as seen in Figure c). An experimental error 

of ± 0.01 mm can be expected rarely. Flat, finely polished chalcogenide glass samples 

of thickness 0.30 mm (as shown in Figure b) were employed for switching 

experiments. 
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Figure 2.2 Bulk chunk pieces collected after melt quenching (a), is polished (b) and 

thinned down to 0.30 mm which is measured using a digital Vernier caliper (c). The 

sample held between the Vernier calipers in (c) is focused in (d) in which the area 

marked by a circle clearly indicates the presence of the sample. 

For electrical switching experiments, it is essential to have a sample (pellet) of 

uniform thickness with flat surfaces on both the sides. This is because, in electrical 

switching, the switching area depends on the area of the sharp electrode tip (2 mm in 

diameter) targeted at the sample center.  

2.2   X-RAY DIFFRACTION 

Diffraction is a scattering phenomenon where the atoms scatter incident X-rays in all 

directions. In some directions, the scattered beams will be in phase and hence, they 

reinforce, giving rise to high intensity diffracted beam. The technique began when 

von Laue in 1912 discovered that crystals diffract X-rays. Since then, it has been 

applied to chemical analysis, stress and strain measurement, measurement of particle 

size as well as crystal structure [Whittaker 1981]. X-rays have wavelength 

comparable with interatomic spacing and hence results in the interference of deflected 

rays. The diffraction of X-rays by crystal is defined by Bragg’s law (Figure 2.3) given 

as 𝑛𝜆 = 2𝑑 sin 𝜃                                                                      (2.1) 

where, d is the distance between two planes,  is the X-ray wavelength, 𝜃 is the angle 

which the incident photon makes with the crystal plane. Different ‘d’ spacing of the 

crystal satisfies Bragg’s condition at different angles, giving rise to XRD spectrum 

which is the fingerprint of the sample.  Each crystal has many planes and alignment of 
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these planes determines the crystal structure. These relationships are used in X-ray 

diffraction to determine specific properties about the specimen. 

 

Figure 2.3 Bragg’s law for X-Ray diffraction 

To confirm the amorphous nature of the synthesized bulk samples indicated above, X-

ray powder diffraction study has been employed.  Powder X-ray diffraction (XRD) 

uses X-rays to investigate and quantify the crystalline nature of materials by 

measuring the diffraction of X-rays from the planes of atoms within the material. It is 

sensitive to both the type of atoms and relative position of atoms in the material as 

well as the length scale over which the crystalline order persists. It can therefore be 

used to measure the crystalline content of materials, identify the crystalline phases 

and determine spacing between lattice planes and length scales over which they 

persist. The schematic diagram of powder X-ray diffractometer is shown in Figure 2.4 

(a) 

 

Figure 2.4 (a) Schematic diagram of powder X-ray diffractometer (b) Image of the 

Rigaku MiniFlex600 used for the XRD measurement 
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As mentioned earlier, non-crystalline materials are characterized by the absence of 

diffraction peaks and the XRD patterns of as-quenched samples are obtained to 

confirm this. The XRD patterns are collected by scanning 2θ from 20°-80° at a rate of 

2°/minute. The absence of any sharp diffraction peaks in the XRD patterns confirms 

that the as-prepared samples are amorphous in nature. XRD patterns obtained for 

annealed samples at their crystallization temperatures gives structural information of 

the prepared materials. Image of the Rigaku MiniFlex600 used for the XRD 

measurement is shown in the Figure 2.4 (b) 

 

2.3   SCANNING ELECTRON MICROSCOPY (SEM)  

The SEM studies have been undertaken to study the micro structural changes in the 

sample. SEM uses electrons rather than light to form images. It provides a great 

combination of magnification (100,000x), greater resolution (few nm), larger depth 

of view and ease of sample preparation and observation. The fundamental principle 

behind SEM is the scanning of a finely focussed electron beam over the surface of 

the specimen to study the micro structural features of the material. Normally in  

SEM, electrons are either thermoionically emitted from a tungsten (or lanthanum 

hexaboride) cathode and accelerated towards the anode or generated by field 

emission. The high energy (upto 100keV) electron beam is focussed and scanned 

over a rectangular surface of the specimen. The interaction/energy exchange between 

the electron beam and the specimen leads to several phenomena like back scattering, 

emission of secondary electrons and X-rays etc., leading to a range of imaging 

techniques and analytical modes to measure the composition and nature of the 

specimen. 

 2.3.1   Energy Dispersive X-ray Analysis (EDAX) 

EDAX is a technique used to analyze elemental composition of the material. It is 

based on the investigation of a sample by means of interactions between 

electromagnetic radiation and matter. The X-rays emitted by the matter in response 

to being hit by electromagnetic radiation are analyzed. The fact that each element has 

a unique atomic structure allows emitted X-rays that are characteristic of an 

element’s atomic structure to be identified uniquely from each other. 
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Figure 2.5 (a) Principle of scanning electron microscope (SEM). (b) Image of the 

Rigaku MiniFlex600 used for the XRD measurement 

 

To stimulate the emission of characteristic X-rays from a specimen, a high energy 

beam of charged particles such as electrons or a beam of X-rays is focused on the 

sample being studied. At rest, an atom within the sample contains ground state 

electrons in discrete energy levels or electron shells bound to the nucleus. The incident 

beam may excite an electron from an inner shell, ejecting it from the shell and creating 

a vacancy. This positive vacancy is eventually occupied by a higher energy electron 

from an outer shell and the difference in energy between the higher energy shell and 

lower energy shell may be released in the form of an X-ray as shown in Figure. 2.6. 

The amount of energy released by the transferring electron depends on which shell it is 

transferring from and which shell it is transferring to. The energy of the X-rays emitted 

from a specimen can be measured by an energy dispersive spectrometer. Since the 

emitted X-ray is characteristic of the difference in energy between the two shells and 

of the atomic structure of the element from which they are emitted, it allows the 

elemental composition of the specimen to be measured. The position of the peak gives 

information about the composition of the sample. The data generated by EDAX 

analysis consists of spectra showing peaks corresponding to the elements, making up 

the true composition of the sample being analyzed. Elemental mapping of the sample 

and image analysis are also possible. 
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Figure 2.6 Principle of EDAX 

2.4   ELECTRICAL SWITCHING ANALYZER 

The current-voltage characteristic of a solid can be studied either by scanning along 

the voltage axis with variable voltage source and measuring the current induced in the 

sample, or by scanning the current axis with the variable current source and 

measuring the voltage developed across the sample. The selection of the source 

depends on the characteristics to be measured. In the case of ohmic samples, either of 

these methods produces the same result. In the case of amorphous semiconductors, on 

the other hand, the behavior is different from crystalline samples. In these materials, 

the current increases linearly with voltage only up to a threshold voltage (VT). At VT, 

the resistance drops either drastically (switching) or gradually, indicating a distinct 

negative resistance behavior. If the voltage source is used directly across the sample, 

the decrease in resistance leads to the flow of very high current. To limit the flow of 

this high current, a series resistance (Rs) has to be connected in the circuit. The 

incorporation of Rs will adversely affect the characteristics to be measured (Saheb et 

al., 2003). Hence, in the present study, the I-V characteristics and switching behavior 

of the as prepared chalcogenide glasses are studied by sourcing current and measuring 

the voltage developed across the sample. Schematic diagram of the PC based 

switching analyzer system used to study the electrical switching behavior of the 

chalcogenide glasses is shown in the Figure. 2.7. It consists of two main parts: 
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(i) Source meter :- A Keithley Source - Meter (Model 2410) controlled through IV 

Lab Tracer 2.0 is used as an excitation source to study the I-V characteristics. It can 

deliver a maximum current of 20mA at a compliance voltage of 1100V. Here, the 1A, 

20V and 20mA, 1kV magnitudes are nominal values of current and voltage 

respectively. The maximum output magnitudes of the Source-Meter are 1.05A, 21V 

and 21mA, 1.kV. The current source mode of this instrument is employed for the 

switching analyses as it is possible to obtain the complete I-V curve in this mode.  

 

 

Figure 2.7 Schematic of PC controlled switching set-up used for I-V characteristic and 

electrical switching studies of the chalcogenide glasses 

(ii) Sample holder:- The sample whose I-V characteristic is to be studied is placed in 

a sample holder cell. Basically, the design comprises of an inter changeable two probe 

holder assembly comprising of a four hole high purity Alumina Sheathing with 

overall diameter not exceeding 8mm. This is integrated with alumina plates of 

diameter not exceeding 20mm at the bottom with suitable holding assembly on which 

the specimen to be tested is placed. The brass electrodes are inserted through the holes 

of the alumina sheathing for making contact with that of the sample. The design is 

such that the measuring probes will run through the individual holes of the Alumina 

sheathing duly fitted with a spring loading system provided at the top. By just 
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applying adequate hand pressure on the spring loading system, the contacts between 

the probes and the specimen are developed. To study the I-V characteristics, point 

contacts are taken from the two electrodes as shown in  Figure. 2.7. 

 

To study the temperature effects on the switching parameters, the sample holder is 

introduced into a fabricated stainless steel circular vessel with a flange with 

provision for mounting the same on a heating jacket. Necessary ports  are also 

provided on the cover assembly for introducing inert atmosphere as and when 

necessary. The vessel  is covered with a pre-heating segment employing Kanthal A1 

heating coils for preheating of the specimen to a maximum of 500°C. This segment is 

provided with a separate Chromel/Alumel thermocouple to act as sensor. The 

preheating segment is designed for operation at 230 Volts single phase AC Mains, 

and power rating of 2.5 KW. Experimental setup used for electrical switching studies 

is shown in Figure. 2.8. 

 2.5    DIFFERENTIAL SCANNING CALORIMETRY(DSC) 

The thermal studies presented in this thesis have been performed using a differential 

scanning calorimeter (DSC). DSC is a thermal analysis technique that measures the 

heat flow into or out of a sample as a function of temperature and is used to detect 

thermodynamic transitions such as glass transition, crystallization or melting. A DSC 

measures the temperature difference between the sample under study (S) and an inert 

reference (R). Thus, DSC is a calorimetric method in which differences in energy are 

measured. Generally, the temperature program for a DSC analysis is designed such 

that the sample holder temperature increases linearly as a function of time. The 

reference sample should have a well-defined heat capacity over the range of 

temperatures to be scanned. The DSC operates under the simple assumption that the 

heat flow rate between two points is proportional to the temperature difference 

between those two points. The Figure 2.9 shows the schematics of a  DSC and the 

image of  the instrument used in the present work The calorimeter consists of a 

sample holder and a reference holder (beneath their respective pans) as shown in 

Figure 2.9. Both are constructed of platinum to allow high temperature operation. 
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Figure 2.8 Image of the experimental setup used for electrical switching studies 

 

Figure 2.9 (a) Schematics of a Differential Scanning Calorimeter. (b) Image of the 

Perkin Elmer DSC 8000 used for thermal studies. 

Under each holder is a resistance heater and a temperature sensor. Currents are 

applied to the two heaters to increase the temperature at a selected rate. The difference 

in the power to the two holders is necessary to maintain the holders at the same 

temperature. A flow of nitrogen gas is maintained over the samples to create a 

reproducible and dry atmosphere. The nitrogen atmosphere also eliminates air 

oxidation of the samples at high temperatures. The sample is sealed into a small 

aluminum pan. The reference is an inert material such as alumina or just an empty 

aluminum pan. The pans hold up to about 10 mg of material. Since the DSC is at 

constant pressure, heat flow is equivalent to enthalpy changes:   
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(𝑑𝑞𝑑𝑡)𝑝 = 𝑑𝐻𝑑𝑡                                                      (2.2) 

Here 𝑑𝐻 𝑑𝑡⁄  is the heat flow measured in mcal sec-1. The heat flow difference 

between the sample and the reference is:  

∆𝑑𝐻𝑑𝑡  = (𝑑𝐻𝑑𝑡 )𝑠𝑎𝑚𝑝𝑙𝑒 − (𝑑𝐻𝑑𝑡 )𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒                                   (2.3) 

and can be either positive or negative. In endothermic processes such as most phase 

transitions, heat is absorbed and therefore, heat flow to the sample is higher than that 

to the reference. Hence, ∆dH/dt is positive. For example, as a solid sample melts into 

a liquid, it requires more heat flowing to the sample to increase its temperature at the 

same rate as the reference. This is due to the absorption of heat by the sample as it 

undergoes the endothermic phase transition from solid to liquid. In an exothermic 

process such as crystallization, some cross-linking processes, oxidation reactions, and 

some decomposition reactions, the opposite is true and ∆dH/dt is negative. When the 

sample undergoes exothermic processes (such as crystallization), less heat is required 

to raise the sample temperature. By observing the difference in heat flow between the 

sample and the reference, differential scanning calorimeters are able to measure the 

amount of heat absorbed or released during such transitions. DSC may also be used to 

observe more subtle physical changes, such as glass transitions. 

Glass transitions may occur as the temperature of an amorphous solid is increased. 

These transitions appear as a step in the baseline of the recorded DSC signal. This is 

due to the sample undergoing a change in heat capacity; no formal phase change 

occurs. 

As the temperature increases, an amorphous solid becomes less viscous. At some 

point, the molecules may obtain enough freedom of motion to spontaneously arrange 

themselves into a crystalline form. This is known as the crystallization 

temperature (Tc). This transition from amorphous solid to crystalline solid is an 

exothermic process, and results in a peak in the DSC signal. As the temperature 

increases, the sample eventually reaches its melting temperature (Tm). The melting 

http://en.wikipedia.org/wiki/Melting
http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Crystallization
http://en.wikipedia.org/wiki/Calorimeter
http://en.wikipedia.org/wiki/Glass_transition
http://en.wikipedia.org/wiki/Glass_transition
http://en.wikipedia.org/wiki/Amorphous
http://en.wikipedia.org/wiki/Kauzmann_paradox
http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Crystallization
http://en.wikipedia.org/wiki/Crystallization
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process results in an endothermic peak in the DSC curve. The ability to 

determine transition temperatures and enthalpies makes DSC a valuable tool in 

producing phase diagrams for various chemical systems. 

2.5.1   Measurements in DSC 

DSC parameters such as Tg, Tc, Tp and Tm are measured accurately by plotting the 

acquired data using Origin software. Pyris program (compatible software for the 

Perkin Elmer DSC 800 Instrument) is used to calculate the thermal parameters such as ∆𝐶𝑝 and ∆𝐻𝑐.  

2.5.1.1   Calculation of thermal parameters (∆𝐂𝐩 and ∆𝐇𝐜) 

The specific heat capacity shows a jump in the glass transition (𝑇𝑔), which is a 

characteristic feature of all glassy alloys. Change in specific heat (∆𝐶𝑝) is the 

difference in the heat capacity between the glassy state (solid)  and the super-cooled 

liquid as shown in the Figure 2.10.  ∆𝐶𝑝 =  𝐶𝑝(solid state) - 𝐶𝑝(super-cooled liquid state)  

In our experiments, values of ∆𝐶𝑝 were calculated using the automated feature 

available in the compatible software (Perkin Elmer PyrisTM ), The auto-slope function  

is selected from the preferences menu to enable all runs to be automatically shifted 

and sloped to zero based on the final heat flow points of the highest and lowest 

temperature isotherms. 

 

Figure 2.10 The baselines are extrapolated between before (liquid like) and after 

(solid like) the glass transition (𝑇𝑔)  (as shown by dotted lines). ∆𝐶𝑝 is the difference 

http://en.wikipedia.org/wiki/Transition_temperature
http://en.wikipedia.org/wiki/Enthalpy
http://en.wikipedia.org/wiki/Phase_diagram
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in the heat capacity between the glassy state (solid)  and the super-cooled liquid (as 

shown by arrows) 

 

For converting to 𝐶𝑝 units, the iso-aligned baseline data  is subtracted from the single 

curve 𝐶𝑝 by selecting the Calculate/Specific Heat menu. The resulting specific heat 

curve plotted as a function of temperature can be saved for further analysis. The 

representative Figure 2.11(screen shot of the Pyris Software) is shown as a guide to 

the eye for demonstrating the calculation of specific heat. 

 

Figure 2.11 Representative image of Perkin Elmer PyrisTM showing the calculation of ∆𝐶𝑝 and ∆𝐻𝑐 

 

The value of ∆𝐻𝑐  during the crystallization process has been estimated by measuring 

the area under the exothermic peak as, ∆𝐻𝑐 = 𝐴𝑚                                                                                           (2.4) 

 

where  is an instrumental constant – found to be 1.12; A is the area under the 

crystallization peak and m is the mass of the sample. In our experiments, we enter the 

mass of the sample and then execute the program. Once the thermogram was 

obtained, the area under the crystallization peak was calculated. By choosing inbuilt 
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option in the compatible software the values of ∆𝐻𝑐 were calculated. The 

representative Figure 2.11(screen shot of the Pyris Software) is shown as a guide to 

the eye for demonstrating the calculation of ∆𝐻𝑐. 

 

2.6   INDIGENOUSLY  FABRICATED  HIGH TEMPERATURE 

MELT QUENCHING UNIT TO PREPARE CHALCOGENIDE 

GLASSY ALLOYS 

In this section, we discuss an indigenously fabricated high temperature melt 

quenching system to prepare glassy alloys. This comprises a high temperature furnace  

with a vertically rotating ampoule holder assembly and a speed control system. The  

vertically rotating ampoule holder assembly is provided to hold at least one ampoule 

tube having the sample. The vertical rotation of the  ampoule tube ensures uniform 

mixing of the sample composition. The embedded heating elements maintain heat 

within the  furnace and allows  the sample to melt at high temperature. The system 

incorporates a quenching unit provided with a cooling medium. Here, the quenching 

unit is thermally insulated and vertically placed below the high temperature furnace so 

as to receive the  ampoule tube at a rapid speed freely under  gravity.  This enables 

quenching of  the sample composition in the ampoule tube, leading to  the obtention  

of desired amorphous samples of  glassy alloys. 

 

2.6.1   Need for the improved design of high temperature melt 

quenching unit  

The Synthesis of chalcogenide glasses is a challenging task as it requires rapid 

quenching of the ampoule containing chalcogenide melt from high temperature 

(1000C - 1200C) to a low temperature  10C within a fraction of a second. This 

involves dropping of the ampoule into a low temperature ice bath. The sudden drop 

into the ice bath arrests the chalcogenide melt in glassy/amorphous form. 

