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Preface

Vanadium pentoxide (V2O5) based glasses form an important class of, amorphous

semiconductors. V2O5 based glasses are normally n-type semiconductors. The possibi,lity

of obtaining p-type semiconductors in some V2O5 based ternary glasses has been pointed

out in the literature. After a careful study of the glass-forming region of known V2O5

based glass systems coupled with themioelectric power (TEP) measurements, three glass

systems, namely, xV2O5.20SnO.(80-x)TeO2 glasses (18 < x < 50)^ xV2Os.40CaO.(60-

x)P205 glasses (10 < x < 30) and xV2O5.40CaO.(60-x)B2O3 glasses (10 < x < 30) were

identified for the present investigations. These three glass systems exhibit a reversal in

the carrier type from n-type to p-type when the composition x was systematically varied.

Bulk glass samples belonging to the three glass systems were prepared by melt

quenching technique. The as-quenched samples were characterized using X-ray

diffraction technique, TEP measurement and differential scanning calorimeter (DSC)

TEP measurements revealed that the carrier reversal occurs near 23 mol % V2O5 in V2O5-

SnO-TeOz glasses. In V205-Ca0-P205 and V205-Ca0-B203 glasses, the carrier reversal

was observed at 20 mol % V2O5. The ratio of vanadium ions, —~ in various glass

compositions was estimated by iodometric titration. Density of the glass samples was

measured using Archimedes' principle. Optical band gap of the glasses was determined

using a spectrophotometer. Microhardness of the various glass compositions was

measured using a Vicker's microhardness tester. DSC studies were under taken to

investigate the non-isothennal behaviour of the glass samples. The d c electrical

conductivity of the glasses was measured between 100 K and 480 K in order to
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compositions was estimated by iodometric titration. Density of the glass samples was
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were
understand the conduction mechanism in these glasses. All the experimental data

analysed using existing theoretical formalisms. The thesis is arranged in six chapters.

Chapter I serves as a brief introduction to glasses and the contents of this thesis.

The motivation behind the thesis work is briefly stated at the end of this chapter.

Chapter II discusses the experimental techniques used in the present

investigations. The basic principle and the theory behind the experiments, the

experimental set up and the measurement / estimation procedure leading to the

determination of the physical properties are discussed here.

In chapter III, the experimental studies on V205-Sn0-Te02 glasses are presented.

It starts with a review of earlier work done on V205-Sn0-Te02 glasses followed by the

present studies. The occurrence of the carrier reversal in xV205.20SnO.(80-x)Te02

glasses (18^x<50) is first established using TEP and vanadium ion ratio. The variation

of density, optical band gap and microhardness of the glass samples as a function of V2O5

mol % is then discussed within the frame of existing models. Results of DSC studies and

dc electrical conductivity studies are then presented. The salient results of the present

studies on xV2O5.20SnO.(80-x)TeO2 glasses are summarised at the end.

Chapter IV and V are devoted to the study on V205-Ca0-P205 and V205-Ca0-

B2O3 glass systems, respectively. These chapters are arranged in the same sequence as

chapter III.

Chapter VI is the concluding chapter which attempts to generalise the results
obtained on V2O5 based glasses. Possibilities of future work in this area are also pointed
out.

References cited in the thesis are listed at the end of the thesis.
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Chapter 1

Introduction

A glass is an X-ray amorphous solid which exhibits the glass transition. Glass transition

is defined as that phenomenon in which a solid amorphous phase exhibits a more or less

sudden change in the derivative thermodynamic properties such as heat capacity and

expansion coefficient, from crystal-like to liquid-like values [1]. Glasses are generally

obtained by freezing in supercooled liquids at a sufficiently rapid rate to avoid

crystallization. This process leads to the formation of a non-crystalline solid where the

structural disorder of the liquid is retained in the solid state. Glasses can be prepared by

methods other than the melt quenching technique such as physical vapour deposition,

application of intense shock waves, mechanical alloying, etc. [2].

From the fundamental standpoint, glasses present a challenge to the study of

solids which lack the spatial periodicity (long-range order) typical of a crystal. The

description of these structures meets with well-known difficulties and the interpretation

of the experimental results is seriously hampered [1,3, 4]. The scientific interest-in these

materials is due to the complexities in understanding the nature of the amorphous state

and the realization that they are low cost material with potential applications [1,5].

Short-range order, which is a fundamental characteristic of a solid is a result of

the chemical bonding between the atoms in the solid. Since amorphous materials do not

possess long-range order, the chemical bonding in these materials is directly responsible

for most of their properties. Just as in crystalline materials, the bonding in amorphous

materials could be covalent (eg., As2Se3, V205-Te02), ionic (eg., KN03-Ca(N03)2 ,

BeF2), metallic (eg., Zr-Cu, Ni-Nb), Van der Waals' (eg., isopentane, ortho-terphenyl) or

Vll
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Chapter 1

Introduction

A glass is an X-ray amorphous solid which exhibits the glass transition. Glass transition

is defined as that phenomenon in which a solid amorphous phase exhibits a more or less

sudden change in the derivative thermodynamic properties such as heat capacity and

expansion coefficient, from crystal-like to liquid-like values [1]. Glasses are generally

obtained by freezing in supercooled liquids at a sufficiently rapid rate to avoid

crystallization. This process leads to the formation of a non-crystalline solid where the

structural disorder of the liquid is retained in the solid state. Glasses can be prepared by

methods other than the melt quenching technique such as physical vapour deposition,

application of intense shock waves, mechanical alloying, etc. [2].

From the fundamental standpoint, glasses present a challenge to the study of

solids which lack the spatial periodicity (long-range order) typical of a crystal. The

description of these structures meets with well-known difficulties and the interpretation

of the experimental results is seriously hampered [1,3,4]. The scientific interest in these

materials is due to the complexities in understanding the nature of the amorphous state

and the realization that they are low cost material with potential applications [1,5].

Short-range order, which is a fundamental characteristic of a solid is a result of

the chemical bonding between the atoms in the solid. Since amorphous materials do not

possess long-range order, the chemical bonding in these materials is directly responsible

for most of their properties. Just as in crystalline materials, the bonding in amorphous

materials could be covalent (eg., As2Se3, VjOs-TeOa), ionic (eg., KN03-Ca(N03)2 ,

BeF2), metallic (eg., Zr-Cu, Ni-Nb), Van der Waals' (eg., isopentane, ortho-terphenyl) or
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hydrogen bond (eg., H2O, KHSO4) [1, 3]. V2O5 based oxide glasses form an important

class of amorphous semiconductors. Semiconducting behaviour in oxide glasses was first

observed in the V2O5-P2O5 system [6]. Glassy semiconductors containing transition metal

oxides such as V2O5 and a wide range of oxides like P2O5, B2O3, Te02, Ge02, CaO, SrO

etc., have attracted lot of attention [7, 8, 9] for their interesting electrical properties. Of

these, the V205-Te02 glasses have been given special attention [10, 11, 12, 13] due to

their high electrical conductivity. The presence of vanadium in two valence states [i.e.,

V and V ] in glasses containing V2O5 influences the electrical conduction mechanism

in these glasses [14, 15]. The electrical conduction in these glasses is attributed to

hopping of electrons from an ion of low valence state (V^^) transition metal to an ion of

high valence state (V^ ). The process can also be regarded as the migration of a polaron

[16]. Our present knowledge of the conduction mechanism at different temperature

regions and related properties of the oxide semiconducting glasses is far from being

satisfactory [ 17].

1.1. Phenomenology of glass transition

The nature of the glass transition is very complex and even now is poorly understood.

When a liquid is cooled, one of the following two events may occur. Either crystallization

may take place at the melting point T^ or else the liquid will become "supercooled" for

temperatures below T,n. The supercooled liquid becomes more and more viscous with

decreasing temperature, and may ultimately attain viscosity values typical of a solid. At

this stage the supercooled is said to have gone to the glassy state. The changes occurring

in a liquid as it is cooled can be understood readily by monitoring the change in its

volume as a function of temperature as illustrated in figure 1.1. The crystallization

process is manifested by an abrupt change in volume at Tm, where as glass formation is

characterized by a gradual change in slope [1, 18, 19]. The region over which the change

of slope occurs is termed the glass transition region. Similar behaviour is also exhibited

by other thermodynamic variables such as entropy S and enthalpy H.

1
O)

a
9  I

o

>

Liquid /

Tg 1
jy 1

Glass

Crystal ■—
1  1

Temperature Tg Tm

Figure 1.1: Volume change in a liquid forming (a) a crystal (b) or a glass.

The definition of the order of a phase transition in the Ehrenfest scheme is the

order of the lowest derivative of Gibbs free energy (G), which shows a discontinuity at

the transition point [20]. For liquid-crystal transition at solidification (or melting)

(SG
—

d?
is discontinuous. Hence liquid-crystal transition

is a fi rst order transition. But in liquid-glass transition, the thermodynamic variables such

as V, S, H are continuous and the quantities which are the second order derivative of
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hydrogen bond (eg., H2O, KHSO4) [1, 3]. V2O5 based oxide glasses form an important

class of amorphous semiconductors. Semiconducting behaviour in oxide glasses was first

observed in the V2O5-P2O5 system [6]. Glassy semiconductors containing transition metal

oxides such as V2O5 and a wide range of oxides like P2O5, B2O3, Te02, Ge02, CaO, SrO

etc., have attracted lot of attention [7, 8, 9] for their interesting electrical properties. Of

these, the V205-Te02 glasses have been given special attention [10, 11, 12, 13] due to

their high electrical conductivity. The presence of vanadium in two valence states [i.e.,

V and ] in glasses containing V2O5 influences the electrical conduction mechanism

in these glasses [14, 15]. The electrical conduction in these glasses is attributed to

hopping of electrons from an ion of low valence state (V*) transition metal to an ion of

high valence state (V' ). The process can also be regarded as the migration of a polaron

[16]. Our present knowledge of the conduction mechanism at different temperature

regions and related properties of the oxide semiconducting glasses is far from being

satisfactory [17].

1.1. Phenomenology of glass transition

The nature of the glass transition is very complex and even now is poorly understood.

When a liquid is cooled, one of the following two events may occur. Either crystallization

may take place at the melting point T^ or else the liquid will become "supercooled" for

temperatures below T^. The supercooled liquid becomes more and more viscous with

decreasing temperature, and may ultimately attain viscosity values typical of a solid. At

this stage the supercooled is said to have gone to the glassy state. The changes occurring

in a liquid as it is cooled can be understood readily by monitoring the change in its

volume as a function of temperature as illustrated in figure 1.1. The crystallization

process is manifested by an abrupt change in volume at Tm, where as glass formation is

characterized by a gradual change in slope [1, 18, 19]. The region over which the change

of slope occurs is termed the glass transition region. Similar behaviour is also exhibited

by other thermodynamic variables such as entropy S and enthalpy H.

1
(D

a

*0

>

Liquid /

Te 1
1

Glass

Crystal
•  '

Temperature Tg T^

Figure 1.1: Volume change in a liquid forming (a) a crystal (b) or a glass.

The definition of the order of a phase transition in the Ehrenfest scheme is the

order of the lowest derivative of Gibbs free energy (G), which shows a discontinuity at

the transition point [20]. For liquid-crystal transition at solidification (or melting)

temperature T^, the volume V = is discontinuous. Hence liquid-crystal transition

is a first order transition. But in liquid-glass transition, the thermodynamic variables such

as V, S, H are continuous and the quantities which are the second order derivative of
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Gibbs free energy such as thermal expansion « =—
^ V

^ d'G ̂

dpen
,  compressibility

Kt=--
^  V

1 f a'G

dP^ ,
/t

and heat capacity c = -T are discontinuous. Hence the glass

transition is a manifestation of a second order phase transition [1].

The heat capacity Cpg of the glass is different from the heat capacity Cn of the

supercooled liquid. The excess heat capacity ACp at the glass transition is then defined as

the difference between the specific heat values of the glass and supercooled liquid.

Angell [21] proposed that glasses exhibiting a small ACp at Tg show a strong resistance to

structural degradation in the liquid state. He termed such glasses as "strong". On the other

hand, glasses exhibiting large ACp at Tg were termed as "fragile". Fragility is a term used

to characterise and quantify the anomalous non-Arrhenius transport behaviour which

develops in most glass forming liquids as they approach the glass transition [21]. A small

ACp is correlated with minimum fragility. The correlation of minimum fragility with

minimum ACp is expected from the Adam-Gibbs equation [22],

c

.TS,
n=noe ' (i.i)

where q is the viscosity, and r]o and C are constants. The parameter Sc is

configurational entropy and is given by the expression.

the

T

Sc=l
Tk T ,

dT

where T^ is the Kauzmann temperature (Tk is the temperature at which Sc extrapolates to

zero [23]). When ACp is very small, Sc is almost temperature independent and the Adam-

Gibbs equation becomes the Arhenius equation. The slope of the Arrhenius plot [i.e.,

ln(q) versus 1/T plot ] is minimum when ACp is minimum. The minimum Arrhenius

slope is then related to minimum fragility.

OJ

s

*3
>

Liquid
1

(1)

(2)

Cry stal
1  1 1

Temperature Tgo Tgi

Figure 1.2: Variation in Tg of a glass forming liquid with cooling rate. Curve

(2) corresponds to a slower cooling rate than curve (1).

The glass transition temperature Tg depends on the rate of cooling of the

supercooled liquid [1]. The slower the rate of cooling, the larger is the region for which

the liquid may be supercooled and hence lower is the glass transition temperature

(figure 1.2). Thus the glass transition temperature of a particular material is not an

intrinsic property. Instead, it is dependent on its thermal history of the material. Tg is

related to the cooling rate q by.
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Gibbs free energy such as thermal expansion « =J-
^ V

^ a'G ̂

dperr
,  eompressibility

^r=~\
1 (

V[
d^G

d?'
and heat capacity C = -T

/T

are discontinuous. Hence the glass

transition is a manifestation of a second order phase transition [1].

The heat capacity Cpg of the glass is different from the heat capacity Cpi of the

supercooled liquid. The excess heat capacity ACp at the glass transition is then defined as

the difference between the specific heat values of the glass and supercooled liquid.

Angell [21] proposed that glasses exhibiting a small ACp at Tg show a strong resistance to

structural degradation in the liquid state. He termed such glasses as "strong". On the other

hand, glasses exhibiting large ACp at Tg were termed as "fragile". Fragility is a term used

to characterise and quantify the anomalous non-Arrhenius transport behaviour which

develops in most glass forming liquids as they approach the glass transition [21]. A small

ACp is correlated with minimum fragility. The correlation of minimum fragility with

minimum ACp is expected from the Adam-Gibbs equation [22],

(1.1)

where q is the viscosity, and qo and C are constants. The parameter Sc is the

configurational entropy and is given by the expression.

^AC ̂
Sc=J

Tk T ,
dT

where T^ is the Kauzmann temperature (Tk is the temperature at which Sc extrapolates to

zero [23]). When ACp is very small, Sc is almost temperature independent and the Adam-

Gibbs equation becomes the Arhenius equation. The slope of the Arrhenius plot [i.e.,

ln(q) versus 1/T plot ] is minimum when ACp is minimum. The minimum Arrhenius

slope is then related to minimum fragility.
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Figure 1.2: Variation in Tg of a glass forming liquid with cooling rate. Curve

(2) corresponds to a slower cooling rate than curve (1).

The glass transition temperature Tg depends on the rate of cooling of the

supercooled liquid [1]. The slower the rate of cooling, the larger is the region for which

the liquid may be supercooled and hence lower is the glass transition temperature

(figure 1.2). Thus the glass transition temperature of a particular material is not an

intrinsic property. Instead, it is dependent on its thermal history of the material. Tg is

related to the cooling rate q by.
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where e and qo are constants [24], The experimentally measured value of Tg is not

unique. The value of Tg depends on the time scale of the experiment used to observe it.

A parameter Kg, characterising the tendency to form glass, which involves the

glass transition temperature Tg, the melting temperature Tm and the crystallization

temperature Tc has been defined by Hruby [25] as,

T -T
K =-^—

®  T„-T (1.3)

If (Tc Tg) is large and (Tm-Tc) is small, the inhibition to the process of nucleation and

crystallization is strong and consequently the glass forming tendency of the system is

high.

Tg is also defined in terms of the experimental time scale as that temperature at

which the liquid attains a certain viscosity q, characteristic of a solid (~10'^ poise). The

viscosity of glass forming liquids changes very rapidly in the region of the glass

transition temperature. A wide variety of theories of relaxation have been developed

based on distinct microscopic models [26]. An empirical relation for viscosity at

equilibrium was given by the Vogel-Fulcher-Tamman equation, which is expressed as.

1] = qoexp
T-T„

(1.4)

where q,„ A and To are constants. This equation is the most successful expression for

describing q(T) [27, 28].

1.2. Structure of glass

Knowledge of the structural arrangements of atoms in a solid substance is an essential

prerequisite to a detailed understanding of its physical and chemical properties. This is as

true for amorphous solids as for crystalline materials [3, 29]. The structure of a crystalline

solid is solved once the structure within the unit cell is known. This unit cell is the

fundamental building block of the structure and repeating it in a periodic fashion in space

generates the structure of the crystal as a whole. Such a procedure is impossible for a

non-periodic (amorphous) solid for which the unit cell may be regarded as being infinite

in extent. The structure of many amorphous solids is in fact not totally random at least on

certain length scales. There may be a considerable degree of local ordering despite the

lack of periodicity [30] in amorphous materials. Therefore a length scale may be

arbitrarily defined, which separates microscopic structure from macroscopic structure

[31]. Diffraction methods (X-ray, neutron or electron) can be used to determine the

frequency with which the given interatomic distances occur in a glass sample. With

diffraction data it is possible to get information on the second and third co-ordination

spheres around an atom and the interconnection of the regions of short-range order [32].

Molecular spectroscopic methods, especially infrared and Raman spectroscopy

have been found to be extremely valuable methods of structural exploration in

heteronuclear glass forming systems [33]. The structural information obtained primarily

relate to the short-range order regions and their symmetry. Spectroscopic methods based

on atomic properties that are influenced by the chemical environment such as

photoelectron spectroscopy, nuclear magnetic resonance spectroscopy, Mossbauer

spectroscopy and absorption spectroscopy can also be used for structural elucidation.
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1 loppc ct al [34] have studied the structure of glassy V2OS (prepared by rapid

cjuenching) using X-ray diffraction technique. They reported that the glassy V2O5 is

formed of VO4, VO5, and VOe units. They pointed out that the vanadium atom had a

mean number of 4.8 oxygen neighbours. The V-V coordination number of about five

indicated that the structural units are most likely linked by V-O-V bridges. Crystalline

P2O5 exists in three polymorphic forms; hexagonal, orthorhombic and tetragonal [35].

The phosphorous-oxygen tetrahedron in each of these forms is different. The melts of all

the three crystalline forms of P2O5 can easily be supercooled to form glass. P2O5 glass

structure depends on the polymorphic form of the P2O5 used as starting material. Figure

1.3(a) shows a structure of P2O5 glass [29]. V2O5 glass structure is more complicated, but

has many similarities with the P2O5 glass structure [36]. The structure of crystalline B2O3

consists of infinite chains of BO3 triangles. All such triangles are connected by B-0 at all

three corners to form a completely linked network. Krogh-Moe [37] and Griscom [38]

have reviewed the structure of B2O3 glass. Nuclear magnetic resonance studies confirm

the existence of plane trigonal BO3 units in B2O3 glass [39, 40]. The BO3 units join to

form either boroxol rings or boroxol groups. These units are connected by oxygen atoms

in such a manner that the B-O-B angle becomes variable with the possibility of the

twisting out of the plane of the boroxol group. Figure 1.3(b) and 1.3(c) show the B2O3

glass and boroxol ring structures respectively. Wright et al [41] have summarized the

structural information available on vanadate glasses. On the basis of the neutron

diffraction study of V2O5 -P2O5, V205-BaO and V205-Pb0 glasses, they noted that there

IS a vanadate network composed of interconnected distorted trigonal bipyramids.

According to them, the vanadium-oxygen co-ordination polyhedron and the linkage

between them appeared to be less regular than those observed in phosphate glasses and

crystals.
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Figure 1.3: (a) P2O5 glass (b) B2O3 glass (filled circles are Boron atoms

and open circles are oxygen atoms), and (c) Boroxol ring structures

Diffraction patterns of covalent giasses

In the diffraction pattern of covalent glasses, there is a common feature widely observed

which is regarded as a signature of the medium range order (MRO) called "first sharp

diffraction peak" (FSDP) or "prepeak" [42,43]. The FSDP occurs at a value of scattering
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Diffraction patterns of covalent glasses

In the diffraction pattern of covalent glasses, there is a common feature widely observed

which is regarded as a signature of the medium range order (MRO) called "first sharp

diffraction peak" (FSDP) or "prepeak" [42,43]. The FSDP occurs at a value of scattering
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vector k in the range 1-2 A' in the structure factor S(k) of covalent network glasses

[44]. FSDP exhibits anomalous behaviour as a function of temperature, pressure and

composition. The FSDP intensity generally increases with increasing temperature [45]

and decreases with increasing pressure [46]. The intensity of FSDP decreases markedly

upon the addition of modifiers atoms. This behaviour has been observed in alkali silicate

glasses upon the addition of NazO [47], in Ag-Ge-Se and Ag2S-GeS2 glasses [48] and

Ag20-B203 [42,49] glasses. A number of suggestions have put forward to understand the

structural origin of the FSDP [30, 50]. Elliot proposed that the FSDP is a prepeak in the

concentration-concentration strueture factor, arising from the chemical ordering of

interstitial voids around cation-centred clusters in the structure [42, 43].

—^ ^ ^ 9 1A second peak is observed in the S{k) of network glasses at k ~2.91 A' such as

in the case of v-Si02 [44] which behaves in the same anomalous fashion as the FSDP.

This second peak is termed as the "second sharp diffraction peak"(SSDP). The behaviour

and structural origin of SSDP can be understood in exactly the same manner as the FSDP,

namely as a prepeak originating from the chemical ordering of voids in the structure [51].

Elliot's intuitive model has been successful in explaining the temperature dependence of

the intensity of FSDP and SSDP of As2Se3 glass [52] and the pressure dependence of

intensity of FSDP of GeSe2 glass [46].

Network models

The first really successful attempt to categorize materials into glass formers and

non-glass formers was made by Zachariasen in 1932 [53]. Zachariascn proposed that

those materials, which are most likely to form glasses, would have an internal energy

only slightly larger in the amorphous state as compared to the crystalline state. The

internal energy of a solid is related to its structure [27]. Zachariasen assumed that the

oxygen polyhcdra found in oxide crystals would also occur in glasses, the only difference

being the relative orientation of the polyhedra should be variable in glasses giving rise to

a non-periodic structure [54]. The difference in structure of glassy and crystalline forms

of a hypothetical two-dimensional oxide, say, A2O3 is shown in figure 1.4(a) and 1.4(b)

[18].

(a) (b) (c)

Figure 1.4: Atomic structural representation of (a) a A2O3 glass, and (b) a A2O3

crystal, (e) Structural representation of a hypothetical crystalline compound

AO (Filled circles are cations).

Thus, both the crystalline and the glassy forms are composed of AO3 triangles

joined to each other at comers, except that the glassy form has disorder introduced by

changes in the A-O-A bond angles and A-O bond length. The triangles or O-A-0 angles

themselves need,not be deformed much. It is easy to realize why the compound AO

{figure 1.4(c)} would not form a glass [2, 18, 55]. If the cation polyhedra were triangles

then the co-ordination of A around O would also be 3. This clearly would imply sharing

of oxygen by 3A's and hence an ordering would follow simply from topological
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restraints. Zachariasen therefore defined a glass as a substance that can form extended

three-dimensional networks lacking periodicity with energy content comparable with that

of the corresponding crystal network. Accordingly, he laid down four cycles for glass

formation in compound AmOn:

1. An oxygen atom is linked to no more than two atoms of A.

2. The oxygen coordination around A is small say 3 or 4.

3. The cation polyhedra share comers not edges or faces.

4. At least three comers are shared.

Thus oxides, of the type AO and A2O should not and indeed do not form glasses. The

rules are satisfied for oxides of the form A2O3 provided the oxygens form triangles

around each A atom, and for oxides of the form AO2 and A2O5 if th® oxygens form

tetrahedra. Subsequently Zachariasen modified the original rules to take account of

complex glasses, which contained non-glass forming oxides in addition. The modified

mles are

IM. A high proportion of (network forming) cations are surrounded by oxygen

tetrahedra or triangles

2M. The oxygen polyhedra only share comers with each other.

3M. Some oxygen atoms are linked to only two cations and do not form

additional bonds with any other cations.

These rules imply that oxide glasses must contain substantial proportions of glass

forming cations or other cations, which can substitute isomorphously (eg. Al^", Si^'). Any

other cations (eg. Na') present are termed network modifiers [56] since they disrupt the

otherwise perfectly connected continuous random network. Consider the case of addition

of Na20 to Si02. The action of the modifier is to break up the continuous silica network

by introducing "dangling or nonbridging oxygens". This process is shown in figure 1.5

and is not limited to silica glass only, but can occur in other oxide systems [57, 58] as

well. The nonbridging oxygens carry a single negative charge and are compensated by a

Na^ ion nearby. The chemical formula of an oxide glass may be written as AmBpO where

m and n may not be integers. A represents network forming cation and B is the network

modifying cation. An interesting intermediate class of oxides including Te02, M0O3,

Bi203, AI2O3, Ga203 and V2O5 do not by themselves form glasses but will do so when

mixed with other (modifier) oxides [59, 60].
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Figure 1.5: Schematic illustration of the effect of the addition of alkali oxide (eg.

NaiO) to silica . Each molecule of Na20 added converts a bridging oxygen into two

nonbridging oxygens (negatively charged).

Recent results show that network glasses possess well-defined medium range

order (MRO) thus limiting the usefulness of the above simple model. The presence of

MRO would imply that the relative orientation of neighbouring tetrahedra is probably

non-random, which is contrary to the above model [43]. The random covalent network

model [61] and the chemically ordered network model [62] have been proposed to

understand the nature bonding in binary alloy systems such as AxBi.x, where A and B are
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in columns a and b of the periodic table. They have coordination number Ua = (8-a) and

nb= (8-b) as given by the 8-N rule (neglecting the effect of any coordination defects such

as dangling bonds). In general, A-A, A-B and B-B bonds can coexist in an alloy with an

arbitrary composition and the two models can describe the distribution of such bonds.

1.3. Electrical properties of amorphous semiconductors

In an amorphous structure there is no concept of a reciprocal space. So one cannot

write the electron states in the form of bands [63]. An appropriate description, however,

would be to use the density of states N(E) defined such that N(E)dE is the number of

electron states per unit volume having energies between E and E+dE. The integral of the

density of states function along with the occupancy factor f(E) within energy band levels,

gives the total number 'n' of carriers within the band. For instance, for the conduction

band

angle distortion.

n = lN(E)f(E)dE (1.5)

The total conductivity a may then be
written as.

o = -elN(E)p(E)kBT^S^dE
°  SE

(1.6)

where e is the electronic charge and kg is the Boltzmann constant, P(E) is the mobility of

the charge carrier having an energy E. There are essentially two different models that

describe for the density of states in amorphous solids. The fundamental premise of both

the models is the tailing of states into the gap at both the valence and conduction edges

(Ev and Ec. also called mobility edges) because of structural fluctuations such as bond

N(E) N(E)

Ev Eg I

(b)

t
N(Ef)

Ey Ej Ea Ec E

(c)

Ec E

Figure 1.6: (a) The CFO model, showing tailing of states causing overlap, (b) The

Davis-Mott model, showing a band of compensated levels near the middle of the

gap. (c) The Marshall-Owen model.

In the extreme case of the Cohen-Fritzsche-Ovshinsky (CFO) model [64], the

tailing is so pronounced that they actually overlap in the mid-gap {figure 1.6(a)}. It may

be shown that the electron states lying within the mobility gap are the ones that are
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the models is the tailing of states into the gap at both the valence and conduction edges

(Ev and Ec. also called mobility edges) because of structural fluctuations such as bond

N(E) N(E)

t
N(^)

E, Eg Ea Ec E

(c)

Figure 1.6: (a) The CFO model, showing tailing of states causing overlap, (b) The

Davis-Mott model, showing a band of compensated levels near the middle of the

gap. (c) The Marshall-Owen model.

In the extreme case of the Cohen-Fritzsche-Ovshinsky (CFO) model [64], the

tailing is so pronounced that they actually overlap in the mid-gap {figure 1.6(a)}. It may

be shown that the electron states lying within the mobility gap are the ones that are
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localized. The Fermi energy is essentially pinned in the mid-gap. By pinning, one means

that the zero temperature position of the Fermi level does not shift mueh with the addition

of a few donors or acceptors. The primary objection to the CFO model is the high

transparency observed in the ehaleogenite glasses below a well-defined absorption edge,

which implies the presence of an actual gap within the tailing.

The second model is due to the Davis and Mott [65], which suggests that the

tailing of the localized states is confined to a fraction of an electron volt within the gap,

along with a band of compensated levels originating from the defects such as dangling

bonds and vacancies near the mid-gap {figure 1.6(b)}. A dangling bond means a broken

or unsatisfied bond. The true gap in the Davis Mott model is (Ea-Eb). In a modification

by Marshall and Owen [66], the mid-gap band was split into donor and acceptor bands

with a little overlap {figure 1.6(e)}. The Fermi level was assumed to be pinned in the

mid-gap in this model too.

1.3.1. d.c. electrical properties

D.C. electrical conductivity of an amorphous semiconductor can be understood from the

Davis and Mott model. According to Davis and Mott, there are three regions of

conductivity of an amorphous semiconductor. They are (i) extended state conduction (ii)

conduction in band tails and (iii) conduction in localized states at the Fermi energy Ep.

Case (i): Conduction in extended states means the conduction of electrons excited above

Ec or holes below Ey {figure 1.6(b)}. Conductivity in extended states is characterized by

large mobility, which according to Mott [61] decreases sharply at the mobility edge Ec

(or Ev). This conductivity has the form,

G = G.e

Er-Ec

2k bT
(1.7)

where the pre-exponcntial factor a, is given by.

o,=cN(E(_.)k„Tpc (1.8)

where N(Ec) is the density of states at the mobility edge Ecand p,, is the mobility.

Case (Ii): Conduction in band tails is thermally assisted by emission or absorption of a

phonon and involves a hopping energy AWh, in addition to the activation energy (E-Ep)

required to raise the electron to the appropriate localized state at E. This conductivity has

the form.

a = OjC'
-(E;,-Ef+AW„)/kBT]

(1.9)

where 02 is a pre-exponential factor and Ea is the energy of the conduction band tail.

Case (iii): In the third region, the electrical conductivity is thermally activated. The

conduction in this region has different conduction mechanism in high and low

temperature regions. In the high temperature region, the conductivity is characterized by

the Mott-Austin relation [14, 67],

_ jy_

oT = o„e (1.10)

where, W is the activation energy for conduction, T is the absolute temperature and ks is

the Boltzmann constant. The pre-exponential factor Oo could be expressed as.

^0=
Cyd-CvKe .-2aR)

Rk„ (1.11)
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D.C. electrical conductivity of an amorphous semiconductor can be understood from the

Davis and Mott model. According to Davis and Mott, there are three regions of

conductivity of an amorphous semiconductor. They are (i) extended state conduction (ii)

conduction in band tails and (iii) conduction in localized states at the Fermi energy Ep.

Case (i): Conduction in extended states means the conduction of electrons excited above

Ec or holes below Ev {figure 1.6(b)}. Conductivity in extended states is characterized by

large mobility, which according to Mott [61] decreases sharply at the mobility edge Ec

(or Ev). This conductivity has the form.
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where the pre-exponential factor a, is given by.

a,=eN(E^^^)k,jTpc (1.8)

where N(Ec) is the density of states at the mobility edge Ecand is the mobility.

Case (11): Conduction in band tails is thermally assisted by emission or absorption of a

phonon and involves a hopping energy AWn, in addition to the activation energy (E-Ep)

required to raise the electron to the appropriate localized state at E. This conductivity has

the form.

o = OjC
-(E^-Ep+AW„)/1<bT1

(1.9)

where 02 is a pre-exponential factor and Ea is the energy of the conduction band tail.

Case (ill): In the third region, the electrical conductivity is thermally activated. The

conduction in this region has different conduction mechanism in high and low

temperature regions. In the high temperature region, the conductivity is characterized by

the Mott-Austin relation [14, 67],

-

aT = o„e (1.10)

where, W is the activation energy for conduction, T is the absolute temperature and ka is

the Boltzmann constant. The pre-exponential factor Oq could be expressed as.