Chalcogenide melt is the combination of chalcogens and metal elements in it. It is 

basically metalloid or metal mix. Arresting this in amorphous form needs to be done 

quickly, else the same will result in crystalline form. Continuous rotation while 

heating should also be maintained to ensure proper mixing of the material. 
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Conventionally used high temperature furnaces make use of horizontal type rotation, 

tilting, and the like.. Some of the typically known methods for the preparation of 

chalcogenide glasses employ a horizontal mode of rotation which leads to improper 

mixing of sample composition. Further, in such methods, heating samples are placed 

inside a ceramic tube, resulting in a temperature gradient on samples during heating 

process. Furthermore, quenching process is slow since the samples are pushed 

through the length of the tube, thereby leading to temperature gradient problems 

before the actual quenching  begins.  

 

All ampoule holders, till date, are typically designed to rotate inside a ceramic tube – 

mostly horizontally. There are a number of factors a horizontally rotating ampoule 

holder is subjected to, namely: 

 

1. If the speed of rotation is slow, the reduced speed and the friction present 

between the interior of the ceramic tube and the exterior of the quartz ampoule 

holder will lead to the following consequence: the holder will be carried along 

the inner curvature of the tube to a certain position and then will slide off to the 

bottom portion of the horizontally rotating ceramic tube when the gravitational 

pull becomes marginally greater than the frictional resistance. This will, in all 

practical purposes, not allow for proper mixing of the chemicals inside the 

ampoule. 

2.  If the speed of rotation is relatively medium-high, then the ampoule will be 

raised  to half of the diameter of the tube and will then fall back, in air, to the 

bottom portion of the ceramic tube. This will in effect cause the ampoule to 

break at elevated temperatures. Repeated process of this kind of experiments 

will also lead to the ceramic tube failure. 

3. If the speed of rotation is high to very high ( ≥ 20 rpm), then due to 

centrifugal force acting on the chemicals inside the ampoule, there will not be 

any kind of mixing taking place . 

Moreover, with the present system available, it was observed that, after the heating 

process is complete and when the sample needs to be quenched, it either needs to be 

pushed through the complete length of the tube or the whole furnace needs to be 
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rotated 90. to ensure self-falling of ampoule due to gravity  and  “frictional force” 

between the walls of the ceramic tube and quartz ampoule. In summary, although 

conventional methods of preparation of chalcogenide glasses by horizontally rotating, 

tilting type furnaces yielded results, it was a big motivation to prepare and achieve far 

better-quality glasses by simplifying the process system and also implementing better 

safety norms. Further, there is also a need for an improved ampoule holder  which  

achieves uniform mixing and also removes all the problems of horizontal rotating 

ampoule holder. Therefore, the fabricated high temperature melt quenching system 

enabled the preparation of  glassy alloys required for all our subsequent experiments. 

 

2.6.2   Design specifications of the fabricated high temperature melt 

quenching system 

Horizontal muffle type furnace with opening in the front capable of enduring 

continuous operating temperatures up to 1300ºC and occasional maximum 

temperature of 1400ºC is designed. The bottom of the furnace has an opening of 

50mm diameter which aligns with the quenching tank placed vertically below the hot 

zone of the furnace. This hole enables the ampoule to drop through without any 

interference. As the Quartz ampoule needs to be rotated inside the heating chamber 

for proper mixing of sample composition, a specially designed ampoule holder is 

fabricated, which enables vertical rotation of the ampoule as opposed to the horizontal 

rotation. The ampoule holder and guide rod system are connected to a set of bearings 

and pulleys which in turn connect to a motor system where speeds can be controlled 

from 10 RPM to 90 RPM. A separate RPM indicator is also provided and calibrated to 

be used with a proximity sensor. After the achievement of proper thermal 

characteristics, the quartz ampoule with samples are allowed to fall free in to the 

quenching tank with a cooling medium to obtain the amorphous samples. Figure 2.12 

illustrates a front view of high temperature melt quenching unit and the corresponding 

functional units  are as follows: 

1) Furnace doors, 

2) Heating elements, 

3) Inconel sample holder, 



Chapter 2 

 

43 

 

4) Quenching tank 

5) Extended closure for motor and mechanical drive pulley system 

6) Electronic motor drive and speed indicator, 

7) Control systems for main furnace 

 

2.6.3    Design specifications of ampoule holder 

The complete holder system is designed in such a way that the ampoules do not fall 

off until necessary by ensuring that the free side portions are sealed and only one 

opening with cap is given to insert or remove the ampoule at any point of time. Figure 

2.13 illustrates the design of the holder system and its corresponding features are as 

follows 

1) Inconel centre rod,  

2) Bearing assembly,  

3) Bearing base mount,  

4) Machined Inconel rod in square form so as to aid rotation,  

5) Inconel sample holder,  

6) Inconel cap 

A box type Inconel holder is designed with a drop on type cap having an inner 

working volume of 12mm W X 12mm L X 100mm H. On one of the outer sides of 

the Inconel ampoule holder, a 30mm long square rod is extended. A fitting rod 

machined with a small clearance (tolerance) is also machined so as to fit the square 

portion of the holder. A square shape is selected so that it will enable the rotation 

without slip and guide the holder easily. The other side of the square machined rod is 

fit tightly into a bearing assembly and attached with a pulley and belt system, which 

connects to a motor. The motor is three phase geared unit capable of speed 

adjustments from 10 to 100 RPM by variations in the frequency fed to the motor, 

done using an imported motor drive. The speed indication is displayed by  an RPM 

indicator coupled with a proximity sensor. The cap is attached to the holder with fine 

grade temperature tolerant wires tied around the holder, positioning the cap so that the 

ampoule will not fall off the holder even while the holder rotates vertically. A small 
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amount of ceramic fibre is also placed in the holder so that the metal end of the holder 

will not cause any damage to the quartz at high temperatures.  

 

 

Figure 2.12  Front view of high temperature melt quenching system (complete patent 

has been filed : Patent application No: 201641044209) 

 

 

Figure 2.13 Isometric view of an ampoule holder system 
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2.7  ADVANTAGES OF HIGH TEMPERATURE MELT 

QUENCHING UNIT. 

1) The new holder design can synthesize  4  samples at a time. Further increase in 

the holder volume will increase the number of samples to be prepared. 

2) The arrangement of the holder enables quenching of the ampoule rapidly at 

gravity pull. 

3) Identification and alignment of the sample holder in such a way that mold will 

be collected at the bottom of the ampoule . 

4) During the quenching process even if the door is open for a small period of 

time, the ampoule will not suffer thermal instability.  

5) Operating temperature of the furnace can be maintained up to 1300C 

6) Though we have focused on preparing chalcogenide glassy alloys, this unit 

can also be used for the preparation of various semiconductor alloys. 

7) The present system is basically a two in one system owing to the ability of 

removing holder assembly from the furnace with ease, which allows us to use 

the same furnace system for other practical applications whenever required. 

8) The uniform mixing is claimed due to the vertical rotation system. This 

rotation is set up in such a way that it provides agitation to the sample while 

mixing. 
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CHAPTER 3 

ELECTRICAL SWITCHING AND THERMAL STUDIES OF    

Ge20Te80-xSnx CHALCOGENIDE GLASSY ALLOYS 

In this chapter, the studies of memory type electrical switching behavior and thermal 

properties of a ternary Ge20Te80-xSnx (0 ≤ x ≤ 4).  chalcogenide glassy alloys are 

presented. This chapter comprises of detailed study on composition, thickness and 

temperature dependence of chalcogenide glasses on switching voltage. Investigations 

using X-ray diffraction (XRD) and scanning electron microscopy (SEM) revealed the 

formation of a crystalline channel that acts as the conduction path between the two 

electrodes in the switched region. Furthermore, thermal studies carried out using DSC 

technique and crystallization kinetics are discussed. Glass forming ability of the said 

composition has been estimated by thermal crystallization. Thermal parameters are 

correlated with the electrical switching studies to get an insight into the phase change 

mechanism. Results of the calculated thermal parameters reveal that the GFA of the 

synthesized Ge20Te80-xSnx (0 ≤ x ≤ 4) glassy alloys has a synchronous relationship with 

their thermal properties studied through differential scanning calorimetry, indicating 

their potential for phase-change memory device applications.  

 

3 .1   INTRODUCTION 

Electrical switching is one of the scientifically interesting and technologically 

important phenomenon exhibited by non-crystalline semiconductors that was first 

observed by Ovshinsky (Ovshinsky 1968). Chalcogenide glassy alloys are typical 

semiconductor materials capable of exhibiting electrical switching. By applying a 

suitable electric field, chalcogenide compounds can be switched from a high resistance 

(OFF/RESET) amorphous to a low resistance (ON/SET) crystalline state and the 

voltage at which switching occurs is called threshold or switching voltage (VT). In 

general tellurium (Te) rich chalcogenides exhibit memory switching behavior (Lokesh 

et al. 2010). Out of many Te rich chalcogenides, Ge-Te is a system that has been 

extensively studied. It has a well-understood atomic structure and relatively simple 

binary chemical composition (Murthy et al. 2005). Switching studies on metal doped 

Ge-Te chalcogenides with additives such as  Sn, Bi, Tl, As (Das et al. 2011, 2012; 



Chapter 3 

 

47 

 

Prakash et al. 1996; Rahman et al. 2011), have shown that the VT  reduces with increase 

in additive concentration, which has been attributed to the increase in the metallicity 

factor and thus to the conductivity of the material. However, the selection of additives 

and controlling their concentration is a critical factor. Tin (Sn) has been incorporated 

as an additive in different chalcogenide systems such as, Se-Te, Pb9Se71Ge20 and Ge-

Se-Te, whose physical and electrical properties improved drastically in comparison to 

the host matrix (Abdel-Wahab 2011; Heera et al. 2012; Modgil and Rangra 2014). Bi-

layer chalcogenide films formed by interfacing Sn-Te with Ge-Te favored phase 

transition in Ge-Te and also yielded optimum phase change characteristics (Campbell 

and Anderson 2007). Furthermore, inclusion of Sn-Te in Ge-Te produces an ohmic 

contact with better adhesion between the layers which assisted in exhibiting excellent 

PCM characteristics. Although Sn plays a major role in improving material properties, 

literature report gives clear evidence to show  that Sn containing bulk chalcogenides 

form a very narrow region of chalcogenide glass formation. Aforementioned reasons 

motivated us to investigate the interaction of heavy metal like Sn with Ge-Te 

chalcogenides. 

For the present study,  a ternary chalcogenide system with Ge20Te80-x as the host matrix 

and Sn as the additive was synthesized, which yielded composition      Ge20Te80-xSnx  (0 

≤ x ≤ 4). Electrical switching behavior and thermal properties of Ge20Te80-xSnx  (0 ≤ x 

≤ 4) chalcogenides were studied for understanding the effect of Sn on switching. 

Switching studies were also carried out by varying the temperature and thickness of the 

chalcogenides. An attempt was made to understand the chalcogenide glass formation 

based on the results of thermal crystallization studies and composition dependence of 

surface morphology. Furthermore, a correlation between the thermal parameters and 

electrical parameters is established to validate the results in order to further understand 

the applications of Ge20Te80-xSnx (0 ≤ x ≤ 4) glassy alloys in PCM devices. 
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3.2   EXPERIMENTAL TECHNIQUES 

3.2.1   Sample Preparation 

A total of eight different ternary chalcogenide compounds having a composition 

Ge20Te80-xSnx (0 ≤ x ≤ 4) were prepared using vacuum sealed melt-quenching approach 

by varying ‘x’ as 0, 1, 1.5, 2, 2.5, 3, 3.5 and 4, respectively. In a typical synthetic 

process, suitable quantities of elemental precursors namely Ge, Te and Sn (99.99% 

pure) were weighed and transferred into a flattened quartz ampoule. The ampoule 

containing the precursors   was evacuated to a pressure of ~10-5 Torr (Avac Vacuum, 

made in India) and was held for 30 min, after which it was sealed under vacuum. The 

sealed ampoule was loaded into a custom built electric furnace (Indfurr, made in India) 

and was slowly heated to 1000°C at a heating rate of 100°C/h. The ampoule was 

maintained at this temperature for 24 h under continuous rotation at 10 rpm to ensure 

homogeneity of the melt. The ampoules were subsequently quenched in an ice water 

bath mixed with NaCl for obtaining the ternary chalcogenides.   

3.2.2   Structure, morphology, electrical switching and thermal studies 

 X-ray diffraction (XRD) patterns of the synthesized compounds were recorded using 

an X-ray diffractometer (Rigaku MiniFlex 600-Benchtop XRD, Made in Japan) with 

Cu Kα radiation (λ = 1.54056 Å). Morphology and energy dispersive X-ray 

spectroscopy (EDS) studies were performed using a JEOL JEM 6380AL high-

resolution scanning electron microscope (SEM). The samples for SEM were prepared 

by sputter coating gold to avoid charging effect. The electrical switching studies on the 

as-synthesized Ge20Te80-xSnx          (0 ≤ x ≤ 4) ternary chalcogenide samples were 

performed using a programmable dc source-meter (Keithley 2410-C, made in Canada). 

The samples (0.30 mm thickness) were mounted on a two probe sample holder in 

between a flat bottom electrode and a pointed electrode using a spring load mechanism. 

A current of   0 – 2 mA was passed and the voltage developed across the sample was 

measured. Temperature dependence on the switching voltage was studied in the range 

of 30-110°C using a custom built heater cell (Indfurr, made in India) installed with a 

thermocouple. 
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DSC experiments were carried out using a DSC 8000 Instrument (Perkin Elmer, USA). 

The samples had masses in the range 10-20 mg, and the experiments to record the 

thermal parameters 𝑇𝑔, 𝑇𝑐 and 𝑇𝑚 were undertaken in the temperature range of 323-

673K K at a scan rate of 10 Kmin-1. The changes in the specific heat and enthalpy were 

estimated and their interdependence was studied as a function of glass composition. 

Perkin Elmer Pyris is a compatible software employed to calculate parameters like ∆𝐶𝑝 and ∆𝐻𝑐. 

3.3   RESULTS AND DISCUSSIONS 

3.3.1   XRD Studies 

Since electrical switching behavior can only be shown by amorphous semiconductors, 

it is important to confirm the non-crystalline nature of as-synthesized Ge20Te80-xSnx 

ternary chalcogenides. Figure 3.1 shows the XRD pattern of the as-prepared       

Ge20Te80-xSnx      (0 ≤ x ≤ 4) glass samples. The amorphous nature of as-prepared samples 

is proved by the absence of sharp diffraction peaks in the XRD patterns. 

 

 

Figure 3.1 X- Ray diffraction patterns of as-prepared Ge20Te80-xSnx (0 ≤ x ≤ 4) 
chalcogenide glassy alloys. Absence of the sharp peaks in the XRD pattern indicate 

their amorphous nature. 
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3.3.2   I-V characteristics of Ge20Te80-xSnx chalcogenides and thermal 

mechanism  

I-V characteristics of eight chalcogenide samples in the series Ge20Te80-xSnx (0 ≤ x ≤ 4) 

are presented in Figure 3.2. It is clear from the plots that at lower applied current, the 

samples exhibit an ohmic behavior and at a certain critical voltage called threshold 

voltage VT, the samples exhibit a rapid switching from amorphous (high resistance OFF 

state) to crystalline (a low resistance ON) state. It was found that samples did not revert 

back to their original OFF state resistance even after removing the applied electric field. 

This observation indicates that memory switching behavior occurs at a comparatively 

lower applied current (2 mA) in Ge20Te80-xSnx (0 ≤ x ≤ 4) chalcogenide compounds. 

Literature reports suggest that tellurium rich chalcogenides exhibit a clean electrical 

switching without any fluctuations in the I-V plots during their transition to the ON 

state(Lokesh et al. 2010). But, rapid variation of electrical conductivity is also reported 

to influence the switching behavior (Warren 1970). However, out of the many factors 

which determine memory switching  in chalcogenides, the formation of a crystalline 

channel (filament) between the electrodes is quite significant. 

In principle, filament formation can be provoked by thermal or electronic fluctuations 

that lead to redistribution of current, leading to switching (Adler et al. 1978). Initiation 

of threshold supports filament formation due to the inability to arrest switching at any 

point within the region of negative resistance. Reports so far suggest that switching in 

chalcogenides is always associated (implicitly or explicitly) with the region of current-

controlled negative resistance (CCNR) (Owen and Robertson 1973). CCNR provides a 

positive feedback mechanism which allows the system to carry the same or larger 

currents with smaller voltages in the region of instability. On the other hand, thermal 

mechanisms of switching were first discussed by Warren (Warren 1970), in which the 

current suddenly increases when the voltage reaches VT, wherein VT corresponds to the 

complete filling of defect states in chalcogenides. Defects in amorphous 

semiconductors such as structural defects can dominate the switching process. The 

atomic structure and the electron levels introduced by the defects were reported to 

influence the switching behavior in chalcogenides (Waser et al. 2010).  
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Figure 3.2 I-V characteristics of Ge20Te80-xSnx chalcogenide compounds in the 

composition range x = 0 to 4.  As seen from the plots the switching voltage (VT) 

decreases remarkably with respect to increase in Sn content. The arrow marks in the I-

V plots are guide to the eye representing the direction of current sweeping. 



Chapter 3 

 

52 

 

Adler(1980) has reported that lowest energy defects known as a Valence Alternation 

Pair (VAP)  are expected in amorphous chalcogenide alloys, in which switching occurs 

when the defect states are filled by the field injected charge carries (by a way of Poole-

Frenkel effect). This essentially indicates that electrical conductivity of the medium is 

field dependent. When the defect states are filled, the field dependent mobility or carrier 

concentration would suddenly increase (owing to the change of phase from amorphous 

to crystalline) from low to high value, thereby decreasing the resistivity (initiation of 

switching, Threshold voltage VT) of the material and enabling a larger current to flow 

through the chalcogenide. In general, the chalcogenides studied herein are p–type 

semiconductors with a high resistance OFF state due to the dominance of holes (h+) as 

charge carriers, whereas, electrons (e-) are responsible for the dynamic low resistance 

ON state. In the OFF state (high resistance cold layer of the material) both of these 

charge carriers (e- and h+) are trapped in the localized state owing to which the charge 

carrier free path is very small (only about 10-9 m = 1 nm) and their lifetime at extended 

states is very low. However, their relaxation time is reported to be longer than diffusion 

length lifetime or recombination time (Savransky 2005). Hence, the high resistance 

OFF state of the chalcogenides studied herein is associated to dielectric relaxation. It is 

important to note that switching occurs by dielectric breakdown (O’Dwyer 1969).  