Cy(I Cv)uQe j )

Rk„ (1.11)
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where r'o (~ lO'"' sec') is the optical phonon frequency, Cv the ratio of the amount of

reduced transition metal ion to that of total transition metal ion (eg., in the ease of

vanadium, Cv ~ V /V , where V — V +V ), and ot is the rate of wave function decay

for the hopping electron. R the average spacing between transition metal ions which
IS

given by where N is the state density of transition metal ions. In the ease of

vanadate glasses, N is calculated from the empirical relation.

N=2 density x
wt.V,Os

Mol.wt. VjOj
N, (1.12)

where wt.V20s - wt. percentage of V2O5, Mol.wt.V2O5 = molecular weight of V2O5 and

Na = Avogadro's number. Figure 1.7 shows the plot of ln(aT ) vs 1000/T for a typical

V2O5 based semiconducting glass. The linearity of the conductivity data in high

temperature region shows that equation (1.10) is valid for this part of the data. The

conduction is attributed to hopping of electron from high valence state to low valence

state V"^ in vanadate glasses.

According to the Mott-Austin model the conduction in high temperature region is

tenned as small polaron hopping (SPH) conduction. If the rate of wave function decay a

is very small such that the exponential factor in equation (1.11) ^ —> 1, then the

conduction mechanism is referred to as adiabatic SPH conduction. This varied SPH

mechanisms can also be explained from the value of polaron bandwidth j using Holstein

proposal [68]. The temperature dependence of the d.c. conductivity according to Holstein

is given by.

2.2
n e j

V K h k B T y \ WkQTy

f
sinh

l^lCgT
f

l2kBT j

A

W-t-GWi

2k bT
(1.13)

where W = Wh +Wd/2 for T > 0d/2, Wd is the distortion energy and Wh is the hopping

energy (equal to half the binding energy of small polaron Wp) and 0d is the Dcbye

temperature. Wp is estimated from the relation, Wp= 2Wh . The parameter G is given by,

G = [tanh(hv„/2k BT)]/(hv„/2k ̂ T) (1.14)

The polaron bandwidth] must satisfy one of the following condition, namely,

j>cI> = (2kBTWn/Ti)"''(hv„/K)"^ (adiabatic) (1.15)

j<0 = (2kpTW„/ji)'"'(hv„/n)"^ (non-adiabatic) (1.16)

The mobility p for adiabatic and non-adiabatic SPH regime can be obtained by the

following equations [69].

'"oe R'VS
P = (adiabatic) (1

V  1^ y

ti =
2?!

ll) 4Wh kj

i  —
ij^e k.T (non-adiabatic)

.17)

(1.18)

Carrier concentration Nc is related to the mobility p by the relation,

o = N^.ep (1.19)

Nc can be ealculated by substituting the value of p calculated from equation (1.17) and

(1.18) in(l.I9).
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Na = Avogadro's number. Figure 1.7 shows the plot of ln(aT ) vs 1000/T for a typical

V2O5 based semiconducting glass. The linearity of the conductivity data in high

temperature region shows that equation (1.10) is valid for this part of the data. The

conduction is attributed to hopping of eleetron from high valence state to low valence

state V" in vanadate glasses.

According to the Mott-Austin model the conduction in high temperature region is

tenned as small polaron hopping (SPH) conduction. If the rate of wave function decay a

is very small such that the exponential factor in equation (1.11) ^ —> 1, then the

conduction mechanism is referred to as adiabatic SPH conduction. This varied SPH

mechanisms can also be explained from the value of polaron bandwidth j using Holstein

proposal [68]. The temperature dependence of the d.c. conductivity according to Holstein

is given by.

2 2 \
71 e j

^ R h k B T y

A

WkgTy

sinh
(
^2kBT

/

l2kBTj

W+GW

2k,

(1.13)

where W = Wh +Wd/2 for T > 0d/2, Wd is the distortion energy and Wh is the hopping

energy (equal to half the binding energy of small polaron Wp) and 0d is the Debye

temperature. Wp is estimated from the relation, Wp= 2Wh . The parameter G is given by,

G = [tanh(hv,/2k BT)]/(hv„/2k ,T) (,,, 4)

The polaron bandwidth j must satisfy one of the following condition, namely,

j>cl) = (2kyTWB/7i)"''(hVg/k)"^ (adiabatic) (1-15)

j<0 = (2k„TW„/K)"''(hv„/k)"^ (non-adiabatic) (1.16)

The mobility p for adiabatic and non-adiabatic SPH regime can be obtained by the

following equations [69].

P =
u„e R

V  1^ y

2\

e

fcROf-YUbTJIh Y

(adiabatic)

(non-adiabatic)

(1.17)

(1.18)

Carrier concentration Nc is related to the mobility p by the relation,

a = N^.cp (1.19)

Nc can be calculated by substituting the value of p calculated from equation (1.17) and

(1.18)in(1.19).
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Figure 1.7; Conductivity data of a typical vanadatc glass exhibiting a deviation
from relation (1.10), there by showing the occurrence of a different conduction

mechanism at low temperatures.

In low temperature range [as illustrated by the plot's deviation from linearity in

figure 1.7 and hence from SPH behaviour], Mott's treatment of variable range hopping

[70, 71] leads to a temperature dependent conductivity of the fomi,

a=Be"'^"' (1.20)

where, A and B are parameters related to the localized wave function a, density of states

at the Fermi energy N(Eh), optical phonon frequency Vo (~ lO'' sec') and the Boltzmann

constant k^, and are given by the expressions,

(1.21)A = 2.06
LkBN(Ep)

2V^
N(Er)
akeT

(1.22)

The parameters a and N(Ef) can be evaluated from the slope of a plot of ln(aT"^) vs T"*'''*

and from the intercept. The hopping distance Rvrh in VRH regime and hopping energy

Wo can be obtained from a and Rvrh values using the relations [67],

9
(1

VRH ~_(87iaN(Ep)kBT)

(47rR\RHN(Ep))

.23)

(1.24)

At low temperatures, the polaron binding energy becomes lower than the disorder energy

W(i and hence it is reasonable to assume that Wo = Wj [72, 73]. Based on this assumption,

Mott parameters N(Ef) and Rvrh can be calculated. Further, for the occurrence of VRH

conduction, the requirement oRvrh >1 and Wd>kBT (eg., Wj 0.019 eV at 230 K)

should be satisfied.

1.3.2. a.c. electrical properties

The temperature and frequency dependence of a.c. conductivity follows the universal

empirical relation.

o(a))= Ato' (1.25)

where A is a temperature dependent constant, co is the angular frequency and the

frequency exponent s<l [74, 75, 76]. A.C. conductivity increases linearly with

increasing frequency for all glasses at different isotherms. At higher temperatures the

increase become faster. This is generally attributed to the hopping of electrons controlled

by the electric field in addition to the thenrial excitation energy in the low temperature

range and to band-band transitions or hopping over a barrier in the higher temperature
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Figure 1.7: Conductivity data of a typical vanadate glass exhibiting a deviation
from relation (I.IO), there by showing the occurrence of a different conduction

mechanism at low temperatures.

In low temperature range [as illustrated by the plot's deviation from linearity in

figure 1.7 and hence from SPH behaviour], Mott's treatment of variable range hopping

[70, 71] leads to a temperature dependent conductivity of the forni,

a=Be"'^"' (1.20)

where, A and B are parameters related to the localized wave function a, density of states

at the Fermi energy N(Ep), optical phonon frequency (~ lO'^ sec ') and the Boltzmann

constant ku, and are given by the expressions.

A = 2.06

Km,)

B=
2V^

m,)
akeT

(1.21)

(1.22)

The parameters a and N(Ef) can be evaluated from the slope of a plot of ln(CTT"^) vs T""'*

and from the intercept. The hopping distance Rvrh in VRH regime and hopping energy

Wo can be obtained from a and Rvrh values using the relations [67],

9
'^ (1VRM ~

W ,=-
"  (

_(87iaN(Ep)kBT)_
.23)

(1.24)
4rtR\RHN(Ep))

At low temperatures, the polaron binding energy becomes lower than the disorder energy

Wd and hence it is reasonable to assume that Wo= Wd [72, 73]. Based on this assumption,

Mott parameters N(Ef) and Rvrh can be calculated. Further, for the occurrence of VRH

conduction, the requirement oRvrh >1 and Wd>kBT (eg., Wd 0.019 eV at 230 K)

should be satisfied.

1.3.2. a.c. electrical properties

The temperature and frequency dependence of a.c. conductivity follows the universal

empirical relation.

a(a))= Aco" (1.25)

where A is a temperature dependent constant, (o is the angular frequency and the

frequency exponent s<l [74, 75, 76]. A.C. conductivity increases linearly with

increasing frequency for all glasses at different isotherms. At higher temperatures the

increase become faster. This is generally attributed to the hopping of electrons controlled

by the electric field in addition to the thermal excitation energy in the low temperature

range and to band-band transitions or hopping over a barrier in the higher temperature
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range.

Various models have been proposed to clarify the mechanism of a.c. conductivity

in disordered materials. The quantum mechanical tunnelling (QMT) model was first

proposed by Pollac and Gebelle [77] to interpret the impurity conduction in n type-

silicon. In this model the a.c. conductivity is given by the expression,

q,c=Ce- keTa' (N;Ep)j^coR''< ( 1.26)

where C is a numerical constant, N(Ef) is the density of state at Fermi level, a is the

spatial decay parameter for localized wave function and R is the distance between the

hopping sites. From equation (1.26) it is clear that the a.c. conductivity is linearly

dependent on temperature.

Applying QMT to amorphous materials, Austin and Mott [78] proposed phonon

assisted hopping of localized electrons. They extended their theory of pdaron hopping in

doped oxides which lead to variable range hopping in the d.c. regime and applied it to a.c.

hopping. Using the proposition that all short-range hops contributed to the a.c.

conductivity, the resulting formula was arrived at.

a = -
n e

3 1 [̂N(E,)Pa-' f  1 M
^0) In — 1
.

(1.27)

The correlated barrier-hopping (CBH) model [75] has been widely applied to

glassy semiconductors. In this model, correlated barrier hopping of bipolaions (i.e. two

electrons hopping between charged defects and D ) has been proposed to interpret the

frequency dependence of conductivity in glasses. The theory has been successful in

explaining many low temperature features. However, it does not explain the high

temperature behavior so well particularly in the low frequency range. Shimakawa [79]

suggested that D" states are produced by thermal excitation of D^and the single polaron

hopping (i.e. one electron hopping between D" and or D ) contributes at high

temperatures.

The overlapping large polaron-tunneling (OLPT) model [80] has also been

proposed to understand the a.c. conductivity of glasses. According to this model the a.c.

conductivity is given by,

Uac(">)={yeHk„TXN (E,)r CO R

2akBT + W„or,/R J
(1.28)

The correlated barrier-hopping model has been found to be most appropriate to

explain the frequency and temperature dependencies of the a.c. conductivity and its

frequency exponent. Other models explain some of the observed behaviours within a

specific range of temperature or a certain value of polaron radius.

1.3.3. Thermoelectric power

The thermo electric power also known as Seebeck coefficient is mathematically defined

as Q = - where AV is the thermo e.m.f developed due to the temperature difference
AT

AT across the surface of a material. For the case of band conduction in extended states,

the variation of Seebeck coefficient with temperature is given by [1],

Q=±-^
e

+ A (1.29)
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The correlated barrier-hopping (CBH) model [75] has been widely applied to

glassy semiconductors. In this model, correlated barrier hopping of bipolaions (i.e. two

electrons hopping between charged defects D* and D ) has been proposed to interpret the

frequency dependence of conductivity in glasses. The theory has been successful in

explaining many low temperature features. However, it does not explain the high

temperature behavior so well particularly in the low frequency range. Shimakawa [79]

suggested that D" states are produced by thermal excitation of D^and the single polaron

hopping (i.e. one electron hopping between D° and or D ) contributes at high

temperatures.

The overlapping large polaron-tunneling (OLPT) model [80] has also been

proposed to understand the a.c. conductivity of glasses. According to this model the a.c.

conductivity is given by.

CO R.."*Oac(c'0=^eUknTXN(E,)r —
12 2ak3T + W„or^/R J

(1.28)

The correlated barrier-hopping model has been found to be most appropriate to

explain the frequency and temperature dependencies of the a.c. conductivity and its

frequency exponent. Other models explain some of the observed behaviours within a

specific range of temperature or a certain value of polaron radius.

1.3.3. Thermoelectric power

The thermo electric power also known as Seebeck coefficient is mathematically defined

as Q= where AV is the thermo e.m.f developed due to the temperature difference
AT '

AT across the surface of a material. For the case of band conduction in extended states,

the variation of Seebeck coefficient with temperature is given by [1],

Q = ±
ê

+ A (1.29)
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where the positive and negative signs denote p-type and n-type conduction respectively, e

is the electronic charge, ks is the Boitzmann constant, T the absolute temperature, AEs the

activation energy for thermo electric power and A is a constant dependent on the

meehanism of the electrical transport. A = 1, for the case of amorphous semiconductors

exhibiting conduction in extended states.

Heikes proposed a model [81, 82] based on hopping mechanism to understand the

Seebeck coefficient of semiconducting oxide glasses. In this model, the carrier is

assumed to be trapped by its own distortional effect around a site. Carrier motion is

possible by discrete jumps while a jump can only take place if the distortions around the

initial and final sites are equivalent. A simple calculation in which the interactions are

restricted to nearest neighbours leads to

can be approximated to.

Q = ̂
e 2kBH,A

(1.30)

where AGc is the activation energy for the jump, c' is the concentration of freed carriers,

Co is the concentration of accessible sites, A is the energy required to remove the

distortion around the initial site and C is the energy required to distort the final site and

the ratio C/A is close to unity. In general, the first term in equation (1.30) is relatively

small. The term "freed" originates from the fact that for very low carrier concentration

and at low temperatures, the carriers are supposed to be trapped at sites neighbouring an

impurity. For high concentrations and at higher temperature, it is no longer necessary to

consider the freeing of carriers. In the case of semiconducting oxide glasses the carrier

concentrations are generally very high, so that at any temperature in excess of room

temperature, one can disregard the freeing of carriers. For these reasons, equation (1.30)

QHk
e

In
(Cp-c)'

c

(1.31)

where c is now the concentration of carriers. It should be noted that the narrow band

theory leads to a very similar expression for Q [82, 83].

For semiconducting oxide glasses, equation (1.31) has to be slightly modified. In a

glass containing vanadium ions, only a small fraction of the ions is reduced to It

may be assumed that the additional electron located at the latter acts as a charge carrier

and conduction takes place by the transfer of the electron from to Then,

c = [V'"] ; Co = [V''^+ and (Co- c)/c = [V'-']/[V'^]

where the square brackets denote concentrations. Then the Seebeck coefficient for

semiconducting oxide glasses in general becomes,

= r\/'»+. \/5+

Q  I valence ions]
e J [low valence ions]

(1.32)

where e is the charge of the electron having the negative sign. If [V''"]/[V''^] > 1, then Q

will be negative and if [V'']/[V'"] < 1, Q will be positive.

1.3.4. Hall effect

When a magnetic field is applied perpendicular to a semiconductor carrying current, a

voltage is developed across the specimen in the direction perpendicular to both the

current and magnetic field. This phenomenon is known as Hall effect. If Hn is the

magnetic field applied perpendicular to the direction of flow of current density then
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where the positive and negative signs denote p-type and n-type conduction respectively, c

is the electronic charge, ke is the Boltzmann constant, T the absolute temperature, AEs the
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mechanism of the electrical transport. A = 1, for the case of amorphous semiconductors
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where AGc is the activation energy for the jump, c' is the concentration of freed carriers,

Co is the concentration of accessible sites, A is the energy required to remove the

distortion around the initial site and C is the energy required to distort the final site and

the ratio C/A is close to unity. In general, the first terni in equation (1.30) is relatively

small. The term "freed" originates from the fact that for very low carrier concentration

and at low temperatures, the carriers are supposed to be trapped at sites neighbouring an

impurity. For high concentrations and at higher temperature, it is no longer necessary to

consider the freeing of carriers. In the case of semiconducting oxide glasses the carrier

concentrations are generally very high, so that at any temperature in excess of room

tcmperalure, one can disregard the freeing of carriers. For these reasons, equation (1.30)

Q=| Y I'" (c„-cy
c

(1.31)

where c is now the concentration of carriers. It should be noted that the narrow band

theory leads to a very similar expression for Q [82, 83].

For semiconducting oxide glasses, equation (1.31) has to be slightly modified. In a

glass containing vanadium ions, only a small fraction of the ions is reduced to V*"*". It

may be assumed that the additional electron located at the latter acts as a charge carrier

and conduction takes place by the transfer of the electron from to Then,

c = [V'"] ; Co = [V''"+ V^"] and (Co- c)/c = [V='"]/[V''"]

where the square brackets denote concentrations. Then the Seebeck coefficient for

semiconducting oxide glasses in general becomes,

.r.- A/5+

Q=
kg \ [high valence ions]
e ) [low valence ions]

(1.32)

where e is the charge of the electron having the negative sign. If [V^'^]/[V''^] > 1, then Q

will be negative and if [V'^HV"^] < 1, Q will be positive.

1.3.4. Hall effect

When a magnetic field is applied perpendicular to a semiconductor carrying current, a

voltage is developed across the specimen in the direction perpendicular to both the

current and magnetic field. This phenomenon is known as Hall effect. If Hn is the

magnetic field applied perpendicular to the direction of flow of current density Jo, then
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the electric field Fh developed perpendicular to Hh and the current density Jo in the

electron-conducting solids are related to a parameter called Hall coefficient Rn [19, 29]

given by,

Rm =
1  I

= — or —

pe

(1.33)

where n and p are the electron and hole charge density. This enables one to determine the

charge carrier sign in the case of unipolar conduction (or majority charge carrier type in

the case of a semiconductor). The equation

(1.34)

gives the hall mobility pn of the semiconductor. The mobility in non-crystalline

semiconductors is much smaller and the mean free path length is in the order of the

interatomic distances. So the scattering mechanism cannot be predicted using

conventional models. Chalcogenide glasses have a negative Hall coefficient, which at

first seems surprising in view of the positive sign of the Seebeck coefficient. This

contradictory result is viewed as a unique anomaly of vitreous semiconductors [84, 85].

However, in the case of TIAsTej glass, the R„ showed the same sign as Q [85]. An

explanation based on a configuration of three interacting centers has been proposed to
interpret the observed differences in the sign of R„ and Q (86).

1.3.5. Majority charge carrier reversal (MCCR) phenomenon

In a crystalline semiconductor, one can change the sign of the majority charge carriers

by controlled addition of impurities (dopants). It is thus natural to make an attempt to

change the sign of charge carrier in amorphous semieonduetors and explore its potential

in applications. Chalcogenide glasses are p-type semieonduetors with the Fermi energy

level pinned near the valence band. Shattering the myth that the Fermi energy level in

these glasses could not be unpinned, Toghe et al [87] demonstrated that n-type glasses

could be obtained in chalcogenide glasses. This majority charge carrier reversal in bulk

Ge-M (M = S, Se, Te) glasses could be achieved with the addition of appropriate amounts

of either Bi or Pb [87, 88]. Two models proposed to understand the sign reversal in Bi

modified Ge-Se glasses are significant. The first model attributed the sign reversal to the

destabilization of the balance between the charged defect centers present in the glass on

the addition of additives (Bi or Pb), which are present in different charged configuration

[89]. The second model treats the carrier reversal as due to the percolation of rigid

clusters (which are strong n-type conductors) [90].

Vanadium pentoxide based glasses are generally n-type semiconductors [6]. As

already mentioned, vanadium ions exist in and states in these glasses. In n-type

glasses, the ratio of the higher valence ion to the lower valence ion, namely,
r5+

V
4+
> 1. If

V'* and ion concentration could be controlled such that < 1, then one can

obtain p-type glasses in this system. This observation was empirically proposed by

Allersma and Mackenzie [91], many years ago. However, not much attention has been

given to this phenomenon in oxide glasses as shown by a general lack of reports in the

literature on such glasses.
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modified Ge-Se glasses are significant. The first model attributed the sign reversal to the

destabilization of the balance between the charged defect centers present in the glass on

the addition of additives (Bi or Pb), which are present in different charged configuration

[89]. The second model treats the carrier reversal as due to the percolation of rigid
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given to this phenomenon in oxide glasses as shown by a general lack of reports in the
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1.4. Optical properties of giasses

Amorphous solids are optically isotropic. However, macroscopic inhomogcneties result

in small variations in the refractive index of these solids. In amorphous materials the k-

veetor eonservation in photon-phonon interaetions is no longer valid (since these

materials do not have a well defined reciprocal space). So all phonons can take part in

first order interaetions with light. Hence, the entire phonon density of states appear in the

infrared and Raman spectra which result in a broad band instead of the discrete line

spectrum observed in crystals. Amorphous materials have a forbidden gap and hence an

absorption edge. In ehaleogenide glasses, the density of states is determined by the

topologieal disorder, ring statistics of the network and nature of the molecular units [92].

In oxide glasses, UV absorption edges shift to higher energies where the electrons

participate in stronger chemical bonds [18]. Thus, in B2O3, SiOa, and P2O5 glasses, the

UV edge moves from 170 to 160 to 145 nm. Presence of nonbridging oxygens reduces

the average chemical bond strength, and hence the UV edge shifts to longer wavelengths.

Consequently, optical band gap decreases. Yu et al [93] studied the optical absorption of

V2O5-P2O5 glasses. They found that there is a fundamental absorption edge in the range

2.34 eV to 2.8 eV, which arises from a direct forbidden electron transition. Moustafa et al

[94] found that the optical band gap of barium vanadate glasses doped with Fe203 varied

from 2.27 eV to 1.99 eV. The change in the optical band gap was attributed to the

distortion of the field around the vanadium ions accompanying matrix modification with

the addition of Fe203.

Optical absorption

The absorption edge in amorphous semiconductors can be generally separated

into three regions [95] with absorption coefficients P > 10'' em"' , 1 < p < 10'' em"' and

P<1 em"' and are referred to as the high absorption (A) region, the exponential (B) region

and the tail (C) region of the absorption curve {figure 1.8}. The first two regions arise

due to transitions within a fully coordinated system perturbed by defects, while the third

region arises due to transitions involving defect states directly.

tico

Figure 1.8: Regions A, B, C of a typical absorption curve

In the high absorption region, the absorption coefficient has the following

frequency dependence;

hvP(v) =B(hv-Eo)' (1.35)

where v is the frequency, B is a constant, Eq is the optical band gap and r is a constant,

r = 2, if the band edges are both parabolic. Exception to this quadratic frequency

dependence is observed in a-Se and some multicomponent glasses. From the above
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expression an empirical definition for the optical band gap can be made. In amorphous

materials, all pairs of extended states with energy difference hv can contribute to optical

absorption. A plot of [hvP(v)]"^ vs. hv for which p"^-» 0, gives the optical band gap E„p,.

In the intermediate absorption region, P(v) assumes the form,

POlvj^Ce""^- (1.36)

where Ec is the energy characterizing the slope and C is a constant. Ee is independent of

temperature at low temperatures and has the value 0.05 eV to 0.08 cV for most

chalcogenide glasses. The origin of this exponential tail is not clear. Disorder induced

potential fluctuations [96, 97] and strong electron-phonon interactions [98] have been

suggested as possible reasons for the exponential absorption. In the weak absorption tail

region, the strength and the shape of the absorption tail are found to depend on the

preparation, purity and the thermal history of the material [99].

1.5. Other physical properties of glasses

1.5.1. Density and Molar volume

Density a substance is defined as the mass per unit volume. Density is a bond sensitive

property [2, 100]. The dependence of density upon temperature is through the volume

thermal expansion coefficient. Since glasses may, in general, be regarded as solutions, a

more useful property is the molar volume V, defined as the volume of one-gram mole of

glass. Then one can proceed to define partial molar volumes of the structural units

constituting the glass. The partial molar volume Vj of a species i in a solution is defined

[18] by.

V: = (1.37)

n.,T,P
J

where V = njVj + iijvj, and ni, nj are the molar fractions of the species i and j. In essence,

the total molar volume is treated as an extensive property in terms of the partial molar

volumes of individual species or structural groups. The partial molar volume information

can be extracted from the density data of glasses where the constituents have been

systematically varied. The molar volume Vm can be determined from the relation.

Molar volume = M/ p (1.38)

where M is the mass of one mole of glass and p is the density. On the other hand, Vn, can

be expressed [101] by an additive relation of the form.

V„3 = IniVi (1.39)

where ni is the number per mole of the structural unit and Vj is its volume.

The dependence of density upon cooling rate, temperature and composition [102]

can be studied from the volume variation of a supercooled liquid as it transforms into

glass. Except for a few anomalous cases, such as silica, a fast-cooled glass generally has a

higher volume, and hence a lower density, relative to a slow-cooled glass of the same

composition. The thermal expansion coefficient of most glasses increases sharply in the

glass transition region and beyond. Thus, the effects of temperature variation on the

density of a glass are usually small in the glassy state [103].

The molar volume of oxygen ion Vo* can also be considered as a physical

parameter related to density. It is calculated from an empirical relation. For example.
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The dependence of density upon cooling rate, temperature and composition [102]

can be studied from the volume variation of a supercooled liquid as it transforms into

glass. Except for a few anomalous cases, such as silica, a fast-cooled glass generally has a

higher volume, and hence a lower density, relative to a slow-cooled glass of the same

composition. The thermal expansion coefficient of most glasses increases sharply in the

glass transition region and beyond. Thus, the effects of temperature variation on the

density of a glass are usually small in the glassy state [103].

The molar volume of oxygen ion Vo can also be considered as a physical

parameter related to density. It is calculated from an empirical relation. For example.
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molar volume of oxygen ion for the V205-Sn0-Te02 glass system is calculated from the

relation,

_ [{M(V,0,)-16Cv}x + M(Te0jy + M(Sn0>z]
[p(5 - Cy )x + 2y + z]

where p is the density of the glass composition, Cy = V
4-»-

V,
t

(1.40)

(where V,o,ai = + V^^),
otal

x,y,z and M(V205), M(Te02), M(SnO) are the molar fraetion and molecular weight of

V2O5, Te02, SnO respectively.

1.5.2. Microhardness

Interest in the microhardness of materials is at least twofold. There is a general interest in

material properties as such and secondly, there is a desire to obtain an understanding of

the microhardness based on the models, which involve structural parameters on an atomic

scale [104]. Vicker's indentation measurements of microhamess will be discussed in

chapter 2 of this thesis in detail. Vicker's Hardness number (VHN) [104] is given by

2Fsin~
VHN = - (1.41)

where F is the load applied, 0 is angle of the Vicker's pyramidal indenter (which is 136°)

and d is the length of diagonal in micrometers.

Although the physics of hardness is still not understood completely, one can

discuss hardness in relation to elastic moduli and bond strength parameters according to

the model of Yamane and Mackenzie [104] using elastic moduli to constrain the effective

bond strength. Hardness of any material is the result of a complex process of deformation

during indentation, the nature of which is even more cryptic in the case of glasses

because of our limited knowledge of the glass structure. During the process of indentation

the material undergoes both compression and shear resulting in the observed deformation,

which comprises of elastic deformation, flow and densification [105, 106]. The bond

strength of a certain compound determines the ratio of recoverable and irreversible

deformation. A high bond strength causes high elastic moduli preventing breakage, while

a small bond strength results in a higher percentage of bond breaking concomitant

irreversible, plastic flow. This concept led Yamane and Mackenzie [104] to estimate

Vicker's hardness, VHN from the square root of the bond strength, the bulk modulus B

and the shear modulus G,

VHN = CVaBG (1.42)

where C is a proportional constant and a is the bond strength factor. From equation (1.42)

it is evident that the VHN decreases as the elastic moduli of the glass decreases. This

behaviour has been observed in many glasses [35, 105].

If the experimental data on elastic moduli B and G are available, the above

relation may be used to calculate a semi-theoretical VHN and to compare this with the

measured hardness VHN. It has been found that the microhardness is related to the

dilatometric softening point Td, which is usually obtained from thermal expansion curves.

Td is defined [35] as the temperature at which the glass sample reaches a maximum

length in a length versus temperature curve when heated. It has been found that

microhardness systematically decreases with a decrease in the softening temperature

[107].

1.6. Some features of the present work

A brief statement of the motivation behind the thesis work and a general perspective of

the approach used are given here. Vanadium tellurite glasses generally exhibit n-type
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dilatometric softening point Td, which is usually obtained from thermal expansion curves.
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the approach used are given here. Vanadium tellurite glasses generally exhibit n-type
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semiconductor "behavior [13]. The interesting electronie eonduetion meehanisms

exhibited by these glasses have already been highlighted in this chapter. The strong

dependenee of the electrieal properties on the ratio of and ions in these glasses

has led to application as oxygen gas sensors [108]. However, a perusal of some of the

leading texts on glasses [1, 2, 18, 29, 35, 109, 110] would show the general laek of

information on these glasses. The majority charge earrier reversal (MCCR) phenomenon

observed in semieonducting glasses is most eertainiy worthy of investigation, as this

phenomenon holds a lot of promise in deviee applications. The breakdown of the myth

that chaleogenide glasses eannot be doped has generated a lot of aetivity on the MCCR

phenomenon in Pb and Bi modified chaleogenide glasses. However, neither the MCCR

phenomenon in oxide glasses nor the physical properties of oxide glasses exhibiting this

novel phenomenon have been given much attention in the literature. The available

infonnation on V2O5 glasses exhibiting MCCR is summarised below.

Recently Mori et al reported the possibility of obtaining p-type semiconductor in

xV2O5.20SnO.(80-x)TeO2 glass system, where 20<x<50 [70]. A single composition of

glass, namely, 20V20520Sn060Te02 was reported to be a p-type semiconductor while

the rest were n-type. This research group has also studied the d.c. electrical properties of

these glasses [72, 111], Kennedy and Mackenzie reported the feasibility of obtaining p-

type compositions in V205-Ca0-P205 and V205-Ca0-B203 glasses [7, 91] more than four

decades ago. In their pioneering work, they showed that the Seebeck coefficent (Q) of

these glasses are related to the ratio of vanadium ions -— as predicted by the empirical
y4 +

relation (1.32). Subsequent to this early work, no further studies have been reported on

these two glass systems.

It is evident Irom the literature survey that the glass systems V205-Sn0-Te02,

V205-Ca0-P205 and V205-Ca0-B203 provide the opportunity to explore the majority

charge carrier reversal (MCCR) phenomenon in oxide glasses. There is a general laek of

systematie experimental studies in these three glass systems as indieated by the literature

survey. Henee these three glass systems were taken up for study in this thesis work. The

primary aim was to prepare good quality glasses in these systems and to establish the

oceunence of MCCR in these glass systems. This would involve the measurement of

Seebeek coefficient and estimation of the ratio of vanadium ions in various glass

compositions. Understanding the d.e. electrieal conduction mechanism(s) in these glasses

as a function of temperature (100 K to 400 K) would provide the next set of interesting

information on these glasses.

Although a wide variety of physical properties of these glasses eould be studied,

the present thesis work is limited to the following. Differential scanning calorimeter

(DSC) studies on the glasses provide information on the glass strueture and stability.

Visible spcctrophotometry allows one to estimate the optieal bandgap of the glasses,

whieh is a characteristic property of amorphous semieonduetors. Density and

microhardne.ss are two other properties that provides information on the network

structure.

The heat capacity jump at Tg could be correlated to the fragility of the glass.

Electrical properties are in general, structure sensitive. From these studies, it would be

interesting to look for any features occurring at the composition at which the conduction

type change is observed. Although a straight forward correlation between an electronie

phenomenon such as MCCR and a physical property of non-electronic origin is not
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oeeurrence of MCCR in these glass systems. This would involve the measurement of

Seebeek coefficient and estimation of the ratio of vanadium ions ̂ 77 in various glass

compositions. Understanding the d.e. electrical conduction mechanism(s) in these glasses

as a function of temperature (100 K to 400 K) would provide the next set of interesting

information on these glasses.

Although a wide variety of physical properties of these glasses could be studied,

the present thesis work is limited to the following. Differential scanning calorimeter

(DSC) studies on the glasses provide information on the glass structure and stability.

Visible spectrophotometry allows one to estimate the optical bandgap of the glasses,

which is a characteristic property of amorphous semiconductors. Density and

microhardness arc two other properties that provides information on the network

structure.

The heat capacity jump at Tg could be correlated to the fragility of the glass.

Electrical properties are in general, structure sensitive. From these studies, it would be

interesting to look for any features occurring at the composition at which the conduction

type change is observed. Although a straight forward correlation between an cleetronic

phenomenon such as MCCR and a physical property of non-electronic origin is not
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possible, the reported work on Bi and Pb modified Ge-Se glasses show that a variety of

physical properties such as ACp [112, 113], thermal diffusivity [114], density [1 15, 116],

optical bandgap [114] etc., exhibited anomalous behaviour at the MCCR composition.

The reported work on chalcogenide glasses clearly shows that even physical properties of

non-electronic origin are often sensitive to the MCCR phenomenon in these glasses. This

has lent support to arguments that structural changes accompany the electronic transition

in these glasses. Attempts have been made in this thesis to find out if the properties of

V2O5 based glasses exhibiting MCCR show any anomalous feature close to the

composition at which MCCR occurs.

Chapter 2

Experimental Techniques

In this chapter, the experimental techniques used in the current investigations are

discussed together with the relevant theory associated with these techniques. Specific

instruments used and the measurement methodology employed are also discussed. The

experimental results presented in chapters 3, 4 and 5 are based on the experimental

procedures outlined in this chapter.

2.1. X-ray diffraction

A commercial X-ray powder diffraction system (Seifert XRD 3003 T/T) was used for the

verification of the amorphous nature of the as-quenched glass samples. Cu K<, radiation

(1.541 A) with a Nickel filter was used. The X-ray generator was operated with an

acceleration voltage of 40 kV and tube eurrent of 30 mA. The theta-theta goniometer was

used in the reflection (Bragg-Brentano) geometry {figure 2.1}. A thick layer of powdered

sample spread over a perspex plate coated with a thin layer of high vacuum grease was

used for recording the X-ray diffraction (XRD) patterns. The XRD data provides the

variation of intensity/counts per second (cps), recorded by the detector (scintillation

counter) as a function of 20, where 0 is the glancing angle. A typical XRD pattern of a

glass sample is shown in figure 2.2. The absence of sharp crystalline (Bragg) peaks in the

XRD pattern with broad humps is the typical signature of an amorphous material. This

experimental technique was used to confirm the amorphous nature of all the samples

prepared for the present investigations.
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Figure 2.2: A typical XRD pattern of a glass sample.

2.2. Differential Scanning Calorimeter

Differential scanning calorimeter (DSC) is a thermal analysis technique, with which the

thermal behavior of a sample can be studied over a wide temperature range, under

isothermal as well as non-isothennal conditions. This themial technique was

commercially developed by Watson et al [117], In this technique, the sample and

reference arc maintained at the same temperature with respect to each other by proper

application of electrical energy. The heat flow, dll/dt to the sample and a reference at the

same temperature is recorded as a function of temperature. The reference is an inert

material such as alumina or just an empty aluminum sample pan. In non-isothennal

measurements, the temperature of the sample and reference are increased at a constant

heating rate. Thermal changes in a sample may be of exothermic or endothcrmic nature.

Some of the endothennic transitions are the glass transition, reduction, dehydration and

some decomposition reactions. Ciystal-crystal structure transformation, glass-crystal

transition, oxidation and some decomposition reactions are the most frequently studied

exothermic transitions.

A commercial instrument (Perkin-Elmer, DSC 7) was used in the present

investigations. This is a power compensation differential calorimeter in which the heat to

be measured is almost totally compensated with electric energy, by increasing or

decreasing an adjustable Joule heat. The measuring system consists of two thermally

insulated microfurnaces made of a platinum-iridium alloy. A temperature sensor

(platinum resistance thermometer) and a heater (made of platinum wire) are embedded in

each of these microfurnances {figure 2.3}. The measuring range could be extended from

-175 "C (liquid nitrogen cooling) to 725 °C. In the present studies, the instrument was

calibrated for optimal operation from room temperature to 500 °C. High purity zinc (m.p.

= 418.6 °C) and indium (m.p. = 156 °C) were used to calibrate the instrument's

temperature scale. Measurements were done with weighed quantities (~ 20 mg) of glass
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exothermic transitions.
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calibrated for optimal operation from room temperature to 500 °C. High purity zinc (m.p.

= 418.6 °C) and indium (m.p. = 156 °C) were used to calibrate the instrument's

temperature scale. Measurements were done with weighed quantities (~ 20 mg) of glass
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samples taken in crimped aluminium sample pans. High purity nitrogen gas was

continuously purged during the entire duration of the experiment. DSC curves were

recorded at constant heating rates of 10, 15, 20 and 30 °C min ' .
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Figure 2.3: Power compensation DSC. S is the sample measuring system with
sample crucible, R is the reference sample system, 1 is the heater and 2 is the

platinum resistance thermometer.

A typical DSC trace of a glass is shown in figure 2.4. As a glass is heated at a constant

heating rate in a DSC, the heat flow exhibits an endothermic base line shift at the glass

transition temperature (Tg), followed by an exothermic ciystallization peak at Te. Further

heating results in melting of the sample at T^, which is an endothermic transformation.

Generally, it has been observed that glasses, which are unstable, show one or more

exothermic peaks corresponding to devitrification of various phases. Such glasses may

sometimes show multiple melting endotherms as well. The Tg values reported in the

present studies correspond to the on-set of the glass transition (figure 2.4}. The

crystallisation temperature reported correspond to the value at the maximum of the

exothermic peak.
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Figure 2.4: A typical DSC curve of a glass

A kinetically controlled reaction temperature (such as Tg or Tc) shifts with heating

rate. Once the data on Tg and Tc at different heating rates are available, the activation

energy of the reaction (which is a measure of the inhibition to the process) could be

estimated using the Kissinger's method or Augis-Bennett method or Thakor's method

[118, 119]. These methods provide Arrhenius relations from which the activation energy

could be determined. The Kissinger, Augis-Bennett and Thakor relations are given in

equations (2.1), (2.2) and (2.3) respectively.
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A typical DSC trace of a glass is shown in figure 2.4. As a glass is heated at a constant

heating rate in a DSC, the heat flow exhibits an endothermic base line shift at the glass

transition temperature (Tg), followed by an exothermic crystallization peak at Tc. Further

heating results in melting of the sample at T„„ which is an endothermic transformation.

Generally, it has been observed that glasses, which are unstable, show one or more

exothermic peaks corresponding to devitrification of various phases. Such glasses may

sometimes show multiple melting endotherms as well. The Tg values reported in the

present studies correspond to the on-set of the glass transition {figure 2.4}. The

crystallisation temperature reported correspond to the value at the maximum of the

exothermic peak.
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rate. Once the data on Tg and Tc at different heating rates are available, the activation

energy of the reaction (which is a measure of the inhibition to the process) could be

estimated using the Kissinger's method or Augis-Bennett method or Thakor's method

[118, 119]. These methods provide Arrhenius relations from which the activation energy

could be determined. The Kissinger, Augis-Bennett and Thakor relations are given in

equations (2.1), (2.2) and (2.3) respectively.
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where (p is the heating rate, Ek, Ea-b, and Ex are the activation energy obtained from the

Kissinger, Augis-Bennett and Thakor equations, respectively, and R is the universal gas

constant. Further, Et > E^.b > Ek [120, 121], Kissinger's and Thakor's methods are

commonly used as shown by several reports in the literature. In the present investigation

both Kissinger s and Thakor's methods are used to elucidate the activation energy of

glass transition. A form of equation (2.3), which is referred to as Bartenev's equation [29J

is obtained by replacing Ej by E,,, the activation energy for viscous flow in the glass

transition. The degree of fragility m, is related to E,, by the relation [122],

m=-

2.3RT
(2.4)

where R is the universal gas constant. The relation between the excess heat capacity ACp

at the glass transition and fragility has already been discussed in chapter 1.

2.3. Thermoelectric power measurement

The thermoelectric power (TEP) or Seebeck coefficient (Q) of glasses has been discussed

in chapter 1. Thermoelectric power measurements were performed on the as-quenched
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samples using an indigenously developed set-up. A temperature gradient across a thin

slice of glass sample was maintained by passing an electric current through a resistive

heater embedded inside a copper block on which the sample was placed {figure 2.5}.

DMM

S, DMM

Keithley 6512
Electrom eter

P.S

0-15V D.C

Figure 2.5: Experiinental setup for thermoelectric power (TEP) measurements

A spring loaded copper rod, which served as an electrode was placed over the

sample. The potential difference developed due to thermal conduction through a thin slice

of the sample was recorded using an electrometer (Keithley 6512). The temperature

gradient between the lower and upper sample surfaces was monitored using two

calibrated thin film FT ICQ sensors placed on the two sides of the sample. The resistance

values of the calibrated sensors were recorded using two digital multimeters (Hewlett

Packard 34401 A). With this arrangement, the thermoelectric power of the samples could

be measured from room temperature to 450K with an experimental error of ±2%. As a

convention, the lower surface of the sample (hot probe) is connected to +ve terminal of

the electrometer and the upper surface (cold probe) is connected to the common terminal

of the electrometer. When a temperature difference, AT is established between the upper

and lower surfaces, charge carrier moves from the hot probe to cold probe, thus creating a
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constant. Further, Et > Ea-b > Ek [120, 121]. Kissinger's and Thakor's methods are

commonly used as shown by several reports in the literature. In the present investigation

both Kissinger s and Thakor's methods are used to elucidate the activation energy of

glass transition. A form of equation (2.3), which is referred to as Bartenev's equation [29]

is obtained by replacing Et by E,,, the activation energy for viscous flow in the glass

transition. The degree of fragility m, is related to E.^ by the relation [122],
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(2.4)

where R is the universal gas constant. The relation between the excess heat capacity ACp

at the glass transition and fragility has already been discussed in chapter 1.

2.3. Thermoelectric power measurement
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in chapterl. Thermoelectric power measurements were performed on the as-quenched
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slice of glass sample was maintained by passing an electric current through a resistive

heater embedded inside a copper block on which the sample was placed {figure 2.5}.
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Figure 2.5: Experimental setup for thermoelectric power (TEP) measurements

A spring loaded copper rod, which served as an electrode was placed over the

sample. The potential difference developed due to thermal conduction through a thin slice

of the sample was recorded using an electrometer (Keithley 6512). The temperature

gradient between the lower and upper sample surfaces was monitored using two

calibrated thin film FT 100 sensors placed on the two sides of the sample. The resistance

values of the calibrated sensors were recorded using two digital multimeters (Hewlett

Packard 34401 A). With this arrangement, the thermoelectric power of the samples could

be measured from room temperature to 450K with an experimental error of ±2%. As a

convention, the lower surface of the sample (hot probe) is connected to +ve terminal of

the electrometer and the upper surface (cold probe) is connected to the common terminal

of the electrometer. When a temperature difference, AT is established between the upper

and lower surfaces, charge carrier moves from the hot probe to cold probe, thus creating a
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thermo e.m.f., AV across the sample. The Seebeck coefficient is then given by,

AV
~  ̂he potential difference monitored by the electrometer (using the

convention specified above) is negative, then Q is positive and the sample is a p-type

semiconductor. On the other hand, if the potential difference is positive then Q is

negative and so the sample is an n-type semiconductor. The majority charge carrier type

in each glass sample was identified using the TEP measurement.

2.4. Estimation of Vanadium ion concentration

The concentration of vanadium ions (V'*^and present in the glasses can be estimated

iodometrically [123] using the following procedure. An accurately measured 0.1 gm of

the powdered sample was dissolved in 50ml of distilled water. To the solution, 5ml of

4M H2S04 was added, followed by the addition of ~2 gm of KI under constant stirring.

This mixture was then kept in a dark room for 15 minutes. The liberated iodine was then

titrated with standard Na2S203 solution using starch as an indicator. The end point was

detected by the appearance of a light blue colour. The volume of the Na2S203 consumed

was noted down and the percentage of in the glass sample was estimated using the

relation.

V% =
51 * (strength of Na2S;04) * (Volumeof Na consumed)

weight of the compound taken
xlOO (2.5)

where 51 is the atomic weight of vanadium.

In the next step, V""% (=^^+¥5^) in the sample was estimated. For this, 0.1 gm

of the powdered sample was dissolved in a solution containing 50ml of distilled water

44

and 5ml of 4M H2SO4. An oxidising agent [ammonium peroxo disulphate (N2H8S2O8)]

was added to this solution followed by one/two drops of silver nitrate (AgN03) solution.

This oxidises all the ions contained in the compound into The resultant mixture

was boiled for one hour. After this, 10ml of 4M H2SO4 was added and the solution was

boiled again for 30 minutes. The solution was then allowed to cool down to room

temperature and 2gm of KI was added under constant stirring. As before, the solution was

kept in a dark room for 15 minutes. The liberated iodine was then titrated with the

standard Na2S203 solution as in the previous titration. From the volume of Na2S203

solution consumed, the V'°' % was estimated from the relation (2.5). Then % can be

obtained since % = (V'°' % - V^"*" %.). From % and %, the ratio of the

y  .
vanadium ions, in each sample was determined.

2.5. Density Measurement

Density is measured by weighing a suitably selected piece of glass in air and delivering

this weight by the buoyancy, when the sample is suspended in water. According to

Archimedes principle, the buoyancy equals the weight of the displaced fluid, which, for

water, equals the volume. If Wa is the weight of the specimen in air and Wb in water, then

the buoyancy is (Wg-Wb) and density (assuming density of water is I gm/c.c).

P =
W.

W. -w.
(2.6)

Glass samples may react with water, in which case, a suitable inert liquid such as xylene

is selected as the immersion fluid (CCI4 has also been widely used [124], but CCI4 is a
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carcinogen). If W| Is the weight of the density bottle filled with xylene and Wj is the

weight of the density bottle with xylene and sample outside the density bottle, then the

weight of the sample is (W2-W1). If W; is the weight of the density bottle with the sample

immersed in xylene, then the sample weight loss in the immersion medium is (W2-W3).

Then the specimen volume is,

V-W,-W3
(2.7)

where is the density of xylene and the density of the specimen [125J is,

P =
W3 - W,

w, - w.
X p
r n (2.8)

The Molar volume [115, 126] of the samples can be calculated from the following

expression.

Molar volume
M

(2.9)

where p is the density of the glasses and M is the molecular weight. For a typical

multicomponent oxide glass, say V205-Sn0-Te02, M is given by the relation.

M = xM(V205 )+ yM(SnO) + (l-x-y)M(Te02) (2.10)

where x, y, and (1-x-y) are the mole fractions of the constituents and M(V205 ) M(SnO)

and M(Te02) are the molecular weights of the constituents. In the present measurements,

high purity (analar grade) xylene was used as the immersion fluid and each density value

reported is the average of at least three independently measured values.
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2.6. Optical band gap measurement

A ultraviotet-visible-ncar infra-red spectrophotometer permits one to measure [29] the

absorbance of a thin slice of glass as a function of wavelength (X,). The optical band gap

of semiconducting glasses can be estimated from the optical absorption curves [127].

Depending on the absorption coefficient p(v), the absorption curve of an amorphous

semiconductor can be divided into three regions {figure 1.8}. The optical band gap

corresponds to the high absorption region. In high absorption region, the absorption

coefficient has the following frequency dependence.

P(u)=A(hu-E^,)' (2.11)

where Eopt is the optical band gap, B is a constant, hv is the photon energy of the incident

radiation and r is an index which can assume values 0.5, 1, 1.5, 2 or 3 depending on the

nature of the inter-band electronic transition. The above equation agrees well for

chalcogcnide and oxide glasses with r=2 (indirect transition) [128, 129]. The optical band

gap for indirect transition can be obtained by plotting (Phv)"^ versus hv. The Eopt is the x-

intercept of the extrapolated linear fit to high hv data. A typical plot for (Phv)''^ versus hv

for a glass sample is shown in figure 2.6. The procedure for obtaining the optical band

gap for indirect transition from such a plot is also illustrated in the figure. The optical

band gap obtained by this procedure has an inherent uncertainty since it is not evident

whether the band gap corresponds to extended-extended transitions or localized-extended

transition. Both the transitions are possible theoretically [1],
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high purity (analar grade) xylene was used as the immersion fluid and each density value

reported is the average of at least three independently measured values.
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2.6. Optical band gap measurement

A ultraviotet-visiblc-ncar infra-red spectrophotometer permits one to measure [29] the

absorbance of a thin slice of glass as a function of wavelength (A,). The optical band gap

of semiconducting glasses can be estimated from the optical absorption curves [127].

Depending on the absorption coefficient P(v), the absorption curve of an amorphous

semiconductor can be divided into three regions [figure 1.8}. The optical band gap

corresponds to the high absorption region. In high absorption region, the absorption

coefficient has the following frequency dependence.

P(o) = A(hu-E.J (2.11)

where Eopt is the optical band gap, B is a constant, hv is the photon energy of the incident

radiation and r is an index which can assume values 0.5, 1, 1.5, 2 or 3 depending on the

nature of the inter-band electronic transition. The above equation agrees well for

chalcogenide and oxide glasses with r=2 (indirect transition) [128, 129]. The optical band

gap for indirect transition can be obtained by plotting (Phv)"^ versus hv. The Eopt is the x-

intercept of the extrapolated linear fit to high hv data. A typical plot for (phv)"^ versus hv

for a glass sample is shown in figure 2.6. The procedure for obtaining the optical band

gap for indirect transition from such a plot is also illustrated in the figure. The optical

band gap obtained by this procedure has an inherent uncertainty since it is not evident

whether the band gap corresponds to extended-extended transitions or localized-extended

transition. Both the transitions are possible theoretically [1].
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Figure 2.6: Relation between (piiv)"^ and hv of a typical glass sample.

A commercial dual beam uv-vis-nir spectrophotometer (Shimadzu UV-3101PC)

was used for recording the absorption curves of glass samples. This optical system

{figure 2.7} consists of a double grating monochromator M, light sources LS (deuterium

lamp and halogen lamp) and a detector assembly D (Photomultiplier tube and PbS

detector). Wavelength can be continuously varied between 190 nm and 3200 nm for

absorption measurements. In the present investigation, a wavelength range of 190 nm -

800 nm was sufficient for the coarse measurement of band gap of the samples studied.

L.S M

f
I

r

R

3-

3
D

Figure 2.7: Block diagram of a double beam uv-vis-nir spectrophotometer. ILS=

Light sources (Deuterium and halogen lamp), M=double grating

monochromator, R=Reference, S =Sample, D=Detector (Photomultiplier and PbS

detector)
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2.7. MIcrohardness measurement

The microhardness (or simply the hardness measured over a micron distance scale) is a

characteristic property of solids. The hardness is a measure of the resistance of a material

to being penetrated and eroded by another material's sharp projections. The measurement

method involves the use of a diamond micro indenter either in the shape of a square

pyramid (Vicker's) or an elongated pyramid (knoop). Figure 2.8 explains the process of a

small diamond indenter being pushed into the material under a known load.

-136°

(a)

Cb)

Figure 2.8: Geometry of microhardness indenters (a) Vicker's (b) Knoop.

The size of the indentation is generally of the order of a few microns under 5 to 1,000 g

loads and hence the term "microhardness". For the Vicker's indenter,

VHN =

2Fsinf-
lorce \^2

area
(2.12)

where F is the force in Kg, 0 is the inclined angle of Vicker's pyramid and d is the

average diagonal of the impression in mm. Since G = 136° for the Vicker's pyramid,

VHN (expressed usually in units of kg/mm^) may be written as
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A commercial dual beam uv-vis-nir spectrophotometer (Shimadzu UV-310IPC)

was used for recording the absorption curves of glass samples. This optical system

{figure 2.7} consists of a double grating monochromator M, light sources LS (deuterium

lamp and halogen lamp) and a detector assembly D (Photomultiplier tube and PbS

detector). Wavelength can be continuously varied between 190 nm and 3200 nni for

absorption measurements. In the present investigation, a wavelength range of 190 nm -

800 nm was sufficient for the coarse measurement of band gap of the samples studied.
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Figure 2.7: Block diagram of a double beam uv-vls-nir spectrophotometer. 1LS=

Light sources (Deuterium and halogen lamp), M=double grating

monochromator, R=Reference, S =Sample, D=Detector (Photomultiplier and FbS

detector)

2.7. MIcrohardness measurement

The microhardness (or simply the hardness measured over a micron distance scale) is a

characteristic property of solids. The hardness is a measure of the resistance of a material

to being penetrated and eroded by another material's sharp projections. The measurement

method involves the use of a diamond micro indenter either in the shape of a square

pyramid (Vicker's) or an elongated pyramid (knoop). Figure 2.8 explains the process of a

small diamond indenter being pushed into the material under a known load.
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Figure 2.8: Geometry of microhardness Indenters (a) Vicker's (b) Knoop.

The size of the indentation is generally of the order of a few microns under 5 to 1,000 g

loads and hence the term "microhardness". For the Vicker's indenter.

VHN =
force

area

2FsinKS (2.12)

where F is the force in Kg, 0 is the inclined angle of Vicker's pyramid and d is the

average diagonal of the impression in mm. Since 0 = 136° for the Vicker's pyramid,

VHN (expressed usually in units of kg/mm^) may be written as
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VHN=- (2.13)

Micromet 2100 automated microhardness tester were used. All measurements were made

at room temperature.

Generally, a total indentation time of 15-25 seconds is used for the measurement, which

is sufficient for the load to gradually descend onto the surface and reach an equilibrium

penetration depth.

^Vhen an indentation is made in a glass, initially the glass is clastically

compressed (by the hydrostatic component) and sheared (by the shear component). Next,

after reaching the elastic limit, the balance of the hydrostatic stress component

permanently densifies the glass under the indentation, whereas the balance of the shear

stress component causes the glass to undergo plastic deformation [130, 131], When the

indcnter is withdrawn, the elastic portion recovers, i.e., a slight shrinkage of the

impression size is expected. Clearly, the hardness number cannot be independent of the

applied load. Also, when large loads are used, cracking from the diagonals is likely to

develop. The cracking implies the occurrence of a fracture.

Careful preparation of the sample surface is necessary prior to indentation. For

this, the samples are mounted on a resin and polished to a mirror finish. The polished

samples are then indented using a Vicker's diamond pyramidal indenter and the length of

the diagonals of the indents are measured using a microscope. A typical indent made on a

polished glass sample is shown in figure 2.9. The indent corresponds to an applied load

of lOOgm and loading time of 15 seconds. The microhardness values reported in this

thesis are the average values of at least 10 independent indents made on each sample

composition under identical loading conditions. In the present study, a Buehler Simplet 2

mounting press, a Buehler Ecomet 6 variable speed grinder/polisher and a Buehler

Figure 2.9: A typical indent made on a polished glass surface using a Vicker's
pyramidal indenter.

2.8. d.c. electrical conductivity measurement

Many conventional methods for measuring electrical resistivity are unsatisfactory for

semiconductors because metal-semiconductor contacts are usually rectifying (non ohmic)

in nature [132]. There is also the possibility of minority carrier injection by one of the

current carrying contacts. An excess concentration of minority carriers will affect the

potential of other contacts and modulate the resistance of the material [19]. The collinear

four-probe method used as experimental technique for measuring resistivity overcomes

the difficulties mentioned above and also offers several other advantages. It permits
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Generally, a total indentation time of 15-25 seconds is used for the measurement, which

is sufficient for the load to gradually descend onto the surface and reach an equilibrium

penetration depth.

When an indentation is made in a glass, initially the glass is elastically

compressed (by the hydrostatic component) and sheared (by the shear component). Next

after reaching the elastic limit, the balance of the hydrostatic stress component

permanently densifies the glass under the indentation, whereas the balance of the shear

stress component causes the glass to undergo plastic deformation [130, 131]. When the

indenter is withdrawn, the elastic portion recovers, i.e., a slight shrinkage of the

impression size is expected. Clearly, the hardness number cannot be independent of the

applied load. Also, when large loads are used, cracking from the diagonals is likely to

develop. The cracking implies the occurrence of a fracture.

Careful pieparation of the sample surface is necessary prior to indentation. For

this, the samples are mounted on a resin and polished to a mirror finish. The polished

samples are then indented using a Vieker's diamond pyramidal indenter and the length of

the diagonals of the indents are measured using a microscope. A typical indent made on a

polished glass sample is shown in figure 2.9. The indent corresponds to an applied load

of lOOgm and loading time of 15 seconds. The microhardness values reported in this

thesis are the average values of at least 10 independent indents made on each sample

composition under identical loading conditions. In the present study, a Buehler Simplet 2

mounting press, a Buehler Ecomet 6 variable speed grinder/polisher and a Buehler

Micromet 2100 automated microhardness tester were used. All measurements were made

at room temperature.
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Figure 2.9: A typical indent made on a polished glass surface using a Vieker's
pyramidal indenter.

2.8. d.c. electrical conductivity measurement

Many conventional methods for measuring electrical resistivity are unsatisfactory for

semiconductors because metal-semiconductor contacts are usually rectifying (non ohmic)

in nature [132]. There is also the possibility of minority carrier injection by one of the

current carrying contacts. An excess concentration of minority carriers will affect the

potential of other contacts and modulate the resistance of the material [19]. The collinear

four-probe method used as experimental technique for measuring resistivity overcomes

the difficulties mentioned above and also offers several other advantages. It permits
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measurements of resistivity [133] in samples having a wide variety of shapes, including

the resistivity of small volumes within bigger pieces of semiconductor. The basic

experimental arrangement for the collinear four probe measurement is indicated in figure

2.10.

I

•f,

Electrometer

Constant

surrent source

Figure 2.10: A collinear four probe setup for electrical resistivity measurement.

Four sharp probes are placed on a flat surface of the material to be measured.

Current is passed through the outer electrodes and the floating potential is measured

across the inner pair. If the flat surface on which the probes rest is adequately large and

the sample is big, the semiconductor may be considered to be a semi-infinite volume

[134, 135]. To prevent minority carrier injection and make good contacts, the surface on

which the probes rest may be mechanically capped. The experimental circuit used for

measurement is illustrated in figure 2.10, and the following points are assumed :

•  The resistivity of the material is uniform in the area of measurement.

•  There is no minority carrier injection into the semiconductor by the electrodes.

•  The surface on which the probes rest is flat with no surface leakage.

•  The four probes used contact the surface at points that lie in a straight line.

52

•  The diameter of the contact between the metallic probes and the semiconductor is

small compared to the distance between the probes.

•  The boundary between the current carrying electrodes and the bulk material is

hemispherical and small in diameter.

•  The bottom surface of the semiconductor is non-conducting.

Let the four probes be spaced Si, S2 and S3 apart. Current I is passed through the outer

probes (1 and 4) and the floating potential V is measured across the inner pair of probes 2

and 3. The floating potential Vf at a distance r from an electrode carrying current I in a

material of resistivity is given by

Vf =
Pj
2n r

(2.14)

There are two current carrying electrodes numbered 1 and 4 and the floating potential Vf

at any point in the semiconductor is the difference between the potential induced by each

of the electrodes, since they carry currents of equal magnitude but in opposite directions

[136, 137]. Thus

Vf = Pol
271 vi"! r4y

(2.15)

where ri = distance from probe number 1 and r4 = distance from probe number 4. The

potentials at probe 2, Vf2 and at probe 3, Vo can be calculated from relation (2.15) by

substituting the proper distances as follows

v^=RsLlJ 1
271 l^S, S2+S3

(2.16)
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the sample is big, the semiconductor may be considered to be a semi-infinite volume

[134, 135]. To prevent minority carrier injection and make good contacts, the surface on

which the probes rest may be mechanically capped. The experimental circuit used for

measurement is illustrated in figure 2.10, and the following points are assumed :

•  The resistivity of the material is uniform in the area of measurement.

•  There is no minority carrier injection into the semiconductor by the electrodes.

•  The surface on which the probes rest is flat with no surface leakage.

• The four probes used contact the surface at points that lie in a straight line.
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1

•  The diameter of the contact between the metallic probes and the semiconductor is

small compared to the distance between the probes.

The boundary between the current carrying electrodes and the bulk material is

hemispherical and small in diameter.

•  The bottom surface of the semiconductor is non-conducting.

Let the four probes be spaced Si, S2 and S3 apart. Current 1 is passed through the outer

probes (1 and 4) and the floating potential V is measured across the inner pair of probes 2

and 3. The floating potential Vf at a distance r from an electrode carrying current I in a

material of resistivity is given by

V -

2n r
(2.14)

There are two current carrying electrodes numbered 1 and 4 and the floating potential Vf

at any point in the semiconductor is the difference between the potential induced by each

of the electrodes, since they carry currents of equal magnitude but in opposite directions

[136, 137]. Thus

Vf =£^[ l-i.
24 r, r,

(2.15)

where ri = distance from probe number 1 and T4 = distance from probe number 4. The

potentials at probe 2, Vf2 and at probe 3, Vf3 can be calculated from relation (2.15) by

substituting the proper distances as follows

V -

\ Sj S2 + s
(2.16)
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V =^21
"  2n

1  1

S| +S2 S3 y

The potential difference V between probes 2 and 3 is

(2.17)

V = V - V -V — Vf2 Vfj —
2n

_1_ J___| 1_
S3 Sj +S3 Sj+Sjy

(2.18)

and the resistivity p„ is computable as

V

Po=-7
1

2n

1

^S| S3 Si+Sj S2+S3

When the point spacing is equal, that is Si = 82= 83= S, the above relation simplifies to

Po=Y27tS (2.19)

If the sample is in contact with a non conducting medium, a correction factor G7 [which

is a function (w/S)] is applied to po, in order to obtain the actual resistivity p, given by.

P=-£

'(f)
(2.20)

where. (2.21)

The function G7 is tabulated in table [2.1] and plotted in figure 2.11. For smaller values

54

of w/S, the function G7 approaches the case for an infinitely thin slice, or

0,lf .f«.= (2.22)

Appropriate values of G7 corresponding to the required w/S ratio were obtained from the

polynomial fit shown in figure 2.11.

Table. 2.1: Correction factor G7 as a function of w/S ratio.

Sl.no. w/S G7(w/S) U -

1 0.1 13.863
1 2 -

2 0.141 9.704

3 0.2 6.931
10-

4 0.33 4.159 -

5 0.5 2.78
f>-

0 b-

6 1 1.504

7 1.414 1.223
4 -

8 2 1.094
2 -

9 3.333 1.0224 0 -

10 5 1.007

11 10 1.00045

T
t\/a R

1

I Cti ̂ 3 0 CO!.?
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Figure 2.11: G7 for nonconducting surface.

Experimental setup

A compact and low cost dip-stick type cryostat has been designed and fabricated [138]

for performing electrical studies on semiconductors. In this type of cryostat, the sample

chamber is immersed in a cryogenic liquid (such as liquid nitrogen) [139]. In our design,

a hollow brass cylinder measuring 45 mm in diameter and 110 mm in length is suspended

from a brass flange by a thin walled seamless stainless steel tube of 20 mm bore and 0.2

mm wall thickness. The top end of the tube terminates in a KF 25 vacuum coupling. This

cryostat assembly could be inserted into any standard liquid nitrogen cryocan (with neck

aperture of 50mm). A schematic diagram of the cryostat assembly is shown in Figure
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The potential difference V between probes 2 and 3 is

_ PolV = V
1 1

(2.17)

,2-V,3
2n S| S3 S2+S3 S,+82^

and the resistivity p^ is computable as

(2.18)

V

Po=T7
1

271

1

S| S3 S, +83 83 +83

When the point spacing is equal, that is 81 = 82= S3 = S, the above relation simplifies to

(2.19)Pa = 2 TtSKo ,

If the sample is in contact with a non conducting medium, a correction factor Gy [which

is a function (w/S)] is applied to po, in order to obtain the actual resistivity p, given by,

P = —^

■(f)
(2.20)

where. (2.21)

The function Gy is tabulated in table [2.1] and plotted in figure 2.11. For smaller values
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of w/S, the function Gy approaches the case for an infinitely thin slice, or

G.lf] = flog.2 (2.22)

Appropriate values of Gy corresponding to the required w/8 ratio were obtained from the

polynomial fit shown in figure 2.11.

Table. 2.1: Correction factor Gy as a function of w/S ratio.

Sl.no. w/S Gy(w/S)
1 0.1 13.863
2 0.141 9.704
3 0.2 6.931
4 0.33 4.159
5 0.5 2.78
6 1 1.504
7 1.414 1.223
8 2 1.094
9 3.333 1.0224
10 5 1.007
11 10 1.00045
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Figure 2.11: Gy for nonconducting surface.