At VT, the lifetime of the current increases longer than the relaxation and hence a 

sudden drop in voltage is observed. Based on the thickness and material composition, 

the lifetime is reported to vary (Popescu 1975). Usually memory switching is observed 

in poorly connected Te rich amorphous chalcogenides, owing to their greater 

conductance, resulting in greater power dissipation which eases the formation of 

conducting channel. The formation of conducting paths is more drastic in those 

chalcogenide compositions which devitrify easily, and compounds with lower thermal 

diffusivity are likely to exhibit memory switching which is attributable to their thermal 

origin (Stocker 1970).  
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3.3.3    Compositional dependence of threshold voltage (VT) 

The variation in the switching voltages and starting electrical resistance of Ge20Te80-

xSnx (0 ≤ x ≤ 4) chalcogenide compounds with respect to the composition is presented 

in Figure 3.3. The plot indicates a stepwise decrease in both VT and starting electrical 

resistance with increase in atomic percentage of Sn. Previous studies have revealed that 

the composition dependent switching voltage is determined mainly by the metallic 

factor of the additives and the connectivity or rigidity of the network (Asokan and 

Lakshmi 2012). According to the network constraint theory (Phillips 1979), the 

addition of higher coordinated atoms increases the network connectivity and 

complexity of the structural reorganization required for memory switching owing to 

which there is an increase in the switching voltages.  

 

Figure 3.3 Compositional dependence of threshold voltage (VT) and OFF state 

resistivity of Ge20Te80-xSnx (0 ≤ x ≤ 4) chalcogenide compounds as a function of atomic 

percentage of Sn. Both VT and OFF state resistivity are found to decrease with increase 

in Sn concentration 
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The most interesting outcome of the present work is the significant decrease in VT with 

increase in Sn content. As mentioned in the experimental section, herein the 

chalcogenides with composition Ge20Te80-xSnx (0 ≤ x ≤ 4) are synthesized by the 

addition of Sn metal to the host matrix (Ge20Te80), making it more metallic in nature. 

Since the inclusion of Sn happens at the expense of Te, there is a remarkable decrease 

in VT which can be attributed to the increase in conductivity in the chalcogenide system, 

owing to the lower resistivity value of Sn in comparison to Te (Sn = 11.5 x10-8 Ωm and 

Te = 10 x10-5 m). The addition of metallic additives such as Cu, Ag, Bi and Tl (Das 

et al. 2011; Rahman et al. 2011; Ramesh et al. 1999) to Ge-Te system exhibit a decrease 

in VT indicating that the present results are in accordance with literature reports. 

Furthermore, during memory switching process the lower resistivity allows higher 

currents to flow through the samples which in turn raises the temperature due to Joule 

heating assisting the structural transformation. These observations indicate that the 

metallicity of the dopant plays a dominant role in decreasing VT in Ge20Te80-xSnx (0 ≤ 

x ≤ 4) chalcogenide systems in comparison to intrinsic network connectivity and 

rigidity. As observed from Figure 3.3, in addition to VT, the starting electrical resistivity 

(OFF state resistivity) values also decrease with the increase in Sn content in the 

chalcogenide compound. Previous studies have already established a direct correlation 

between VT and electrical resistivity which support our results. Average coordination 

number <r> varies with respect to the composition of the chalcogenides. The average 

coordination number <r> for the composition Ge20Te80-xSnx (0 ≤ x ≤ 4) can be given as 

(Phillips 1979), 

Ge Te SnN N N
r

  
  
 

  
 

                                                                    (3.1) 

where, α, β and γ are concentration (At%) of Ge, Te and Sn, respectively and their 

coordination number are NGe = 4, NTe = 2 and NSn = 4, respectively. Increase in the 

average coordination number reveals the compactness of the compound. Herein, it is 

intricate to explain the effect of network topological thresholds such as rigidity 

percolation on the composition dependence of VT of Ge20Te80Snx, since the composition 

of chalcogenide formation is restricted to a narrow range of average coordination 

number (2.40 ≤ < rc > ≤ 2.48). 
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3.3.4    Thickness and Temperature dependence of switching voltages 

Sample thickness (d) is an important parameter that can provide an insight into the 

switching mechanism. In general, for samples exhibiting memory switching, the 

variation of VT shows linear or square root dependence (d1/2) with thickness and in case 

of threshold switching, variation of VT shows square dependence (d2) with sample 

thickness (Jones and Collins 1979). Thermal conductivity (k) of the sample and external 

heat conductivity (λ) determine the heat loss through the electrode surface and based 

on the sample thickness VT varies. Herein, the variation in VT with respect to the 

thickness (d = 0.10 - 0.60 mm) of a representative Ge20Te77Sn3 chalcogenide sample is 

plotted in Figure 3.4. The overall features of I-V characteristics of Ge20Te77Sn3 are not 

altered by varying its thickness. However, VT is found to increase linearly with increase 

in thickness of Ge20Te77Sn3. It is apparent that a linear relationship between switching 

voltage and sample thickness is relevant, but this result appears to exclude a purely 

thermal theory which predicts that the switching voltage should have a square root 

dependence (d1/2) on sample thickness (O’Dwyer 1969). The formation of filament in 

memory switching is well known (Nakashima and Kao 1979). If the sample is a thin 

slab (λd >> 2k), then the loss of heat generated from the filamentary channel to the 

surface of the electrode is less.  

Therefore, for thin samples, VT is less dependent on the thickness while for bulk 

samples thicker than 0.3 mm, VT increases with increasing thickness (see Figure 3.4), 

indicating that the power required for the filament formation is directly associated with 

the volume of the channel (Nakashima and Kao 1979). Therefore, it is a common 

practice to have an optimum thickness (d = 0.3 mm) for memory applications. However, 

achieving a pellet with thickness less than 0.3 mm for switching experiments is hardly 

possible, owing to the brittle nature of the bulk samples. 
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Figure 3.4 Variation of switching voltage (VT) with respect to thickness of a 

representative Ge20Te77Sn3 chalcogenide. 

I-V characteristics of a representative Ge20Te78Sn2 chalcogenide sample at different 

temperatures are shown in Figure 3.5. Although the I-V plots in Figure 3.5 become 

broader and sluggish at higher temperatures, the nature of the switching curves remain 

the same. The region of the switching slope is narrowed down at higher temperatures 

since the activation energy required for the phase change reduces, resulting in the 

decrease of VT. Memory type materials during switching at elevated temperature are 

reported to undergo reduction in the energy barriers for crystallization (Murugavel and 

Asokan 1998). The moderate decrease in VT of the chalcogenides with respect to the 

increase in temperature suggest their limited thermal stability and their semiconducting 

nature is confirmed from the increase in the electrical conductivity with respect to 

increase in temperature. 

The temperature dependence on the threshold switching voltage can be expressed as 

(Shimakawa et al. 1973), 

0 expT

B

V V
K T

 
  

 
                                                           (3.2) 

Where, VT is the threshold switching voltage,  is the threshold voltage–activation 

energy, KB is Boltzmann constant (8.617 X 10-5 eV. K-1) and T is temperature in Kelvin. 

The threshold voltage–activation energy at elevated temperatures calculated from the 
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above expression is tabulated in Table 3.1. It can be noticed that the value of the 

activation energy decreases with increase in the temperature which can be directly 

related to the decrease in VT observed at elevated temperatures.  

 

Figure 3.5  I-V characteristics of a representative Ge20Te78Sn2 chalcogenide measured 

at different temperatures, (a) 303K (b) 343K and (c) 383K. Increase in temperature 

exhibited a remarkable decrease in VT which is plotted in (d). The arrow marks in (a), 

(b) and (c) are guide to the eye representing the direction of current sweeping. 

Table 3.1: The values of activation energy () at different temperature range. 

Temperature Range (K) Activation energy 

 (eV) 

 

303-323 0.22 

323-343 0.19 

343-363 0.16 
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3.3.5   Microscopic study of the switched region 

As an additional experimental evidence for confirming the memory switching process, 

SEM analysis was carried out on a representative Ge20Te78Sn2 chalcogenide sample for 

analyzing the microstructural changes before and after switching studies. Chalcogenide 

samples even after the removal of voltage causing memory switching are known to 

retain their crystalline phase and the crystallized area in a switched sample is called 

conducting filament (Karuppannan et al. 2011). It is interesting to observe and identify 

the conducting (current carrying) filament from the SEM micrograph of the switched 

sample shown in Figure 3.6c and 3.6d, which look like a linear crystalline melt. On the 

other hand, the morphology of the region other than the conducting filament in Figure. 

3.6c look identical to the amorphous phase of unswitched sample shown in Figure. 3.6a.  

 

Figure 3.6 SEM micrographs of unswitched (a, b) and switched (c, d) Ge20Te78Sn2 

chalcogenide. SEM image in (d) is the magnified area marked in (c), which clearly 

shows a crystallized melt representing the conducting filament formed during 

switching. 
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3.3.6    DSC studies – Compositional dependence of thermal 

parameters 

The dependence of the composition on the thermal parameters provides important 

information regarding crystallization kinetics of the Ge20Te80-xSnx (0 ≤ x ≤ 4) 

chalcogenide glasses under study and their suitability for phase-change mechanism. 

The total heat flow curve of one representative Ge20Te78Sn2 glass sample is shown in 

Figure 3.7. The first peak (endothermic peak) in Figure 3.7a denoted as a circle 

(expanded in Figure 3.7b), indicates glass transition temperature (𝑇𝑔) which represents 

the glassy nature of the prepared material. Further, the sharp peak (exothermic peak) 

appearing at 500 K in Figure 3.7a indicates the crystallization (𝑇𝑐), and the peak 

appearing at about 660 K is the characteristic melting temperature (𝑇𝑚). The variation 

of characteristic temperatures, 𝑇𝑔, 𝑇𝑐 and 𝑇𝑚 for the studied Ge20Te80-xSnx (0 ≤ x ≤ 4) 

glasses is tabulated in Table 3.2. As observed from the thermograms, single 𝑇𝑔 

accompanied by a single 𝑇𝑐 indicates that the prepared glasses are homogeneous. 𝑇𝑔 is 

a very important thermal parameter which is indicative of the connectivity of the glassy 

network (Wright et al. 1991). The rise in the value of  𝑇𝑔  with the introduction of Sn to 

the base matrix (Ge20Te80) can be attributed to the relatively hard metallic or semi-

metallic character of Sn with hydrogen like weak bonding in the alloy stoichiometry as 

reported previously in other chalcogenide glassy alloys (Phillips 1979, 1981). As a 

consequence, a rise in activation energies for Ge20Te80-xSnx
 

 was observed in 

comparison to pristine Ge20Te80 base matrix. Furthermore, the addition of Sn attributes 

to the domination of metallicity factor (more metallic in nature) leading to reduced 

amorphous network connectivity and rigidity (Fernandes et al. 2016), which resulted in 

a decline in the value of 𝑇𝑔 for Ge20Te80-xSnx. On the other hand, a similar trend of 

decrease in the values of 𝑇𝑝 and 𝑇𝑐 in Sn doped Ge20Te80 glassy alloys was observed. 

Lower values of 𝑇𝑐 is indicative of the existence of weak homoploar and heteropolar 

bonds in glassy configuration. The observed sharp and continuous crystallization 

process reported herein for Ge-Te-Sn chalcogenide alloys exists between 𝑇𝑐 and 𝑇𝑝, 

owing to continuous breaking of rigid heteropolar bonds, causing generation of greater 

amount of heat energy in the specimen (Singh 2012). It can be seen that the 𝑇𝑔 decreases 

moderately with increase in Sn concentration (Table 3.2), indicating the disruption of 
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the covalent bonds caused by the decrease in the chain length, owing to the addition of 

Sn in Ge-Te, resulting in a reduced structure (Asokan and Lakshmi 2012). 

 

Figure 3.7  (a) Total heat flow curve of a representative Ge20Te78Sn2 glass sample 

indicating characteristic temperatures such as glass transition temperature (𝑇𝑔), peak 

crystallization temperature (𝑇𝑝) and melting temperature (𝑇𝑚). The enlarged glass 

transition temperature region in (a) is expanded in (b). 

 

The specific heat capacity (𝐶𝑝) measured at 𝑇𝑔 is an important parameter to characterize 

a given glassy material, since it represents the heat stored in molecular motions. The 

change of state of a glassy matrix from viscous liquid to structurally arrested state is 

associated with 𝑇𝑔, wherein it is the temperature above which a glassy matrix will attain 

various structural configurations. Hence, when the glass is heated in a DSC furnace, it 

must exhibit an increase in the specific heat 𝐶𝑝 value at 𝑇𝑔. A change in the specific 

heat capacity during glass transition (∆𝐶𝑝) suggests the occurrence of an extended 

stiffness transition. Liquids that show large changes in  ∆𝐶𝑝 are fragile liquids and those 

which exhibit small changes in ∆𝐶𝑝 are strong liquids (Angell 1985). Based on the 

obtained values of ∆𝐶𝑝 listed in Table 3.2, it is clear that the addition of Sn to Ge-Te 

glasses produces ternary alloys obtained from strong liquids. Similar results have been 

reported in the case of Sn doping to Se–Sb glasses, which confirms our discussions 

(Imran 2011; Lafi and Imran 2011). 

 



Chapter 3 

 

61 

 

Table 3.2: Characteristic temperatures and specific heat measurements of Ge-Te-Sn 

Chalcogenides at a heating rate of 10 Kmin-1. 

Sample 𝑻𝒈(𝑲) 𝑻𝒎(𝑲) 𝑻𝒄(𝑲) 𝑻𝒑(𝑲) ∆Cp (J/g K) 

Ge20Te80 401.24 661.08 487.02 515.8 0.278 

Ge20Te79Sn1 415.04 668.31 487.07 502.67 0.238 

Ge20Te78Sn2 414.62 661.26 482.82 503.89 0.286 

Ge20Te77Sn3 410.99 659.62 476.8 494.19 0.234 

Ge20Te76Sn4 408.78 644.09 474.3 490.14 0.344 

 

3.3.7   Crystallization kineics 

Generally, the crystallization kinetics of chalcogenide materials is described in terms 

of the activation energies of amorphous and crystalline transformation (Málek 2000). 

The dependence of 𝑇𝑔 on heating rate (𝛼) has been discussed on the basis of three 

approaches reported in literature (Das et al. 1972; El-Mously and El-Zaidia 1978; 

Kissinger 1957; Kotkata and El-Mously 1983; Moynihan et al. 1976). The first 

empirical relationship is of the form 

 

    𝑇𝑔 = 𝐴 + 𝐵𝑙𝑛𝛼                                                        (3.3) 

 

where A and B are constants for a given glass compositions. According to the equation, 

a useful assignment of  𝑇𝑔 can be obtained by extrapolating the heating rate to                𝛼 = 1𝐾/𝑚𝑖𝑛, i.e. 𝑇𝑔 = 𝐴. Additionally, the constant B reflects the rate dependence of 

configurational changes in super cooled liquids (Debenedetti and Stillinger 2001). This 

dependence can provide information on the kinetics of the glass transition (Moynihan 

et al. 1976). Values of the constants A and B are obtained by fitting the experimental 

data to the least square as shown in Figure 4.8b. These values are listed in the Table 

3.3. 



Chapter 3 

 

62 

 

 

Figure 3.8. Plots showing the (a) dependence of heating rate on the glass transition 

temperature 𝑇𝑔 and (b) glass transition temperature 𝑇𝑔 against 𝑙𝑛(𝛼). 

 

Table 3.3: Lasocka parameters (A and B), Fragility index and the glass transition 

activation energy determined using the Moynihan model and the Kissinger equation. 

Composition 

Lasocka 

parameters 

Activation Energy (𝑬𝒈) (𝒌𝑱/𝒎𝒐𝒍) 
Fragility 

index (F) 
A(K) B Moynihan  Kissinger  

Ge20Te80 371.73 12.59 131.86 123.73 16.10 

Ge20Te79Sn1 385.53 12.59 127.21 118.43 14.90 

Ge20Te78Sn2 385.11 12.59 112.07 104.51 13.16 

Ge20Te77Sn3 381.48 12.59 112.07 104.51 13.28 

Ge20Te76Sn4 379.27 12.59 108.01 95.94 12.25 

 

It is useful to compare the values of glass transition activation energy (𝐸𝑔) determined 

using the different models. Evaluation of 𝐸𝑔  using the theory of structural relaxation 

was first developed by Moynihan et al. (Easteal et al. 1974; Grenet et al. 1981; Howell 

et al. 1974; Kasap and Juhasz 1986; Larmagnac et al. 1981; Moynihan et al. 1974, 1976; 

Moynihan and Gupta 1978), from the heating rate dependence of glass transition 

temperature given as;  ln(𝛼) = − 𝐸𝑔𝑅𝑇𝑔 + 𝐶                                                                (3.4) 
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The plots of ln(𝛼) against (103 𝑇𝑔 )⁄  are plotted for various compositions as shown in 

Figure 3.9a and the slopes of these plots have been used to calculate the activation 

energy of glass transition (listed in Table 3.3). On the other hand, Kissinger formulation  

(Kissinger 1957) is also used for the evaluation of the activation energy for glass 

transition (𝐸𝑔). Despite the fact that Kissinger equation is basically used for the 

determination of activation energy for crystallization process, it has been shown that 

(Chen 1978; Colmenero and Barandiaràn 1979; Macmillan 1965; Shelby 1979) the 

same equation can be used for the evaluation of glass transition activation energy (𝐸𝑔), 

and can be written as; 𝑙𝑛 ( 𝛼𝑇𝑔2) = − 𝐸𝑔𝑅𝑇𝑔 + 𝐶                                     (3.5)       

                                𝐸𝑔is calculated from the slope of the plot of 𝑙𝑛(𝛼 𝑇𝑔2⁄ ) against (103 𝑇𝑔)⁄  shown in 

Figure 3.9b. The glass transition activation energy (𝐸𝑔) reflects the endothermic energy 

of the material which is produced due to the unsaturated or hydrogen like bond breaking 

at the pre crystallization critical temperature (Ozawa 1970). This is based on the 

assumptions that 𝐸𝑔  is associated with the internal energy of the system arising from 

the relative positions and interactions of its parts, which can be changed by transfer of 

matter or heat or by doing work (Kumar and Singh 2012).  From Table 3.3, it is 

observed that activation energy of glass transition (𝐸𝑔) decreases with the increase in 

Sn content in the samples. Commotion of covalent bonds of Ge-Te network on further 

addition of Sn leads to the increase in internal energy of the system, thereby channelling 

to the decrease in 𝐸𝑔  values. Similar results on the decrease of 𝐸𝑔  with the addition of 

metallic dopants validate our conclusion (Deepika et al. 2012; Imran et al. 2001; Lafi 

et al. 2013) 
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Figure 3.9   Plots exhibiting the variation of glass transition with respect to heating rate 

in Ge20Te80-xSnx (0 ≤ x ≤ 4) chalcogenide glasses based on (a) Moynihan [𝑙𝑛(𝛼) 

versus 1000 𝑇𝑔⁄ ] and (b) Kissinger [𝑙𝑛(𝛼 𝑇𝑔2⁄ ) versus 1000 𝑇𝑔⁄ ] models.  