Experimental setup

A compact and low cost dip-stick type cryostat has been designed and fabricated [138]

for performing electrical studies on semiconductors. In this type of cryostat, the sample

chamber is immersed in a cryogenic liquid (such as liquid nitrogen) [139]. In our design,

a hollow brass cylinder measuring 45 mm in diameter and 110 mm in length is suspended

from a brass flange by a thin walled seamless stainless steel tube of 20 mm bore and 0.2

mm wall thickness. The top end of the tube temiinates in a KF 25 vacuum coupling. This

cryostat assembly could be inserted into any standard liquid nitrogen cryocan (with neck

aperture of 50mm). A schematic diagram of the cryostat assembly is shown in Figure

55
TH-1867_994401



2.12. The sample holder which is inside the brass cylinder, consists of a copper block of

20 mm diameter and 25 mm length and a collinear four probe of distance less than 1 mm.

A 20 W nichrome heater is embedded in a niche carved out inside of the copper block. A
:

calibrated micro PT-100 temperature sensor is embedded in the copper block. 34 SWG

enameled copper wires provide the necessary electrical connections between a high

vacuum electrical feed-through at the top flange and the sample holder. An indium O-ring i

between the bottom flange and the brass cylinder constitutes a demountable vacuum i

coupling. Tests showed that the cryostat assembly could be evacuated 3x10'^ mbar with ^

the help of a rotary pump. The sample holder could be cooled down to 90K using a liquid

nitrogen bath. Passage of 350 mA current from a 15 V d.c. power supply was sufficient to

raise the temperature Of the sample holder to 480 K. The resistivity data on glassy

semiconductors could be collected from 90 K to 480 K using this set-up.

ToPump

610mm

30 mm

45 mm

llOmm

Figure 2.12; Schematic diagram of cryostat with a collinear four probe
(not to scale).
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Chapter 3

Investigations on V205-Sn0-Te02 glasses

3.1. Introduction

It has already been pointed out in chapter 1 that literature survey shows that all known

V2O5 based binary glasses are n-type semiconductors without exception [140, 141]. A

recent report on the thermoelectrie power measurements on V205-Sn0-Te02 glass system

revealed the possibility of obtaining a p-type semiconductor in this ternary glass system

[70]. A single glass composition, namely, 20V20520Sn060Te02 prepared by them

exhibited a small positive Seebeck coefficient of + 5pV K"', indicating that it was a p-
type semiconductor in the otherwise n-type glass system. They reported the low

temperature d.e. electrical conductivity of two glass compositions, namely,

50V205.20Sn0.30Te02 and 40V205.10Sn0.50Te02 [72]. From this study they showed

that both the glass compositions exhibited small polaron hopping mechanism at high

temperatures and a cross-over to variable range hopping mechanism at low temperatures.

They studied the d.c. electrical conductivity of the two glass samples after annealing the

samples at a temperature below Tg for periods ranging from 6 hours to 48 hours and

analyzed the data using the Mott-Austin model [72]. The analysis of the low temperature

data showed that there was only a small variation in the values of the Mott parameters

N(li|.) and Rvrh when the annealing time was changed from 6 hours to 48 hours.

Annealing had no effect on the high temperature electrical conductivity [111]. However,

the high temperature d.c. electrical conductivity study revealed that glasses with V2O5

mol %>50 exhibited adiabatic small polaron hopping (SPH) mechanism where as the

re.st showed non-adiabatic SPll mechanism. Tg of 60V20s.lOSn0.30Te02 and
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2.12. The sample holder which is inside the brass cylinder, consists of a copper block of j
20 mm diameter and 25 mm length and a collinear four probe of distance less than 1mm.

A 20 W nichrome heater is embedded in a niche carved out inside of the copper block. A

calibrated micro PT-100 temperature sensor is embedded in the copper block. 34 SWG

enameled copper wires provide the necessary electrical connections between a high

vacuum electrical feed-through at the top flange and the sample holder. An indium O-ring

between the bottom flange and the brass cylinder constitutes a demountable vacuum

coupling. Tests showed that the cryostat assembly could be evacuated 3x10"^ mbar with

the help of a rotary pump. The sample holder could be cooled down to 90K using a liquid

nitrogen bath. Passage of 350 mA current from a 15V d.c. power supply was sufficient to

raise the temperature Of the sample holder to 480 K. The resistivity data on glassy

semiconductors could be collected from 90 K to 480 K using this set-up.
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Chapter 3

Investigations on V205-Sn0-Te02 glasses

3.1. Introduction

It has already been pointed out in chapter 1 that literature survey shows that all known

V2O5 based binary glasses are n-type semiconductors without exception [140, 141]. A

recent report on the thermoeleetrie power measurements on V205-Sn0-Te02 glass system

revealed the possibility of obtaining a p-type semiconductor in this ternary glass system

[70]. A single glass composition, namely, 20V20520Sn060Te02 prepared by them

exhibited a small positive Seebeck coefficient of + 5pV K"', indicating that it was a p-

type semiconductor in the otherwise n-type glass system. They reported the low

temperature d.c. electrical conductivity of two glass compositions, namely,

50V205.20Sn0.30Te02 and 40V205.10Sn0.50Te02 [72]. From this study they showed

that both the glass compositions exhibited small polaron hopping mechanism at high

temperatures and a cross-over to variable range hopping mechanism at low temperatures.

They studied the d.c. electrical conductivity of the two glass samples after annealing the

samples at a temperature below Tg for periods ranging from 6 hours to 48 hours and

analyzed the data using the Mott-Austin model [72]. The analysis of the low temperature

data showed that there was only a small variation in the values of the Mott parameters

N(E|.) and Rvrm when the annealing time was changed from 6 hours to 48 hours.

Annealing had no effect on the high temperature electrical conductivity [111]. However,

the high temperature d.c. electrical conductivity study revealed that glasses with V2O5

mol %>50 exhibited adiabatie small polaron hopping (SPH) mechanism where as the

rest showed non-adiabatic SPH mechanism. Tg of 60V205.10Sn0.30Te02 and
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50V205.20Sn0.30Te02 glasses was reported as 497 K and 501 K respectively (without

any mention of the heating rate under which these Tg measurements were made). Thus,

there is no systematic study of any property of V205-Sn0-Te02 glasses albeit the few

performed by Mori et al. Johnson et al [142] have summarized the results of the earlier

structural studies on tellurite glasses. They concluded that 90V2O5.10TeO2 glass

contained structural units (distorted trigonal bipyramids) similar to crystalline P-TCO2.

3.2. Exploration of the glass-forming region

0.00.,^ 1.0

1.00.,

0.6 VA

0.00 0.25 0.50 0.75 1.00

VjOg mol % —>

Figure 3.1: Glass forming region of xV2O5.ySnO.(100-x-y)TeO2 glasses explored.
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The extent of the glass-forming region (GFR) of the V205-Sn0-Te02 system is not

known. As part of the present investigations, a wide range of xV2O5.ySnO.(100-x-y)TcO2

glasses with 18 < x < 50; 10 < y < 35 were prepared with an intention to explore the

variation of thermo electric power (Q) in these glasses. Measurements showed that

glasses with increasing values of negative Q (n-type) were obtained as one increased x

(V2O5 content) keeping y (SnO content) constant. The same observation was also made

when y (SnO content) was varied between 10 and 35 mol % SnO. This was sufficient to

establish the trend in Q with a variation of x and y in these glasses. This led to the

conclusion that p-type could be prepared only in xV2O5.20SnO.(80-x)TeO2 glasses for x

< 20. However, homogeneous glasses could not be prepared with x<18 mol % V2O5.

Figure 3.1 shows the glass-forming region of V205-Sn0-Te02 system explored in the

present investigation.

3.3. Preparation

Glass samples of the system xV2O5.20SnO.(80-x)TeO2 (18 < x < 50) used in the present

investigations were prepared by melt quenching technique. Appropriate amounts of high

purity V2O5 (99.9 % purity), SnO (99.9% purity) and Te02 (99.99% purity) were

weighed in an analytical balance with 0.0 Img resolution and thoroughly mixed by

continuously kneading for about 15 to 20 min. The well-mixed oxide mixture was then

transferred to a porcelain crucible and melted at about 750 °C in an electric furnace. The

melt was held at this temperature for about 3 hours before press quenching the same

between two thick copper plates. The as quenched sample was in the form of a platelet of

about 1 mm thickness. Identical preparation conditions such as furnace temperature and

quenching procedure were followed while preparing the entire series of glasses. Glass

samples of the sample composition were repeatedly prepared to ensure repeatability.

3.4. Characterisation

Prior to further investigations, all the V205-Sn0-Te02 glasses prepared were checked for

amorphous nature by studying their X-ray powder diffraction (XRD) patterns. In the

present investigations, a Seifert XRD 3003 T/T X-ray powder diffraction system
was
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50V205.20Sn0.30Te02 glasses was reported as 497 K and 501 K respectively (without

any mention of the heating rate under which these Tg measurements were made). Thus,

there is no systematic study of any property of V205-Sn0-Te02 glasses albeit the few

performed by Mori et al. Johnson et al [142] have summarized the results of the earlier

structural studies on tellurite glasses. They concluded that 9OV2O5.10TeO2 glass

contained structural units (distorted trigonal bipyramids) similar to crystalline P-TCO2.

3.2. Exploration of the glass-forming region
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Figure 3.1: Glass forming region of xV205.ySn0.(l00-x-y)Te02 glasses explored.

The extent of the glass-forming region (GFR) of the V205-Sn0-Te02 system is not

known. As part of the present investigations, a wide range of xV205.ySn0.( 100-x-y)Tc02

glasses with 18 < x < 50; 10 < y < 35 were prepared with an intention to explore the

variation of thermo electric power (Q) in these glasses. Measurements showed that

glasses with increasing values of negative Q (n-type) were obtained as one increased x

(V2O5 content) keeping y (SnO content) constant. The same observation was also made

k

when y (SnO content) was varied between 10 and 35 mol % SnO. This was sufficient to

establish the trend in Q with a variation of x and y in these glasses. This led to the

conclusion that p-type could be prepared only in xV2O5.20SnO.(80-x)TeO2 glasses for x

< 20. However, homogeneous glasses could not be prepared with x<18 mol % V2O5.

Figure 3.1 shows the glass-forming region of V205-Sn0-Te02 system explored in the

present investigation.

3.3. Preparation

Glass samples of the system xV2O5.20SnO.(80-x)TeO2 (18 < x < 50) used in the present

investigations were prepared by melt quenching technique. Appropriate amounts of high

purity V2O5 (99.9 % purity), SnO (99.9% purity) and Te02 (99.99% purity) were

weighed in an analytical balance with 0.0 Img resolution and thoroughly mixed by

continuously kneading for about 15 to 20 min. The well-mixed oxide mixture was then

transferred to a porcelain crucible and melted at about 750 "C in an electric furnace. The

melt was held at this temperature for about 3 hours before press quenching the same

between two thick copper plates. The as quenched sample was in the form of a platelet of

about 1 mm thickness. Identical preparation conditions such as furnace temperature and

quenching proceduie were followed while preparing the entire series of glasses. Glass

samples of the sample composition were repeatedly prepared to ensure repeatability.

3.4. Characterisation

Piior to further investigations, all the V205-Sn0-Te02 glasses prepared were checked for

amorphous nature by studying their X-ray powder diffraction (XRD) patterns. In the

present investigations, a Seifert XRD 3003 T/T X-ray powder diffraction system was
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used as explained in chapter 2. A typical XRD pattern from a V205-Sn0-Te02 glass is

shown in figure 3.2.
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Figure 3.2: X-ray diffraction pattern of a typical V20s-Sn0-Te02 glass

The diffractogram of the as quenched glass samples showed no sharp peaks signifying

the lack of crystallinity. All the glasses studied in this chapter showed amorphous nature

in their XRD patterns. XRD patterns can only show if the sample is crystalline or

amorphous. The experimental observation of the glass transition temperature (Tg) is

necessary to classify the sample as a glass. The DSC curves were recorded for all the

glasses. The DSC curves showed an endothermic base line shift corresponding to the

glass transition temperature. It confirmed that the prepared samples are good glasses. All

tiie V205-Sn0-Te02 glasses showed a glass transition temperature in between 200 "C and

300 "C, when heated at a constant heating rate of 10 °C min"'. The DSC data and results

will be presented in the sub-chapter on DSC studies. Thermoelectric power (TEP)

measurements were performed on all the V205-Sn0-Te02 glass samples in order to

identify the majority charge carrier type. The TEP data is presented and discussed in the

following sub-chapter.

3.5. Thermoelectric power and vanadium ion concentration

Thermoelectric power (TEP) measurements were performed on the xV2O5.20SnO.(80-

x)Te02 glasses with x = 18, 20, 23, 30 40, 50 using the experimental technique

discussed in the second chapter. The TEP data was used to determine the majority charge

carrier type in the glasses. The TEP data is shown in table 3.1. The data given in

parenthesis in the second column correspond to the data reported by Mori et al [70]. Q

values obtained for xV2O5.20SnO.(80-x)TeO2 glasses showed that for glasses with x = 18

mol % V2O5 and x = 20 mol % V2O5, the Seebeck coefficient, Q > 0 indicating that these

two compositions arc p-typc semiconductors. The rest of the glasses (x = 23, 30, 40, 50)

showed Q < 0 and hence they are n-type semiconductors. Q is related to the high and low

vanadium ion concentration ratio (V^VV"^) as defined by the relation (1.32).

In order to verify the applicability of relation (1.32), the concentration of the

vanadium ions was estimated for all the glasses by iodometry method following the

titration procedure described in second chapter (data shown in table3.1). From these

estimations it was concluded that compositions with x = 18 and 20 mol % V2O5 glasses

showed (V^VV'"^) < 1 and hence these two glasses are p-type semiconductor. The rest of

the glasses (x = 23, 30, 40, 50 mol % V2O5) showed (V'VV'") >1 and hence these glasses

are n-type semiconductors. A comparison of Q and Q' {Seebeck coefficient calculated

from relation (1.32)} shows that the empirical relation (1.32) between Q and (V^V V'^"^)

ratio is valid for this glass system (shown in table 3.1). This leads to the conclusion that

V205-Sn0-Tc02 glasses with excess ions would invariably be p-type
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identify the majority charge carrier type. The TEP data is presented and discussed in the

following sub-chapter.

3.5. Thermoelectric power and vanadium ion concentration

Thermoeleetric power (TEP) measurements were performed on the xV2O5.20SnO.(80-

x)Te02 glasses with x = 18, 20, 23, 30 40, 50 using the experimental technique

discussed in the second chapter. The TEP data was used to determine the majority charge

carrier type in the glasses. The TEP data is shown in table 3.1. The data given in

parenthesis in the second column correspond to the data reported by Mori et al [70]. Q

values obtained for xV2O5.20SnO.(80-x)TeO2 glasses showed that for glasses with x = 18

mol % V2O5 and x = 20 mol % V2O5, the Seebeek coefficient, Q > 0 indicating that these

two compositions arc p-typc semiconductors. The rest of the glasses (x = 23, 30, 40, 50)

showed Q < 0 and hence they are n-type semiconductors. Q is related to the high and low

vanadium ion concentration ratio (V^VV'^'^) as defined by the relation (1.32).

In order to verify the applicability of relation (1.32), the concentration of the

vanadium ions was estimated for all the glasses by iodometry method following the

titration procedure described in second chapter (data shown in table3.1). From these

estimations it was concluded that compositions with x = 18 and 20 mol % V2O5 glasses

showed (V^VV''^) < I and hence these two glasses are p-type semiconductor. The rest of

the glasses (x = 23, 30, 40, 50 mol % V2O5) showed (V^VV'") >1 and hence these glasses

are n-typc semiconductors. A comparison of Q and Q' {Scebeck coefficient calculated

from relation (1.32)} shows that the empirical relation (1.32) between Q and (V^V V'*^)

ratio is valid for this glass system (shown in table 3.1). This leads to the conclusion that

V205-Sn0-Te02 glasses with excess ions would invariably be p-type
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semiconductors. Although it is difficult to control the ratio of the vanadium ions during

preparation, glasses prepared under a reducing atmosphere would probably be p-typc

semiconductors.

The highest positive Q value that could be obtained in this glass system was +7

pV.K*'. Figure 3.3 shows the composition dependence of the Seebeck coefficient

measured at 473 K. The solid line in the figure represents a straight line fit (least squares

fit) to the data. From the TEP data, it could be concluded that the majority charge carrier

reversal (MCCR) occurs at a composition in between 20 and 23 mol % V2O5 in the

xV2O5.20SnO.(80-x)TeO2 glass system.

Table 3.1: Seebeck coefficient Q(measured), Q'(calculatcd), activation energy for

thermal conduction AEs and vanadium ion ratio of V205-Sn0-Te02 glasses (values

given in parenthesis are those reported by Mori et al (70])

Glass composition
r r 54-

(mol %) Q . Q'(pVK-') AEs
V2O5: SnO : Te02 (pVK') y4*

(meV)

18:20:62 +7 (~) 0.91 (-) +8 0.58

20 : 20 : 60 +5 (+5) 0.93 (0.94) +6 0.56

23: 20 : 57 -21 (~) 1.23 (-) -18 0.53

30 : 20 : 50 -44 (-42) 1.58(1.60) -39 0.52

.40 : 20 : 40 -64 (-67) 2.16(2.10) -66 0.50

50 : 20 :3 0 -175 (-178) 7.97 (7.55) -179 0.49

Q verses 1000/T plots for various compositions of xV2O5.20SnO.(80-x)TeO2 glasses are

shown in figure 3.4. The dotted lines are the least squares fit to the data. It is evident from

figure 3.4 that Q exhibits a weak dependence on temperature. This weak temperature

dependence of Q has been observed in a host of V2O5 based glasses [13] and appears to

be a typical characteristic of this class of glassy semiconductors. Figure 3.5 shows the

variation of Eg (determined from the slope of figure 3.4) as a function of V2O5 mol %.
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Figure 3.3: Variation of Q of xV2O5.20SnO.(80~x)TeO2 glasses (measured at

473 K) with V2OS mol %. The solid line is the least squares fit to the data.
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Figure 3.4 Q verses 1000/T for xV2O5.20SnO.(80-x)TeO2 (18 ̂  x 50) glasses.
Dotted lines correspond to the least squares fit to data.

The thermal activation energy decreases as V2O5 mol % increases. This observation

predicts that the thermal conduction of the glasses increases as V2O5 mol % increases in

the xV2O5.20SnO.(80-x)TeO2 (18<x<50) glass system. It is interesting to note a subtle
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semiconductors. Although it is difficult to control the ratio of the vanadium ions during

preparation, glasses prepared under a reducing atmosphere would probably be p-type

semiconductors.

The highest positive Q value that could be obtained in this glass system was +7

pV.K"'. Figure 3.3 shows the composition dependence of the Seebeck coefficient

measured at 473 K. The solid line in the figure represents a straight line fit (least squares

fit) to the data. From the TEP data, it could be concluded that the majority charge carrier

reversal (MCCR) occurs at a composition in between 20 and 23 mol % V2O5 in the

xV2O5.20SnO.(80-x)TeO2 glass system.

Table 3.1: Seebeck coefficient Q(measured), Q'(calculatcd), activation energy for

thermal conduction AE® and vanadium ion ratio of V205-Sn0-Te02 glasses (values

given in parenthesis are those reported by Mori et al [701)

r Glass composition
(mol %)

V2O5: SnO ; Te02
Q ,

(pVK') yA*
Q'(pVK-') AEs

(meV)

18 :20: 62 +7 (-) 0.91 (-) +8 0.58

20 : 20 : 60 +5 (+5) 0.93 (0.94) +6 0.56

23:20: 57 -21 (-) 1.23 (-) -18 0.53

30 : 20 : 50 -44 (-42) 1.58(1.60) -39 0.52

.40 : 20 : 40 -64 (-67) 2.16(2.10) -66 0.50

50 : 20 :3 0 -175 (-178) 7.97 (7.55) -179 0.49

Q verses 1000/T plots for various compositions of xV2O5.20SnO.(80-x)TeO2 glasses are

shown in figure 3.4. The dotted lines are the least squares fit to the data. It is evident from

figure 3.4 that Q exhibits a weak dependence on temperature. This weak temperature

dependence of Q has been observed in a host of V2O5 based glasses [13] and appears to

be a typical characteristic of this class of glassy semiconductors. Figure 3.5 shows the

variation of Es (determined from the slope of figure 3.4) as a function of V2O5 mol %.
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The thermal activation energy decreases as V2O5 mol % increases. This observation

predicts that the thermal conduction of the glasses increases as V2O5 mol % increases in

the xV2O5.20SnO.(80-x)TeO2 (18<x<50) glass system. It is interesting to note a subtle
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conductivity of the glasses in this system shows a subtle but perceptible change when the j(

carrier type changes from p-type to n-type. In other words, this can be inferred as a subtle

signature of the MCCR phenomenon. This is not surprising since thermal conductivity

and electrical properties are both structure sensitive properties.
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Figure 3.5: Thermal activation energy AEs of xV2O5.20SnO.(80-x)TeO2 glasses. ^ ̂  f

3.6. Other physical properties

Since the physical properties of the xV2O5.20SnO.(80-x)TcO2 glasses have not been

systematically studied, attempts were made to measure a few physical properties relevant

to the context of the present investigations. Density of the glass is required as an input for

the estimation of the molar volume of oxygen ion. Knowledge of the variation of the

optical band gap of these glasses with composition is relevant since these samples are

amorphous semiconductors. Microhardness is a simple experimental technique that

provides information on the mechanical strength of the glass. With these issues in mind,

physical properties such as density, optical band gap and microhardness of these glasses

were measured.

3.6.1. Density

The density (p) measurements on V205-Sn0-Te02 glasses were based on the Archimedes

principal and were carried out using a density bottle with xylene as the immersion liquid.

Each value reported is the average of at least three independent measurements (table 3.2).

From the density data, the molar volume of the glasses were calculated (table 3.2) using

equations (2.8) and (2.9). Figure 3.6 shows the composition dependence of density and

molar volume of xV2O5.20SnO.(80-x)TeO2 glasses. When V2O5 mol % increased, V2O5

molecules replaee Te02 molecules. As the moleeular weight of V2O5 (181.876) is more

than the molecular weight of Te02 (159.598), one may expect the overall density of the

glass to increase. But the molar volume increases as V2O5 mol % increases in the sense

that the glassy network becomes expanded [35]. Hence on the whole, the density of the

glass decreases as V2O5 mol % content increases.

Table 3.2: Optical band gap, density, molar volume and microhardness

of xV2O5.20SnO.(80-x)TeO2 glasses.

Composition (mol %)
V2O5: SnO : Te02

Eopi
(eV)

Density
(gm cnT^)

Mol.vol.

(cmVmol)
VHN

(kg mm^)
18 : 20 : 62 2.95 4.61

—^ /

34.41 246
20 : 20 : 60 2.94 4.54 35.04 232
23: 20 : 57 2.92 4.43 36.06 223
30 : 20 : 50 2.87 4.22 38.22 217
40 : 20 : 40 2.80 3.93 41.61 200
50 : 20 :3 0 2.75 3.66 45.29

—— 1
169 1
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Since the physical properties of the xV2O5.20SnO.(80-x)TcO2 glasses have not been

systematically studied, attempts were made to measure a few physical properties relevant

to the context of the present investigations. Density of the glass is required as an input for

the estimation of the molar volume of oxygen ion. Knowledge of the variation of the

optical band gap of these glasses with composition is relevant since these samples are

amorphous semiconductors. Microhardness is a simple experimental technique that
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provides information on the mechanical strength of the glass. With these issues in mind,

physical properties such as density, optical band gap and microhardness of these glasses

were measured.

3.6.1. Density

The density (p) measurements on V205-Sn0-Te02 glasses were based on the Archimedes

principal and were carried out using a density bottle with xylene as the immersion liquid.
Each value reported is the average of at least three independent measurements (table 3.2).
From the density data, the molar volume of the glasses were calculated (table 3.2) using
equations (2.8) and (2.9). Figure 3.6 shows the cotnposilion dependence of density and
molar volume of t<V2O5.20SnO.(80-x)TeOr glasses. When V^O, mol % increased. VjOs
molecules replace TeOz molecules. As the molecular weight of VjOs (181.876) is more
than the molecular weight of TeOa(l59.598), one may expect the overall density of the
glass to increase. But the molar volume increases as V2O5 mol % increases in the sense
that the glassy network becomes expanded [35]. Hence on the whole, the density of the
glass decreases as V2O5 mol % content increases.

Table 3.2: Optical band gap, density, molar volume and microhardness
of xV2O5.20SnO.(80-x)TeO2 glasses.

Composition (mol %)
V2OS: SnO ; TeO,

Eopi
(eV)

Density
(gm em"^)

Mol.vol.
(cniVmoh

VHN 1
(kg

18 : 20 : 62 2.95 4.61
—^ /

34.41 246
20 : 20 ; 60 2.94 4.54 35.04 232
23: 20 : 57 2.92 4.43 36.06 223
30 : 20 : 50 2.87 4.22 38.22 217
40 : 20 : 40 2.80 3.93 41.61 200
50 : 20 :3 0 2.75 3.66 45.29 169
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Flgure3.6: Composition dependence of density and molar volume of

xVjOs.lOSnO.CSO-x)Te02 (18 < x <50) glasses.

3.6.2 Optical band gap

The optical band gap of xV2O5.20SnO.(80- x)Te02 glasses with x = 18, 20, 23, 30,40, 50

has been measured using a dual beam uv-vis-nir spectrophotometer as explained in ^

chapter 2. It was already pointed out that in high absorption region, the absorption

coefficient P(v) follows a power law behaviour (relation (2.11)}. The absorption

coefficient data for the entire wavelength region mentioned above was used to plot

(Phv)"^ versus (hv) curves corresponding to r = 2. A typical plot is shown in figure 2.6.

The linear fit to the high hv data was extrapolated to (Pliv)"^ = 0. The x-intercept gives

the optical band gap of the semiconducting glass. The optical band gap calculated for the

V205-Sn0-Te02 glasses are shown in table 3.2. The optical band gap of

xV2O5.20SnO.(80-x)TeO2 (18<x<50) glasses varied from 2.95 eV to 2.75 eV. The

66

variation of the optical band gap with V2O5 mol % is shown in figure 3.7. The optical

band gap decreases as the average molecular weight increases for xV2O5.20SnO.(80-

x)Tc02 (18Sx ̂ 50) glasses. Decrease in band gap with increase in average molecular

weight has been observed in chlorophosphate glasses [127]. Neena Chopra et al [143]

have obtained the electron paramagnetic resonance (EPR) spectra of vanadium tellurite

glasses. They reported a decrease in the covalency of the V-O bond with an increase in

V2O5 content in this glass system. In the xV2O5.20SnO.(80-x).TeO2 series of glasses,

SnO content remains constant while V2O5 is increased at the expense of Te02. Hence one

can say that the covalency of the V-O bond in xV2O5.20SnO.(80-x).TeO2 decreases as

V2O5 mol % is increased. The decrease in covalency increases the number of non

bridging oxygens in the glass [35]. An increase in the number of non-bridging oxygens

reduces the average chemical bond strength of the glass which in turn shifts the

absorption edge to longer wavelength side [18]. Thus, the optical band gap decreases as

V2O5 content increases in the V205-Sn0-Te02 glasses.

2.95-

2.90-

Q) 2.85

2.75-

VjOj mol %

Figure 3.7: Variation of optical band gap of VzOs-SnO-TeOi glasses.
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xV2O5.20SnO.(80-x)Te02 (18 < x <50) glasses.
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chapter 2. It was already pointed out that in high absorption region, the absorption

coefficient P(v) follows a power law behaviour {relation (2.11)}. The absorption

coefficient data for the entire wavelength region mentioned above was used to plot

(Phv)"^ versus (hv) curves corresponding to r = 2. A typical plot is shown in figure 2.6.

The linear fit to the high hv data was extrapolated to (Phv)"^ = 0. The x-intercept gives

the optical band gap of the semiconducting glass. The optical band gap calculated for the
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xV2O5.20SnO.(80-x)TeO2 (18<x<50) glasses varied from 2.95 eV to 2.75 eV. The
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variation of the optical band gap with V2O5 mol % is shown in figure 3.7. The optical

band gap decreases as the average molecular weight increases for xV2O5.20SnO.(80-

x)Tc02 (18^x ^50) glasses. Decrease in band gap with increase in average molecular

weight has been observed in chlorophosphate glasses [127]. Neena Chopra et al [143]

have obtained the electron paramagnetic resonance (EPR) spectra of vanadium tellurite

glasses. They reported a decrease in the covalency of the V-0 bond with an increase in

V2O5 content in this glass system. In the xV2O5.20SnO.(80-x).TeO2 series of glasses,
SnO content remains constant while V2O5 is increased at the expense of Te02. Hence one

can say that the covalency of the V-0 bond in xV2Os.20SnO.(80-x).TeO2 decreases as

V2O5 mol % is increased. The decrease in covalency increases the number of non

bridging oxygens in the glass [35]. An increase in the number of non-bridging oxygens
reduces the average chemical bond strength of the glass which in turn shifts the

absorption edge to longer wavelength side [18]. Thus, the optical band gap decreases as

V2O5 content increases in the V205-Sn0-Te02 glasses.
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Figure 3.7: Variation of optical band gap of V205-Sn0-Te02 glasses.
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3.6.3. Microhardness

The microhardness of glasses has been measured following the procedure outlined in

second chapter. All glass samples were uniformly subjected a load of 100 gm for a

duration of 15 seconds. Figure 3.8 shows a typical indentation made on a V205-Sn0-

Te02 glass.

The measured microhardness values are tabulated in table 3.2. Each value quoted

is the average of at least ten independent measurements. Figure 3.9 shows the variation of

hardness value with the V2O5 mol % content in the xV2O5.20SnO.(80- x)Te62 (18<x

<50) glasses. It shov/s that the VHN decreases as the V2O5 mol % content is increased.

It has already been pointed out in the discussion on the optical band gap of these glasses

that it is expected that the number of non-bridging oxygens increases in

xV2O5-20SnO.(80- x)Te02 glasses when the V2O5 content in the glass is increased. When

the number of non-bridging oxygens in a glass increases, the elastic moduli of the glass

decreases [35]. From equation (1.42) it is obvious that a decrease in the elastic moduli

decreases the microhardness, which the behaviour exhibited by the xV2O5.20SnO.(80-

x)Te02 depicted in figure 3.9.

The composition dependence of microhardness can also be interpreted from the

thermodynamic view-point. The lower the softening point Tj, the lower is the

microhardness value [107]. Since softening point follows the same behavior as the glass

transition temperature Tg (table 3.3), a decrease in Tg with an increase in V2O5 mol %

results in a decrease in the microhardness as shown in figure 3.9. It is interesting to note

the subtle slope change observed in the microhardness data (figure.3.9) near the glass

composition with 23 mol % V2O5. A slope change in microhardness indicates changes

occurring in the glassy network in the vicinity of this composition.

Figure 3.8: A typical indentation made on 50V205.20Sn0.30Te02 glass.

.S'200

20 25 30 35 40 45 50 55

Figure 3.9: Composition dependence of VHN of xV2O5.20SnO.(80- x)Te02 glasses.

3.7. DSC studies

DSC studies on xV2O5.20SnO.(80-x)TeO2 glasses with x = 18, 20, 23, 30, 40, 50 have

been performed following the procedure explained in the chapter 2. The experiments

were performed with ~ 20 mg samples. The DSC curves were recorded over a
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3.7. DSC studies

DSC studies on xV2O5.20SnO.(80-x)TeO2 glasses with x = 18, 20, 23, 30, 40, 50 have

been performed following the procedure explained in the chapter 2. The experiments

were performed with ~ 20 mg samples. The DSC curves were recorded over a
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temperature range of 50 °C to 450 °C for different heating rates 10 °C.min'', 15 °C.min *,

20 °C.min'' and 30 °C.min '. Figure 3,10 is the typical DSC curve obtained for

xV2O5.20SnO.(80-x)TeO2 glasses with x = 18, 20, 30, 40, 50 mol % V2O5 under a

constant heating rate of 20 "C.min'',

All glasses exhibited a glass transition temperature marked by a distinct

endothermic baseline shift within the temperature range 200 ®C to 300 °C. On heating

beyond the glass transition temperature, the glass sample with composition x = 50 mol %

exhibited a sharp crystallization peak, where as the other glass compositions showed

weak crystallization peaks. Such multiple crystallization exotherms and melting

endotherms have been observed in multi component oxide glasses such as V205-Sr0-

B2O3 [144, 145], The glass transition temperature (Tg) of these glasses decreased as the

V2O5 content was increased (table 3.3). The Tg and ACp values shown in table 3.3

correspond to a constant heating rate of lO^C/min.
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Figure 3.10: DSC curves for xV2Os.20SnO.(80-x)TeO2 glasses (q) = 20 °C.min )

70

Table 3.3: Caloriinctric parameters, Cv= V''V(V'*^+V®^ and ¥„* data.

Composition (mol. %)
V2O5: SnO : Te02

Tg
(K)

ACp
(Jg'deg-')

Et
(KJ/mol)

Ek
(KJ/mol)

Cv V *^ 0

(cm^.mol"')
18 : 20 ; 62 552 0.49 198 189 0.524 15.2
20 : 20 : 60 549 0.50 195 185 0.518 15.1
23: 20 : 57 544 0.51 192 182 0.448 14.9
30 : 20 ; 50 534 0.52 181 173 0.388 14.6
40 : 20 : 40 519 0.81 168 160 0.317 14.3
50 : 20 :3 0 504 0.94 158 149 0.111 13.9
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Figure 3.11: Variation of the molar volume of oxygen ion and glass transition

temperature of xV2O5.20SnO.(80-x)TeO2 glasses as a function of V2O5 mol %.

The molar volume of oxygen ions Vo* for xV2O5.20SnO.(80-x)TeO2 glasses with x = 18,

20, 23, 30, 40, 50 was calculated using the equation,

V • ̂  [M(V,Q3 ) -1 6C Jx + M(TeO^ )y + M(SnO)z
[p(5-Cv)x + 2y + zJ

where p is the density of the glass composition, Cv = / (V^^+V'*^), x,y,z and

IV1(V205), M(Te02), iVl(SnO) are the molar fraction and molecular weight of V205,Te02
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temperature range of 50 ®C to 450 ®C for different heating rates 10 °C.min'', 15 °C.min'',
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Table 3.3: Calorimctric parameters, Cv= and Vo* data.

Composition (mol. %)
V2O5: SnO : TeOa

Tg
(K)

ACp
(Jg'deg-')

Et
(KJ/mol)

Ek
(KJ/mol)

Cv Vo'

(cm'.mor')

18 : 20 ; 62 552 0.49 198 189 0.524 15.2

20 : 20 : 60 549 0.50 195 185 0.518 15.1

23: 20 : 57 544 0.51 192 182 0.448 14.9

30 : 20 ; 50 534 0.52 181 173 0.388 14.6
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Figure 3.11: Variation of the molar volume of oxygen ion and glass transition

temperature of xV2O5.20SnO.(80-x)TeO2 glasses as a function of V2O5 mol %.

The molar volume of oxygen ions Vo* for xV2O5.20SnO.(80-x)TeO2 glasses with x = 18,

20, 23, 30, 40, 50 was calculated using the equation.

V • ̂  [MCV^Oj ) -1 6Cv ]x -I- MCTeO^ )y + M(SnO)z
[p(5-Cv)x + 2y-t-z]

where p is the density of the glass composition, Cv = / (V^^-i-V'"^), x,y,z and

M(V205), M(Te02), M(SnO) are the molar fraction and molecular weight of V205,Te02
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and SnO respectively. The calculated Yo* values of the V205-Sn0-Te02 glasses are

shown in table 3.3. Vo* values varied from 15.2 to 13.9 cm^.mol ' as V2O5 content was

varied from 18 to 50 mol %. Tg of the glasses increased with an increase in Vo* (and

Te02 mol. %). In the case of V205.4Sb203.(96-x)Te02 glasses [71], Vo* decreased from

14.6 cm\nor' to 13.1 cm^mol ' when Te02 mol. % was varied from 62 to 11 mol. %. Tg

of V205.4Sb203.(96-x)Te02 glasses increased with an increase in Te02 niol. %

mimicking the behavior reported in the present studies. The increase in Tg with an

increase in the value of Vo* {figure 3.11} indicates that the glass structure turns more

loosely packed with an increase in Te02 mol. %. Similar trend in Tg has been observed in

other loosely packed tellurite glasses [147, 147]. A comparison of Vo* of

V2O5.20SnO.(80-x)TeO2 glasses (13.9 to 15.2 cm^mol"') with that of xV205.6Bi203.(94-

x)Te02 glasses (13.0 tol3.7 cm'mor'[148]), V2O5.10ZnO.(90-x)TeO2 glasses (13.3 to

14.5 cm^mof' [13]) and V205.4Sb203.(96-x)Te02 glasses (13.1 to 14.5 cm^mol ' [72])

shows that the V205-Sn0-Te02 glasses with relatively higher Vo* values are thermally

more unstable as compared to the rest.

Kissinger's {equation (2.1)} and Thakor's {equation (2.3)} methods were used

for estimating the activation energy for the glass transition of various glass compositions.

Kissinger's and Thakor's plots are shown in figure 3.12 and 3.13 respectively. The

activation energies for glass transition Ek (Kissinger) and Ej (Thakor) were calculated

(table 3.3, figure 3.14) from the slope of the least squares fit of the corresponding plots. It

can be seen that ET>Ek for all the glasses as expected from theoretical predictions [118,

149]. The activation energies Ek and Et decrease with an increase in V2O5 mol %. This

72

indicates that the glass-supereooled liquid transition becomes less hindered in glasses

with higher V2O5 content.
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Figure 3.12: K'sslngcr's plots for xV2O5.20SnO.(80-x)TeO2 glasses.
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and SnO respectively. The calculated Vo* values of the V205-Sn0-Te02 glasses are
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shows that the V205-Sn0-Te02 glasses with relatively higher Vo* values are thermally
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Kissinger's (equation (2.1)} and Thakor's (equation (2.3)} methods were used

for estimating the activation energy for the glass transition of various glass compositions.
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activation energies for glass transition Ek (Kissinger) and Et (Thakor) were calculated

(table 3.3, figure 3.14) from the slope of the least squares fit of the corresponding plots. It

can be seen that ET>Ek for all the glasses as expected from theoretical predictions [118,
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Figure 3.15 shows the typical variation of the excess heat capacity at Tg, ACp

with V2O5 mo! The dotted line in the figure merely connects the adjacent data points.

It can be seen that ACp has a small value for composition with 18 mo! % of V2O5 and 20

mol % V2O5, but increases sharply near the composition with 30 mol % of V2O5. The p-

type glasses exhibit the smallest ACp whereas the n-type glasses show large ACp values.

Using the fragility concept introduced by Angel [21], the present data could be

interpreted as follows. The variation of the excess heat capacity at Tg of these glasses

with composition shows an abrupt change in the fragility of the glasses at x = 30 mol %

V2O5. Thus an abrupt change in the fragility of the glass is observed close to the

composition at which MCCR occurs in these glasses.
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Figure 3.14: Activation energy of glass transition based on Kissinger's and

Thakor's method (Dotted lines shown merely connect adjacent data points).
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Figure 3.15: Excess heat capacity at glass transition of xV2O5.20SnO.(80-x)TeO2
(18x50) glasses (Dotted line merely connects adjacent data points).

It IS interesting to note that a struetural parameter such as fragility undergoes an

appreciable change near the eomposition at which the carrier reversal occurs. This leads

one to suggest that the electronic phenomenon is associated either directly or indirectly

with structural features of the glass.

3.8. d.c. olGclncnl concltjcfivlly

The d.c. electrical resistivity tlata of xVrOr.20SnO.(80- x)TeOr with x > 18, 20. 23, 30.

40, 50 was collected frotn 100 K to 480 K. Tire data collection and analysis were carried

out as per the procedure explained in chapter 2. To understand the conduction mechanism

in the glasses of this system the data is analysed in terms of the Mott and Austin model

(equation (3.2)). From equation (3.2), a plot of In(oT) versus T' is expected to be linear.

InftjT) versus T plots for all the glasses covering a temperature range of 100 K to 480 K

are shown in ftgure 3.16. Figure 3.16 indicates that a linear relationship exists in the plot

only above room temperature. As the temperature goes down, the data show a deviation
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It is interesting to note that a stntctural parameter such as fragility undergoes an

appreciable change near the composition at which the carrier reversal occurs. This leads

one to suggest that the electronic phenomenon is associated either directly or indirectly

with structural features of the glass.

3.8. d.c. QlGclricdi condudivity

The d.c. electrical resistivity data of xV,Os.20SnO.(80- x)TeOa with x = 18, 20, 23, 30,

40, 50 was collected from 100 K to 480 K. The data collection and analysis were carried

out as per the procedure explained in chapter 2. To understand the conduction mechanism

in the glasses of this system the data is analysed in terms of the Mott and Austin model

{equation (3.2)). From equation (3.2), a plot of hi(oT) versus T' is expected to be linear.

In(oT) versus T plots for all the glasses covering a temperature range of 100 K to 480 K

are shown in figure 3.16. Figure 3.16 indicates that a linear relationship exists in the plot

only above room temperature. As the temperature goes down, the data show a deviation
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from linearity. This clearly shows that the conductivity data below room temperature

cannot be fitted to equation (3.2). Hence the conduction mechanism in these glasses is

different in the low temperature and high temperature regions. Since the conduction

mechanisms are different in these two temperature regimes, both these regimes would be

treated separately.

Conduction In high temperature (SPH) regime

Mott-Austin proposed the variation of conductivity with temperature for small polaron

hopping (SPH) mechanism in the high temperature region as

w

aT=a e (3.2)

where, W is the activation energy for conduction, T is the absolute temperature, ku is the

Boltzmann constant and the pre-exponential factor Oo is given by ,

_Cv(l Cv)Upe^

Rk„ ® (3.3)

where, Vo (~ 10 sec ) is the optical phonon frequency, Cv the ratio of the amount of

reduced transition metal ion to that of total transition metal ion (V* W°', V'°' = V'^+V^^),

and a is the rate of wave function decay for the hopping electron, R the average spacing

between transition metal ions.

To start the data analysis in SPH region, the activation energy for conduction (W,

in equation 3.2) and the average spacing between transition metal ions (R, in equation

3.3) are needed. The average ion spacing R was estimated from the relation.

(3.4)

I
51

I
Si
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where N is the density of metal ions. The density of metal ions N was calculated using

the relation.

N = 2 density xf— —
l^Moi.wt.VjO,^

N, (3.5)

The calculated N and R values are given in table 3.4 (the glass density values required in

the calculation have been taken from table 3.2)

T able 3.4: Density of metal ion sites N, average ion spacing R, conductivity a (at
473 K), polaron band width j and the parameter d) for V205-Sn0-Te02 glasses.

Composition (mol. %)
V2O5: SnO : TCO2

N

(xlO^nV^)
R

(xlO'%)
a (at 473 K}

(xio-'n'mS
j

(cV)
0

(cV)
18:20:62 6.3 5.4 2.6 0.00043 0.04
20 : 20 : 60 7.6 5.1 3.1 0.00042 0.04
23:20 : 57 7.7 5.0 5.9 0.00057 0.04

0

0
(N

0

9.4 4.7 11.3 0.0007 0.04

0

0
(N

0

11.6 4.4 26.2 0.00083 0.04
50 : 20 :3 0 13.3 4.2 38.4 0.053 0.04 1

20V020Sn060ToO

(1)x=18;(2)x=20
(3) x=23;(4) x=40
(5)x=50

2  4 6 8 10 12 1
KXXVriK')

iooo/r(K"')

Figure 3.16: In(aT) versus 1000/T plots for xV2Os.20SnO.(80-x)TeO2 (18<x<50)
glasses. Inset shows a typical fit of the data to relation (3.2) (Only one out of ten
data points has been plotted in order to improve the clarity of the figure).
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from linearity. This clearly shows that the conductivity data below room temperature

cannot be fitted to equation (3.2). Hence the conduction mechanism in these glasses is

different in the low temperature and high temperature regions. Since the conduction

mechanisms are different in these two temperature regimes, both these regimes would be

treated separately.

Conduction In high temperature (SPH) regime

Mott-Austin proposed the variation of conductivity with temperature for small polaron

hopping (SPH) mechanism in the high temperature region as

w

aT=a e (3.2)

where, W is the activation energy for conduction, T is the absolute temperature, ku is the

Boltzmann constant and the pre-exponential factor Oo is given by ,

_Cv(l-Cv)uy

Rk„ ® (3.3)

where, Vo (~ lO'^ sec ') is the optical phonon frequency, Cv the ratio of the amount of

reduced transition metal ion to that of total transition metal ion (VW"', V'°'= V^+V^^),

and a is the rate of wave function decay for the hopping electron, R the average spacing

between transition metal ions.

To start the data analysis in SPH region, the activation energy for conduction (W,

in equation 3.2) and the average spacing between transition metal ions (R, in equation

3.3) are needed. The average ion spacing R was estimated from the relation.

(3.4)
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where N is the density of metal ions. The density of metal ions N was calculated using

the relation.

N = 2
f  wt.V,0, "i

density X —-— N
l^Mol.wt.VjO, J

(3.5)

The calculated N and R values are given in table 3.4 (the glass density values required in

the ealeulation have been taken from table 3.2)

1 able 3.4: Density of metal ion sites N, average Ion spacing R, conductivity a (at
473K), polaron band width j and the parameter O for V205-Sn0-Te02 glasses.

Composition (mol. %)

V2O5: SnO : TcOi
N

(xlO"m-^)
R

(xlO''°m)
a (at 473K}

(xlO-^n 'm ')
j

(cV)
0

(cV)
18:20:62 6.3 5.4 2.6 0.00043 0.04
20 : 20 : 60 7.6 5.1 3.1 0.00042 0.04
23:20 : 57 7.7 5.0 5.9 0.00057 0.04
30 : 20 : 50 9.4 4.7 11.3 0.0007 0.04
40 : 20 : 40 11.6 4.4 26.2 0.00083 0.04
50 : 20 :3 0 13.3 4.2 38.4 0.053 0.04
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•••• •
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8  10 12 14

1000/7 (K"')

Figure 3.16. In(oT) versus 1000/T plots for xV2O5.20SnO.(80-x)TeO2 (18<x<50)
glasses. Inset shows a typical fit of the data to relation (3.2) (Only one out of ten
data points has been plotted In order to Improve the clarity of the figure).
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It was observed that the density of transition metal ions (N) in V205-Sn0-Te02

glasses increases and distance between the metal ions decreases as V2O5 mo! % content

is increased. The same trend was reported by Qiu. et al [150] in vanadate glasses. The

parameter W can be calculated from the slope of the least squares fit to In(aT) versus

1000/T plots for all glasses. The SPH conduction mechanism can be either adiabatic SPH

or non-adiabatic SPH mechanism, based on the value of polaron bandwidth (j).

The condition for adiabatic and non-adiabatic SPH is,

j>c!)=(2kBTW„/K)"'(hv„/7i)'" adiabatic (3.6)

j<(I> = (2kBTW„/n)"''(hv„/n)"^ nonadiabatic (3.7)

where Wh = W - Wd/2 ( as T > 0d/2 ), 0d is the Debye temperature = hvo/ko- 478 K for

Vo= lO'^sec"'. The value of (p was calculated from equation (3.6) and the value ofj from

the Holstein relation [68],

a =

2 -2 ^Tie'j^ ^

Rhk„T^

Sinh
n

Wk,T,

2kBT,

f hu„
2k,Ty

I W4GWp I
.T ZkeT j (3.8)

The calculated values ofj and (p are shown in table 3.4. For the glass with 50 mol %

V2O5, the values of J and (p were 0.053eV and 0.04eV. For this case, j > O. Hence the

conduction in 50V205.20Sn0.30Te02 glass is attributed to adiabatic small polaron

hopping. For the rest of the glasses (ie., for x = 20, 23, 30, 40 mol % V2O5.), j value

ranged from 8.3 x lO '^eV to 4.3 x 10"'*eV and <I> value was approximately 0.04 eV. So for

all these cases, j < O. Hence, the conduction in these glass compositions is attributed to

non-adiabatic small polaron hopping. Using j value one can calculate the mobility p of

non-adiabatic SPH. |i has different expressions for adiabatic and non-adiabatic SPH.
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The adiabatic mobility of 50V205.20Sn0.30Te02 glass was calculated from.

11 =
k^T

e (3.9)

The adiabatic mobility of the x = 50 mol % V2O5 glass was estimated to be 3.1 x 10"'' m^

V 'see ' at 473 K. The non-adiabatic mobility for the rest of the glasses (shown in table

3.5) was calculated using the relation [68],

(3.10)M =
(2nY

U
71 JjJc '•■•TbtJ

The non-adiabatic mobility p for the glasses ranged between 1.2 x 10"'^ m^V"' sec"' and

5.3 X 10"'^ m^V 'scc"'. This p values could be compared with the values 4.1x10"'^ to 7.8

xlO"'^ m^V"'sec"' reported by Mori et al [13] for the non-adiabatic mobility ofV205-ZnO-

Te02 glasses. Carrier concentration Nc was calculated for all the glasses from the

mobility and conductivity data using the relation,

o = N,.cp (3.11)

Table 3.5 : Activation energy for conduction W, non-adiabatic mobility p, charge
carrier concentration Nc for xV2O5.20SnO.(80- x)Te02 glasses showing non-
adiabatic SPH conduction.

Composition (mol %)
V2O5: SnO : TeO,

W

(eV)
R

(xlO'^m)
P

(xlO'^mVsec"')
Nc 1

(xlO^Sn"^) 1
18:20:62 0.382 5.4 1.21 1.4 1
20 : 20 : 60 0.380 5.1 1.23
23:20: 57 0.378 5.0 2.12 1.8
30 : 20 : 50 0.373 4.7 3.16 2.2
40 : 20 : 40 0.361 4.4 5.26 3.1 1

Using the adiabatic mobility of the x = 50 mol% V2O5 glass, Nc was found to be
25 37.83 X 10 m . For the rest of the glasses, Nc was calculated using non-adiabatic

mobility (table 3.5). Figure 3.17 shows the relation between the vanadium ion average

79

TH-1867_994401



■

It was observed that the density of transition metal ions (N) in V205-Sn0-Te02

glasses increases and distance between the metal ions decreases as V2O5 mol % content

is increased. The same trend was reported by Qiu. et al [150] in vanadate glasses. The
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The calculated values of j and (p are shown in table 3.4. For the glass with 50 mol %

V2O5, the values of j and cp were 0.053eV and 0.04eV. For this case, j > O. Hence the

conduction in 50V205.20Sn0.30Te02 glass is attributed to adiabatic small polaron

hopping. For the rest of the glasses (ic., for x = 20, 23, 30, 40 mol % V2O5.), j value

ranged from 8.3 x lO ̂'eV to 4.3 x lO '^eV and O value was approximately 0.04 eV. So for

all these cases, j < 0. Hence, the conduction in these glass compositions is attributed to

non-adiabatic small polaron hopping. Using] value one can calculate the mobility p of

non-adiabatic SPH. p has different expressions for adiabatic and non-adiabatic SPH.
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The adiabatic mobility of 50V205.20Sn0.30Te02 glass was calculated from,

(3.9)P =

O 2 ̂I W..C R 1

TV k„

The adiabatic mobility of the x = 50 mol % V2O5 glass was estimated to be 3.1 x 10"'' m^

V 'see ' at 473 K. The non-adiabatic mobility for the rest of the glasses (shown in table

3.5) was calculated using the relation [68],

71

4W k T
ij^C ""T (3.10)

The non-adiabatic mobility p for the glasses ranged between 1.2 x 10"'^ m^V"' sec"' and

5.3 X 10 m^V 'sec '. This p values could be compared with the values 4.1x10"'^ to 7.8

xlO m^V 'sec ' reported by Mori et al [13] for the non-adiabatic mobility of V205-Zn0-

Te02 glasses. Carrier concentration Nc was calculated for all the glasses from the

mobility and conductivity data using the relation,

CT = N^^,ep (3.11)

Table 3.5 : Activation energy for conduction W, non-adiabatic mobility p, charge
carrier concentration Nc for xV2Os.20SnO.(80- x)Te02 glasses showing non-
adiabatic SPH conduction.

Composition (mol %)
V2O5: SnO : TeO,

W

(eV)
R

(xlO'^m)
[1

(xlO'^mVsec')
Nc

(xlO^^ m"^)
18:20:62 0.382 5.4 1.21 1.4
20 : 20 : 60 0.380 5.1 1.23 1.7
23:20: 57 0.378 5.0 2.12 1.8
30 : 20 : 50 0.373 4.7 3.16 2.2
40 : 20 : 40 0.361 4.4 5.26 3.1

Using the adiabatic mobility of the x = 50 mol% V2O5 glass, Nc was found to be
25 -37.83 x 10 m . For the rest of the glasses, Nc was calculated using non-adiabatic

mobility (table 3.5). Figure 3.17 shows the relation between the vanadium ion average
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distance R and activation energy for conduction W (table 3.5) for the gla.s.ses (x = 18, 20,

23, 30,40 mol % V2O5) exhibiting non-adiabatic SPH conduction. An increase in W with

an increase in R (as depicted in figure 3.17) is the general behaviour expected as per

theoretical predictions [151, 152].

0.385

0.380

$ 0.370

0.365

0.360

R(x10"'m)

Figure 3.17: Effect of mean vanadium ion spacing R on activation energy W

for conduction at T = 473 K for xV2O5.20SnO.(80- x)Te02 glass x = 18, 20, 23,

30,40 (exhibiting non-adiabatic SPH conductivity)

Conduction in low temperature regime

In the above discussion, it was shown that the entire conductivity data could not be fitted

to equation (3.2) for SPH conduction. The deviation from the Arrhenius behaviour at low

temperature indicates that the conduction mechanism changes from SPH. The Mott-

Austin model suggests that variable range hopping (VRH) mechanism dominates at low

temperatures. The conductivity for the variable range hopping is given by.

a=Be-^^ (3.12)

80

5,!

where A and B are calculated from the expression,

A = 2.06
a

B =

kBN(Ep)

N(EJ
u

2V^
.
a kgTj

(3.13)

(3.14)

Evidenlly, a linear plol of ln(oT"^) versus T"" signifies the occurrence of VRH

conduction {equation (3.12)}. Figure 3.18 shows the ln(oT'") versus T"" plots for

glasses with X = 18, 20,23,40 and 50 mol % V^O, respectively. The linearity observed in

the plots in lower temperature region conftrms that VRH eonduction mechanism is

dominant at these temperatures. Hence, the conductivity data in low temperature region

was analyzed in the light of the Mott-Austin VRH mechanism. The slope change In the

plots shown In figure 3.18 has been interpreted [73, 78] to be the signature of to the

conduction change from SPH to VRH. All V,0,-Sn0.Te0r glasses exhibited a cross

over from SPH to VRH conduction mechanism when the temperature was lowered.

Figure 3.18 highlights the temperature region of 150 K to 300 K, over which the

change over from SPH to VRH ormrc Jn iin these glasses. The transition temperature Tr at

which the SPH to VRH cross over ocmrc ,„oo j rwas found from the intersection of the linear

fits to the low temperature and high temperature data. The transition temperature Ta for
the xVrO5.20SnO.(80- x)TeOr (ISSxsSO) glasses varied between 207 K to 258 K (table
3.6). Ta exhibits a composition dependence, with the maximum value at x = 23 mol %

V,05. a and N(Er) were calculated from the slope and intercept values obtained from the

linear fit to the low temperature (T < Ta) data using relations (3.13) and (3.14). The

hopping distance Rvan in VRH regime and hopping energy W„ are given by.

R
VRH

.(8naN(E,)k„T) (3.15)
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30,40 (exhibiting non-adiabatic SPH conductivity)

Conduction in lovi' temperature regime

In the above discussion, it was shown that the entire conductivity data could not be fitted

to equation (3.2) for SPH conduction. The deviation from the Arrhenius behaviour at low

temperature indicates that the conduction mechanism changes from SPH. The Mott-

Austin model suggests that variable range hopping (VRH) mechanism dominates at low

temperatures. The conductivity for the variable range hopping is given by.

a=Be (3.12)

80

51
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where A and B are calculated from the expression,

A = 2.06
a

B =

kBN(Ep)

N(E,)
u

2^
.

a ka?

(3.13)

(3.14)

Evidenlly, a linear plot of ln(oT'") versus T"" signifies the occurrence of VRH

conduction {equation (3.12)). Figure 3.18 shows the ln(oT'°) versus T'" plots for

glasses with X = 18,20, 23,40 and 50 mot % V^O, respectively. The linearity observed in

the plots in lower temperature region confirms that VRH conduction mechanism is

dominant at these temperatures. Hence, the conductivity data in low temperature region

was analyzed in the light of the Mott-Austin VRH mechanism. The slope change in the

plots shown in figure 3.18 has been interpreted [73, 78] to be the signature of to the

conduction change from SPH to VRH. All V,0,-Sn0-Te0r glasses exhibited a cross

over from SPH to VRH conduction mechanism when the temperature was lowered.

Figure 3.18 highlights the temperature region of 150 K. to 300 K, over which the

change over from SPH to VRH ormrc tu ,in these glasses. The transition temperature Tr at

which the SPH to VRH cross over occnrc u/dc Ox ^ r ■ .er occurs was found from the intersection of the linear

fits to the low temperature and high temperature data. The transition temperature Ta for
the xV2O5.20SnO.(80 xjTeOj (18 S x £ 50) glasses varied between 207 K to 258 K (table
3.6). Tb exhibits a composition dependence, with the maximum value at x = 23 mol %

V2O3. a and N(Er) were calculated from the slope and intercept values obtained from the

linear fit to the low temperature (T < Tb) data using relations (3.13) and (3.14). The

hopping distance Rvri, in VRH regime and hopping energy W„ are given by,

9
R

VRH

(87taN(Ep)k„T) (3.15)

81

TH-1867_994401



w =-
(

(3.16)
4jrR\RH N(Ef))

Table 3.6: Transition temperature Tr, density of states at Fermi energy N(Ef),

variable range hopping distance Rvrh and disorder energy Wj.

j Composition (mol. %)
1  V2O5: SnO : TeOa

Tr

(K)

N(Ef)
(m-^eV' xlO^^)

Rvrh
(nm)

Wd

(eV)
ciRvrh

18:20:62 229 1.4 4.2 0.02 1.73

20 : 20 : 60 233 2.8 3.2 0.03 1.95

1  23 : 20 : 57 258 4.4 2.9 0.02 1.75

0

0
N(

0

237 8.8 2.6 0.02 1.14

50 : 20 : 30 207 15.7 1.8 0.03 1.96

a) b) c)

iaVjO^.Sh06ZTeQ aVj,O520QToecneQ

H  -12

0.24

23VQ2DsnC67TeQ

0.28 0.32 0.36 0.24 0.25 0.28 0.27 0.23 0.24 0.25 0.25

d) e)

0.24 025 0.25 0.27
-V4 -V4

T (K )

0.24 0.25 0.25 0.27
-V4 -V4

T  (K )

Figure 3.18: ln(oT"^) versus T'"'* plots for xV2O5.20SnO.(80-x)TeO2 glasses.

(Lines are least-squares fit to T >Tr and T <Tr data).

Based on the assumption that Wo = Wj [153, 154, 155], the disorder energy Wj

was calculated using equation (3.16). Mott parameters N(E|:) and Rvrii for the glasses are

82

i:

i:

shown in table 3.6. Both N(Ef) and Rvrh vary as a function of V2O5 mol. %. Figure 3.19

shows the variation of N(E|.) and Rvrh with change in V2O5 mol %. While N(Ef)

increases with an increase in V2O5 mol %, Rvrh decreases as V2O5 mol % increases. The

increase in N(Ef) and decrease in Rvrh agrees with theoretical predictions [1, 67] and

behavior [72] of V2O5 based glasses. Further, for the occurrence of VRH conduction, the

requirement aRvmi >1 and Wd>kBT (eg. Wd>0.019 eV at 230 K) should be satisfied.

Evaluation of present data at 230 K gave uRvrh values ranging between 1.14 to 1.96 and

Wd values 0.02 eV and 0.03 eV, which showed that the above criteria are satisfied. Hence

the conduction mechanism in xV2O5.20SnO.(80-x)TeO2 glasses (niol%) in the low

temperature region is attributable to VRH.
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Figure 3.19: Variation of the density of states at Fermi energy N(Ef) and the
variable range hopping distanee (Rvn„) as a function of VjO, mol %.

From figure 3.19 it can be seen that density of states at the Fermi energy shows a

gentle slope change near 23 mol % V^Os. whereas the hopping distanee decreases sharply
after this composition. These observations suggest that the tow temperature eleclricat

83

TH-1867_994401
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(3.16)

1 Composition (mol. %)
1  V2O5: SnO : Te02

Tr

(K)
N(Ef)

(m-^eV' xlO^^)
Rvrh
(nm)

Wd

(eV)
«Rvrh

18 : 20 : 62 229 1.4 4.2 0.02 1.73

20 : 20 : 60 233 2.8 3.2 0.03 1.95

1  23 : 20 : 57 258 4.4 2.9 0.02 1.75

0

0
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Figure 3.18: !n(oT*'^) versus T'"'* plots for xV2O5.20SnO.(80-x)TeO2 glasses.

(Lines are least-squares fit to T >Tr and T <Tr data).

Based on the assumption that Wo = Wj [153, 154, 155], the di.sordcr energy Wa

was calculated using equation (3.16). Mott parameters N(E|r) and Rvrii for the glasses are
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Table 3.6: Transition temperature Tr, density of states at Fermi energy N(Ef),

variable range hopping distance Rvrh and disorder energy W^.
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shown in table 3.6. Both N(Ef) and Rvrh vary as a function of V2O5 mol. %. Figure 3.19

simws the variation of N(E|.) and Rvrh with change in V2O5 mol %. While N(Ef)

increases with an increase in V2O5 mol %, Rvrh decreases as V2O5 mol % increases. The

increase in N(Ef) and decrease in Rvrh agrees with theoretical predictions [1, 67] and

behavior [72] of V2O5 based glasses. Further, for the occurrence of VRH conduction, the

requirement aRvaii >1 and Wd>kBT (eg. Wd>0.019 eV at 230 K) should be satisfied.

Evaluation of present data at 230 K gave oRvrh values ranging between 1.14 to 1.96 and

Wd values 0.02 eV and 0.03 eV, which showed that the above criteria are satisfied. Hence

the conduction mechanism in xV2O5.20SnO.(80-x)TeO2 glasses (mol%) in the low

temperature region is attributable to VRH.
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Figure 3.19: Variation of the density of states at Fermi energy N(Ef) and the
variable range hopping distance (Rvrh) as a function of V2O5 mol "/©.

From figure 3.19 it can be seen that density of states at the Fermi energy shows a

Bcnllo slope choogc „c„r 23 „,ol % V,0„ whereas the hopping disianeo decreases sharply
after this coniposilion. These obseivations suggest that the low temperature electrical
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conduction mechanism is sensitive to the majority charge carrier reversal phenomenon.

The signature of the MCCR is more pronounced in chalcogenide glasses such as Bi-Ge-

Se [156, 157] and Pb-Ge-Se(-Te) [87, 158, 159], which show large variations in

measured physical properties at compositions at which the carrier reversal occurs.

3.9. Summary

The salient features of the studies on xV2O5.20SnO.(80- x)Te02 ̂re summarized below.

I. The thermoelectric power measurements show the following features:

(i) Only glasses with x 18 and 20 mol % V2O5 showed p-typc conduction.

(ii) The TEP of all glasses exhibited weak temperature dependence.

(iii)The activation energy for thermo electric power, Es showed a subtle slope

changes close to the MCCR composition.

II. Density, microhardness and band gap measurements show the following features:

(i) Density decreased and molar volume increased with an increase in V2O5 content.

(ii) Microhardness decreased with increase in V2O5 content. A subtle slope change

observed in microhardness at around 23 mol % V2O5.

(iii)The band gap Eopi decreased as the V2O5 mol % increased.

III. DSC studies give the following results:

(i) Tg decreased with a decrease in Vo' (and V2O5 mol. %) indicating the

characteristics of a loosely packed structure.

(ii) Activation energy of glass transition showed that the glass-supercooled transition is

less hindered for glasses with higher V2O5 mol % .

84

5;
s>'!
*>.

5!
SI

S:

I
I

h;

(iii)Thc variation of the excess heat capacity at Tg of these glasses with composition

showed that the fragility of the glasses increased abruptly after the MCCR

composition. The p-type glasses showed the smallest ACp values.