The fragility is calculated using the following relationship (Böhmer et al. 1993) 

 𝐹 = 𝐸𝑔2.303𝑅𝑇𝑔                                                                     (3.6) 

 

According to Vigils (Vilgis 1993), glass forming liquids exhibiting an approximate 

Arrhenius temperature dependence of relaxation time  are defined as strong liquids and 

are specified with a low value of  F (F ≈16), while the limit for fragile glass-forming 

liquids is characterized by a high value of  F (F ≈ 200) (Böhmer and Angell 1994). The 

values of F for all samples have been listed in Table 3.3. Since the values of F are 

within the limit of 16, it is reasonable to state that the prepared Ge20Te80-xSnx (0 ≤ x ≤ 

4) glassy alloys are obtained from strong glass-forming liquids. 

 

According to the Johnson-Mehl-Avarami (JMA) model, several methods can be used 

to deduce 𝐸𝑐 . The first method was suggested by Kissinger (Kissinger 1957), and is 

based on the fact that the crystallization rate reaches its maximum value at the peak 

temperature of crystallization (𝑇𝑝). According to this approach, the variation of 𝑇𝑝 with 

the heating rate (𝛼) is given by, 
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𝑙𝑛 ( 𝛼𝑇𝑝2) =  − 𝐸𝑝𝑅𝑇𝑝 +  𝐶                                                             (3.7) 

 

The second approach is the one which was developed by Takhor (Takhor 1972) by 

monitoring the variation of 𝑇𝑝with respect to heating rate (𝛼), which can be written in 

the form 𝑙𝑛(𝛼) =  − 𝐸𝑝𝑅𝑇𝑝 + 𝐶                                                               (3.8) 

 

The third approach to find the crystallization activation energies is Augis-Bennett 

(Augis and Bennett 1978) approximation method as given by the following equation. 

 𝑙𝑛 ( 𝛼𝑇𝑝) =  − 𝐸𝑝𝑅𝑇𝑝 + 𝐶                                                             (3.9) 

 

Finally, the crystallization activation energies for the studied glasses were also deduced 

using the following equation, derived by Ozawa (Ozawa 1965, 1971) as shown below: 

 ln(𝛼) =  − 𝐸𝑐𝑅𝑇𝑐 + 𝐶                                                                  (3.10) 

 

This equation describes the variation of onset crystallization temperature 𝑇𝑐 with the 

heating rate (𝛼). Depending on the equations 3.7- 3.10, the data for glassy Ge20Te80-

xSnx (0 ≤ x ≤ 4) alloys were fitted to linear functions using the least square fitting 

function as shown in Figure 3.10a-d, respectively, and the activation energy of the 

samples were evaluated from the corresponding slopes as listed in Table 3.4. 

 

The activation energy for crystallization (𝐸𝑐) is a measure of the potential for 

crystallization, as it indicates the  rate of crystallization (Mullin 2001). The observed 

values of 𝐸𝑐  calculated through various theoretical models differ slightly from each 

other owing to the different approximations used. For example, onset crystallization 

temperature (𝑇𝑐) has been used in Ozawa model where the crystallization just begins, 
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while the other three models use peak crystallization temperature (𝑇𝑝) at which 62% of 

crystallization is complete (Lafi et al. 2014). However, the variation in the values of 𝐸𝑐  

confirms the validity of the studied models as a means for evaluating 𝐸𝑐 . As observed 

from Table 3.4, the activation energy of crystallization (𝐸𝑐) is found to decrease with 

respect to increase in Sn content. The decrease in 𝐸𝑐  can be attributed to the decrease 

in viscosity of the medium of the studied glasses, which aids crystallization and causes 𝑇𝑐 and 𝑇𝑝 to occur at lower temperatures. The estimated values of 𝐸𝑐  thus indicate why 

the atoms of the studied glasses require less energy to switch from amorphous to 

crystalline form. 

3.3.8   Thermal stability and Glass Forming Ability 

The Thermal stability (∆𝑇 = 𝑇𝑐 − 𝑇𝑔) and glass forming ability are two important 

parameters that determine the utility of chalcogenide alloys as recording materials, 

since phase change optical recording and erasing techniques are based on laser induced 

thermal amorphization and crystallization of chalcogenide glasses. Therefore, the 

origin of thermal stability and glass forming ability is of great practical interest. 𝑇𝑔 

represents the strength or rigidity of a glassy structure, it offers valuable information on 

its thermal stability. However, information on the glass forming ability cannot be 

obtained from 𝑇𝑔 alone, owing to which the knowledge of crystallization temperature 

(∆𝑇) of a glassy material is essential. It has been reported that unstable glasses show 

onset crystallization temperature close to that of the 𝑇𝑔  (Dietzel 1968). Stability of the 

glassy material towards hot forming processes represents its ability to deform without 

affecting its amorphous nature. A higher value of ∆𝑇 indicates a delay in nucleation 

process and as the rule of thumb suggests, a minimum value of ∆𝑇 of 100 K is needed 

to provide a sufficient temperature window for applications such as fiber drawing 

(Rocca et al. 2009). On the other hand, lower values of ∆𝑇 represent the ability of the 

glasses to devitrify easily, signifying the suitability of these materials for PCM devices. 

The calculated values of ∆𝑇 for Ge20Te80-xSnX (0 ≤ x ≤ 4) samples listed in Table 3.5, 

indicate a consistent decrease with respect to increase in the atomic percentage of Sn, 

which reveals their easy devitrifiable nature, suggesting their suitability for PCM 

applications. 
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Figure 3.10  Plots of (a) 𝑙𝑛(𝛼 𝑇𝑝2⁄ ) versus 1000 𝑇𝑝⁄ , (b) 𝑙𝑛(𝛼) versus 1000 𝑇𝑝⁄ , (c) 𝑙𝑛(𝛼 𝑇𝑝⁄ ) versus 1000 𝑇𝑝⁄  and (d) 𝑙𝑛(𝛼) versus 1000 𝑇𝑐⁄  for Ge20Te80-xSnx (0 ≤ x ≤ 4) 

chalcogenide glasses corresponding to Kissinger, Takhor, Augis-Bennett and Ozawa 

models for calculation of the crystallization activation energy. 

Table 3.4 Calculated values of crystallization activation energies (𝐸𝑐) using Kissinger, 

Takhor, Augis-Bennett, and Ozawa model 

Composition 
Activation energy (𝑬𝒄) (kJ/mol) 

Kissinger Takhor Augis-Bennett Ozawa 

Ge20Te80 118.73 127.39 128.62 134.49 

Ge20Te79Sn1 117.37 132.38 116.68 149.09 

Ge20Te78Sn2 119.44 132.38 123.88 157.69 

Ge20Te77Sn3 117.35 118.96 114.02 144.02 

Ge20Te76Sn4 95.56 110.74 106.61 144.02 
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Saad and Poulin (Saad and Poulain 1987) suggested another important parameter for 

thermal stability defined as,  

 𝑆 = (𝑇𝑝 − 𝑇𝑐)(𝑇𝑐 − 𝑇𝑔)/𝑇𝑔                                                                                 (3.11) 

 

where 𝑇𝑝 is the peak crystallization temperature and the difference (𝑇𝑝 − 𝑇𝑐) is related 

to the rate of devitrification transformation of the glassy phases. The value of the S 

parameter listed in Table 3.5   shows a decreasing trend, which is in agreement with the 

values of ∆𝑇 as seen in Figure 3.11 .  

 

Furthermore, it has been reported that the enthalpy ∆𝐻𝑐 released during the 

crystallization process of a glass is associated with its stability, i.e. glasses with the 

lowest value of ∆𝑇 will have a maximum value of ∆𝐻𝑐 (Mahadevan et al. 1986; Predeep 

et al. 1997). The value of ∆𝐻𝑐  during the crystallization process has been estimated by 

measuring the area under the exothermic peak as, 

 ∆𝐻𝑐 = 𝐴𝑚                                                                                           (3.12) 

where  is an instrumental constant – found to be 1.12; A is the area under the 

crystallization peak and m is the mass of the sample. The obtained values of ∆𝐻𝑐 for 

Ge20Te80-xSnx (0 ≤ x ≤ 4) glasses listed in Table 3.5 clearly illustrate an increase with 

increase in Sn content. 
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Figure 3.11 (a) Variation of thermal stability (∆𝑇 𝑎𝑛𝑑 𝑆) of Ge20Te80-xSnx glasses with 

respect to increase in Sn content indicates a decreasing trend, signifies the easy 

devitrifiability of the synthesized glasses. (b) Variation of ∆𝐻𝑐  𝑎𝑛𝑑 ∆𝑆 with respect to 

the composition showing a symmetric decreasing trend indicates the presence of 

disorder in the amorphous system. 

The degree of disorder in the amorphous structure is called as entropy (∆𝑆), which can 

be deduced during the amorphous to crystalline phase transitions (Aji and Johari 2010; 

Kumar et al. 2011). Higher values of ∆𝑆 are an indicator of a stable glassy state as it 

posseses a huge energy unstable atomic configuration. The entropy change during the 

crystallization process can be calculated as (Dalvi et al. 2003), 

 ∆𝑆 = ∆𝐻𝑐𝑇𝑐                                                                                        (3.13) 

 

 As observed from Figure 3.11b, the values of ∆𝐻𝑐  and ∆𝑆 exhibit a clearly decreasing 

trend with respect to the increase of Sn content in Ge20Te80-xSnx (0 ≤ x ≤ 4) glasses. 

From the estimated values of ∆𝐻𝑐 , ∆𝑆,  ∆𝑇 and S parameter listed in Table 3.5, it clear 

that the thermal stability of Ge-Te-Sn decreases with increasing Sn content.  

 

It is well known that thermal stability and glass forming ability (GFA) are related, but 

they are independent properties for a given glass. GFA of a glassy alloy correlates to 

the ease by which the melt can be cooled while avoiding crystal formation. However, 

efforts have been made to study and relate the thermal stability and GFA of 

chalcogenide glasses with their composition due to their importance in determining the 

utility of chalcogenide alloys for certain applications. Nasciemento et al. (2005) 

suggested that GFA is related to the rate of crystallization, wherein a high GFA is 

associated with a small crystallization rate. The first parameter introduced to estimate 

the GFA is the reduced glass transformation temperature, 𝑇𝑟𝑔 given as (Kauzmann 

1948), 𝑇𝑟𝑔 = 𝑇𝑔 𝑇𝑚⁄ , which varies between 0.3 and 0.85 for any glass former and is 

inversely related to the nucleation rate for a variety of materials (Kauzmann 1948). 

Materials with 𝑇𝑟𝑔  value larger than ~ 0.7 feature low nucleation rates and can be 
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quenched into a glassy state without crystallization even during a slow cooling and 

hence they are called as easy glass formers (Waser et al. 2010). On the other hand, 

relatively low values of 𝑇𝑟𝑔  feature higher nucleation rate, implying their poor glass 

formability. It should be noted that 𝑇𝑟𝑔  values are too simplistic for exclusively 

describing crystallization kinetics. As seen from Table 3.5, the value of 𝑇𝑟𝑔 for 

Ge20Te80-xSnx (0 ≤ x ≤ 4) glasses range from 0.33 to 0.36, which is almost a constant 

.Therefore, it can be understood that the values of 𝑇𝑟𝑔 have negligible effect on GFA 

among various compositions of the studied glasses. Hence, it is important to look for 

another parameter of the GFA that effectively explains the crystallization kinetics at 

different compositions of Ge-Te-Sn. Hruby (Hrubý 1972) has introduced a parameter, 𝐻𝑟 which combines both nucleation and growth aspects of phase transformations and 

is given as, 𝐻𝑟 = 𝑇𝑐 − 𝑇𝑔𝑇𝑚 − 𝑇𝑐                                                                       (3.14) 

 

where Tm is the melting temperature. The values of the Hruby number (𝐻𝑟) for different 

concentrations of Sn at a heating rate of 10 K/min are shown in Table 3.4. According 

to Hruby, it is found that the difference (𝑇𝑐 − 𝑇𝑔) is directly proportional to the GFA. 

The calculated values of 𝐻𝑟 for all compositions of Ge-Te-Sn are found to decrease 

with increasing Sn content, as shown in the Table 3.5. From the available data, it is 

observed that synthesized samples have moderate thermal stability.  

Table 3.5 Listed values of thermal parameters: Enthalpy, Entropy, Thermal stability, 

Hruby parameter, reduced glass transition. 

 

Composition 
∆Hc 

(J/g-K) 

ΔS 

(J/g-K) 

∆𝑻 (𝑲) 
S 𝑯𝒓  𝑻𝒓𝒈 

Ge20Te80 -44.027 0.20 85.78 6.15 0.78 0.33 

Ge20Te79Sn1 -43.293 0.20 71.67 2.70 0.52 0.35 

Ge20Te78Sn2 -43.856 0.20 68.2 3.46 0.56 0.36 

Ge20Te77Sn3 -40.451 0.19 65.81 2.78 0.50 0.35 

Ge20Te76Sn4 -39.242 0.19 65.52 2.53 0.52 0.36 
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3.3.9   Thermal crystallization and structural studies  

Memory switching can be observed only in those systems which have the ability to 

change states from amorphous to crystalline. Low resistance state of a memory material 

comprises the crystallized region representing the conducting filament and observing 

the memory state in it is a kinetically controlled process (Nakashima and Kao 1979). 

Thus, it is necessary to study the thermal behavior of the chalcogenides samples for 

understanding the switching process. The samples were prepared by annealing under 

vacuum (10-3 Torr) at their melting temperature (Tm = 400 oC) for 4 h after which their 

XRD spectra was recorded. It is known that thermal stability and thermal diffusivity 

are the key factors in the filament formation. Since filament formation is thermal in 

nature Joule heating is associated in the process. On applying a high electric field, the 

current carried between the electrodes in the chalcogenide sample with low resistivity 

value will experience a higher Joule rating (I2R), which implies that Joule heating is 

directly proportional to the drop in resistivity value in the ON-state and the 

corresponding rise in current (Upadhyay and Murugavel 2013). Typically the energy 

dissipated by a current pulse is found to be 10-5 J, which is sufficient to cause melting 

(phase change) in the material (Stocker 1970). 

The XRD pattern of a representative Ge20Te78Sn2 sample annealed under vacuum at Tm 

= 400C for 4 hours shown in Figure 3.12 can be indexed to trigonal Te (JCPDS card 

no. 01-089-4899) and hexagonal Ge-Te (JCPDS card no. 01-078-3709) phases . 

However, phases corresponding to elemental Sn or Sn compounds (with Ge and Te) 

were not detected. In case of host matrix composition Ge20Te80, all four fold 

coordinated Ge atoms bond with two fold coordinated Te atoms, owing to which Ge–

Te has a very high binding energy. While Sn atoms are doped into the host matrix, they 

are expected to change the network by replacing Te atoms, forming a composition 

Ge20Te80-xSnx. The addition of dopant to a host matrix with a binary system can happen 

in two ways viz., (i) it can form its own structural units without participating in forming 

a network in the system or (ii) it can interact and participate in the network formation 

with the host and improve the network connectivity and improve the mechanical 

stability of the chalcogenides (Borisova 2013). 
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However, when it forms its own structural units, it acts as an impurity and remains as a 

micro-inclusion which hardly interacts with the host matrix (Singh 2012). On the other 

hand, since the atomic radius and electronegativity values of Ge and Sn are similar, the 

addition of Sn may result in a random substitution of Ge by Sn. In such a case, there 

will be no net increase in the general network connectivity owing to the reasons (the 

addition of dopant into host matrix) discussed above. 

 

Figure 3.12  X-ray diffraction patterns of (a) as-synthesized and (b) vacuum annealed 

Ge20Te78Sn2 chalcogenide. The sharp diffraction peaks in (b) indicate the phase change 

from amorphous to crystalline. 

Thermal crystallization studies indicate that  Sn does not take active participation in the 

formation of non-crystalline chalcogenides. However, it is extremely important to 

perceive how the Sn interacts with the host matrix. SEM and XRD analysis were 

conducted on Ge20Te80-xSnx chalcogenides with different compositions (x = 0, 2, 4, 5 

and 7) to explore the behavior of Sn. SEM images in Figure 3.13 indicate a radical 

change in the surface morphology with respect to increase in the atomic percentage of 

Sn. As observed from the SEM images, Ge20Te80 (host matrix) shows a disordered 

surface structure, whose amorphous phase is confirmed from the corresponding XRD 

pattern and EDS results clearly indicate its proper elemental composition (see Appendix 

I). Doping of Sn (x = 2, 4 %) in the host matrix decreases the rate of disorder in the 
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surface structure which can be attributed to the metallicity of Sn. But, at such low 

concentrations, Sn tends to appear as particles (as seen from SEM images 

corresponding to Ge20Te78Sn2 and Ge20Te76Sn4) distributed over the amorphous 

background as confirmed from their corresponding XRD patterns and EDS results (see 

Appendix III and Appendix V ). 