IV. d.c. eleetrical eonduetivity measurement gave the following results:

(i) The conduction mechanism in the high temperature regime is attributed to adiabatic

SPH lor X = 50 mol % V2O5 glass composition and non adiabatic SPII for the rest.

(1) All the glas.ses showed a changeover from SPH to VRH at a characteristic

temperature when cooled below room temperature. SPH-VRH transition

temperature Tr exhibits a composition dependence with the maximum value at x =

23 mol % V2O5

(ii) Mott parameter N(E,:) increased and Rvr„ decreased as V2O5 mol "/o was increased.

N(Er) and Rvr„ showed subtle changes in their values close to the composition at

which the MCCR is observed in these glasses.
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(i) Only glasses with x = 18 and 20 mol % V2O5 showed p-type conduction.

(ii) The TEP of all glasses exhibited weak temperature dependence.

(iii)The activation energy for thermo electric power, showed a subtle slope

changes close to the MCCR composition.

II. Density, microhardness and band gap measurements show the following features;

(i) Density decreased and molar volume increased with an increase in V2O5 content.

(ii) Microhardness decreased with increase in V2O5 content. A subtle slope change

observed in microhardness at around 23 mol % V2O5.

(iii)The band gap Eopt decreased as the V2O5 mol % increased.

III. DSC studies give the following results;

(i) Tg decreased with a decrease in Vo* (and V2O5 mol. %) indicating the

characteristics of a loosely packed structure.

(ii) Activation energy of glass transition showed that the glass-supercooled transition is

less hindered for glasses with higher V2O5 mol % .
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(iii)Thc variation of the excess heat capacity at Tg of these glasses with composition

showed that the fragility of the glasses increased abruptly after the MCCR

composition. The p-type glasses showed the smallest ACp values.

IV. d.c. electrical conductivity measurement gave the following results;

(i) The conduction mechanism in the high temperature regime is attributed to adiabatic

SPH for X = 50 mol % V2O5 glass composition and non adiabatic SPII for the rest.

(1) All the glasses showed a ehangeover from SPH to VRH at a charaeteristic

temperature when cooled below room temperature. SPH-VRH transition

temperature Tr exhibits a composition dependence with the maximum value at x =

23 mol % V2O5

(ii) Mott parameter N(Ef) increased and Rvrm decreased as V2O5 mol % was increased.

N(Er) and Rvm, showed subtle changes in their values close to the composition at

which the MCCR is observed in these glasses.
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Chapter 4

Investigations on V205-Ca0-P205 glasses

4.1. Introduction

Of the p-type glasses studied in the previous chapter, 18V2O5.20SnO.62TeO2 glass

exhibited the highest Seebeck coefficient of +7 pV/K. Since this Q value is very low, it

was attempted to explore P2O5-V2O5 based glasses exhibiting p-type conduction. Regions

of glass formation in binary phosphate glasses showed that the maximum percentage of

the second oxide in this glass system such as K2O, Na20, Li20, BcO, MgO, CaO, SrO

BaO, Ag20, ZnO, CdO, PbO could be varied from 47 to 62 mol % [2, 160], It was noted

that homogeneous P205-Ca0 glasses could be prepared with a maximum of 56 mol %

CaO. Grechanik and Munakata [161] reported the glass-forming region in V205-Ca0-

P2O5 system. Kennedy and Mackenzie [7] reported the possibility of obtaining p-type

semiconductor glasses in the system V205-Ca0-P205. Previous investigations have

primarily concentration on the dependence of the electrical conductivity on the

concentration of transition metal oxide in these glasses. The electrical resistivity of V2O5-

Ca0-P205 glasses was studied [7] in the temperature range of 25 °C to 400 °C. The

resistivity of the glasses at 300 °C was determined to be 9 x 10"* ohm-cm. The influence

of ratio on the electrical conductivity of these glasses has been pointed. The

network former content had no effect on the Seebeck coefficient of these glasses. The

reported values of electrical resistivity of the V205-Ca0-P205 glasses ranged between 1.6

X 10'' ohm-cm and 2.3 x 10^ ohm-cm (shown in table 4.4 in terms of conductivity at 400

K). Apart from these, here arc no other reports on V205-CaO-p205 glasses.
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In this chapter, a systematic study of electrical and other physical properties of

V205-Ca0-P205 glasses has been undertaken.

4.2. Preparation

Glass samples of the system xV2O5.40CaO.(60-x)P2O5 with 10< x < 30 were prepared by

melt quenching technique. Appropriate amounts of high purity V2O5, CaCOj and P2O5

were weighed and mixed by continuously kneading for about 20 min. The well-mixed

oxide mixture was then transferred to an alumina crucible and melt at about 1100 °C in

an electric furnace. The melt was held at this temperature for about 3 hours before being

press quenched between two copper plates. Identical preparation conditions such as

furnace temperature and quenching procedure were followed while preparing the entire

series of glasses.

4.3. Characterisation

All the glass samples prepared were checked for amorphous nature by obtaining X-ray

powder diffraction (XRD) patterns. A typieal XRD pattern for a V205-Ca0-P205 glass is

shown in figure 4.1. The XRD pattern of the as quenched glass samples showed no sharp

peaks declaring the amorphous nature of the samples. As explained in the previous

chapter, the glassy nature of the samples was confinned from the observation of the glass

transition temperature (Tg). Differential scanning calorimeter (DSC) was used for

determining the Tg. DSC curves were recorded for all the samples. The DSC curves of

the as quenched samples showed a common feature of an endothermic base line shift

corresponding to the glass transition temperature (figure 4.6) between 400 K and 500 K

when heated at a constant heating rate of 10 °C.min"'. The data analysis and interpretation

for the DSC data will be discussed in the sub-chapter on DSC studies. Thermoelectric
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power (TEP) measurements were performed on all V205-Ca0-P205 glass samples in

order to identify the majority charge carrier type. The TEP data would be presented and

discussed in the following sub-chapter.

10 20 30 40 50 60 70 80 100

20

Figure 4.1 XRD pattern of a typical V205-Ca0-P205 glasses.

4.4. Thermoelectric power and vanadium ion concentration

Thermoelectric power (TEP) measurements were performed on the xV2O5.40CaO.(60-x)

P2O5 glasses with x = 10, 15, 20, 25, 30 mol % V2O5 using the experimental technique

already discussed. The TEP data is shown in table 4.1. Q values obtained for

xV2O5.40CaO.(60-x)P2O5 glasses from measurements showed that the compositions with

X = 10 mol % V2O5 and X = 15 mol % V2O5 showed Q > 0, indicating that these two

compositions are p-type semiconductors. The rest of the compositions, namely, x = 25

30 mol % V2O5 showed Q < 0 and hence they are n-type semiconductors. Q = 0 for x =

20 mol % V2O5 indicating that the majority charge carrier reversal (MCCR) occurred at x

= 20 mol % V2O5 in xV20s.40CaO.(60-x)P205 glasses. These Q values agreed with the

ones reported earlier [7, 162] wherever such a comparison was possible. Figure 4.2

shows the variation of Q with the V2O5 mol % in V205-Ca0-P205 glasses. As already
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order to identify the majority charge carrier type. The TEP data would be presented and

discussed in the following sub-chapter.
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4.4. Thermoelectric power and vanadium ion concentration

Thermoelectric power (TEP) measurements were performed on the xV2O5.40CaO.(60-x)

P2O5 glasses with x = 10, 15, 20, 25, 30 mol % V2O5 using the experimental technique

already discussed. The TEP data is shown in table 4.1. Q values obtained for

xV2O5.40CaO.(60-x)P2O5 glasses from measurements showed that the compositions with

X = 10 mol % V2O5 and X = 15 mol % V2O5 showed Q > 0, indicating that these two

compositions are p-type semiconductors. The rest of the compositions, namely, x = 25,

30 mol % V2O5 showed Q < 0 and hence they are n-type semiconductors. Q = 0 for x =

20 mol % V2O5 indicating that the majority charge carrier reversal (MCCR) occurred at x

= 20 mol % V2O5 in xV2O5.40CaO.(60-x)P2O5 glasses. These Q values agreed with the

ones reported earlier [7, 162] wherever such a comparison was possible. Figure 4.2

shows the variation of Q with the V2O5 mol % in V205-Ca0-P205 glasses. As already
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discussed, Q is related to the high and low vanadium ion concentration ratio (V^

{relation (1.32)}. The eoneentration of the vanadium ions was estimated for all the

glasses by iodometry method using the titration procedure outlined in chapter 2. Table

4.1 lists the estimated vanadium ion ratio for the xV2O5.40CaO.(60-x)P2O5 (10

< X < 30 ) glasses. Of these, x = 10 mol % V2O5 and x = 15 mol % V2O5 glass

compositions showed < 1. Since Q > 0 for these two glasses these are p-type

semieonductors. On the other hand, x = 25 mol % V2O5 and x = 30 V2O5 mol % glasses,

showed > 1. Sinee Q < 0 for these glasses, they exhibit n-type conduction. For

the X = 20 V2O5 mol % glass, = 1 and the corresponding Seebeck eoefficient was

Q = 0, indicating that the MCCR phenomenon occurred k x = 20 mol % V2O5

composition in xV2O5.40CaO.(60-x)P2O5 (10 < x < 30 ) glasses. Apart from predicting

the sign of Q, Q' (Q ealculated from relation 1.32) showed a good agreement with the

experimentally obtained Q values. This eonfirms the applieability of equation (1.32) to

xV2O5.40CaO.(60-x)P2O5 (10 < x < 30) glasses. The relevant data are tabulated in table

4.1 for comparison purpose. The high Q values obtained for the p and n-type glasses

shows that this glass system has promising device applications.

Table 4.1: Seebeck coefficient Q(measured), Q'(calculated), activation energy for

thermal conduction AEs and vanadium ion ratio of V205-Ca0-P205 glasses (values

given bracket are those reported by Kennedy et al (7])

Composition(mol %) Q , Q' AEs
V2O5: CaO : P2O5 (pVK-') Y4+ (pVK') (meV)

10 : 40 : 50 + 112 0.36 (0.3) +90 0.88

15:40:45 +40 0.70 (-) +31 0.77

20: 40:40 0 1.0(1.0) 0

25 : 40 : 35 -82 2.52 (-) -80 0.70

30 : 40 : 30 -103 2.79 (2.9) -88 0.61
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Figure 4.2: Variation of Q of xV205.40CaO.(60-x)F20s glasses (measured at

400K) with V2O5 mol%. The solid line is the least squares fit to the data.
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Figure 4.3: Q verses 1000/T for xV205.40CaO.(60-x)P20s (10 ^ x ^ 30)
glasses. Dotted lines are the least squares fit to the data.
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discussed, Q is related to the high and low vanadium ion concentration ratio

{relation (1.32)}. The concentration of the vanadium ions was estimated for all the

glasses by iodometry method using the titration procedure outlined in chapter 2. Table
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< X < 30 ) glasses. Of these, x = 10 mol % V2O5 and x = 15 mol % V2O5 glass

compositions showed < 1. Since Q > 0 for these two glasses these are p-typc

semiconductors. On the other hand, x = 25 mol % V2O5 and x = 30 V2O5 mol % glasses,

showed > 1. Since Q < 0 for these glasses, they exhibit n-typc conduction. For

the X = 20 V2O5 mol % glass, = 1 and the corresponding Seebeck coefficient was
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4.1 for comparison purpose. The high Q values obtained for the p and n-type glasses

shows that this glass system has promising device applications.
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given bracket are those reported by Kennedy et al (7j)
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Q versus 1000/T plots for various compositions of xV2O5.40CaO.(60-x)P2O5 (10 < x ̂

30) glasses are shown in figure 4.3. The dotted lines are the least squares fit to the data.

Figure 4.3 shows the weak dependence of Q on temperature. The variation of thermal

activation energy AEs (determined from the slope of figure 4.3) as a function of V2O5

mol % is shown in figure 4.4. The thermal activation energy AEs decreases as V2O5

content increases in the glass. The same interpretation given for V205-Sn0-Te02 glasses

is applicable for these glasses as well. It is predicted that the thermal conductivity of the

glasses increases as V2O5 content increases. AEs data shows a gentle variation across the

across the composition at which the MCCR is observed in V205-Ca0-P205 glasses.

0.90-

£ 0.75

^ 0.70-

0.60-
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Figure 4.4: Thermal activation energy AEs of xV2O5.40CaO.(60-x)P2O5 glasses.

I:! )

4.5. other physical properties

4.5.1. Density

Density of xV2O5.40CaO.(60- x)P205 glasses was measured utilizing the procedure

explained in the previous two chapters. From the density data, the molar volume of the

glasses was calculated using the relation (2.9) The gram molecular weight was calculated

from the relation,

M = X M(V205)+ 0.4 M(CaO) + (0.6-x) M(P205) (4.1)

where x is the mole fractions of V2O5, and M(V205), M(CaO) and M(P205) are the

molecular weights of the constituents. Density and molar volume data of the V205-Ca0-

P2O5 glasses are shown in table 4.2 (data reported earlier are given within parenthesis).

Table 4.2: Optical band gap, density, molar volume, and mlcrohardness of

xV2O5.40CaO.(60-x)P2O5 glasses.

Composition(mol. %)
V2O5: CaO : P2O5

Eopt
(eV)

Density(p)
(gm cm" )

Mol.Vol.

(cmVmol)
VHN

(kg mm"^)

0

0

0

3.46 2.76 (2.799) 40.43 336
15:40 :45 3.33 2.84 (--) 39.99 325
20 : 40 : 40 3.23 2.91 (2.963) 39.72 320

1  25 : 40 : 35 3.12 2.98 (—) 39.45 312^  ̂ 30 ; 40 :3 0 3.02 3.05 (3.052) 39.20 299
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Figure 4.5 shows the composition dependence of the density and the molar volume of

xV205.40CaO.(60-x)P20s glasses. The density of the glass increases and molar volume

decreases as V2O5 mol % content increases. When V2O5 mol. % increased, V2O5

molecules progressively replace P2O5 molecules. Since the molecular weight of V2O5

(181.876) is more than the molecular weight of P2O5 (141.939), one would expect the

overall density of the glass to increase. But, the molar volume decreases as V2OS mol %
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Q versus 1000/T plots for various compositions of xV2O5.40CaO.(60-x)P2O5 (10 < x <
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4.5. other physical properties

4.5.1. Density

Density of xV2O5.40CaO.(60- x)P205 glasses was measured utilizing the procedure

explained in the previous two chapters. From the density data, the molar volume of the

glasses was calculated using the relation (2.9) The gram molecular weight was calculated

from the relation,

M = X M(V205)+ 0.4 M(CaO) + (0.6-x) M(P205) (4.1)

where x is the mole fractions of V2O5, and M(V205), M(CaO) and M(P205) are the

molecular weights of the constituents. Density and molar volume data of the V205-Ca0-

P2O5 glasses are shown in table 4.2 (data reported earlier are given within parenthesis).

Table 4.2: Optical band gap, density, molar volume, and microhardness of

xV2O5'40CaO.(60-x)P2O5 glasses.

Composition(mol. %)
V2O5: CaO : PjOs

Eopt
(eV)

Density(p)
(gm cm" )

Mol.Vol.

(cmVmol)
VHN

(kg mm"^)

0
0*

0

0

3.46 2.76 (2.799) 40.43 336
15: 40 :45 3.33 2.84 (--) 39.99 325
20 : 40 : 40 3.23 2.91 (2.963) 39.72 320

[  25 : 40 : 35 3.12 2.98 (—) 39.45 312
30 : 40 :3 0 3.02 3.05 (3.052) 39.20 299

Figure 4.5 shows the composition dependence of the density and the molar volume of

xV2O5.40CaO.(60-x)P2O5 glasses. The density of the glass increases and molar volume

decreases as V2O5 mol % content increases. When VjOs mol. % increased, V2O5

molecules progressively replace P2O5 molecules. Since the molecular weight of V2O5

(181.876) is more than the molecular weight of P2O5 (141.939), one would expect the

overall density of the glass to increase. But, the molar volume decreases as V2O5 mol %
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content increases resulting in a shrinkage of the glassy network. Hence on the whole, the

density of the glass increases as V2O5 mol % content is increased.
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Figure 4.5: Composition dependence of the density and the moiar voiume of

xV2O5.40CaO.(60-x)P205 (10<x<30)glasses.

4.5.2. Optical band gap

The optical band gap of xV2O5.40CaO.(60- x)P205 glasses has been measured using the

procedure already discussed. The absorption data of the glasses was recorded in the

wavelength range of 190 nm to 800 nm. The optical band gap Eopt was estimated from the

(Phv)"^ versus (hv) plots. Table 4.2 lists the optical band gap Eopt for xV2O5.40CaO.(60-

x)P205 (x = 10, 15, 20, 25, 30) glasses. The variation of the optical band gap with the

V2O5 mol % for V205-Ca0-P205 glasses is shown in figure 4.6. The optical band gap

decreases as the V2O5 mol % is increased in these glasses. Muncaster et al [163, 164]

have studied the electron paramagnetic resonance (EPR) spectra of V2O5-P2O5 glasses

and reported a decrease in the covalency of V-O bond with an increase in V2O5 mol %.

93

The decrease in the covalency is associated with an increase in the number of non-

bridging oxygens [18] in the glass. The presence of more non-bridging oxygens reduces

the average chemical bond strength of the glass. As a result, the absorption edge shifts

towards the higher wavelength region. This explains the decrease in the optical band gap

of xV2O5.40CaO.(60- x)P205 glasses with the increase in V2O5 mol %.
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Figure 4.6: Coiiiposition dependence of optical band gap of V205-Ca0-P205 glasses.

4.5.3. MIcrohardness

Measurements of microhardness were performed on V205-Ca0-P205 glasses with a 100 g

load (and 15 seconds loading time). The VHN values are shown in table 4.2. Figure 4.7

shows the variation of hardness value with V2O5 mol % content in xV2O5.40CaO.(60-

x)P205 glasses with x = 10, 15, 20, 25, 30 glasses. It has already been pointed out that the

number of non-bridging oxygens in these glass is expected to increase with an increase in

V2O5 mol %. This reduces the elastic moduli which leads to a decrease in the

microhardness of the glass {equation (1.42)}. Hardness of the glass can also be correlated
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content increases resulting in a shrinkage of the glassy network. Hence on the whole, the

density of the glass increases as V2O5 mol % content is increased.
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4.5.2. Optical band gap

The optical band gap of xV2O5.40CaO.(60- x)P205 glasses has been measured using the

procedure already discussed. The absorption data of the glasses was recorded in the

wavelength range of 190 nm to 800 nm. The optical band gap Eopt was estimated from the

(Phv)''^ versus (hv) plots. Table 4.2 lists the optical band gap Eopt for xV2O5.40CaO.(60-
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V2O5 rnol % for V205-Ca0-P205 glasses is shown in figure 4.6. The optical band gap

decreases as the V2O5 mol % is increased in these glasses. Muncaster et al [163, 164]

have studied the electron paramagnetic resonance (EPR) spectra of V2O5-P2O5 glasses

and reported a decrease in the covalency of V-0 bond with an increase in V2O5 mol %.
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the average chemical bond strength of the glass. As a result, the absorption edge shifts

towards the higher wavelength region. This explains the decrease in the optical band gap
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Figure 4.6: Composition dependence of optical band gap of V205-Ca0-P205 glasses.

4.5.3. MIcrohardness

Measurements of microhardness were performed on V205-Ca0-P205 glasses with a 100 g
load (and 15 seconds loading time). The VHN values are shown in table 4.2. Figure 4.7
shows the variation of hardness value with V2O5 mol % content in xV2O5.40CaO.(60
x)P205 glasses with x = 10, 15,20, 25, 30 glasses. It has already been pointed out that the
number of non-bridging oxygens in these glass is expected to increase with an increase m

V2O5 mol %. This reduces the elastic moduli which leads to a decrease in the
microhardness of the glass {equation (1.42)}. Hardness of the glass can also be correlated
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with the softening point of the glass [107]. Since Tg decreases with increasing V2O5

content (table 4.3), the microhardness is expected to decrease with increase in V2O5

content in this glass system.

340

300-

VjOj mol %

Figure 4.7: Composition dependence of VHN of xV2Os.40CaO.(60- x)P205 glasses.

4.6. DSC studies

DSC studies were performed on xV2O5.40CaO.(60-x)P2O5 glasses with x = 10, 15, 20,

25, 30. Figure 4.8 shows a typical set of DSC curves obtained for V205-Ca0-P205 glass

under a constant heating rate of 20 °C.min''. Tg varied between 429 K to 469 K for the

glasses studied. The crystallization exotherms were broad and weak as shown by the

thermograms. The Tg and ACp (heat capacity jump at Tg) are shown in table 4.2 for a

typical heating rate 10 °C/min. The molar volume of oxygen ion in xV2O5.40CaO.(60-

x)P205 glasses was also calculated (table 4.2) using the empirical relation.

y • _ [M(V^05) -16CV ]x + M(P^03 )y + M(CaO)z
°  p[(5 - Cy )x + 5y + z]

(4.2)

where p is the density of the glass composition, Cv = / Vtotai, x, y, z and M(V205),

M(P205), M(CaO) are the molar fraction and molecular weight of V2O5, P2O5 and CaO

respectively. The calculated Vp* values of the glasses are shown in table 4.2. Vp*

decreases from 12.02 cm^mol"' to 11.68 cm^mof' as V2O5 mol. % is increased from 10 to

30 mol. %. The increase in Tg with an increase in the value of Vp* (figure 4.9) indicates

that the glass structure turns more loosely packed with an increase in P2O5 mol. % in

V205-Ca0-P205 glass system.

Table 4.3: Calorimetric Cv and Vp* dataof V205-Ca0-P205 glasses.

Composition
(mol. %)

V2O5: CaO : P2O5

Tg
(K)

ACp
(Jg'deg')

Et
(KJ/mol)

Ek
(KJ/mol)

Cv V** 0
(cm'.mol')

10 : 40 : 50 467 0.85 153 145 0.74 12.02

15:40:45 451 0.06 134 126 0.58 11.92

N)
0

0

0

447 0.03 128 121 0.49 11.86

25 : 40 : 35 437 0.04 111 104 0.28 11.74

30 : 40 :3 0 429 0.26 105 97 0.26 11.68

x-20

x-23

x=30

100 150 260 250 300 350 400 450
Temperature (°C) ^

Figure 4,8: DSC curves of xV2O5.40CaO,(60-x)P2O5 glasses recorded at

9= 20 °C.niin'',
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with the softening point of the glass [107]. Since Tg decreases with increasing V2O5

content (table 4.3), the microhardness is expected to decrease with increase in V2O5

content in this glass system.

340

330-

300-

VjOj mol %

Figure 4.7; Composition dependence of VHN of xV2O5.40CaO.(60- x)P205 glasses.

4.6. DSC studies

DSC studies were performed on xV2O5.40CaO.(60-x)p2O5 glasses with x = 10, 15, 20,

25, 30. Figure 4.8 shows a typical set of DSC curves obtained for V205-Ca0-P205 glass

under a constant heating rate of 20 °C.min''. Tg varied between 429 K to 469 K for the

glasses studied. The crystallization exotherms were broad and weak as shown by the

thermograms. The Tg and ACp (heat capacity jump at Tg) are shown in table 4.2 for a

typical heating rate 10 C/min. The molar volume of oxygen ion in xV2O5.40CaO.(60-

x)P205 glasses was also calculated (table 4.2) using the empirical relation.

y • _ [M(V2OS) -16Cv ]x -f M(P;0, )y + M(CaO)z
p[(5 - Cy )x-I-5y + z]

(4.2)

where p is the density of the glass composition, Cv = V^/ Viotai, x, y, z and M(V205),

M(P205), M(CaO) are the molar fraction and molecular weight of V2O5, P2O5 and CaO

respectively. The calculated Vq* values of the glasses are shown in table 4.2. Vo

decreases from 12.02 cm^mol ' to 11.68 cm^mol ' as V2O5 mol. % is increased from 10 to

30 mol. %. The increase in Tg with an increase in the value of Vo (figure 4.9) indicates

that the glass structure turns more loosely packed with an increase in P2O5 mol. % m

V205-Ca0-P205 glass system.

Table 4.3: Calorlmetric Cv and Vq* dataof V205-Ca0-P205 glasses.

Composition
(mol. %)

V2O5: CaO : P2O5

Tg
(K)

ACp
(Jg'deg"')

Et
(KJ/mol)

Ek
(KJ/mol)

Cv v„'
(cm'.mol')

0

0

0

467 0.85 153 145 0.74 12.02

15:40:45 451 0.06 134 126 0.58 11.92

20 : 40 : 40 447 0.03 128 121 0.49 11.86

25 : 40 : 35 437 0.04 111 104 0.28 11.74

30 : 40 :3 0 429 0.26 105 97 0.26 11.68

*=20

100 150 200 250 300 350 400 450
Temperature (°C) ^

Figure 4.8: DSC curves of xV2O5.40CaO.(60-x)P2O5 glasses recorded at

(p= 20 °C.niin ̂

95 >
I

96
TH-1867_994401



11.8-

Ei 11.6-

11.4-

VjOg mol %

Figure 4.9: Variation of the molar volume of oxygen ion and glass transition

temperature of xV2O5.40CaO.(60- x)P205 glasses as a function of V2O5 mol %.

Kissinger's and Thakor's methods were used for estimating the activation energy for

glass transition (since Tg is the only prominent reaction temperature exhibited by all these

glasses). Tg for different heating rates (cp) were used to obtain ln(cp/Tg^) versus 1000/Tg

(Kissinger's) plots (equation 2.1) and ln((p) versus 1000/Tg (Thakor's) plots (equation

2.3). The Kissinger's plots obtained for these glasses arc shown in figure 4.10 and the

Thakor's plots in figure 4.11. Ek and Ej data are tabulated in table 4.3. It can be seen that

Et > Ek for all the glasses as expected. The composition dependence of the activation

energy for glass transition is shown in figure 4.12. Figure 4.12 shows that the activation

energies Ek and Et decrease linearly with increasing V2O5 mol %, indicating that the

glass-supercooled liquid transition is less hindered in glasses with higher V2O5 content.
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FigUlG 4.1(1; Kissinger's plots for xV2O5.40CaO.(60- x)P205 glasses.
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Figure 4.11: Thakor's plots for xV2O5.40CaO.(60- x)P205 glasses.
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Figure 4.9: Variation of the molar volume of oxygen Ion and glass transition
temperature of xV2O5.40CaO.(60- x)P205 glasses as a function of V2O5 mol %.

Kissinger's and Thakor's methods were used for estimating the activation energy for

glass transition (since Tg is the only prominent reaction temperature exhibited by all these

glasses). Tg for different heating rates ((p) were used to obtain ln((p/Tg^) versus 1000/Tg
(Kissinger's) plots (equation 2.1) and ln(<p) versus 1000/Tg (Thakor's) plots (equation

2.3)- The Kissinger's plots obtained for these glasses are shown in figure 4.10 and the
Thakor's plots in figure 4.11. Ek and Ej data are tabulated in table 4.3. It can be seen that

> Ek fo'' glasses as expected. The composition dependence of the activation

energy ft"" g'^ss transition is shown in figure 4.12. Figure 4.12 shows that the activation

energies Ek ^nd Ej decrease linearly with increasing V2O5 mol %, indicating that the
glass-supercooled liquid transition is less hindered in glasses with higher V2O5 content.
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Figure 4.10: Kissinger's plots for xV2O5.40CaO.(60- x)P205 glasses.
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Figure 4.11: Thakor's plots for xV2O5.40CaO.(60- x)P205 glasses.
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Figure 4.12: Activation energy of glass transition based on Kissinger's and
Thakor's method for various compositions of V205-Ca0-P205 glasses (Dotted lines
shown merely connect adjacent data points).
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Figure 4.13: Excess heat capacity at glass transition of V205-Ca0-P205
glasses. Dotted line shown merely connects adjacent data points.
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The heat capacity jump (ACp) at Tg for V205-Ca0-P205 glasses (shown in figure

4.13) shows an interesting composition dependence AH the glasses showed a small heat

capacity jump, which is typical of "strong" glasses [21], It has been pointed out by

Tatsumisago et al [165] that such "smearing out of heat capacity jump" (which gives an

impression that crystallization has occurred), has been observed in Ge-As-Se glasses. Our

investigations showed that these glasses have a general inhibition to crystallization and

hence this small ACp should be inferred as a signature of a strong glass. One can still see

from table 4.3 that the glass with x = 20 mol % V2O5 shows the lowest ACp value

indicating that the fragility is minimum for the glass with x = 20 mol % V2O5.

4.7. d.c. electrical conductivity

The d.c. elecrical resistivity data of xV,O5.40CaO.(60. x)P,0, glasses was colleeted
from 150 K to 480 K. The plot of In(aT) versus T' for all the glasses of this system
covering a temperature range of 150 K to 480 K is shown in figure 4.14. Figure 4.14
shows that the plots deviate from linearity as the temperature is lowered, showing that the
conduction mechanism in V.Os-CaO-P^O, glasses deviates from the SPH mechanism.
Conduction mechanism in high and low temperature regime will be discussed separately
in the light of the Mott-Austin model for V205-Ca0-P205 glasses.
Conduction in the high temperature (SPH) region

Mott-Austin proposed the variation of conductivity with temperature for small polaron
hopping (SPH) mechanism in the high temperature region as

w

aT=a, e (4.3)
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Figure 4.12: Activation energy of glass transition based on Kissinger's and

Thakor's method for various compositions of V205-Ca0-P20s glasses (Dotted lines

shown merely connect adjacent data points).
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The heat capacity jump (ACp) at Tg for V205-Ca0-P205 glasses (shown in figure

4.13) shows an interesting composition dependence All the glasses showed a small heat

capacity jump, which is typical of "strong" glasses [21], It has been pointed out by

Tatsumisago et al [165] that such "smearing out of heat capacity jump" (which gives an

impression that ciystallization has occurred), has been observed in Ge-As-Se glasses. Our

investigations showed that these glasses have a general inhibition to crystallization and

hence this small ACp should be inferred as a signature of a strong glass. One can still see

from table 4.3 that the glass with x = 20 mol % V2O5 shows the lowest ACp value

indicating that the fragility is minimum for the glass with x = 20 mol % V2O5.

4.7. d.c. electrical conductivity

The d.c. electrical resistivity data of xV,O5.40CaO.{60- xjP.O, glasses was collected
froth 150 K to 480 K. The plot of In(oT) versus T' for all the glasses of this system
covering a temperature range of 150 K to 480 K is showtt in figure 4.14. Figure 4.14
shows that the plots devtate from linearity as the temperature is lowered, showing that the
conduction mechantsm in ViOs-CaO-PiO, glasses deviates from the SPH mechanism
Conduction mechanism in high and low temperature regime will be discussed separately
in the light of the Mott-Austin model for VzOs-CaO-PjOs glasses.
Conduction in the high temperature (SPH) region

Mott-Austin proposed the variation of conductivity with temperature for small polaron
hopping (SPH) mechanism in the high temperature region as

W

aT=o,e (4.3)
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where, W is the activation energy for conduction, T is the absolute temperature and ko is

the Boltzmann constant. The density of transition metal ions (N) in V205-Ca0-P205

glasses increases and distance between the metal ions (R) decreases as V2O5 mol %

content is increased.

2

1

0

-1

E -3^
CO

h- -4
b

£ -5

-6-

-7

-8

xV,O.40CaO(60-x)P,O,

wmtK)

,30

20

!1510
.  ■>—I—■—I—■—I—■—I—■—.

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

lOOOfT(K')

Figure 4.14: In(aT) versus 1000/T plots for xV2O5.40CaO.(60- x)P205
(10x30) glasses. Inset shows a typical fit of the data to relation (4.3) (Only
one out of ten data points has been plotted in order to improve the clarity of
the figure).

Table 4.4; Density of metal ion sites N, average ion spacing R, conductivity o (at
400K)« poiaron bandwidth j, the parameter O.

Composition
(mol. %)

V,Os: CaO : P2OS
"*70740:50

N

(xlO"m'^)
R

(xlO''°m)
a (at 400K)

(xlO-^fi 'm ")
j

(eV)
(10-^)

0)

(eV)

3.0 6.9 4.3 34.2 0.03
15: 40:45 4.5 6.0 4.4 25.3 0.03

0

0

6.1 5.5 4.5 6.0 0.03
r  25 : 40 : 35 7.6 5.1 5.5 2.1 0.03

30T4O :3 0 9.2 4.8 6.0 1.8 0.03

The parameter W was calculated from the slope of the least squares fi t to In(aT) versus

1000/T plots (table 4.4). As discussed in the first chapter, SPH conduction mechanism

can be either adiabatic SPH mechanism or non-adiabatic SPH mechanism, based on the

value of poiaron band width (j). The calculated values of j and <I) are shown in table 4.4.

For V205-Ca0-P205 glasses, j value ranged from 3.4 x 10 '' eV to 1.8 x 10 '* eV and <I>

value was approximately 0.03 eV. So for all the glasses, j < d). Hence, the conduction is

attributed to non-adiabatic small poiaron hopping.

Using j value, the non-adiabatic mobility for xV2O5.40CaO.(60- x)P205 glasses

was calculated (table 4.5) using the relation (1.18). The non-adiabatic mobility ranged

between 2.7 x 10"'^ m^V"' sec"' and 2.6 x 10"'^ m^V'see"' for these glasses. Carrier

concentration Nc was calculated using non-adiabatic mobility. Figure 4.15 shows the

relation between the average vanadium ion distance R and activation energy for

conduction W for the V205-Ca0-P205 glasses. An increase in W with an increase in R (as

shown in figure 4.15) is the general behavior expected as per theoretical predictions [151,

152].

Table 4.5: Activation energy for conduction W, non-adiabatic mobility p, charge
carrier concentration Nc for xV2O5.40CaO.(60- x)P205 glasses showing non-
adiabatic SPH conduction.

"Comp^ition (mol. %)
V^Os: CaO : P2O5

W
(eV)

R
(xlO'^m) (xlO"'^ mV'.ser.-') Nc 1

(xlO^'^ m"^)
10:40:50 0.31 6.9 27.4 1.0
15:40:45 0.30 6.0 16.0 1.7
20 : 40 : 40 0.23 5.5 5.7 4.9
25 : 40 : 35 0.18 5.1 3.1 11.1
30 : 40 :3 0 0.17 4.8 2.6 14.5 1
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where, W is the activation energy for conduction, T is the absolute temperature and ko is

the Boltzmann constant. The density of transition metal ions (N) in V205-Ca0-P205

glasses increases and distance between the metal ions (R) decreases as V2O5 mol %

content is increased.
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Figure 4.14; !n(aT) versus 1000/T plots for xV2O5.40CaO.(60- x)P205

(10x30) glasses. Inset shows a typical fit of the data to relation (4.3) (Only

one out of ten data points has been plotted in order to improve the clarity of

the figure).

Table 4.4: Density of metal ion sites N, average ion spacing R, conductivity a (at

400K), polaron bandwidth j, the parameter a>.

Composition
(mol. %)

V2O5: CaO : P2O5

N

(xlO^V)
R

(xl0"'°m)
a (at 400K1

(xlO"^a 'm"') (eVt

(100

0

(eV)

10:40:50 3.0 6.9 4.3 34.2 0.03

15:40:45 4.5 6.0 4.4 25.3 0.03

20 : 40 : 40 6.1 5.5 4.5 6.0 0.03
25 : 40 : 35 7.6 5.1 5.5 2.1 0.03

1  30 : 40 :3 0 9.2 4.8 6.0 1.8 0.03

101

11

The parameter W was calculated from the slope of the least squares fit to In(aT) versus

1000/T plots (table 4.4). As discussed in the first chapter, SPH conduction mechanism

can be either adiabatic SPH mechanism or non-adiabatic SPH mechanism, based on the

value of polaron band width (j). The calculated values of j and <5 are shown in table 4.4.

For V205-Ca0-P205 glasses, j value ranged from 3.4 x lO '* eV to 1.8 x 10 '* eV and O

value was approximately 0.03 eV. So for all the glasses, j < <D. Hence, the conduction is

attributed to non-adiabatic small polaron hopping.

Using j value, the non-adiabatic mobility for xV2O5.40CaO.(60- x)P205 glasses

was calculated (table 4.5) using the relation (1.18). The non-adiabatic mobility ranged

between 2.7 x 10"'^ m^V' sec"' and 2.6 x 10"'^ m^V'sec"' for these glasses. Carrier

concentration Nc was calculated using non-adiabatic mobility. Figure 4.15 shows the

relation between the average vanadium ion distance R and activation energy for

conduction W for the V205-Ca0-P205 glasses. An increase in W with an increase in R (as

shown in figure 4.15) is the general behavior expected as per theoretical predictions [151,

152].

Table 4.5: Activation energy for conduction W, non-adiabatic mobility p, charge
carrier concentration Nc for xV2O5.40CaO.(60- x)P205 glasses showing non-
adiabatic SPH conduction.

^ Composition (mol. %)
V-)Os: CaO : P2O5

W

(eV)

0

B

p

(xlO"'^ mVsec 'l
Nc 1

(xlO^^m"^)

0

0

0

0.31 6.9 27.4
—^ y

1.0 1
15:40:45 0.30 6.0 16.0 1.7

0

0

0

0.23 5.5 5.7 4.9
25 : 40 : 35 0.18 5.1 3.1 11.1

30 : 40 :3 0 0.17 4.8 2.6 14.5
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Figure 4.15: Effect of mean vanadium ion spacing R on activation energy W for

conduction at 473 K of ViOs-CaO-PzOs glasses exhibiting non-adiabatic SPH.

Conductivity in the iow temperature region

Mott-Austin model proposed that variable range hopping (VRH) mechanism dominates at

low temperatures. A linear plot of ln(aT"^) versus T""'' signifies the occurrence of VRH

conduction {equation(1.20)}. Figure 4.16 shows the ln(oT"^) versus plots for

xV2O5.40CaO.(60- x)P205 glasses with x = 10, 15, 20, 25 and 30 mol % V2O5

respectively. The linearity observed in the plots in low temperature region confirms that

VRH conduction mechanism is dominant at these temperatures. Hence, the conductivity

data in low temperature region was analyzed in the light of the Mott-Austin VRH

mechanism. The slope change in the plots shown in figure 4.16 has been interpreted [73,

78] to be the signature of to the conduction change from SPH to VRH. All V205-Ca0-

P2O5 glasses exhibited a cross-over from SPH to VRH conduction mechanism when the

temperature was lowered.

"; <

The parameters a and N(Ef) were calculated from the slope and intercept values obtained

from the linear fit to the low temperature (T < Tr) data using relations (1.21) and (1.22).

From the calculated values of a and N(Ef), the hopping distance Rvrh in VRH regime

and hopping energy Wo were obtained using the relations (1.23) and (1.24),

As explained in chapter 1, at low temperatures the polaron binding energy becomes lower

than the Wd, and hence it is assumed that Based on the assumption that Wq = Wa, the

disorder energy Wd was calculated using equation (1.24). Mott parameters N(Ef) and

Rvrh for the glasses are shown in the table 4.5.
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Figure 4.16: In(<iT"^) versus T '" plots for xV2O5.40CaO.(60-x)P2O5 glasses
(Several data points have been skipped in order to improve clarity of the plots.
Solid lines are least squares fit to T > Tr and T < Tr data).
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Figure 4.15: Effect of mean vanadium ion spacing R on activation energy W for

conduction at 473 K of ViOs-CaO-PiOs glasses exhibiting non-adiabatic SPH.

Conductivity in the low temperature region

Mott-Austin model proposed that variable range hopping (VRH) mechanism dominates at

low temperatures. A linear plot of ln(aT"^) versus T '^'' signifies the occurrence of VRH

conduction {equation(1.20)}. Figure 4.16 shows the ln(aT"^) versus plots for

xV2O5.40CaO.(60- x)P205 glasses with x = 10, 15, 20, 25 and 30 mol % V2O5

respectively. The linearity observed in the plots in low temperature region confirms that

VRH conduction mechanism is dominant at these temperatures. Hence, the conductivity

data in low temperature region was analyzed in the light of the Mott-Austin VRH

mechanism. The slope change in the plots shown in figure 4.16 has been interpreted [73,

78] to be the signature of to the conduction change from SPH to VRH. All V205-Ca0-

P2O5 glasses exhibited a cross-over from SPH to VRH conduction mechanism when the

temperature was lowered.
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The parameters a and N(Ef) were calculated from the slope and intercept values obtained

from the linear fit to the low temperature (T < Tr) data using relations (1.21) and (1.22).

From the calculated values of a and N(Ef), the hopping distance Rvrh in VRH regime

and hopping energy Wo were obtained using the relations (1.23) and (1.24),

As explained in chapter 1, at low temperatures the polaron binding energy becomes lower

than the Wa, and hence it is assumed that Based on the assumption that Wo = Wa, the

disorder energy Wa was calculated using equation (1.24). Mott parameters N(Ef) and

Rvrh for the glasses are shown in the table 4.5.
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Figure 4.16: ln(oT"^) versus T"" plots for xV205.40CaO.(60-x)P20s glasses
(Several data points have been skipped in order to improve clarity of the plots.

Solid lines are least squares fit to T > Tr and T < Tr data).
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Table 4.6: Density of states at Fermi energy N(Ef), variable range hopping distance

Rvrh and disorder energy Wa.

Composition (mol %)
V2O5: CaO : P2O5

N(Ef)
(xlO^^ mW')

Rvrh
(xlO'm)

Wd

(eV)
oRvrii

10:40:50 1.7 3.84 0.03 1.86

15:40:45 2.1 3.76 0.03 1.64

20 : 40 : 40 2.4 3.66 0.03 1.51

25 : 40 : 35 3.5 3.46 0.02 1.22

1  30 : 40 :3 0 3.9 3.41 0.02 1.16
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Figure 4.17: Variation of density of states at Fermi energy N(Ef) and the variable
range hopping distance (Rvrh) as a function of V2O5 mol %.

Both N(Ef) and Rvrh vary as a function of V2O5 mol. %. Figure 4.17 shows the

variation of N(Ef) and Rvrh with change in V2O5 mol %. While N(Ef) increases with an

increase in V2O5 mol %, Rvrh decreases as V2O5 mol % increases. The increase in N(Ef)

and decrease in Rvrh follow the pattern expected from theoretical predictions [ 1, 67] and

agrees with reported behavior [72] of V2O5 based glasses. The requirements qRvrh >1

and Wd > IcbT (eg. Wj > 0.019 eV at 230 K) for occurrence of VRH mechanism are also

satisfied. Evaluation of present data at 230 K gave oRvrh values ranging between 1.15

iif

1 ! '

and 1.86 and Wj values 0.02 eV to 0.03 eV. Hence the conduction mechanism in V2O5-

Ca0-P20s glasses in the low temperature region is attributable to VRH. From figure

4.17, it is obvious that there is a subtle variation in N(Ef) and Rvrh near the composition

(x = 20 mol %) at which the MCCR occurs. These observations suggest that the low

temperature electrical conduction mechanism is sensitive to the majority charge carrier

reversal phenomenon.

4.8. Summary

I. The thermo electric power measurements on the various compositions of glasses of the

V205-Ca0-P205 glass system show the following features:

(i) Glasses with x = 10 and 15 mol. % V2O5 showed p-type semiconductor and glasses

with X = 25 and 30 mol % V2O5 showed n-type semiconductor behaviour. MCCR

occurred at the glass with x = 20 mol. % V2O5.

(ii) All glasses exhibited weak Q dependence on temperature.

(iii) The activation energy for thermoelectric power showed a slope change near x = 20.

II. Density, microhardness and band gap measurements showed the following features:
(i) Density increased and molar volume decreased as V2O5 content was increased.

(ii) Vicker's microhardness decreases as V2O5 content increased.

(iii) The band gap Eopt decreased as the V2O5 mol % was increased.
Ill DSC studies gave the following results:

(i) Tg increased with an increase in P2O5 mol. % (decrease in V2O5 mol. %) indicating

the characteristics of a loosely packed structure.

(ii) The composition dependence of the activation energy of glass transition showed the

glass-supcrcoolcd transition is less hindered for higher V2O5 mol% .
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Figure 4.17: Variation of density of states at Fermi energy N(Ef) and the variable

range hopping distance (Rvrh) as a function of V2O5 mol %.

Both N(Ef) and Rvrh vary as a function of V2O5 mol. %. Figure 4.17 shows the

variation of N(Ef) and Rvrh with change in V2O5 mol %. While N(Ef) increases with an

increase in V2O5 mol %, Rvrh decreases as V2O5 mol % increases. The increase in N(Ef)

and decrease in Rvrh follow the pattern expected from theoretical predictions [1, 67] and

agrees with reported behavior [72] of V2O5 based glasses. The requirements oRvrh >l

and Wd ̂  '^bT (eg. Wd > 0.019 eV at 230 K) for occurrence of VRH mechanism are also

satisfied. Evaluation of present data at 230 K gave oRvrh values ranging between I.15
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and 1.86 and Wd values 0.02 eV to 0.03 eV. Hence the conduction mechanism in V2O5-

Ca0-P205 glasses in the low temperature region is attributable to VRH. From figure

4.17, it is obvious that there is a subtle variation in N(Ef) and Rvrh near the composition

(x = 20 mol %) at which the MCCR occurs. These observations suggest that the low

temperature electrical conduction mechanism is sensitive to the majority charge carrier

reversal phenomenon.

4.8. Summary

I. The thermo electric power measurements on the various compositions of glasses of the

V205-Ca0-P20s glass system show the following features:

(i) Glasses with x = 10 and 15 mol. % V2O5 showed p-type semiconductor and glasses

with X = 25 and 30 mol % V2OS showed n-type semiconductor behaviour. MCCR

occurred at the glass with x = 20 mol. % V2OS.

(ii) All glasses exhibited weak Q dependence on temperature.

(iii) The activation energy for thermoelectric power showed a slope change near x = 20.

II. Density, microhardness and band gap measurements showed the following features:

(i) Density increased and molar volume decreased as V2O5 content was increased.

(ii) Vickcr's microhardness decreases as V2O5 content increased.

(iii) The band gap Eopt decreased as the V2O5 mol was increased.

HI. DSC studies gave the following results:

(i) Tg increased with an increase in P2O5 mol. % (decrease in V2O5 mol. %) indicating

the characteristics of a loosely packed structure.

(ii) The composition dependence of the activation energy of glass transition showed the

glass-supercooled transition is less hindered for higher V2O5 mol% .
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(iii)The excess heat capacity ACpat Tg of all the glasses was small. Of these, the glass

with 20 mol % V2O5 showed the minimum ACp value.

IV. d.c. electrical conductivity measurements gave the following results:

(i) The conduction mechanism in the high temperature region is attributed to non

adiabatic SPH in xV2O5.40CaO.(60-x)P2O5 (10 < x < 30) glasses. All the glasses

showed a changeover from SPH to VRH at a characteristic temperature when

cooled below room temperature.

(ii) The Mott paramters N(Ef) increased and Rvrh decreased as V2O5 content was

increased. N(Ef) and Rvrh showed subtle changes in their values to the composition

with X = 20 mol % V2O5 at which the majority charge carrier reversal occurs in

xV2O5.40CaO.(60-x)P2O5 glasses.

Chapter 5
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Investigations on V205-Ca0-B203 glasses

5.1. Introduction

In this chapter the possibility of obtaining glasses with positive Seebeck coefficient in

vanadium borate based glasses would be explored. V2O5-B2O3 glasses are known to be

amorphous semiconductors [9]. Since glass formation is difficult in the binary V2O5-B2O3

glass system, a third component (eg., CaO) is added to improve the glass formation [7].

The Seebeck coefficient Q is negative and the vanadium ion ratio, > 1, for V2O5-

CaO-B203 glasses. It is evident from the results of chapter 3 and 4 that glasses with

Y5+/y4+ < j vvould certainly be p-type semiconductors. It has already been commented

that preparing vanadate glasses under reducing conditions may help in obtaining p-type

glasses. Kennedy et al [7] showed that it is possible to obtain p-type glasses in V2O5-

Ca0-B203 system if 0.2% abietic acid (C20H30O2) is added. They demonstrated that

addition of small amounts of abietic acid can reduce the vanadium ion ratio to

less than unity in this glass system. This study provided a means of obtaining p-type

semiconductors in the otherwise n-type glass system. Kennedy et al explored the glass

forming region (GFR) for V205-Ca0-B203 glass (shown in figure 5.1). They studied the

electrical resistivity of these glasses between 25 "C and 400 "C and its relation with

ratio [7]. They proposed the empirical relation (1.32) between ratio and

the Seebeck coefficient of these glasses. They concluded that the Seebeck coefficient of

these glasses is dependent only on carrier and site concentrations. In literature, there are

no reports of any systematic study on V205-Ca0-B203 glasses. The xV2O5.40CaO.(60-

x)B203 (10 < X < 30) series of glasses was chosen for the current study.
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(iii)The excess heat capacity ACp at Tg of all the glasses was small. Of these, the glass

with 20 mol % V2O5 showed the minimum ACp value.

IV. d.c. electrical conductivity measurements gave the following results:

(i) The conduction mechanism in the high temperature region is attributed to non

adiabatic SPH iri xV2O5.40CaO.(60-x)P2O5 (10 < x < 30) glasses. All the glasses

showed a changeover from SPH to VRH at a characteristic temperature when

cooled below room temperature.

(ii) The Mott paramters N(Ef) increased and Rvrh decreased as V2O5 content was

increased. N(Ef) and Rvrh showed subtle changes in their values to the composition

with X = 20 mol % V2O5 at which the majority charge carrier reversal occurs in

xV2O5.40CaO.(60-x)P2O5 glasses.
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Chapter 5

Investigations on V205-Ca0-B203 glasses

5.1. Introduction

In this chapter the possibility of obtaining glasses with positive Seebeck coefficient in

vanadium borate based glasses would be explored. V2O5-B2O3 glasses are known to be

amorphous semiconductors [9]. Since glass formation is difficult in the binary V2O5-B2O3

glass system, a third component (eg., CaO) is added to improve the glass formation [7].

The Seebeck coefficient Q is negative and the vanadium ion ratio, > 1, for V2O5-

Ca0-B203 glasses. It is evident from the results of chapter 3 and 4 that glasses with

yS+zv'*^ < 1 would certainly be p-type semiconductors. It has already been commented

that preparing vanadate glasses under reducing conditions may help in obtaining p-type

glasses. Kennedy et al [7] showed that it is possible to obtain p-type glasses in V2O5-

Ca0-B203 system if 0.2% abietic acid (C20H30O2) is added. They demonstrated that

addition of small amounts of abietic acid can reduce the vanadium ion ratio to

less than unity in this glass system. This study provided a means of obtaining p-type

semiconductors in the otherwise n-type glass system. Kennedy et al explored the glass

forming region (GFR) for V20s-Ca0-B203 glass (shown in figure 5.1). They studied the

electrical resistivity of these glasses between 25 °C and 400 °C and its relation with

ratio [7]. They proposed the empirical relation (1.32) between ratio and

the Seebeck coefficient of these glasses. They concluded that the Seebeck coefficient of

these glasses is dependent only on carrier and site concentrations. In literature, there are

no reports of any systematic study on V205-Ca0-B203 glasses. The xV2O5.40CaO.(60-

x)B203 (10 < X < 30) series of glasses was chosen for the current study.
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Figure 5.1; Glass forming regions in the V205-Ca0-B203 system.
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5.2. Preparation

Appropriate amounts of high purity V2O5, CaO and B2O3 were weighed and mixed by

continuously kneading for about 20 min. The well-mixed oxide mixture was then

transferred to an alumina crucible and melted at about 1100 °C in an electric furnace. The

melt was held at this temperature for about 3 hours and then press quenched between two

copper plates. Identical preparation conditions such as furnace temperature and

quenching procedure were followed while preparing the entire series of glasses. A few

glass compositions were prepared without abietic acid in order to verify the effect of

abietic acid on the vanadium ion ratio. Glasses prepared without abietic acid showed n-

type semiconductor behaviour. Since the primary interest of this thesis work was to study

glasses exhibiting MCCR, only V205-Ca0-B203 glasses with 0.2 % abietic acid are

discussed in this chapter.
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5.3. Characterisation

X-ray diffraction technique was employed to verify the amorphous nature of the as-

qucnchcd glass samples. Figure 5.2 shows a typical XRD pattern for a V205-Ca0-B203

glass. DSC curves were recorded for all the samples to determine the characteristic glass

transition temperature Tg. The DSC curves of all the glasses showed an endothennic base

line shift corresponding to the glass transition temperature. The Tg of V20s-Ca0-B203

glasses studied was between 500 K and 600 K when heated at a constant heating rate of

10 "C.min"'. The glasses belonging to this system showed weak glass transition with

small enthalpies. The data analysis and interpretation of the DSC data will be discussed

in the sub-chapter on DSC studies. The majority charge carrier type in each glass

composition was identified using thermoelectric power (TEP) measurements, details of

which are discussed in the following sub-chapter.

20 40 60 80
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Figure 5.2: XRD pattern for one glass of V205-CaO-B203 glasses.

110

TH-1867_994401



V205

CaO WV\/
10 20 30 40 50 60 70 80 90

BjOj

Figure 5.1: Glass forming regions in the V205-Ca0-B203 system.
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X-ray diffraction technique was employed to verify the amorphous nature of the as-

qucnchcd glass samples. Figure 5.2 shows a typical XRD pattern for a V205-Ca0-B203

glass. DSC curves were recorded for all the samples to determine the characteristic glass

transition temperature Tg. The DSC curves of all the glasses showed an endothennic base

line shift corresponding to the glass transition temperature. The Tg of V205-Ca0-B203

glasses studied was between 500 K and 600 K when heated at a constant heating rate of

10 "C.min"'. The glasses belonging to this system .showed weak gla.ss transition with
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which arc discussed in the following sub-chapter.
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5.4. Thermoelectric power and vanadium ion concentration

The thermoelectric power (TEP) of xV2O5.40CaO.(60-x) B2O3 (x = 10, 15, 20, 25, 30)

glasses was measured using the technique already discussed. The TEP data is shown in

table 5.1. Q values obtained for xV2O5.40CaO.(60-x).B2O3 glasses from measurements

showed that glass compositions with x = 10 mol % V2O5 and x = 15 mol % V2O5 have

positive Q values, indicating that these two compositions are p-type semiconductors.

Glasses with x = 25 and 30 mol % V2O5 showed negative Q values, and hence they are n-

type semiconductors. For the x = 20 mol % V2O5 glass, Q = 0, which showed that the

majority charge carrier reversal (MCCR) occurred at this composition in

xV2O5.40CaO.(60-x)B2O3 glasses [7, 162]. Figure 5.3 shows the composition dependence

of Q value of various V205-Ca0-B203 glasses. Vanadium ion ratio for each glass

composition is shown in table 5.1. The values given in brackets are those reported by

Kennedy et al [7].

Table 5.1: Seebeck coefficient Q(measured), activation energy for thermal

conduction AEj and vanadium ion ratio of V205-Ca0-B203 glasses (values given

bracket are those reported by Kennedy et al 17]).

Composition (mol %) Q V'^ AEs
V2O5: CaO : B2O3 (pVK') V4+ (meV)

10 : 40 : 50 +52 0. 55 (0.6) 0.78

15 ; 40: 45 +31 0.70 (-) 0.66
20: 40 :40 0 1.0(1.0)

25 : 40 : 35 -23 1.30 (-) 0.52

30 : 40 : 30 -36 1.52(1.40) 0.47

The temperature dependence of Q of xV2O5.40CaO.(60-x)B2O3 glasses is depicted in

figure 5.4. The dotted lines are least squares fit to the data. The weak temperature

111

dependence of Q which was also observed in V205-Sn0-Tc02 and V205-Ca0-P205

glasses clearly shows that this is a typical feature exhibited these glasses. Variation of

thermal activation energy AEs with V2O5 mol % is shown in figure 5.5.

20

VjOgmol %

Figure 5.3: Variation of Q of xV2O5.40CaO.(60-x)B2O3 glasses (measured at

400K) with V2O5 mol%. The solid line is a least squares fit to the data.
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Figure 5.4: Q versus 1000/T for xV2O5.40CaO.(60-x)B2O3 (10 <x ^ 30) glasses.

Dotted lines corresponds to the least squares fit to the data.
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type semiconductors. For the x = 20 mol % V2O5 glass, Q = 0, which showed that the
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xV2O5.40CaO.(60-x)B2O3 glasses [7, 162]. Figure 5.3 shows the composition dependence
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composition is shown in table 5.1. The values given in brackets are those reported by

Kennedy et al [7].

Table 5.1: Seebeck coefficient Q(measured), activation energy for thermal

conduction AEs and vanadium ion ratio of V205-Ca0-B203 glasses (values given

bracket are those reported by Kennedy et al [7]).

j Composition (mol %) Q V^^ AE,

1  V2O5: CaO : B2O3 (HVK') V4 + (meV)

10:40:50 +52 0. 55 (0.6) 0.78

15:40:45 +31 0.70 (-) 0.66

20: 40 : 40 0 1.0 (1.0)

25 : 40 : 35 -23 1.30 (-) 0.52

1  30 : 40 : 30 -36 1.52 (1,40) 0.47

The temperature dependence of Q of xV2O5.40CaO.(60-x)B2O3 glasses is depicted in

figure 5.4. The dotted lines are least squares fit to the data. The weak temperature

111

: 5 :

ti

V

dependence ol Q which was also observed in V205-Sn0-Tc02 and V205-Ca0-P205

glasses clearly shows that this is a typical feature exhibited these glasses. Variation of

thermal activation energy AEs with V2O5 mol % is shown in figure 5.5.

^ 20

V O mol %

Figure 5.3: Variation of Q of xV2O5.40CaO.(60-x)B2O3 glasses (measured at

400K) with V2O5 mol%. The solid line is a least squares fit to the data.

>

o

60-1

1

40-

2

20- xVjO540CaO(60-x)BjO3 glasses

(1)x=10 (2) x=15

0- (3) x=25 (4) ><=30

-20- 3

-40-

.  , , . -I ■ 1

4

,  , 1

2.6 2.7 2.8 2.9 3.0 3.1 3.2

iooon"(K')

Figure 5.4: Q versus 1000/T for xV2O5.40CaO.(60-x)B2O3 (10 <x < 30) glasses.

Dotted lines corresponds to the least squares fit to the data.

112

TH-1867_994401



The thermal activation energy AEs of these glasses decreased as V2O5 content was

increased as shown by figure 5.5, suggesting that the thermal conductivity of the glasses

increases with an increase in V2O5 content. A subtle slope change in AEs is observed at

20 mol % V2O5 composition.
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Figure 5.5: Thermal activation energy AEs of xV2O5.40CaO.(60-x)B2O3

5.5. Other physical properties

5.5.1. Density measurements

The measured density values of xV2O5.40CaO.(60- x)B203 glasses are listed in table 5.2.

Molar volume of the glasses was calculated using equation (2.8) and (2.9).

Table 5.2: Optical band gap, density, molar volume, and microhardncss of

xV20s.40CaO.(60-x)B203 glasses (Data given within brackets are from ref. |7|).

Composition (mol %)
V2O5: CaO : B2O3

E„p,
(eV)

Density(p)
(gm.cm' )

Mol.vol.

(cm\mor')
VHN

(kg.mnT^)
10:40:50 3.62 2.79 (2.784) 27.07 367
15 :40: 45 3.57 2.86 (—) 28.35 329
20 : 40 : 40 3.53 2.93 (2.984) 29.54 309
25 : 40 : 35 3.48 2.9 (--) 31.82 282
30 : 40 :3 0 3.42 2.87 (2.929) 34.10 263
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The gram molecular weight for the xV2O5.40CaO.(60-x)B2O3 glasses is given by the

relation,

M = X M(V205)+ 0.4 M(CaO) + (0.6-x) M(B203) (5.1)

where X is the mole fractions of the V2O5, and M(V205X M(CaO) and M(B203) are the

molecular weights of the constituents. Density and molarvolume data of the V2OS-

Ca0-B203 glasses are shown in table 5.2 (values in brackets were taken from ref. [7].)

2.95-

2.90-

E 2.85

c 2.80-

2.75-

V^Og mol %

Figure 5.6. Composition dependence of the density and the molar volume of
xV2O5.40CaO.(ui>-x)B203 (10 £30) glasses.

Figure 5.6 shows the composition dependence of the density and molar volume of
xV2O5.40CaO.(60-x)B2O3 glasses. The density of the glass increases as V2O5 content in

the glass is increased and showed maximum value at the composition with x = 20 mol V

V2O5. As V2O5 mol % increases, the molar volume increases and so one expects the

density to decrease. But the molecular weight of the V2O5 molecule is approximately
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The thermal activation energy AEs of these glasses decreased as V2O5 content was

increased as shown by figure 5.5, suggesting that the thermal conductivity of the glasses

increases with an increase in V2O5 content. A subtle slope change in AEs is observed at

20 mol % V2O5 composition.
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Figure 5.5: Thermal activation energy AEs of xV2O5.40CaO.(60-x)B2O3

5.5. Other physical properties

5.5.1. Density measurements

The measured density values of xV2O5.40CaO.(60- x)B203 glasses are listed in table 5.2.

Molar volume of the glasses was calculated using equation (2.8) and (2.9).

Table 5.2: Optical band gap, density, molar volume, and microhardncss of

xV2O5-40CaO.(60-x)B2O3 glasses (Data given within brackets are from ref. I?)).

j Composition (mol %)
V2O5: CaO : B2O3

Eopi
(eV)

Density(p)
(gm.cm" )

Mol.vol.

(cm^mo^')
VHN

(kg.mnT^)
10:40:50 3.62 2.79 (2.784) 27.07 367
15 :40: 45 3.57 2.86 (—-) 28.35 329
20 : 40 : 40 3.53 2.93 (2.984) 29.54 309
25 : 40 : 35 3.48 2.9 (--) 31.82 282
30 : 40 :3 0 3.42 2.87 (2.929) 34.10 263
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The grain molecular weight for the xV2O5.40CaO.(60-x)B2O3 glasses is given by the

relation,

M = X M(V205)+ 0.4 M(CaO) + (0.6-x) M(B203) (5.1)

where X is the mole fractions of the V2O5, and M(V205X M(CaO) and M(B203) are the

molecular weights of the constituents. Density and molarvolume data of the V2O5-

Ca0-B203 glasses are shown in table 5.2 (values in brackets were taken from ref. [7].)
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Figure 5.6. Composition dependence of the density and the molar volume of
xV2O5.40CaO.(ui> x)B203 (10 ^30) glasses.

Figure 5.6 shows the composition dependence of the density and molar volume of

xV2O5.40CaO.(60-x)B2O3 glasses. The density of the glass increases as V2O5 content in

the glass is increased and showed maximum value at the composition with x = 20 mol %

V2O5. As V2O5 mol % increases, the molar volume increases and so one expects the

density to decrease. But the molecular weight of the V2O5 molecule is approximately

114

TH-1867_994401



twice the molecular weight of a B2O3 molecule. Hence, in spite of an increase in the
C fl

molar volume when a V2O5 molecule replaces a B2O3 molecule, the overall mass o le

glass increases on the whole. Consequently, the density increases with an increase m

V2O5 mol %. The molar volume of the glass increases sharply [figure 5.6] after 20 mol /o

V2O5 which shows that glassy network expands faster after this composition. This results

in a decrease in the density of the glass as illustrated by the weak maximum in the density

at X = 20 mol % V2O5.

5.5.2. Optical band gap

The optical band gap of xV2O5.40CaO.(60- x)B203 glasses with x = 10, 15, 20, 25, 30

was obtained from (Phv)"^ versus (hv) plots {equation (2.1 1)}. Table 5.2 lists the optical

band gap Eopjof xV2O5.40CaO.(60- x)B203 glasses.
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>
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Figure 5.7; Variation in optical band gap of V205-Ca0-B203 glasses.

The variation of the optical band gap with V2O5 mol % is shown in figure 5.7. Khasa et al

[164] reported that the covalency of the V-0 bond decreases with an increase in V2O5
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content in vanadium borate glasses. Using the same arguments as given in the case of the

V205-Sn0-Tc02 and V205-Ca0-P205 glasses, it can be shown that the number of non-

bridging oxygens increases in V205-Ca0-B203 glasses as a function of V2O5 content.

This reduces the average chemical bond strength of the glass. Hence, optical band gap

decreases with increase in V2O5 content in the V205-Ca0-B203 glass.

5.5.3. MIcrohardness measurements
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Figure 5.8: Corap„,i,i„„ dependence of VHN of V,0,-Ca0-B,0, glasses.