These particles are the electron rich constituents (Te and Sn) that can efficiently scatter 

the electron beam in comparison to the other regions in the samples, owing to which 

they appear bright. On the other hand, at higher doping concentrations of Sn (x = 5 and 

7%) which are confirmed from the corresponding EDS results (see Appendix VI and 

Appendix VII) , the SEM images of Ge20Te75Sn5 and Ge20Te73Sn7 indicate a rough and 

dry surface revealing the crystalline nature of the samples which were also confirmed 

from their corresponding XRD patterns. From these observations, it can therefore be 

concluded that only a maximum of 4% Sn can be doped in Ge20Te80 host matrix for 

obtaining chalcogenides with non-crystalline phase towards memory switching studies.  

3.3.10   Correlation between electrical switching and thermal 

properties 

In the present work, the glass formation, crystallization and thermal stability of 

chalcogenide glasses were investigated in order to ascertain their potential for phase 

change memory applications. Since 𝑇𝑔 is an indicator of the glassy network 

connectivity, an increase in Tg represents the increase in network connectivity. On the 

other hand, the addition of dopants decreases Tg, which has been attributed to nano-

phase separation caused by the segregation of homo-polar bonds (El-Mously and El-

Zaidia 1978). Further, Tg is indicative of the energy required for the phase change from 

amorphous to crystalline state during memory switching. Based on a configurational 

free energy model, an empirical relation between the switching fields and Tg has been 

suggested in the literature (Prakash et al. 1994) as, 

 𝐸𝑡2 = C1exp [C2 ∗ k(Tg − T) kT]⁄                                                     (3.15)  

 



Chapter 3 

 

74 

 

 

Figure 3.13 SEM images and corresponding XRD patterns of Ge20Te80 (host matrix), 

Ge20Te78Sn2, Ge20Te76Sn4, Ge20Te75Sn5 and Ge20Te73Sn7. 
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where Et is the switching field, C1, and C2 are constants, T is the ambient temperature 

and k is the Boltzmann constant. The results of Et are directly proportional to the 

variation of Tg and herein we notice the decrease in Tg with respect to the stepwise 

decrease in the switching voltage (VT), which confirms the validity of this relation. In a 

glassy system, as the network gets more rigid, Tc generally increases and 

consequentially, VT is expected to increase. Thus the downward trend and the lower 

values of Tc result in the decrease of  VT. The crystallization temperature and the 

activation energy for crystallization (Ec), which denote the energy barrier to overcome 

crystallization are indicators of the ease of devitrification. As such, a relation between 

VT and EC for crystallization can be expected for memory switching samples. A clear 

correlation is noticed from the obtained results, wherein we have observed a decrease 

in the 𝑇𝑐, 𝑇𝑔, 𝐸𝑐  and 𝑉𝑇. Similar results have been observed in Ge-Te-Bi system (Das et 

al. 2011). Further, a low value of Ec could also mean fast crystallization, leading to a 

good switching speed. 

3.4   CONCLUSIONS 

Memory type electrical switching behavior of the chalcogenides was observed from 

their current-voltage characteristics. The metallicity factor of Sn is attributed to the 

remarkable decrease in VT from 140 to 61 V with increase in Sn doping concentration. 

Temperature and thickness dependence of VT suggest that thermal effects play a key 

role during switching process. Experimental investigations using XRD and SEM 

confirm the thermal role in switching through observations on the formation of 

conducting filament on the surface after switching. Studies on the crystallization 

mechanisms of melt quenched Ge20Te80-xSnx (0 ≤ x ≤ 4) chalcogenide glassy alloys 

were conducted using differential scanning calorimetry and 𝑇𝑔, 𝑇𝑐, 𝑇𝑝, 𝑇𝑚 , 𝐸𝑔 , 𝐸𝑐  were 

evaluated. DSC thermograms show that each composition has a single 𝑇𝑔 and single 𝑇𝑐  value. Various quantitative methods based on Johnson-Mehl-Avarami model  were 

employed for evaluating the values of 𝐸𝑔 and 𝐸𝑐 , which are observed to be in close 

agreement with each other. ∆𝑇 and ∆𝐻𝑐  of the base Ge20Te80 glass are found to decrease 

with the addition of Sn. Glass forming ability of the Ge-Te decreases with the increase 

of Sn, resulting in a narrow range of glass forming region. Furthermore, the obtained 
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thermal parameters of Ge-Te-Sn glasses indicate that the moderate thermal stability and 

easy devitrifiability are favorable for phase-change memory device applications. XRD 

and SEM investigations also reveal that Sn hardly contributes in forming amorphous 

chalcogenide network and remains phase separated from the host matrix, owing to 

which the maximum composition was restricted to Ge20Te80-xSnx to Sn ≤ 4%. A  

relationship has been established between the obtained thermal parameters and 

electrical switching characteristics. Herein, the decreasing trend in the values of VT has 

a coherence with the variation in the values of obtained thermal parameters such as 𝑇𝑐, 𝑇𝑔, 𝐸𝑐  and ∆𝑇 . 
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CHAPTER 4 

ELECTRICAL SWITCHING AND THERMAL STUDIES OF            

Si15Te85-XBiX AND Si20Te80-XBiX CHALCOGENIDE GLASSY 

ALLOYS. 

 

In this chapter, we report electrical switching and thermal crystallization behavior of      

Si15Te85-xBix  (0 ≤ x ≤ 2) and Si20Te80-xBix  (0 ≤ x ≤ 3) glasses. We observe a significant 

decrease in the threshold voltage (VT), indicating that in Si-Te-Bi glasses, the resistivity 

of the additive element Bi plays a dominant role over network connectivity/rigidity. The 

variation of VT with respect to thickness and temperature of the sample indicates that 

the memory switching observed in Si-Te-Bi glasses is influenced by the thermally 

induced transitions (thermal mechanism). Scanning electron microscopy (SEM) studies 

on pre- switched and post switched samples reveal the morphological changes on the 

surface of the sample and serve as an experimental evidence for the formation of the 

crystalline filament between two electrodes during switching. We have investigated the 

crystallization kinetics of Si-Te-Bi chalcogenide glassy systems using differential 

scanning calorimetry (DSC) technique. Furthermore, thermal parameters such as 

change in specific heat (∆𝐶𝑝), fragility index (𝐹), thermal stability (∆𝑇), enthalpy 

(∆𝐻𝑐), entropy (∆𝑆) are deduced to interpret distinct material behaviour as a function 

of composition. Structural evaluation like thermal devitrification studies and 

morphological changes elucidate on restricted glass formability of the studied glass 

system. Finally, the relationship has been established between the thermal parameters 

and electrical switching characteristics of Si15Te85-xBix  (0 ≤ x ≤ 2) and Si20Te80-xBix (0 

≤ x ≤ 3) glasses. 

4.1   INTRODUCTION 

Chalcogenide compounds are of significant technological importance due to their 

electrical and optical properties(Chopra and Bahl 1970). They are potential materials 

used in several applications, such as photonic (Shiryaev and Churbanov 2017), 

thermoelectric(Tohge et al. 1980), energy(Bhat et al. 2017) and phase change memory 

devices (Wuttig 2005), out of which chalcogenide glassy alloys have been studied 
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extensively owing to their interesting phase change properties. Over the past four 

decades, attention has been devoted to the material properties of Te - based binary and 

ternary chalcogenide compounds because of their potential use memory switching 

devices. “Electrical switching” refers to an electric field driven transition exhibited by 

amorphous / glassy chalcogenides from a semiconducting OFF state to a conducting 

ON state (Fritzsche 1974). Chalcogenides exhibiting memory switching will retain their 

crystalline phase even after the input electric field has been removed. Hence, they are 

used as phase change memories (PCM).   

Compounds made from the elements of the sixth main group of the periodic table are 

called chalcogenides: namely, oxides, selenides and tellurides, out of which Te - rich 

chalcogenides have been broadly studied since they own metallic bond properties 

(expressed as resonance bonds), contributing to their extremely rich variety of 

electronic properties (Waser et al. 2010). Usually, tellurides are easily prone to 

crystallization in comparison with sulfides and selenides. Further, the phase transition 

between amorphous and crystalline phases is found to be simpler in Te- based glassy 

alloys, thereby making them more useful materials for PCM applications (Das et al. 

2011). Metal doped Ge-Te chalcogenides are some of the prominent materials studied 

for phase change memory applications. Meanwhile, investigations on Silicon (Si) 

containing binary or ternary glassy chalcogenides exhibit memory switching 

phenomenon, such as Si-Te (Murthy et al. 2005), As-Te-Si (Anbarasu and Asokan 

2004), Ge-Te-Si (Anbarasu and Asokan 2007) and Si-Te-Sb (Lokesh et al. 2010).  The 

possibility of replacing Ge from known compositions yields newer memory materials 

with varied electrical properties. The addition of metallic impurities brings about 

interesting changes in the properties of chalcogenides. For example, Bi and Pb added 

chalcogenide glasses are found to exhibit carrier type reversal (p to n) (Asha Bhat and 

Sangunni 2000; Bhatia et al. 1988; Tohge et al. 1980). Alloying Bi with other metal or 

metalloid elements is expected to enhance material properties, and this fact motivated 

us to investigate the electrical and thermal properties of Si20Te80-xBix  (0 ≤ x ≤ 3) glassy 

alloys. Conventionally, it was thought that multicomponent bulk chalcogenide glasses 

have a homogeneous surface morphology, wherein there would be no specific 

morphological growth as metal atoms enter the glassy network (Singh 2012). Recent 
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studies suggest that chalcogenide alloys containing metal impurities can develop 

inhomogeneity within the structure. The metal-containing multicomponent 

chalcogenide glasses are identified with fractured surface morphology attributed to the 

micro scale crystallization, leading to inhomogeneity within the glassy structure (Abu-

Sehly 2009; Piarristeguy et al. 2007). The inhomogeneity thus developed can improve 

the work performance of a glassy alloy. In this regard, analysis of surface morphologies 

becomes quite important. 

It is observed that electrical switching in chalcogenides is due to the partial 

crystallization of the samples on application of high electric field. The repeated 

transitions between amorphous (OFF state) and crystallization (ON state) during 

electrical switching has profound effect on the thermal stability and lifetime of the 

device (Savage 1972; Titus et al. 1993). The dynamics involved in the devitrification 

of amorphous materials corresponding to time and temperature is called as 

crystallization kinetics(Singh 2013). Crystallization kinetics of  chalcogenide glassy 

alloys involving quantitative analysis gives characteristic temperatures and their 

respective activation energy. The activation energy indicates the participation of 

molecular motions and reorganization of atoms around the critical transition 

temperatures (Singh 2012). Furthermore, kinetics of devitrification studies is 

interpreted based on thermal parameters such as thermal stability, fragility index, 

specific heat, etc. Hence, the knowledge of crystallization kinetics of chalcogenide 

glassy alloys is particularly important in identifying novel materials for memory 

applications.  

 

Different methods such as electrical resistivity, X-ray diffraction, electron microscopy 

and differential scanning calorimetry (DSC) have been used to understand the 

crystallization of glassy chalcogenides (Raoux and Wuttig 2010). Out of those methods, 

DSC analysis is a versatile technique designed to obtain the structure of glass and 

related thermal properties for a wide range of applications. Crystallization kinetics 

parameters of the vitreous chalcogenides are generally deduced at glass transition 

temperature (𝑇𝑔), onset crystallization temperature (𝑇𝑐), peak crystallization 

temperature (𝑇𝑝) and with the aid of several statistical approximations such as Hruby, 
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Ozawa, Augis - Bennet, Kissinger and Moynihan. It is worth to note that, the aforesaid 

statistical approximations are deduced based on the Johnson-Mehl-Avarami (JMA) 

model(Avarami 1941; Johnson and Mehl 1939) . These statistical approximations 

facilitate calculation of the activation energy for glass transition and crystallization.  

 

In the following sections, electrical switching and thermal behavior of Si-Te-Bi 

chalcogenide glassy alloys over a narrow composition range (0 ≤ x ≤ 3) are discussed 

in detail.  Thickness and temperature dependence of switching voltages have been 

studied. Compositional  dependence of the thermal parameters is used to understand 

the effect of Bi on the crystallization of Si-Te glasses. Furthermore, surface morphology 

and structural studies lay emphasis on glass formability and phase separation in the 

glass matrix. An attempt has been made to correlate electrical switching studies and 

thermal properties. 

 

4.2   EXPERIMENTAL TECHNIQUES 

4.2.1   Sample preparation 

Chalcogenide semiconducting glasses of Si-Te-Bi of four different compositions have 

been prepared by the well-established melt quenching method. The starting materials 

(99.99% purity) were weighed in the desired proportions and then transferred to the 

pre- cleaned flattened quartz ampoules and sealed under a vacuum of 10-5 Torr to avoid 

vaporization at higher temperature.  Later, they were heated in an indigenously 

fabricated custom built furnace (Indfurr, India. patent pending). The ampoules were 

maintained at 1473 K and rotated continuously for 48 hours to ensure homogeneity of 

the melt. The ampoules were rapidly quenched into an ice bath containing NaOH and 

ice water. Amorphous nature of the melt quenched samples was confirmed by X-ray 

diffraction (XRD) technique. 

 

4.2.2    Electrical switching and thermal properties 

The electrical switching studies on the as- prepared Si-Te-Bi ternary chalcogenide 

glassy alloys were executed using Keithley 2410-C, a programmable source-meter. We 
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placed the samples of thickness 0.30 mm between a flat bottom electrode and pointed 

top electrode, making use of spring loaded mechanism. The switching experiments 

were repeated for at least five samples for each composition and the threshold voltages 

were found to be reproducible within ±5%. We have also studied the temperature 

dependence of switching in the range of 303-383K utilizing a specially made heater cell 

(Indfurr, India) installed with a thermocouple. Thermal properties were measured using 

DSC (Perkin Elmer, USA) instrument. The samples used for the experiments were of 

the range 10-20 mg and the operating temperature range of the range 350-600 K was 

selected at a scanning rate of 10 K/min. The estimated thermal parameters were later 

analyzed as a function of composition. 

4.2.3   Structural and surface morphology studies 

X-Ray diffraction (XRD) patterns of the as-synthesized glassy alloys were recorded 

using a benchtop X-ray diffractometer (Rigaku MiniFlex 600, Japan). Surface 

morphology and energy dispersive X-ray spectroscopy (EDS) studies were conducted 

using ZEISS SIGMA FE-SEM high quality imaging and advanced analytical 

microscopy (ZEISS SIGMA, USA). The samples used for the field emission SEM were 

gold coated on the surface in order to protect them from charging effect. 

 

4.3   RESULTS AND DISCUSSIONS 

4.3.1   XRD Studies 

Figure 4.1 shows the XRD pattern of the as-prepared Si15Te85-xBix (0 ≤ x ≤ 2) and      

Si20Te80-xBix (0 ≤ x ≤ 3) glass samples. The amorphous nature of as-prepared samples 

is proved by the absence of sharp diffraction peaks in the XRD patterns. 
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Figure 4.1  (a) XRD spectrum of Si15Te85-xBix (0 ≤ x ≤ 2) and (b) Si20Te80-xBix (0 ≤ x ≤ 

3) chalcogenide glasses. Absence of sharp diffraction peaks in the X-Ray spectrum 

confirms the amorphous nature of the sample. 

 

4.3.2   Current controlled negative resistance (CCNR) switching 

behavior and thermal mechanism 

The distinct I-V characteristics displayed by Si15Te85-xBix (0 ≤ x ≤ 2) and Si20Te80-xBix                           

(0 ≤ x ≤ 3) are shown in Figure 4.2 and Figure 4.3, respectively. The initial electrical 

resistivity values of the as prepared glasses are in the range of 106  Ω.cm. With 

increasing current, the voltage across the sample increases linearly, indicating an ohmic 

behavior. Near a threshold voltage VT, the I-V curve shows a small nonlinearity, after 

which the voltage across the sample starts to decrease with current, indicating a 

negative resistance behavior. The negative resistance eventually leads to a low 

resistance state. As seen from the I-V plots, the samples exhibit swift switching from 

high resistance state (OFF) to low resistance state (ON). The samples did not revert 

back to their original high resistance state even after removal of the applied electrical 

field. This observation clearly indicates that Si-Te-Bi glassy alloys exhibit memory 

switching behavior at comparatively lower applied currents ( 2 mA). There are several 

factors which determine memory switching in chalcogenide glasses, out of which, 

formation of crystalline filament between the electrodes is a cause of major concern. 

When the voltage developed across a sample surpasses the threshold voltage, it is very 

difficult to cease switching at any point in the region of negative resistance which aids 
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the filament formation. Hence, the phenomenon of switching is mainly associated with 

the region of current controlled negative resistance (CCNR) (Owen and Robertson 

1973). Many models have been used by researchers to best explain the switching and 

memory effects. Out of these models, the electro-thermal mechanism proposed by 

Warren (Warren 1970) suggests that during the switching process the current suddenly 

increases when the voltage reaches VT. Here, VT corresponds to the filling of charged 

defect states present in the mobility gap of the chalcogenide glasses. 