Microhardness ,neasure„,e„,s were perfomred on V.O,-CaO-BrO, glasses. A ,00 g load

was applied for 15 seconds in order to obtain a measurable indenla.ion. The
microhardness values of the xVrO5.40CaO.(60- x,P,o, glasses are given in table 5 2

Figure 3.8 shows the variation of VHN with VjO, mol % content. As already discussed a

decrease in the elastic moduli of the glass can be expected with an increase in V2O5 mol

% (as a consequence of an increase in the number of non bridging oxygens in the glass

[164]). This accounts for the observed variation in microhardness of the V205-Ca0-B203

glasses with V2O5 content plotted in figure 5.8. An inten^retation of the microhardness
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twice the molecular weight of a B2O3 molecule. Hence, in spite of an increase in the

molar volume when a V2O5 molecule replaces a B2O3 molecule, the overall mass of the

glass increases on the whole. Consequently, the density increases with an increase in
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V2O5 which shows that glassy network expands faster after this composition. This results

in a decrease in the density of the glass as illustrated by the weak maximum in the density
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content in vanadium borate glasses. Using the same arguments as given in the case of the

V205-Sn0-Tc02 and V205-Ca0-P205 glasses, it can be shown that the number of non-

bridging oxygens increases in V205-Ca0-B203 glasses as a function of V2O5 content.

This reduces the average chemical bond strength of the glass. Hence, optical band gap

decreases with increase in V2O5 content in the V205-Ca0-B203 glass.

5.5.3. MIcrohardness measurements
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Figure 5.8: Con>p„si„„„ dependence of VHN of V.0,-C,0-B.0, glosses.

Microhardness measurements were performed on V.O,-CaO-BrO, glasses. A 100 g load

was applied for 15 seconds m order to obtain a measurable indentation. The
microhardncss values of the xV2O5.40CaO.(60- x)P205 glasses are given in table 5.2.

Figure 5.8 shows the variation of VHN with V2O5 mol % content. As already discussed, a

decrease in the elastic moduli of the glass can be expected with an increase in V2O5 mol

% (as a consequence of an increase in the number of non bridging oxygens in the glass

[164]). This accounts for the observed variation in microhardness of the V205-Ca0-B203

glasses with V2O5 content plotted in figure 5.8. An interpretation of the microhardness
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behaviour shown in figure 5.8 can also be made in terms of the variation of the softening

temperature of these glasses as done in the case of the other two glass systems. Tg

decreases with V2O5 mol % (table 5.3). Hence a decrease in the VHN is expected.

5.6. DSC studies

DSC curves corresponding to xV2O5.40CaO.(60- x)B203 (x = 10, 15, 20, 25, 30) glasses

were recorded over a temperature range of 50 °C to 500 °C for different heating rates

such as 10 °C.min'', 15 °C;min"', 20 °C.min ' and 30 °C.min"'. Figure 5.9 shows a

typical DSC curve obtained for V205-Ca0-B203 glass under a constant heating rate of 10

°C.min''. The glass transition temperature Tg for different heating rates was recorded for

individual glass samples. The Tg and ACp (specific heat jump at Tg) are shown in table

5.3 for a typical heating rate of 10 °Cmin '. The molar volume of oxygen ion for

xV2O5.40CaO.(60-x)B2O3 glasses was calculated (shown in table 5.3) using the empirical

relation.

y ♦ _ [M(V^Os ) -16CV ]x + M(B303 )y + M(CaO)z
p[(5 - Cy )x + 3y + z]

(5.2)

where p is the density of the glass composition, Cv = / Vtotai, x, y, z and M(V205),

M(B203), M(CaO) are the molar fraction and molecular weight of V2OS, B2O3 and CaO

respectively. The calculated Vo* from equation (5.2) of the glasses are shown in table 5.3.

Vo varied from 11.43 cm^mol ' to 12.47 cm^mol ' as V2O5 mol % was varied from 10 to

30 V2O5 mol %. In V205-Ca0-B203 glasses, the molar volume of oxygen ion Vq*

increased as Tg decreased. This behaviour is in contradiction to that displayed by the

V205-Sn0-Te02 and V205-Ca0-P205 glass systems. Although the three glass systems

showed the same trend in Tg with variation in V2O5 mol %, the composition dependence

of Vo exhibited by the V205-Ca0-B203 glasses is different from the ones shown by the
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A

other two glass systems. This shows the limitation of the applicability of Vo* and its

relation to the structure of glass for the interpretation of the composition dependence of

Tg. A careful look at the formula used to deduce Vo* {relations (5.2), (4.2) and (3.1)}

shows that the density term in the denominator of these relations is responsible for the

disparate behaviour of Vo* obtained for the case of the V205-Ca0-B203 glasses.

Activation energy for glass transition for the V205-Ca0-B203 glasses was calculated

using Kissinger's (2.1) and Thakor's (2.3) methods.

X =10

150 260 250 300 350 4^0 450
Temperature (°C) >■

Figure 5.9: DSC curves for xV2O5.40CaO.(60-x)B2O3 glasses x=IO, 15, 20, 25,
30 recorded at a constant heating rate of 10 "C.inin'*

The activation energies for glass tiansition Ek (Kissinger) and Et (Thakor) were
calculated from the slope of the least squares fit of the corresponding plots. Ek and Ej

data are tabulated in table 5.3. It can be seen that Et>Ek for all the glasses as expected

from theoretical predictions [118, 148], The composition dependence of the activation

energy for glass transition is shown in figure 5.13
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behaviour shown in figure 5.8 can also be made in terms of the variation of the softening

temperature of these glasses as done in the case of the other two glass systems. Tg

decreases with V2O5 mol % (table 5.3). Hence a decrease in the VHN is expected.

5.6. DSC studies

DSC curves corresponding to xV2O5.40CaO.(60- x)B203 (x = 10, 15, 20, 25, 30) glasses

were recorded over a temperature range of 50 °C to 500 °C for different heating rates

such as 10 °C.min', 15 °C;min'', 20 °C.min"' and 30 °C.mm'. Figure 5.9 shows a

typical DSC curve obtained for V205-Ca0-B203 glass under a constant heating rate of 10

®C.min"'. The glass transition temperature Tg for different heating rates was recorded for

individual glass samples. The Tg and ACp (specific heat jump at Tg) are shown in table

5.3 for a typical heating rate of 10 °Cmin '. The molar volume of oxygen ion for

xV2O5.40CaO.(60-x)B2O3 glasses was calculated (shown in table 5.3) using the empirical

relation.
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where p is the density of the glass composition, Cv = / Vtotai, x, y, z and M(V205),

M(B203), M(CaO) are the molar fraction and molecular weight of V2O5, B2O3 and CaO

respectively. The calculated Vo* from equation (5.2) of the glasses are shown in table 5.3.

Vo varied from 11.43 cm'moF' to 12.47 cm^mof' as V2O5 mol % was varied from 10 to

30 V2O5 mol %. In V205-Ca0-B203 glasses, the molar volume of oxygen ion Vo*

increased as Tg decreased. This behaviour is in contradiction to that displayed by the

V205-SnO-Te02 and V205-Ca0-P205 glass systems. Although the three glass systems

showed the same trend in Tg with variation in V2O5 mol %, the composition dependence

of Vo exhibited by the V205-Ca0-B203 glasses is different from the ones shown by the
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other two glass systems. This shows the limitation of the applicability of Vo* and its

relation to the structure of glass for the interpretation of the composition dependence of

Tg. A careful look at the formula used to deduce Vo* {relations (5.2), (4.2) and (3.1)}

shows that the density term in the denominator of these relations is responsible for the

disparate behaviour of Vo* obtained for the case of the V205-Ca0-B203 glasses.

Activation energy for glass transition for the V205-CaO-B203 glasses was calculated

using Kissinger's (2.1) and Thakor's (2.3) methods.

X =10
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Temperature (°C) ►-

Figure 5.9. DoC curves for xV20s.40CaO.(60-x)B203 glasses x=IO, 15, 20, 25,
30 recorded at a constant heating rate of 10 "C.inin"'

The activation energies for glass transition Ek (Kissinger) and Et (Thakor) were
calculated from the slope of the least squares fit of the corresponding plots. Ek and Ej

data are tabulated in table 5.3. It can be seen that Et>Ek for all the glasses as expected
from theoretical predictions [118, 148]. The composition dependence of the activation

energy for glass transition is shown in figure 5.13
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Figure 5.10: Variation of molar volume of oxygen ion and glass transition
temperature of xV2O5.40CaO.(60- x)B203 glasses with V2O5 mol %.

Table 5.3: Glass transition temperature Tgat a constant heating rate of 10 "C.niin ',
excess heat capacity at glass transition ACp, activation energy for glass transition E r,
Ek (based on Thakor's and Kissinger's model), reduced vanadium ion ratio Cv =
V4+y(v4+^v5+)^ molar volume of oxygen ion Vo* of V205-Ca0-B203 glasses.

Composition (mol %)
V2O5CaO : B2O3

Tg
(K)

ACp
(Jg'deg"')

Et
(kJ/mol)

Ek
(kJ/mol)

Cv V▼ 0

(cm'.mol"')

0
TV

0

0

601 0.20 183 173 0.65 11.43
15:40:45 594 0.05 162 152 0.59 11.55

0

0

0
r4

588 0.04 157 147 0.5 11.60
25 : 40 : 35 579 0.08 150 140 0.43 12.05
30 : 40 :3 0 571 0.25 138 129 0.40 12.47

The activation energies Ek and Ej decrease linearly (figure 5.13) with increased in V2O5

mol %. Since a decrease in the activation energy indicates that the reaction is more

favoured, it can be inferred that the glass-supercooled liquid transition is less hindered in

glasses with higher V2O5 content.
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Figure 5.11: KJssinger's plots for xV2O5.40CaO,(60- x)B203 glasses.
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Figure 5.12: Thakor's plots for xV2O5.40CaO.(60- x)B203 glasses.
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Table 5.3: Glass transition temperature Tgat a constant heating rate of 10 ®C.iiiin
excess heat capacity at glass transition ACp, activation energy for glass transition E

-

Ek (based on Thakor's and Kissinger's model), reduced vanadium ion ratio C
v4+/(v4++y5+)^ molar volume of oxygen ion Vo* of V205-Ca0-B203 glasses

I
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v —

ITc^position (mol %)
1  V2O5: CaO : B2O3 Tg

(K)
ACp

(Jg'deg')
Et

(kJ/mol)
Ek

(kJ/mol)
Cv V '^ 0

(cm\mor')

0

0

0

L

601 0.20 183 173 0.65 11.43
15:40:45 594 0.05 162 152 0.59 11.55
20 : 40 : 40 588 0.04 157 147 0.5 11.60f  25 : 40 : 35 579 0.08 150 140 0.43 12.051  30 : 40 :3 0 _571 0.25 138 129 0.40 12.47

The activation energies Ek and Ej decrease linearly (figure 5.13) with increased in V2O5

mol %. Since a decrease in the activation energy indicates that the reaction is more
favoured, it can be inferred that the glass-supercooled liquid transition is less hindered in

glasses with higher V2O5 content.
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Figure 5.13: Activation energy of glass transition based on Kissinger's and

Thakor's method for various compositions of V205-Ca0-B203 glasses (Dotted

lines shown merely connect adjacent data points).

The ACp at Tg (table 5.3) of V205-Ca0-B203 glasses is very small (similar to the

behaviour observed in V205-Ca0-P205 glasses). This low value of ACp is a consequence

of the weak glass transition exhibited by these glasses. These glasses can also be termed

as "strong" in the context of Angell's classification [21]. It is however interesting to note

that ACp exhibits a composition dependence with a minimum value at correlated 20 mol

% V2O5. One can argue that among the V205-Ca0-B203 glasses studied in this chapter,

the glass composition with 20 mol % V2O5 exhibited the minimum fragility. This

observation suggests that the glass with 20 mol % V2O5 undergoes the least amount of

configuration change while undergoing the glass transition. Such small values of heat

capacity jump at Tghave been reported in other oxide glasses [166].
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Figure 5.14: Excess heat capacity at glass transition of V20s-Ca0-B203 glasses

(dotted line shown merely connects adjacent data points).

5.7. d.c. eiectricai conductivity

The d.c. electrical resistivity data of xV2O5.40CaO.(60- x)B203 with x — 10, 15, 20, 25,

30 was collected from 150 K to 480 K. The entire data was initially analysed on the basis

of the Mott-Austin relation (equation (5.3)}. It has already been discussed that a plot of

In(aT) versus T"' is expected to be linear in order to satisfy equation (5.3). Figure 5.15

shows that a linear relationship exists in the plots of In(aT) versus T' for the conductivity

data above room temperature. As the temperature is lowered, the data shows a deviation

from linearity. This clearly shows that the conductivity data below room temperature

cannot be fitted to equation 5.3. As done in the case of V205-Sn0-Te02 and V205-Ca0-

P2O5 glasses, the high and low temperature conductivity data are analysed separately.

High temperature (SPH) region

Motl-Austin conductivity relation for small polaron hopping (SPH) mechanism in the
high temperature region is given as.
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Thakor's method for various compositions of V205-Ca0-B203 glasses (Dotted

lines shovfn merely connect adjacent data points).

The ACpat Tg (table 5.3) of V205-Ca0-B203 glasses is very small (similar to the

behaviour observed in V205-Ca0-P205 glasses). This low value of ACp is a consequence

of the weak glass transition exhibited by these glasses. These glasses can also be termed

as "strong" in the context of Angell's classification [21]. It is however interesting to note

that ACp exhibits a composition dependence with a minimum value at correlated 20 mol

% V2O5. One can argue that among the V205-Ca0-B203 glasses studied in this chapter,

the glass composition with 20 mol % V2O5 exhibited the minimum fragility. This

observation suggests that the glass with 20 mol % V2O5 undergoes the least amount of

configuration change while undergoing the glass transition. Such small values of heat

capacity jump at Tghave been reported in other oxide glasses [166].

121

i

0.25

O)
Q)
■O

0.20

O)
0.15-

O
<3

0.10-

0.05-

0.00

V^Ogmol %

Figure 5,14: Excess heat capacity at glass transition of ViOs-CaO-BiOa glasses
(dotted line shown merely connects adjacent data points).

5.7. d.c. electrical conductivity

The d.c. electrical resistivity data of xV2O5.40CaO.(60- x)B203 with x = 10, 15, 20, 25,

30 was collected from 150 K to 480 K. The entire data was initially analysed on the basis

of the Mott-Austin relation {equation (5.3)}. It has already been discussed that a plot of

In(o r) versus T * is expected to be linear in order to satisfy equation (5.3). Figure 5.15

shows that a linear relationship exists in the plots of In(aT) versus for the conductivity

data above room temperature. As the temperature is lowered, the data shows a deviation

from linearity. This clearly shows that the conductivity data below room temperature

cannot be fi tted to equation 5.3. As done in the case of V205-Sn0-Te02 and V205-Ca0-

P2O5 glasses, the high and low temperature conductivity data are analysed separately.
High temperature (SPH) region

Mott-Austin conductivity relation for small polaron hopping (SPH) mechanism in the
high temperature region is given as.
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aT=a„e

w

ksT

(5.3)

The activation energy W for conduction was calculated from the slope of the squares fits

fit of In(aT) versus 1000/T for all glasses. Density of metal ion sites N and average ion

spacing R of the glasses were calculated using equation (3.4) and (3.5). The relevant data

are presented in table (5.4). An increase in W with an increase in R is the general

behavior expected on theoretical basis. The SPH conduction mechanism is either

adiabatic SPH mechanism or non-adiabatic SPH mechanism depending on whether the

value of polaron bandwidth (j) is greater or less than the parameter <I>. The polaron

bandwidth j and (I> were calculated from the relation (1.13) and (1.15).

20V,0,40Ca040P,0

2.5 30 3.5 4.0 45 5.C

lootyrcK')

-12

—•:::
x=25

I  r ■ 1 ■ 1 1 ' 1 ■ 1 1—

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

1000/T(K'')

Figure 5.15: In(aT) versus 1000/T plots for xV2O5.40CaO.(60- x)B203 glasses.
Inset shows a typical fit of the data to relation (5.3)

The calculated values ofj and d) are shown in table 5.4. j values (ealculated at 400 K) for

VzOs-CaO-BzOj glasses ranged from 1.3x10 ® eV to 4.2x10 ® eV and cD value was
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approximately 0.03 eV. Hence the polaron bandwidth j < <I>, for all V205-Ca0-B203

glasses in high temperature regime. So, the high temperature conduction is attributed to

non-adiabatic small polaron hopping mechanism. The non-adiabatic mobility for

xV2O5.40CaO.(60- x)B203 glasses (table 5.5) was calculated using the relation (1.18).

The non-adiabatic mobility for the glasses varied between 2.6 x 10"'® m^V' sec"' and 7.6

x  10 m^V 'sec '. The carrier concentration Nc was determined from the relation,

0 - Nccp, for the glasses using the non-adiabatic mobility and conductivity data.

1 able 5.4: Density of metal Ion sites N, average ion spacing R, conductivity a (at
400K), polaion bandwidth j, the parameter <I>.

Composition (mo! %)
V2O5: CaO .BjO,

W

(eV)
N

(xlO^W®)
R

(xlO"'%)
a (at 400K1

(xl0"''a"'m"')
j(ev;
(10"1

0

(eV)
10 ; 40 : 50 0.21 4.4 6.1 5.9

\  /

4.2

\  /

0 03
15: 40 :45 0.20 6.4 5.4 6.6 3 1

\j • \j ̂

0 03
20 : 40 : 40 0.19 8.2 5.0 6.8

^ • 1

3.0

\J %\J ̂

0 03
25 : 40 : 35 0.16 9.5 4.7 7.4 1.6

\J %\JmJ

0.0330 : 40 :3 0 0.15 10.6 4.5 9.1 1.3 0.03

Low temperature region

The deviation of the lower temperature conductivitv datn
om the Arrhenius behaviour

(ngurc 5.15) suggosls that the conduction mechanism is different in ,
in lower temperature

region. It was attempted to fit the low temperature conductivitv datf, t .u
y ata to the variable range

hopping (VRH) conduction mechanism suggested by the Mott-Austin model A V

plot of ln(oT"') versus T"' signifies the occurrence of VRH conduction. Figure 5.16
shows the ln(aT"^) versus T"" plots for xVrO5.40CaO.(60- x)Br03 glasses. The linearity
observed in the plots in lower temperature region confirms that VRH conduction

mechanism is dominant at these temperatures. Hence, the conductivity data in low

temperature region was analyzed in the light of the Mott-Austin VRH mechanism. The

124

TH-1867_994401



CTT=a„e

w

ksT

(5.3)

The activation energy W for conduction was calculated from the slope of the squares fits

fit of In(aT) versus 1000/T for all glasses. Density of metal ion sites N and average ion

spacing R of the glasses were calculated using equation (3.4) and (3.5). The relevant data

are presented in table (5.4). An increase in W with an increase in R is the general

behavior expected on theoretical basis. The SPH conduction mechanism is either

adiabatic SPH mechanism or non-adiabatic SPH mechanism depending on whether the

value of polaron bandwidth (j) is greater or less than the parameter d). The polaron

bandwidth j and d) were calculated from the relation (1.13) and (1.15).
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Figure 5.15: In(aT) versus 1000/T plots for xV2O5.40CaO.(60- x)B203 glasses.
Inset shows a typical fit of the data to relation (5.3)

The calculated values ofj and d) are shown in table 5.4. j values (calculated at 400 K) for

VaOs-CaO-BzOs glasses ranged from 1.3x10 ® eV to 4.2x10 ® eV and d) value was
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approximately 0.03 eV. Hence the polaron bandwidth j < d), for all ViOs-CaO-BaOa

glasses in high temperature regime. So, the high temperature conduction is attributed to

non-adiabatic small polaron hopping mechanism. The non-adiabatic mobility for

xV2O5.40CaO.(60- x)B203 glasses (table 5.5) was calculated using the relation (1.18).

The non-adiabatic mobility for the glasses varied between 2.6 x 10"'® m^V' sec"' and 7.6

X  10 m^V 'sec '. The carrier concentration Nc was determined from the relation,

o - Neep, for the glasses using the non-adiabatic mobility and conductivity data.

T able 5.4: Density of metal Ion sites N, average Ion spacing R, conductivity a (at
400K), polaron bandwidth j, the parameter O.

Composition (mo! %)
V2O5: CaO :B20t

W

(eV)
N

(xlO"m"®)
R

(xlO"'%)
a (at 400K1

(xl0"''n"'m"')
j(eVl
(10"1

(h

(eV)
10 : 40 : 50 0.21 4.4 6.1 5.9

\  /

4.2

\  /

0.03
15: 40 :45 0.20 6.4 5.4 6.6 3 1 0 03
20 : 40 : 40 0.19 8.2 5.0 6.8

t A

3 0
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0 03
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^ • V/
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1 .vr
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0.03
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(figure 5.15) suggests that the conduction mechanism is diffcrenf • .
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region. It was attempted to fit the low temperature conductivity a »

ly oata to the variable range

hopping (VRH) conduction mechanism suggested by the Mott A f
Austin model. A linear

plot of ln(oT"') versus T"' signifies (he occurrence of VRH conduction. Figure 5.16
shows the InfoT'") versus T'" plots for xVtOs.dOCaO.fhO- x)B;0, glasses. The linearity
obsei-ved in the plots in lower temperature region confirms that VRH conduction

mechanism is dominant at these temperatures. Hence, the conductivity data in low

temperature region was analyzed in the light of the Mott-Austin VRH mechanism The
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slope change in the plots shown in figure 5.16 was interpreted [73, 78] to be the

signature of the conduction change from SPH to VRH. All V205-Ca0-B203 glasses

exhibited a cross-over from SPH to VRH conduction mechanism as the temperature was

lowered. The parameters a and N(Ef) were calculated from the slope and intercept

values obtained from the linear fit to the low temperature (T < Tr) data using relations

(1.21) and (1.22).

Table 5.5: Non-adiabatic mobility p, charge carrier concentration Nc, density of

states at Fermi energy N(Ef), variable range hopping distance Rvrh and disorder

energy Wj.

Compostn. (mol %)
V2O5 :Ca0:B203

p (mW'sec')
(10'^)

Nc(m-^)
(10^*^)

N(Ef) (m-'eV')
(lO^'*)

Rvrh (m)
(10')

Wd

(eV)

0
0*

0

0

7.7 4.8 0.42 4.9 0.05 3.7
15:40:45 5.1 8.1 1.0 3.7 0.05 3.6
20 : 40 : 40 4.1 10.4 1.7 3.1 0.05 - 3.5
25 : 40 : 35 2.8 16.6 2.0 3.0 0.04 3.3
30 : 40 :3 0 2.6 22.2 2.2 2.9 0.04 3.2

From the calculated values of a and N(Ef), the hopping distance Rvrh in VRH regime

and hopping energy Wd were obtained using the relations (1.23) and (1.24). Table 5.5

lists the calculated disorder energy Wd, Mott parameters N(Ef) and Rvrh for the

xV2O5.40CaO.(60-x)B2O3 (10 < x < 30) glasses. Evaluation of the present data at 230 K

gave oRvrh values ranging between 3.2 to 3.7 and Wd values 0.04 eV to 0.05 eV, which

showed that the aRvRH>l criteria and Wd^k^T (0.019 eV at 230 K) were satisfied.

Hence the conduction mechanism in V205-Ca0-B203 glasses in the low temperature

region is attributable to VRH.
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Figure 5.16: ln(aT"^) versus T"'''* plots for various compositions of

xV2O5.40CaO.(60-x)B2O3 glasses (Several data points have been skipped in order

to improve the clarity of figure. Solid lines are least-squares fit to T >Tr and T<

Tr data).

Figure 5.17 shows that the variation in the density of states at Fermi level N(Ef) and the

average hopping distance in VRH regime Rvrh as a function of vanadium pentoxide

concentration. It can be seen that N(Ef) increases and Rvrh decreases with an increase in

V2O5 mol %. A slope change N(Ef) and Rvrh is observed at the composition x = 20 mol

% V2O5. This indicates that the Mott parameters are sensitive to the majority charge

carrier reversal phenomenon occuning in this glass system.
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Tu data).

Figure 5.17 shows that the variation in the density of states at Fermi level N(Ef) and the

average hopping distance in VRH regime Rvrh as a function of vanadium pcntoxide

concentration. It can be seen that N(Ef) increases and Rvrh decreases with an increase in

V2O5 mol %. A slope change N(Ef) and Rvrh is observed at the composition x = 20 mol

% V2O5. This indicates that the Mott parameters are sensitive to the majority charge

carrier reversal phenomenon occuning in this glass system.
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Figure 5.17: Variation of density of states at Fermi energy N(Ef) and the
variable range hopping distance (Rvrh) as a function of V2O5 moi %.

5.8. Summary

The results obtained from studies on V205-Ca0-B203 glasses are summarized below:

I. The thermoelectric power measurements revealed the following aspects.

(i) Glasses with x = 10 and 15 mol % V2O5 showed p-type semiconductor behaviour

and glasses with x = 25 and 30 mol % V2O5 showed n-type conduction. MCCR

occurred at the glass composition with x = 20 V2O5 mol %.

(ii) All glasses exhibited weak Q dependence on temperature.

(iii) AEs, the activation energy for thermoelectric power showed a subtle slope change
at 20 mol % V2O5.

II. Density, microhardness and band gap measurements showed the following features:

(i) Density showed a maximum at 20 mol % V2O5 content.

(11) Vicker's microhardness decreased as V2O5 mol % content increased.
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(iii) The optical band gap Eopi decreased with an increase in V2O5 mol %.

III. DSC studies gave the following results:

(i) The glass transition temperature Tg decreased with an increase in V2O5 mol %.

(ii) The composition dependence of the activation energy of glass transition showed

that the glass-supcrcoolcd transition is less hindered for higher V2OS mol % .

(iii) The excess heat capacity at Tg (ACp) showed a minimum at 20 V2O5 mol %.

IV. d.c. electrical conductivity measurement gave the following results:

(i) The conduction mechanism in the high temperature region is attributable to non

adiabatic small polaron hopping for all glasses. All glasses showed a changeover

from SPH to VRH when cooled below room temperature.

(ii) N(Ef) increased and Rvrh decreased as V2O5 mol % was increased.
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5.8. Summary

The results obtained from studies on V205-Ca0-B203 glasses are summarized below:
I. The thermoelectric power measurements revealed the following aspects.

(i) Glasses with x = 10 and 15 mol % V2O5 showed p-type semiconductor behaviour
and glasses with x = 25 and 30 mol % V2O5 showed n-type conduction. MCCR
occurred at the glass composition with x = 20 V2O5 mol %.

(ii) All glasses exhibited weak Q dependence on temperature.
(iii) AEs, the activation energy for thermoelectric power showed a subtle slope change

at 20 mol % V2O5.

II. Density, microhardness and band gap measurements showed the following features:
(0 Density showed a maximum at 20 mol % V2OS content.

(ii) Vicker's microhardness decreased as V2O5 mol % content increased.
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(iii) The optical band gap Eopt decreased with an increase in V2O5 mol %.

III. DSC studies gave the following results:

(i) The glass transition temperature Tg decreased with an increase in V2O5 mol %.

(ii) The composition dependence of the activation energy of glass transition showed

that the glass-supercoolcd transition is less hindered for higher V2O5 mol % .

(iii) The excess heat capacity at Tg (ACp) showed a minimum at 20 V2O5 mol %.

IV. d.c. electrical conductivity measurement gave the following results:

(i) The eonduetion mechanism in the high temperature region is attributable to non

adiabatic small polaron hopping for all glasses. All glasses showed a changeover
from SPH to VRH when cooled below room temperature.

(ii) N(Ef) increased and Rvrh decreased as V2O5 mol % was increased.
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Chapter 6

Conclusions

Three semiconducting glass systems, which exhibited a changeover from n-type to p-type

conduction behaviour with a systematic change in V2O5 moi % were taken up for study in

this thesis work. V205-Sn0-Te02 glass system investigated first is generally known to be

n-type semiconductors. The glass composition with 18 mol % V2O5 in the

xV2O5.20SnO.(80-x)TeO2 series of glasses registered the highest positive Q value of +7

pVK"'. The search for p-type conduction in V205-Ca0-P205 glass system led to glasses

with Q values ranging between +111 pVK-' and -103 pVK-' in the xV2O5.40CaO.(60-

x)P205 (10 ̂  X < 30) series of glasses. The third glass system V205-Ca0-B203 was

chosen for two reasons - to look for carrier reversal phenomenon in vanadium borate
systems and to verify the proposal that control of vanadium ion ratio could lead to a
reversal of .he carrier .ype. The xVrOr.40CaO.(60-x)BrOr (10 S x S 30) series of glasses
with and without a reducing aeent jx .agen, (ab.ehc ac.d) were studied, n-type to p-type change
was observed at x - 20 mo. •/. VrO, i„ .his glass system with 0.2-/. abietie aeid

The physical properties Of the three glass systems Showed behaviour typiea, OP,gconstituents. For exampie, the d.e. eleetrieal eonducUvity of the VrOs-SnO-TeO
was the highest, foliowed by the VrO,-CaO-PrOr glasses and the VrOs-CaO-lx f!

2O3 glasses
in that order. The density values of the three glass systems followed the sam

dme order. The
optical band gap values decreased as one moved from vanadium-borate t

" ̂̂i^adium-
phosphate and then to vanadium-tellurite glasses. The same trend wao l

shown by
microhardness (VHN) indicating that the average bond strength of the Bla<jca j

^ ̂ses decreased
when vanadium-borate is replaced by vanadium-phosphate and vanadium-tellur't
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Apart from the specific features arising due to the constitution of the individual

glass system, the present studies revealed several features that were commonly observed

in all the three glass systems at specific compositions.

The activation energy for thermal conduction AEj, of the three glass systems

(figure 3.5, 4.4, 5.5) showed a perceptible slope change at the composition at which the

majority charge carrier reversal was observed. It appears that the thermal conduction is

facilitated in n-type glasses more than the p-type glasses. In all the three glass systems,

the distance between vanadium ions R decreased and the number of metal ion sites N

increased when V2O5 content was increased, supporting the argument that TEP depends

strongly on the site concentration and separation. Analysis of the electrical conductivity

on the basis "of the Mott-Austin model revealed that all glasses in the three systems

showed SPH conduction mechanism at high temperatures and VRH conduction

mechanism at low temperatures. The Mott parameters, density of states at fermi energy

N(Ef) and variable range hopping distance Rvrh showed a slope change at the

composition at which MCCR was observed in V205-Sn0-Te02, V205-Ca0-P205 and

V205-Ca0-B203 glass systems (figures 3.19,4.17 and 5.17). These observations suggest

- that AEs, N(Ef) and Rvrh are sensitive to the MCCR phenomenon occurring in these

glasses. This observation is not surprising since the MCCR accompanies a change in the

, vanadium ion ratio. Since these parameters are sensitive to the vanadium ion ratio, they

also carry the signature of the MCCR phenomenon.

What is indeed surprising is the consistent anomaly shown by non-electronic

properties such as the excess heat capacity at Tg (ACp) and microhardness at the MCCR

composition by all the three glass systems. It has to be pointed out that slope change in

the microhardness at the MCCR composition in the three glass systems is not that well

pronounced. This subtle slope change in the microhardness value at the MCCR

composition suggests a change in the average bond strength of the glass at tKis

composition. Similar behaviour has been observed in the microhardness of Pb modified

Ge-Se and Ge-Se-Te [167] glasses.

ACp on the other hand, shows a much more prominent anomaly at the MOCR

composition. Since ACp could be correlated with the fragility of the glass, this

observation is quite interesting. In the case of V205-Sn0-Te02 glasses, the fragility

increases sharply after the MCCR composition (figure 3.15). In the case of V205-CaO-

P2O5, (figure 4.13) and V205-Ca0-B203 (figure 5.14) glasses, the MCCR glass

composition has the minimum fragility. The abrupt change in the fragility of the glass at

the MCCR composition suggests that the MCCR composition undergoes' minimal

configuration change at glass transition.

In this thesis work, an attempt has been made to systematically study a few

physical properties of certain V2O5 based glasses exhibiting carrier reversal phenomenon.

The strong dependence of the electrical properties on the ratio of vanadium ions is an

interesting out come of this research work. The work on V205-CaO-B203 glasses with

small amounts of abietic acid showed that the electrical properties of these glasses could

be tailored by controlling the vanadium ion ratio. Use of reducing agents in the

preparation of high electrical conductivity glasses (such as glasses containing Te02)

could yield glasses suitable for gas sensing and thermoelectric device applications.

Preparation of p- and n-type thin films of these glasses would be useful in view of their

practical application in semiconductor devices.
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