 

Defects play a major role in the switching process. Structural defects, atomic defects 

and the electronic levels introduced by them are likely to influence the switching 

behavior in chalcogenides (Waser et al. 2010). Switching occurs when the lowest 

energy defect states, known as valence alteration pair (VAP) (Adler 1980) are filled by 

the field injected charge carriers by means of Poole -Frenkel effect (Ielmini and Zhang 

2007; Xu et al. 2009). When the defect states are filled, carrier concentration increases 

suddenly to a higher value, thereby decreasing the resistivity of the material and 

allowing a large current to flow through the sample (Fernandes et al. 2016). As 

mentioned earlier, memory switching in chalcogenide glasses has a thermal origin 

which involves the formation of a conducting crystalline filament between the 

electrodes (Asokan and Lakshmi 2012). Generally, memory switching is observed in 

Te rich chalcogenide glassy alloys due to their greater electrical conductivity, leading 

to greater power dissipation which allows the easy formation of crystalline filament. It 

is worth noting that the energy required for crystallization is provided by the electric 

field. It is also known that weaker bonds, poor structural cross linking and more lone-

pair interactions favor memory switching in telluride glasses (Phillips 1981). Formation 

of a conducting path is more drastic in those chalcogenide glassy alloys which are easily 

prone to devitrification (Owen and Robertson 1973). Normally, telluride glassy alloys 

show clean electrical switching without any fluctuation in their negative resistance 

region, which is evident in our current I-V plots. 
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Figure 4.2 I-V characteristics of (a) Si15Te85, (b) Si15Te84Bi1 and (c) Si15Te83Bi2 

chalcogenide glassy alloys. The arrow marks are guide to the eye representing the 

direction of current sweeping. 

 

Figure 4.3 I-V characteristics of (a) Si20Te80, (b) Si20Te79Bi1, (c) Si20Te78Bi2 and (d) 

Si20Te77Bi3 chalcogenide glassy alloys. The arrow marks are guide to the eye 

representing the direction of current sweeping. 

4.3.3   Compositional dependence of threshold voltage VT 

The variation of the switching voltage and starting electrical resistance of Si15Te85-xBix                        

(0 ≤ x ≤ 2) and Si20Te80-xBix (0 ≤ x ≤ 3) chalcogenide glassy alloys with respect to their 

composition is shown in Figure 4.4. The graph indicates a stepwise decrease in both VT 
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and starting electrical resistance with an increase in the Bi concentration. The 

compositional dependence of threshold/ switching voltage in chalcogenide glassy 

alloys is determined mainly by the resistivity of the additive elements (Deringer et al. 

2014), network connectivity/rigidity and chemical ordering (Phillips 1981). It is very 

important to understand the relationship between network connectivity/rigidity and 

threshold voltage.  

 

Figure 4.4  Compositional dependence of threshold voltage (VT) and OFF state 

resistivity of (a) Si15Te85-xBix (0 ≤ x ≤ 2) and (b) Si20Te80-xBix (0 ≤ x ≤ 3) chalcogenide 

glassy alloys as a function of atomic percentage of Bi. 

Basically, rigidity percolation theory deals with dimensionality and rigidity of a glassy 

network (Phillips and Thorpe 1985; Warren 1973). For a covalent network glass, the 

network connectivity and rigidity increases with the increase in average coordination 

number. This theory also proposes that the addition of higher coordinated atoms 

increases the network connectivity/rigidity which makes the structural reorganization 

difficult for the requirement of memory switching. This further implies that switching 

voltage should increase with increase in atomic concentration of higher coordinated 

atoms. In our present Si-Te-Bi chalcogenide system, one would expect the increase in 

switching voltage owing to the fact that the addition of Bi (coordination number of 3) 

at the expense of Te (coordination number of 2) results in a gradual increase in network 

connectivity and rigidity. However, the most interesting outcome of the present results 

is the remarkable decrease in VT with increase in Bi concentration. Herein, the 

chalcogenide glassy alloys with a composition of Si15Te85-xBix (0 ≤ x ≤ 2) and Si20Te80-
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xBix (0 ≤ x ≤ 3) are synthesized by the addition of Bi metal to the base matrix Si15Te85 

and Si20Te80, respectively. The addition of Bi takes place at the cost of Te and decreases 

the resistivity of the compound due to the lower resistivity values compared to Te                                     

(𝜌𝐵𝑖 = 1.29 𝑋 10−6 Ω. 𝑚 and 𝜌𝑇𝑒 = 1 𝑋 10−4 Ω. 𝑚). The decrease in the resistivity 

values results in an increase in conductivity, allowing higher currents to flow through 

the samples. The higher current flow in the samples further increases the temperature 

due to Joule heating, favoring the structural transformation required for memory type 

of switching. These observations indicate that metallic dopants with lower resistivity 

values play a major role in the reduction of switching voltage, compared to network 

connectivity and rigidity. Furthermore, from Figure 4.4., we can also observe a decrease 

in the starting resistivity values with respect to the increase in Bi concentration, which 

establishes a direct correlation with the decreasing nature of switching voltages. Hence, 

results obtained for the chalcogenide glassy system Si-Te-Bi indicate that the effect of 

resistivity of the dopant is more distinct than the network connectivity and rigidity.  

4.3.4   Thickness and temperature dependence of switching voltages 

It is well known that samples with lower thermal diffusivity values and easy 

devitrification favor memory switching (Jones and Collins 1979). In order to clarify the 

aspects of thermal origin in memory switching effects, it is very important to understand 

the dependence of thickness and temperature on switching voltages. The sample 

thickness (d) is a significant parameter which provides clear perception of the switching 

mechanism. Literature reports suggest that, for samples exhibiting memory switching, 

the variation of VT shows linear or square root dependence (𝑑1 2⁄ ) with thickness, and 

square dependence (𝑑2) with sample thickness for threshold switching (Murugavel and 

Asokan 1998). The variation in VT with respect to the thickness of a representative 

Si15Te83Bi2 and Si20Te78Bi2 sample is shown in Figure  4.5. There is no change in the 

overall feature of the S-Shaped nonlinear I-V curve. However, VT is found to increase 

linearly with an increase in the thickness of Si15Te83Bi2 and Si20Te78Bi2, in agreement 

with theory. It is noteworthy to realize that heat loss through the electrode surface is 

determined by thermal conductivity (k) of the sample and external heat conductivity 

(), leading to the variation in switching voltage (Asokan and Lakshmi 2012). The 
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development of filament formation in the sample is associated with memory switching.  

In this case, if the sample is a thin slab, then the loss of heat generated from the 

filamentary channel to the surface of the electrode is less. Hence, VT is less dependent 

on the thickness for thin samples. On the other hand, VT increases with increase in 

thickness. Increase in VT is usually observed with thickness greater than 0.30 mm. This 

is mainly because of large power consumption by the sample for filament formation. 

Therefore, we use samples of thickness (d = 0.30 mm) for our memory applications, 

which is optimized for most of the cases. It is very intricate to prepare samples of 

thickness less than 0.30 mm owing to their brittle nature. 

 

Figure 4.5 Variation of switching voltage (VT) with respect to thickness of a 

representative (a)Si15Te83Bi2 and (b) Si20Te78Bi2 chalcogenide glass sample. 

The variation of switching voltage with respect to different temperatures for a 

representative Si15Te83 Bi2 and Si20Te77 Bi3 chalcogenide glassy alloy is shown in Figure 

4.6. I-V plots of the representative Si20Te77Bi3 chalcogenide glassy alloy are shown in 

Figure 4.7. We observe a decrease in the value of VT with the increase in temperature. 

As observed from the I-V plots of Si20Te77Bi3, characteristic I-V curves look broader 

and sluggish at higher temperatures. It is evident from the switching plots that slope of 

the switching curve is narrowed down, indicating reduction of activation energy 

required for phase change phenomenon (Singh and Shimakawa 2003). Besides, at 

higher temperature, the charged defect centres are filled by thermally excited charge 

carriers contrary to the field injected charge carriers, resulting in the decrease in 

switching voltage. The above discussions suggest that there is an increase in electrical 
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conductivity with increase in temperature, confirming the semiconducting nature of the 

as- synthesized chalcogenide glassy alloys. For memory switching glasses, the 

reduction of VT with temperature has been interpreted based on a configurational free-

energy diagram, in which the reduction of VT is due to the reduction in energy barrier 

requisite for the crystallization of a sample with elevating temperature (El-Khishin 

1979).  

 

Figure 4.6 The variation of switching voltage with respect to different temperatures for 

a representative (a) Si15Te83 Bi2 and (b) Si20Te77 Bi3 chalcogenide glass sample. 

The temperature dependence on VT can be expressed as (Shimakawa et al. 1973), 

𝑉𝑇 = 𝑉0𝑒𝑥𝑝 ( 𝜀𝑘𝐵𝑇)                                                                        (4.1) 

where, 𝑉𝑇 is the threshold switching voltage,  is the threshold voltage - activation 

energy, 𝑘𝐵 is the Boltzmann constant (8.617 X 10−5 eV 𝐾−1 ) and T is the temperature 

in Kelvin. The threshold voltage – activation energy calculated from the equation (4.1) 

is tabulated in Table 4.1. The decrease in the values of the threshold voltage - activation 

energy at elevated temperatures validates our analysis on the temperature dependence 

on switching voltages. Generally, activation energy is termed as an input energy to 

initiate the reaction. Catalysts such as heat or pressure can lower the activation energy 

and increase the reaction rate without being consumed in the process. In our present 

experiment, along with the applied electric field, heat acts as an additional input, which 

further lowers the activation energy required for the electrical switching. Hence, 
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reduction in activation energy with an increase in temperature indicates positive nature 

of activation energy. 

Table 4.1 Calculated activation energies in (eV) at different temperature ranges. 

 

Temperature range (K) 

        Activation energy    

Si15Te83Bi2 

(eV) 

Si20Te77Bi3 

303-323 0.16 0.14 

323-343 0.11 0.12 

343-363 0.02 0.10 

363-383 0.01 0.08 

 

 

Figure 4.7  I-V characteristics of a representative Si20Te77Bi3 chalcogenide glassy alloy 

measured at different temperatures from 303K to 383K. Increase in temperature 

exhibited a remarkable decrease in VT. The arrow marks are guide to the eye 

representing the direction of current sweeping 
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4.3.5   Microscopic study of switched region 

As the memory effect in chalcogenide glasses is an irreversible process and associated 

with filament formation, it is anticipated that the filament consisting of high conducting 

crystallites will remain unchanged in the post switching process. We have carried out 

SEM analysis on a representative sample of Si20Te78Bi2 to examine the microstructural 

change before and after the switching studies. When the current is passed through the 

sample, the temperature of the sample at the electrode region is higher than the 

surrounding region of the electrode. Hence, a conducting channel is formed at the 

targeted region of the electrode. This channel will experience higher power dissipation 

(I2R) owing to its lower resistance, thus allowing higher current density (Upadhyay and 

Murugavel 2013). It may be noted that higher current density increases the temperature 

at the electrode region, resulting in the formation of a high conducting crystalline 

filament (Karuppannan et al. 2011). 

 

Figure 4.8 SEM micrographs of (a) unswitched (b) switched Si20Te78Bi2 chalcogenide 

glassy sample. SEM image in (b) clearly shows a crystallized melt representing the 

conducting filament formed during switching. 

The microstructural analysis carried herein for the sample before and after switching 

process is shown in Figure 4.8. It is interesting to see the splashing effect of the sample 

in the electrode region (Figure 4.8b). This indicates that the sample was in a liquid state 

during  switching. Besides, the area other than the conducting filament is similar to the 

amorphous phase of pre-switched sample as shown in Figure 4.8b, and is 

distinguishable from the conducting filament. Energy dissipated by the current pulse 

was found be  10-5 J, which is enough to induce melting (liquid phase) in the material 
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(Stocker 1970). Crystallization of a liquid phase is thermodynamically allowed once 

the material is cooled below the melting temperatures (Modgil and Rangra 2014). On 

removal of applied electric field (electric pulse), the heat generated at the electrode 

region also reduces. Hence, the free energy difference between the liquid and crystal 

helps in filament formation (Waser et al. 2010). In the process of filament (crystallized 

melt) formation, one may anticipate cracks at the surface of glassy materials. However, 

owing to higher coefficient of thermal expansion of chalcogenide glassy alloys, cracks 

are not observed.  Cooled melt at the electrode region may consist of phase separated 

mixture of crystalline or amorphous domains (Nakashima and Kao 1979). Filament 

formation in chalcogenide glassy alloys is also associated with  lower thermal 

diffusivity values. Heat generated at the electrode region is not removed at higher rate, 

hence structural transformation becomes easy. Thus, we can say that chalcogenide 

glassy alloys with lower thermal diffusivity values exhibit memory behavior (Asokan 

and Lakshmi 2012). These studies give additional experimental evidence on the thermal 

effects playing a key role in the switching process. 

4.3.6   Compositional dependence of thermal parameters  

Compositional dependence of thermal parameters deduced using DSC gives away 

significant evidence on material properties, thus suggesting their suitability for PCM 

application. Representative DSC thermogram of Si20Te77Bi3 chalcogenide glassy alloy 

has been illustrated in the Figure 4.9. The glass transition 𝑇𝑔, onset crystallization 

temperature (𝑇𝑐) and peak crystallization temperature (𝑇𝑝) are measured. The variation 

of the characteristic temperatures at a heating rate of 10 K/min for the studied Si15Te85-

xBix (0 ≤ x ≤ 2) and Si20Te80-xBix (0 ≤ x ≤ 3) glassy alloys is tabulated in the Table 4.2 

and Table 4.3 respectively. All these glasses exhibit double crystallization as shown in 

(Figure 4.9a). 

The appearance of double crystallization peaks is because of the partial phase 

separation in the material, owing to the disassociation of the initially homogeneous 

multicomponent material into two or more amorphous phases (Modgil and Rangra 

2014). Tellurium crystallizes at lower temperature (Tc1) and the remaining amorphous 

matrix crystallizes into Si2Te3  at slightly higher temperature (Tc2) with a hexagonal 
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structure. From Table 4.2. and Table 4.3, we observe a decreasing trend in 𝑇𝑔, 𝑇𝑝 and 𝑇𝑐 . The decrease in 𝑇𝑔 with the increase of Bi may be due to the reduction of rigidity 

in the amorphous network developed by the addition of metallic element Bi. Also, the 

increasing metallicity factor (more metallic in nature) may cause rupture of covalent 

bonds. It has also been reported (Tonchev and Kasap 1999) that larger atoms such as 

Bi, Sb and In entering glassy matrix break the chain length partially, thus increasing the 

concentration of weak Te rings (evident from section 4.3.8), resulting in the decrease 

of 𝑇𝑔. Hence, 𝑇𝑔 is marked as an important thermal parameter, which reveals the rigidity 

and strength of vitreous material. But 𝑇𝑔 alone is not sufficient to draw conclusions 

regarding thermal stability and glass formability. Therefore, knowledge of 

crystallization temperature marks its significance in explaining amorphous – crystalline 

phase transition. The reduced values of 𝑇𝑐 of the studied compounds represent the 

presence of weak homopolar and heteropolar bonds in the glassy matrix (Singh and 

Shimakawa 2003). In this report, we consider crystallization temperature with respect 

to the first crystallization peak (FCP) for the analysis of crystallization kinetics. 

However, it is worth noting that values of crystallization temperatures in second 

crystallization peak (SCP)  follow decreasing trend similar to that observed in FCP. 

 

Figure 4.9 (a) Total heat flow curve of a representative Si20Te77Bi3 glass sample  

displaying  glass transition temperature (𝑇𝑔) , peak crystallization temperature (𝑇𝑝)  (b) 

fig. 1a is expanded in the temperature range 430 to 490 K and between -2.0 and +2.0 

mW to show the glass transition clearly. 



Chapter 4 

 

94 

 

Table 4.2. Characteristic temperatures and specific heat measurements of Si15Te85-xBix                    

(0 ≤ x ≤ 2) chalcogenides at a heating rate of 10K/min 

 

Table 4.3. Characteristic temperatures and specific heat measurements of Si20Te80-xBix       

(0 ≤ x ≤ 3) chalcogenides at a heating rate of 10K/min 

 

4.3.7   Crystallization kinetics 

 It is well known that addition of third element to the host matrix may expand glass 

forming ability or create configurational disorder. This extends ample prospects on 

tuning the alloy compositions for wide variety of applications. The glass transition 

response is usually referred to as ‘swift mechanism’ which is associated with the 

vibrational degrees of freedom and gradual relaxation related to the configurational 

changes of super cooled liquid (Málek 2000). Variation in 𝑇𝑔 depends on quenching 

rate (rate at which molten alloy has been quenched), chemical alloying and entropy of 

mixing (the number of ways in which local units can combine) (Boolchand et al. 2002). 

Thus, the glass transition temperature turns out to be a very important thermal 

parameter as it not only expresses the strength and rigidity of the glassy alloy but also 

gives an insight into electrical properties (explained in section 4.3.9). The dependence 

of 𝑇𝑔 on the heating rate with varying composition has been studied and the activation 

energy of thermal relaxation has been deduced on the basis of three different approaches 

as reported in the literature (El-Mously and El-Zaidia 1978; Kissinger 1957; Kotkata 

Composition 𝑻𝒈(𝑲) 𝑻𝒄𝟏(𝑲) 𝑻𝒄𝟐(𝑲) 𝑻𝒑𝟏(𝑲) 𝑻𝒑𝟐(𝑲) Cp(J/g-K)  

       

Si15Te85 407.81 474.5 569.12 489.4 574.39 0.240  
Si15Te84Bi1 405.93 457.75 545.9 466.47 557.64 0.199  
Si15Te83Bi2 377.16 449.1 542.1 463.93 550.23 0.139  

Composition 𝑻𝒈(𝑲) 𝑻𝑪𝟏 (𝑲) 𝑻𝒑𝟏(𝑲) 𝑻𝑪𝟐(𝑲) 𝑻𝒑𝟐(𝑲) ∆Cp (J/g K) 

Si20Te80 461.47 555.38 574.95 579.65 581.27 0.446 

Si20Te79Bi1 458.39 519.62 529.43 559.23 572.68 0.180 

Si20Te78Bi2 456.71 515.36 527.97 557.92 564.35 0.192 

Si20Te77Bi3 448.61 500.60 514.40 552.68 541.52 0.176 
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and El-Mously 1983; Moynihan et al. 1976). First approach is given by Lasocka 

(Lasocka 1975, 1978), the empirical relationship is of the form 

 𝑇𝑔 = 𝐴 + 𝐵𝑙𝑛𝛼                                                                   (4.2) 

 

where A and B are the constants given for glassy alloy composition. The value of A 

can be deduced by extrapolating the heating rate (∝) to 1 K/min, whereas the value of 

constant B is equal to 0.693 times of the  𝑇𝑔  corresponding to the heating rate at 10 

K/min or the value of B is evaluated by taking slope from equation  4.2 . The value of 

B is associated with the cooling rate of the melt. Lower values of B suggest lower 

cooling rate of the melt, signifying rate dependence of structural modifications in the 

supercooled liquids (Debenedetti and Stillinger 2001). Values of A and B are evaluated 

by fitting the obtained experimental data to the least square as shown in Figure 4.10b 

and Figure 4.11b. These values are tabulated in the Table 4.4. and Table 4.5.   

 

Evaluation of glass transition activation energy is useful in comparing the values 

obtained by adopting different models. The glass transition activation energy (𝐸𝑔) of 

the chalcogenide glassy alloys under examination is evaluated using equation 4.3. and  

4.4 given by Moynihan (Easteal et al. 1974; Moynihan et al. 1974; Moynihan and Gupta 

1978) and Kissinger (Kissinger 1957), respectively. 
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Figure 4.10  (a) The heating rate dependence of the glass transition temperature 𝑇𝑔. (b) 

Plot of glass transition temperature 𝑇𝑔 against 𝑙𝑛(𝛼) for Si15Te85-xBix (0 ≤ x ≤ 2) 

chalcogenide glasses 

 

 
 

Figure 4.11 Plots showing the (a) dependence of heating rate on the glass transition 

temperature 𝑇𝑔 and (b) glass transition temperature 𝑇𝑔 against 𝑙𝑛(𝛼) for Si20Te80-xBix                             

(0 ≤ x ≤ 3) chalcogenide glasses. 

 ln(𝛼) = − 𝐸𝑔𝑅𝑇𝑔 + 𝐶                                                                    (4.3) 

 𝑙𝑛 ( 𝛼𝑇𝑔2) = − 𝐸𝑔𝑅𝑇𝑔 + 𝐶                                                                (4.4)    

 

Here α represents heating rate, R represents universal gas constant. The listed values of 𝐸𝑔  in the Table. 4.4 and Table 4.5. are deduced using Kissinger and Moynihan models. 

The tabulated values are in good agreement with each other, implying effective means 

of calculating 𝐸𝑔 . The calculated values of 𝐸𝑔 represent the absorption of energy in the 

form of heat formed due to the molecular motion and rearrangement of atoms at 𝑇𝑔.  In 

other words, 𝑇𝑔 is a critical transition temperature comprising of different metastable 

states (excited state of an atom) isolated by energy barriers. Now the atoms in the 

metastable state try to achieve higher stable state by succeeding the energy barrier. This 

energy barrier around 𝑇𝑔 is defined as activation energy of the glass transition 
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temperature (Imran et al. 2001; Kaswan et al. 2013). Aforesaid discussions indicate that 𝐸𝑔  is related to the internal energy of the system.  It is well known that internal energy 

is attributed to the mobility of the atoms and thermal relaxation. Interaction of third 

metallic element in the composition is expected to increase the internal energy of the 

system by doing work. This includes rupture of covalent bonds, thus partially breaking 

the chain length at the pre-crystallization temperature, leading to the increase in internal 

energy, thereby leading to the reduction in 𝐸𝑔  values  (Abd El Ghani et al. 2006; 

Deepika et al. 2012; Lafi et al. 2013).  

Along with the kinetics related to 𝑇𝑔, it is also important to determine the nature of glass 

forming liquids. There are two types of glass forming liquids, namely fragile and strong. 

Fragile liquid indicates fewer stable configurations compared to strong liquid while 

solidifying into glass. Aforementioned details indicate that fragile liquid possesses a 

large difference in the specific heat. To understand  the nature of the liquid we have 

carried out studies on the thermal parameters such as change in specific heat (∆𝐶𝑝) and 

fragility constant (F). 

 

Figure 4.12  The plots exhibiting the variation of glass transition with respect to heating 

rate. (a) Plots of ln(𝛼) versus 1000 𝑇𝑔⁄  according to Moynihan and (b) plots of 𝑙𝑛(𝛼 𝑇𝑔2⁄ ) versus 1000 𝑇𝑔⁄  according to Kissinger model, for Si15Te85-xBix (0 ≤ x ≤ 2) 

chalcogenide glasses. 
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Table 4.4  Lasocka parameters (A and B), fragility index and the glass transition 

activation energy determined using Moynihan and Kissinger model for Si15Te85-xBix          

(0 ≤ x ≤ 2) chalcogenide glasses 

 

 

Table 4.5  Lasocka parameters (A and B), fragility index and the glass transition 

activation energy determined using Moynihan and Kissinger model for Si20Te80-xBix           

(0 ≤ x ≤ 3) chalcogenide glasses 

 

 

Figure  4.13  Plots exhibiting the variation of glass transition with respect to heating 

rate in Si20Te80-xBix (0 ≤ x ≤ 3) chalcogenide glasses based on (a) Moynihan [𝑙𝑛(𝛼) 

versus 1000 𝑇𝑔⁄ ] and (b) Kissinger [𝑙𝑛(𝛼 𝑇𝑔2⁄ ) versus 1000 𝑇𝑔⁄ ] models.  

Composition 

Lasocka parameters Activation Energy (𝑬𝒈) (𝒌𝑱/𝒎𝒐𝒍) 
Fragility 

index (F) A(K) B Moynihan Kissinger  

Si20Te80 437.18 10.5 172.76 164.94 19.10 

Si20Te79Bi1 432.59 11.15 166.28 158.63 18.50 

Si20Te78Bi2 432.00 10.63 164.11 156.63 18.33 

Si20Te77Bi3 424.45 10.44 161.29 153.55 18.32 

Composition     Lasocka parameters   Activation energy (𝑬𝒈) (𝒌𝑱/𝒎𝒐𝒍)   Fragility 

 A(K) B Moynihan Kissinger       index (F) 

Si15Te85 377.54 12.95 110.74 102.17 13.62 

Si15Te84Bi1 375.66 12.94 110.74 102.17 13.68 

Si15Te83Bi2 346.91 12.91 84.80 78.65 11.29 
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The glass transition of a vitreous material is nothing but structurally arrested state from 

a viscous liquid. Hence, it is obvious that vitreous material will achieve different 

structural configurations above 𝑇𝑔, and the glassy network will possess a stable state 

below 𝑇𝑔 (Angell 1997; Sharma et al. 2012). Therefore, change in specific heat(∆𝐶𝑝) 

around 𝑇𝑔 is considered as the measure of stiffness transition (depicted in Figure 4.9b.). 

We know that glass formed by fragile liquids has less stable state structure. As a result, 

we can expect larger specific heat jump around 𝑇𝑔. The contradiction must be true for 

the glass formed by strong liquids. From the values of  ∆𝐶𝑝 (Table.4.2 and 4.3), it is 

apparent that glassy alloys are formed by strong liquids. Similar results on metal doped 

chalcogenide systems validate our results(Imran 2011; Lafi and Imran 2011). 

Fragility can be deduced using the relation given below (Böhmer et al. 1993) 

𝐹 = 𝐸𝑔2.303𝑅𝑇𝑔                                                                        (4.5) 

 

As reported by Vilgils (Vilgis 1993), strong and fragile glass forming liquids  are 

distinguished by a lower and higher value of F. Strong liquids are identified with a low 

value of F (F =16), whereas fragile glass forming liquids are defined by a higher value 

of F (F=200) (Böhmer and Angell 1994). It is evident from the listed values of F in the 

Table. 4.4. and Table 4.5. that the values of F fall within the border of 16, confirming 

that Si20Te80-xBix (0 ≤ x ≤ 3) ternary chalcogenide glassy alloys are obtained from strong 

glass forming liquids. The deduced values of F and ∆𝐶𝑝 corroborate with the former 

discussions. 

Based on the JMA model, various statistical models have been evolved enabling us to 

calculate the activation energy for crystallization 𝐸𝑐 . We have used four different 

methods to evaluate 𝐸𝑐 . Out of these, first three models consider peak crystallization 

temperature and the fourth model considers onset crystallization temperature to 

evaluate 𝐸𝑐 . The four different approaches to find 𝐸𝑐  were given by Kissinger 

(Kissinger 1957), Takhor (Takhor 1972), Augis-Bennett (Augis and Bennett 1978) and 

Ozawa (Ozawa 1965, 1971) as shown below. Equations (4.6 – 4.9) given below follow 

the respective trends of the methods mentioned above. 
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𝑙𝑛 ( 𝛼𝑇𝑝2) =  − 𝐸𝑝𝑅𝑇𝑝 +  𝐶                                                                        (4.6) 

 𝑙𝑛(𝛼) =  − 𝐸𝑝𝑅𝑇𝑝 + 𝐶                                                                             (4.7) 

 𝑙𝑛 ( 𝛼𝑇𝑝) =  − 𝐸𝑝𝑅𝑇𝑝 + 𝐶                                                                         (4.8) 

 ln(𝛼) =  − 𝐸𝑐𝑅𝑇𝑐 + 𝐶                                                                             (4.9) 

Here  𝑇𝑝 represents peak crystallization temperature, 𝑇𝑐 represents onset crystallization 

temperature, 𝛼 represents heating rate, R represents universal gas constant, 𝐸𝑝𝑎𝑛𝑑 𝐸𝑐 

represent activation energies of 𝑇𝑝𝑎𝑛𝑑 𝑇𝑐, respectively. From the equations 4.6 - 4.9, 

the data for  Si15Te85-xBix (0 ≤ x ≤ 2) and Si20Te80-xBix (0 ≤ x ≤ 3) glassy alloys was 

fitted to linear functions employing the least square fitting function as shown in Figure 

4.15 and Figure 4.16, respectively. The values of activation energy of the Si15Te85-xBix 

and   Si20Te80-xBix glasses were calculated from the corresponding slopes as listed in 

Table 4.6 and Table 4.7. Although we have deduced activation energy values for 

both 𝑇𝑝𝑎𝑛𝑑 𝑇𝑐, the term 𝐸𝑐  has been used for convenient explanation. We can see from 

the Table 4.6 and Table 4.7, that the values of 𝐸𝑐  are found to decrease with the increase 

in Bi content. The decrease of  𝑇𝑐 and 𝑇𝑝 values is mainly due to the decrease in the 

viscosity, leading to the decrease in 𝐸𝑐 . 𝐸𝑐  not only signifies the rate of crystallization, 

but also the energy requisite for phase transition (Mullin 2001). We have found that the 

listed values slightly differ from each other within experimental errors. The large 

variation between Ozawa method and the other three methods employed herein, is 

basically due to the use of different thermal parameters. Ozawa uses onset 

crystallization temperature (𝑇𝑐) in order to deduce 𝐸𝑐 , reflecting on the amount of 

thermal energy required to start the devitrification process. On the other hand, statistical 

methods such as Kissinger, Takhor and Augis -Bennett employ peak crystallization 

temperature (𝑇𝑝) to deduce 𝐸𝑐  which expresses the amount of heat energy required for 

the maximum crystallization.  
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Thermal stability(∆𝑇 = 𝑇𝑐 − 𝑇𝑔) (Dietzel 1968) indicates resistance offered by the 

vitreous chalcogenides to crystallization during the hot forming process. As a rule of 

thumb, a minimum of ∆𝑇 = 100 𝐾 temperature window is required for hot forming 

process without affecting vitreous nature of the alloys (Rocca et al. 2009). Highly stable 

chalcogenide glassy alloys are usually used in applications such as optical recording 

and fiber drawing. Meanwhile, lower values of ∆𝑇 signify easy devitrification of 

chalcogenide glassy alloys, substantiating their suitability for use in PCM devices. 

Hence, both lower and higher values of ∆𝑇 have technological importance and they can 

find applications in various fields. ∆𝑇 values for the examined Si15Te85-xBix  and 

Si20Te80-xBix chalcogenide glassy alloys have been calculated and listed in the Table 

4.6 and Table 4.7 respectively. A stepwise decrease in the ∆𝑇 values has been observed 

with the increase in the atomic percentage of Bi. Saad and Poulin ( 1987) have 

introduced another important parameter for thermal stability (S) as defined in the 

equation 4.10. 𝑇𝑝 is an additional parameter considered in this equation while 

comparing it with the equation given by Dietzel (1968). 

𝑆 = (𝑇𝑝 − 𝑇𝑐)(𝑇𝑐 − 𝑇𝑔)𝑇𝑔                                                        (4.10) 

 𝑇𝑝 − 𝑇𝑐 is related to the complete crystallization transformation of the amorphous 

phase. The obtained values of S show stepwise decreasing mode concurring with the 

values of ∆𝑇. Enthalpy (∆𝐻𝑐) released during crystallization process of an amorphous 

phase is analogous to thermal stability. Higher value of ∆𝐻𝑐 corresponds to lower value 

of ∆𝑇 and vice versa (Jain et al. 2009; Mahadevan et al. 1986; Predeep et al. 1997). The 

values of  ∆𝐻𝑐  deduced using equation 4.11.  

∆𝐻𝑐 = 𝐴𝑚                                                                            (4.11)       
(  is an instrumental constant  1.12; A is the area under the crystallization peak and 

m is the mass of the sample). Deduced values of ∆𝐻𝑐 for Si15Te85-xBix and Si20Te80-xBix 

glassy alloys tabulated in Table. 4.6 and Table 4.7 precisely portray an escalation in the 
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values with the increase in Bi content. The stability of the glassy alloys can be 

interpreted by another thermal parameter called as entropy(∆𝑆), which represents the 

degree of disorder in the vitreous alloy (Aji and Johari 2010; Dalvi et al. 2003; Kumar 

et al. 2011). Higher value of ∆𝑆 indicates a stable glassy state as it acquires a huge 

energy, owing to unstable atomic configuration. The entropy change during the 

devitrification can be calculated as (Dalvi et al. 2003), 

∆𝑆 = ∆𝐻𝑐𝑇𝑐                                                                                (4.12)  
The values of ∆𝐻𝑐 and ∆𝑆 display a decreasing trend with the addition of Bi in                         

Si15Te85-xBix and Si20Te80-xBix  chalcogenide glassy alloys as seen from the Table 4.6 

and Table 4.7. The listed values of thermal parameters concur with each other, thereby 

validating the discussions made herein. 

 
Figure  4.14  Plots used to calculated crystallization activation energy using (a) 

Kissinger, (b) Takhor, (c) Augis-Bennett and (d) Ozawa model. (a) Plots of  𝑙𝑛(𝛼 𝑇𝑝2⁄ ) 

versus 1000 𝑇𝑝⁄ , (b) Plots of ln(𝛼)versus 1000 𝑇𝑝⁄ , (c) Plots of 𝑙𝑛(𝛼 𝑇𝑝⁄ ) versus 
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1000 𝑇𝑝⁄  and (d) Plots of ln(𝛼)versus 1000 𝑇𝑐⁄  for Si15Te85-xBix (0 ≤ x ≤ 2) 

chalcogenide glasses. 

 

Figure 4.15 Plots of (a) 𝑙𝑛(𝛼 𝑇𝑝2⁄ ) versus 1000 𝑇𝑝⁄ , (b) 𝑙𝑛(𝛼) versus 1000 𝑇𝑝⁄ , (c) 𝑙𝑛(𝛼 𝑇𝑝⁄ ) versus 1000 𝑇𝑝⁄  and (d) 𝑙𝑛(𝛼) versus 1000 𝑇𝑐⁄  for Si20Te80-xBix (0 ≤ x ≤ 3) 

glasses corresponding to Kissinger, Takhor, Augis-Bennett and Ozawa models for the 

calculation of the crystallization activation energy.  

Table 4.6 Calculated values of crystallization activation energies (𝐸𝑐) using Kissinger, 

Takhor, Augis-Bennett, Ozawa model and thermal parameters for Si15Te85-xBix               

(0 ≤ x ≤ 2) chalcogenide glasses. 

 

Composition  Crystallization activation energy (𝑬𝒄) 𝒌𝑱/𝒎𝒐𝒍          Thermal parameters 

 Kissinger Takhor Augis-

Bennett 

Ozawa T(K) S Hc  

(J/g-K) 

S   

(J/g-K) 

Si15Te85 113.48 127.20 122.63 184.73 66.69 2.43 -24.58 0.051 

Si15Te84Bi1 96.85 105.17 100.26 177.91 51.82 1.11 -24.02 0.052 

Si15Te83Bi2 96.85 105.17 100.26 177.91 71.94 2.69 -19.43 0.043 
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Table 4.7 Calculated values of crystallization activation energies (𝐸𝑐) using Kissinger, 

Takhor, Augis-Bennett , Ozawa model and thermal parameters for Si20Te80-xBix                 

(0 ≤ x ≤ 3) chalcogenide glasses. 

 

 

4.3.8    Thermal crystallization and structural studies  

It is obvious that when atoms of the third element are added to the host matrix, they are 

expected to change the atomic arrangement of the network. If the additive enters the 

network without interacting with the parent matrix, then the network connectivity will 

not improve. The additive will remain as a micro-inclusion in the structural network 

(Borisova 2013).  If  it interacts with the parent matrix and takes active part in the 

network formation then there will be an increase in the network connectivity and 

rigidity. In order to explore the possible interaction of Bi into the base matrix, 

Si20Te78Bi2 glass was thermally crystallized by annealing at its crystallization 

temperature of 673 K for 5 h under a vacuum of 10-5 Torr. The XRD pattern of the 

annealed sample is shown in Figure 4.16a.  It can be seen that the major phases which 

crystallize out are hexagonal Te (JCPDS card no. 00-036-1452) and Si2Te3 (JCPDS 

card no. 01-086-2268). There is no indication of Bi involved crystalline phases in the 

annealed sample. It indicates that the interaction of Bi with host Si20Te80 matrix is 

minimal. Generally, the interaction of metal atoms with chalcogenide glass matrix is 

complex and differs very much from system to system. For example, in Cu-As-Se, 

about 30 at% of Cu can be incorporated when Se content is low. For Se rich glasses, 

the glass formation is very much limited as the added Cu does not interact with the host 

                     Crystallization activation energy (𝑬𝒄) 𝒌𝑱/𝒎𝒐𝒍                  Thermal parameters 

Composition Kissinger Takhor Augis-

Bennett 

Ozawa T(K) S Hc  

(J/g-K) 

S   

(J/g-K) 

Si20Te80 216.91 226.55 221.73 259.47 93.91 3.98 -10.36 - 

0.018 

Si20Te79Bi1 162.03 170.85 166.44 200.61 61.23 1.31 -7.14 -0.013 

Si20Te78Bi2 155.63 164.53 160.44 183.40 58.65 1.61 -4.78 -0.009 

Si20Te77Bi3 146.99 155.63 151.31 160.12 51.99 1.59 -1.86 -0.003 
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matrix and remains in the network as a micro-inclusion(Ramesh et al. 2006). The 

network continuity is obstructed, leading to the depolymerization of the network which 

results in limited glass formation in Se rich       As-Se-Cu system (Ramesh et al. 2006). 

Glass formation in Cu-Ge-Te system is limited to about 10 at% of Cu. Atomic size, 

electronegativity and coordination of Cu and Ge are similar in Cu-Ge-Te glasses and it 

was proposed that the added Cu randomly replaces Ge sites. Hence, the network 

connectivity does not improve in Cu-Ge-Te glasses with the increase of Cu (Ramesh et 

al. 2000). Moreover, in Ge-Te-Sn system, the added Sn does not interact with the host 

Ge-Te matrix, correspondingly glass formation is limited (Fernandes et al. 2016). 

Interestingly, in Ag-Ge-Te system, glass formation is found to be good (24 at% of Ag 

can be added) as Ag interacts with the host Ge-Te matrix and polymerizes the network 

by forming structural species involving Ag, Ge and Te (Ramesh et al. 1999). It has also 

been reported (Tonchev and Kasap 1999) that larger atoms such as Bi, Sb and In 

entering glassy matrix break the chain length partially, thus increasing the concentration 

of weak Te rings. However, it is worth noting that higher concentration of Bi in Si-Te-

Bi system is likely to get involved with weak Te rings, thus forming BiTe phase as 

shown in Figure 4.16b. In the present    Si20Te80-xBix glasses, the non-interaction of Bi 

with Si-Te matrix and depolymerization of the network limits the glass formation, This 

feature is also mirrored in the variation of switching voltages, in which we observe a 

decrease in VT with addition of Bi content. In Al-As-Te glasses, Al resides in 4 and 6 

fold coordination (Pumlianmunga and Ramesh 2017). The higher coordination of Al 

increases the connectivity, cross-linking and rigidity in the network. Correspondingly, 

an increase in glass transition, crystallization and threshold switching voltage is 

observed. Thus, the combined effect of the void of network connectivity and the lower 

electrical resistivity of the additive Bi in the Si20Te80-xBix glasses results in the decrease 

of switching voltage. Concurrently, it is interesting to find similar results on Bi doped 

chalcogenide systems such as Ge-Te-Bi (Das et al. 2011) and Ge-Se-Te-Bi (Bhatia et 

al. 1988). 
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Figure  4.16 (a) XRD patterns of pristine and annealed Si20Te77Sn3 chalcogenide 

sample. (b) XRD analysis of as-prepared Si20Te78Sn2, Si20Te76Sn4 and Si20Te74Sn6 

chalcogenide samples clearly indicating transition from amorphous to crystalline. 

From the preceding discussions, it is obvious that one can anticipate morphological 

modifications in the Si-Te-Bi chalcogenide system as a function of composition. Hence, 

it is worth investigating surface morphology of Si20Te80-xBix chalcogenide glasses. We 

have also carried out elemental analysis of Si20Te80-xBix chalcogenide glasses, which 

shows  presence of starting material (See Appendix VIII - XI).  Images obtained from 

field emission scanning electron microscope (FESEM) give interesting information 

regarding glass formability, phase separation and electron conduction of the glassy 

alloys. Microscopic surface morphologies of the as-prepared chalcogenide glasses 

along with the corresponding X-ray spectrum are shown in the Figure 4.18. We find 

significant changes in the microstructures with change in composition.  We observe a 
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clear transition from lush and shiny microstructures to fractured, rough, dry and random 

microstructures. Dry and rough surface morphologies indicate higher electronic 

conduction of the glassy material, whereas, lush and shiny morphologies indicate lesser 

electronic conduction of the material (Singh 2012). In general, we know that crystalline 

metallic alloys are more conducting than amorphous alloys. From Figure 4.17, it is 

clearly evident that the sample microstructure of    Si20Te80-xBix glasses drastically 

change from amorphous to crystalline structure for x > 3. This suggests the poor role 

of Bi in the glass formability and also possible growth of microstructures in the 

amorphous background. Aforementioned details also disclose the reason for increase in 

electrical conductivity with the increase of Bi, resulting in the decrease of VT. Similar 

reports for the metal containing chalcogenide glassy alloys complement our results 

(Fernandes et al. 2016; Sharmila and Asokan 2005). 

4.3.9    Correlation between electrical and thermal parameters 

Electrical switching characteristics of Si15Te85-xBix and Si20Te80-xBix show profound 

decrease in VT and electrical resistivity as a function of composition. In this section, 

effort has been made to correlate the obtained thermal parameters with the  electrical 

switching behavior. Out of all the thermal parameters, 𝑇𝑔 is considered as one of the 

important parameters of vitreous chalcogenides as it expresses strength and rigidity of 

the glassy alloys. Change in the values of 𝑇𝑔 with composition displays a monotonous 

decrease with Bi content. 

Empirical relation between switching field (𝐸𝑡 ) and 𝑇𝑔 is given by  (Prakash et al. 1994) 

Et2 = C1exp [C2 ∗ k(Tg − T) kT]⁄                                                   (4.13) 

 

where  C1, and C2 are constants, T is the ambient temperature and k is the Boltzmann 

constant. Aforementioned relation states that variation of 𝑇𝑔 is directly proportional to 

the change in switching field (𝐸𝑡), thus establishing a relationship between 𝑇𝑔 and 𝐸𝑡. 

Lower values of 𝑇𝑐 indicate ease of devitrification, suggesting swift phase change 

mechanism of the studied chalcogenides. Hence, the reduced values of 𝐸𝑐  as a function 

of composition reciprocate with the decreasing values of 𝑉𝑇. In this way, the obtained 
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Figure  4.17 Morphology and structural changes in Si20Te80 host matrix with respect to 

the interaction of Bi. With an increase in Bi content, the sample micro-structure 

drastically changed from amorphous to crystalline, which is reflected in the micrograph 

in (e) as a dry-rough surface, confirmed from the corresponding XRD pattern. 
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values of thermal parameters  𝑇𝑔, 𝑇𝑐 and  𝐸𝑐  are compatible with the decreasing trend 

of switching voltage. Similar results have been observed for chalcogenide systems such 

as Ge-Te- Bi (Das et al. 2011), validating our results. Systematic variation of ∆𝑇, 𝑆, 𝐻𝑐 , ∆𝑆 will best explain the possibility of memory switching in the studied composition.  

 

4.4   CONCLSIONS 

 Memory type of electrical switching behavior is observed from as-prepared bulk 

semiconducting Si20Te80-xBix (0 ≤ x ≤ 3) chalcogenide glassy alloys. Compositional 

dependence of VT  is understood on the basis of the decreasing trend of starting 

electrical resistivity values and thermal stability. Linear increase in VT with sample 

thickness is found to be consistent with the memory type of electrical switching. Also, 

the decrease in VT with the increase in temperature is attributed to the decrease in 

activation energy required for devitrification at elevated temperatures. SEM studies on 

the pre-switched and post switched sections of Si-Te-Bi sample clearly illustrate 

morphological changes on the surface of the switched sample. This gives an 

experimental proof for filament formation during the switching process. Decrease in 

ΔT values indicates that Si-Te glasses become easily de-vitrifiable with addition of Bi, 

and are in good agreement with the observed decrease in VT with composition. Non- 

isothermal calorimetry measurements have been conducted for melt-quenched Si20Te80-

xBix (0 ≤ x ≤ 3) chalcogenide glassy alloys using differential scanning calorimetry 

(DSC) . These glasses are found to exhibit single 𝑇𝑔 and double 𝑇𝑐. The obtained values 

of characteristic temperatures such as 𝑇𝑔, 𝑇𝑐 and 𝑇𝑝 display a decreasing trend as a 

function of composition. Various quantitative methods according to well-known JMA 

model have been utilized to calculate 𝐸𝑔  and 𝐸𝑐 . It is worth noting that the acquired 

values of activation energy are found to match with each other pertaining to the validity 

of the methods used herein. In addition to the activation energy, thermal parameters 

such as change in specific heat (∆𝐶𝑝), fragility index (𝐹), thermal stability (∆𝑇) & (S), 

enthalpy (∆𝐻𝑐), entropy (∆𝑆) are deduced using different statistical formulae as a 

function of composition and are found to shed light on various material aspects and the 

glass forming difficulty of Bi added Si-Te. Finally, thermal crystallization and 

morphological studies on Si-Te-Bi system disclose the non- cooperation of Bi in the 
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network formation, consequently leading to poor network connectivity and rigidity 

which result in narrow range of glass formation (0 ≤ x ≤ 3).  
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 

5.1   SUMMARY AND CONCLUSIONS 

In the present thesis work, electrical switching studies and differential scanning 

calorimetric (DSC) studies have been undertaken on two series of chalcogenide 

systems, namely Ge-Te-Sn and Si-Te-Bi. The main motivation behind these 

investigations is to understand the effect of addition of metallic dopants on switching 

voltages and thermal properties. Thermal properties have been investigated using 

DSC, as the thermal parameters such as glass transition temperature (𝑇𝑔), 

crystallization temperature (𝑇𝑐), thermal stability (∆𝑇), etc., have a direct relationship 

with the local structural ordering of these glasses which can influence the switching 

phenomena. Studies on thermal devitrification studies and morphological changes 

elucidate more on narrow glass forming ability of the studied compositions. A 

relationship has been established between the obtained thermal parameters and 

electrical switching characteristics. Rapid quenching of the ampoules containing 

chalcogenide melt has been achieved using modifications in the working chamber of 

furnace, and the design of ampoule holder is the highlight of this thesis.  

The significant results obtained from the studies are as follows: 

 Ge-Te-Sn, Si-Te-Bi ternary chalcogenide glassy alloys synthesized by the 

melt-quenching method has shown smooth memory type switching behavior. 

 

 Composition dependence  on switching studies on Ge-Te-Sn and Si-Te-Bi 

chalcogenide glassy alloys show  decreasing trend of switching voltages. This  

suggests  dominance of metallicity factor,  leading to the decrease in electrical 

resistivity values which guides reduction in switching voltages. 

 

 Linear increase in VT with sample thickness is found to be consistent with the 

memory type of electrical switching and reveals thermal origin for the 

switching mechanism. Also, the decrease in VT with the increase in 
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temperature is attributed to the decrease in activation energy required for 

devitrification at elevated temperatures, which also indicates moderate thermal 

stability of the studied samples. 

 

 SEM studies on the pre-switched and post switched sections of Ge-Te-Sn and          

Si-Te-Bi sample  illustrate morphological changes on the surface of the 

switched sample. This gives an experimental proof for the filament formation 

during the switching process. 

 

 Compositional dependence on thermal parameters of Ge-Te-Sn and Si-Te-Bi 

chalcogenide glassy alloys shows decrease in the values of characteristic 

temperatures such as  glass transition temperature  (𝑇𝑔), crystallization 

temperature (𝑇𝑐), activation energy of glass transition (𝐸𝑔), and crystallization (𝐸𝑐). These observations indicate some reduction in network connectivity of 

the glassy system favoring  decrease in switching voltages, guiding us to draw 

a correlation between obtained thermal parameters and the electrical switching 

behavior. 

 

 Investigations on thermal stability (∆𝑇)  and glass forming ability (GFA) 

reveal the applicability of the synthesized materials  in phase change memory 

(PCM) applications. The thermal parameters of Ge-Te-Sn and Si-Te-Bi 

glasses indicate that the moderate thermal stability and easy devitrifiability are 

favorable for phase-change memory device applications.  Furthermore, 

thermal parameters such as change in specific heat (∆Cp), fragility index (F), 

enthalpy (∆Hc), entropy (∆S) are deduced to interpret distinct material 

behaviour as a function of composition. 

 

 Narrow glass formability of the Ge-Te-Sn and Si-Te-Bi chalcogenide system 

is understood by thermal devitrification studies and morphological changes. 

They disclose the void of Sn and Bi in the network formation, consequently 
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leading to poor network connectivity and rigidity which result in narrow range 

glass formation.  

 Decreasing trend of thermal stability indicates that as-prepared chalcogenide 

glassy alloys are prone to vitrification. This results in reduced glass 

formability of the studied chalcogenide system 

 

 Newly designed furnace for the preparation of chalcogenide glassy alloys 

ensures safety, repeatability, proper mixing of starting material and rapid 

quenching. Owing to its merits it can  replace conventional furnace systems. 

 

5.2 SCOPE FOR THE FUTURE WORK 

 

 The investigations of the present research work can be extended further in the 

following directions: 

 

 The structural studies such as Raman, Extended X-ray Absorption Fine 

Structure (EXAFS) and FTIR need to be performed in order to get information 

about the bonding and coordination environment of the atoms present in the 

glasses. These results are necessary as local structural effects play a very 

important role in the switching phenomena. 

 

 Since Si-Te-Bi glasses are found to exhibit strong memory switching 

behavior, other low resistivity compositions can be synthesized in bulk/thin 

film form, and investigated for suitability in PCM applications. 

 

 Investigations on the ac conduction properties of amorphous chalcogenide 

semiconductors are important because they contribute to the charge transport 

mechanism in these materials. In particular, the study on ac conduction 

mechanism is important to understand the nature and the origin of dielectric 

losses, which in turn may be useful in the determination of structure and 

defects in solids. 
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 The electrical and thermal characterization were carried out on bulk 

chalcogenide glasses. It can be prepared in the thin film form, which can 

exhibit large number of SET-RESET cycles. 
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APPENDIX I : Energy dispersive X-Ray spectrum (EDS) of  Ge20Te80  

chalcogenide glassy alloy 

 

 

 

 

Figure I  Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the SEM image corresponding to Ge20Te80 (host matrix) chalcogenide. No 

impurities were detected and the composition of Ge and Te are confirmed through 

elemental analysis. 
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APPENDIX II : Energy dispersive X-Ray spectrum (EDS) of  

Ge20Te79Sn1 chalcogenide glassy alloy 

 

 

 

Figure II  Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the SEM image corresponding to Ge20Te79Sn1 chalcogenide. No impurities 

were detected and the composition of Ge, Te and Sn are confirmed through elemental 

analysis. 
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APPENDIX III : Energy dispersive X-Ray spectrum (EDS) of  

Ge20Te78Sn2 chalcogenide glassy alloy 

 

 

 

Figure III  Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the SEM image corresponding to Ge20Te78Sn2 chalcogenide. No impurities 

were detected and the composition of Ge, Te and Sn are confirmed through elemental 

analysis. 
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APPENDIX IV : Energy dispersive X-Ray spectrum (EDS) of  

Ge20Te77Sn3 chalcogenide glassy alloy 

 

 

 

Figure IV  Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the SEM image corresponding to Ge20Te77Sn3 chalcogenide. No impurities 

were detected and the composition of Ge, Te and Sn are confirmed through elemental 

analysis. 
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APPENDIX V : Energy dispersive X-Ray spectrum (EDS) of  

Ge20Te76Sn4 chalcogenide glassy alloy 

 

 

 

Figure V Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the SEM image corresponding to Ge20Te76Sn4 chalcogenide. No impurities 

were detected and the composition of Ge, Te and Sn are confirmed through elemental 

analysis. 
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APPENDIX  VI : Energy dispersive X-Ray spectrum (EDS) of  

Ge20Te75Sn5 chalcogenide glassy alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure VI  Energy dispersive X-ray spectrum (EDS) obtained by scanning the area 

marked in the SEM image corresponding to Ge20Te75Sn5 chalcogenide. No impurities 

were detected and the presence of Ge, Te and Sn and their corresponding composition 

are confirmed from the elemental analysis. 
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APPENDIX  VII : Energy dispersive X-Ray spectrum (EDS) of  

Ge20Te73Sn7 chalcogenide glassy alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure VII  Energy dispersive X-ray spectrum (EDS) obtained by scanning the area marked 

in the SEM image corresponding to Ge20Te73Sn7 chalcogenide. No impurities were detected 

and the presence of Ge, Te and Sn and their corresponding composition are confirmed from 

the elemental analysis. 
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APPENDIX  VIII : Energy dispersive X-Ray spectrum (EDS) of  

Si20Te80 chalcogenide glassy alloy 

 

 

 

Figure VIII  Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the FESEM image corresponding to Si20Te80(host matrix) chalcogenide 

glassy alloy. No impurities were detected and the composition of Si and Te are 

confirmed through elemental analysis. EDS mapping analysis is employed to further 

confirm the starting materials and elemental distribution 
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APPENDIX  IX : Energy dispersive X-Ray spectrum (EDS) of  

Si20Te79Bi1 chalcogenide glassy alloy 

 

 

 

Figure IX  Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the FESEM image corresponding to Si20Te79Bi1 chalcogenide glassy alloy. 

No impurities were detected and the composition of Si, Te and Bi are confirmed 

through elemental analysis. EDS mapping analysis is employed to further confirm the 

starting materials and elemental distribution. 
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APPENDIX X : Energy dispersive X-Ray spectrum (EDS) of  

Si20Te78Bi2 chalcogenide glassy alloy 

 

 

 

Figure X Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the FESEM image corresponding to Si20Te78Bi2 chalcogenide glassy alloy. 

No impurities were detected and the composition of Si, Te and Bi are confirmed 

through elemental analysis. EDS mapping analysis is employed to further confirm the 

starting materials and elemental distribution 
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APPENDIX XI : Energy dispersive X-Ray spectrum (EDS) of  

Si20Te77Bi3 chalcogenide glassy alloy 

 

 

 

Figure XI Energy dispersive X-Ray spectrum (EDS) obtained by scanning the area 

marked in the FESEM image corresponding to Si20Te77Bi3 chalcogenide glassy alloy. 

No impurities were detected and the composition of Si, Te and Bi are confirmed 

through elemental analysis. EDS mapping analysis is employed to further confirm the 

starting materials and elemental distribution 
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