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Preface

Vanadium pentoxide (V,0s) based_ glasses form an important class of amorphous
semiconductors. V,05 based glasses are normally n-type semiconductor_s. The possibility
of obtaining p-type semiconductors in some V,0s based ternary glasses has been pointed
out in the literature. After a careful study of the glass-forming region of known V,0s
based glass systems coupled with thermoelectric power (TEP) measurements, three glass
systems, namely, xV,05.20Sn0.(80-x)TeO, glasses (18 < x < 5_()‘)i XV205.4,0CaO.(60-
x)P,0s glasses (10 < x < 30) and xV;05.40Ca0.(60-x)B,0; 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 (DSQ).
TEP measurements revealed that the carrier reversal occurs near 23 mol % V,05 in V,05-

SnO-TeO; glasses. In V,05-Ca0-P,0s and V105-Ca0-B,0;s glasses, the carrier reversal

54
0 . ® . . ”
was observed at 20 mol % V,0s. The ratio of vanadium ions, v 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-isothermal 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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understand the conduction mechanism in these glasses. All the experimental data were

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

determination of the physical properties are discussed here.

In chapter 111, the experimental studies on V,05-SnO-TeO; glasses are presented.
It starts with a review of earlier work done on V;,05-SnO-TeO; glasses followed by the
present studies. The occurrence of the carrier reversal in xV205.205n0.(80-x)TeO;
glasses (18 < X<50) is first established uéing TEP and vanadium ion ratio. The variation
of deﬁsity, optical band gap and microhardness of the glass samples as a function of V,0s
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 XV05.208n0.(80-x) TeO; glasses are summarised at the end.

Chapter IV and V are devoted to the study on V,0s-CaO-P 205 and V;05-CaO-
B,0; glass Systems, respectively. These chapters are arranged in the same sequence as

chapter []1.

Chapter VI is the concluding chapter which attempts to generalise the results

obtained on V,0; 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 cocfficient, from crystal-like to liquid-like values tl], Glasses are generally
obtained by freezing in supercooled liquids at a sufficiently rapid rate to avoid
crystallization. This process Icads 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 intcnsc 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, s].

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., As;Se;, V,05-TeO,), ioni'c (eg., KNO;3-Ca(NOs), ,

BeF,), metallic (eg., Zr-Cu, Ni-Nb), Van der Waals® (eg., isopentane, ortho-terphenyl) or
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hydrogen bond (eg., H,0, KHSOy) [1, 3]. V,0s based oxide glasses form an important
class of amorphous semiconductors. Semiconducting behaviour in oxide glasses was first
observed in the V,05-P,0s system [6]. Glassy semiconductors containing transition metal
oxides such as V,0s and a wide range of oxides like P,Os, B,0s, TeO,, GeO,, Ca0, SrO
etc., have attracted lot of attention [7, 8, 9] for their interesting electrical properties. Of
these, the V,05-TeO, 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.c.,
V* and V5+] in glasses containing V,0s 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 "supcrcooled" 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
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“volume as a function of temperaturc as illustrated in figure 1.1. The crystallization
process is manifested by an abrupt change in volume at T, where as glass formation is
characterized by a gradual change in slope [1, 18, 19]. The region over which the change
of slopec occurs is termed the glass transition rcgion. Similar behaviour is also exhibited

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

Volume —p

Glass
Crystal

1 1
T '

Temperature Ty

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)

oG\ . .. .
temperature Ty,, the volume V = (a—P) is discontinuous. Hence liquid-crystal transition
T

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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. 2
Gibbs frece energy such as thermal expansion uT=l[aa gr), compressibility
V{oP

1(8°G

0’G
Ki=-—|—
' VL@PZ

and heat capacity C_=_T
l- " [arz

] are discontinuous. Hence the glass
P

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

The heat capacity Cpg of the glass is different from the heat capacity Cp of the
supercooled liquid. The excess heat capacity AC, at the glass transition is then defincd as
the difference between the specific heat values of the glass and supercooled liquid.
Angell [21] proposed that glasses exhibiting a small AC, at T, show a strong resistance to
structural degradation in the liquid state. He termed such glasses‘as “strong”. On the other
hand, glasscs exhibiting large AC,; at Ty were termed as “fragile”. Fragility is a tcrm 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
AC, is correlated with minimum fragility. The correlation of minimum fragility with

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

(1.1)

where 1 is the viscosity, and 1, and C are constants. The parameter S. is the

configurational entropy and is given by the expression,

T(AC
S, = j[ P JdT
T T

where Ty is the Kauzmann temperature (Ty is the temperature at which S, extrapolates to
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zero [23]). When AC, is very small, S is almost tex‘nperature independent and the Adam-
Gibbs equation becomes the Arhenius equation. The slope of the Arrhenius plot [i.e.,
In(n) versus 1/T plot ] is minimum when AC, is minimum. The minimum Arrhenius

slope is then related to minimum fragility.

Volume —»

ey

Crystal

1 1 1

T >

Temperature Tgo Ta

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

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

The glass transition temperature T, 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. Ty is

related to the cooling rate q by,
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q=9q,°€ (1.2)
where ¢ and q, are constants [24]. The experimentally measured value of T, is not
unique. The value of T, depends on the time scale of the experiment used to observe it.
A parameter K, characterising the tendency to form glass, which involves the

glass transition temperature T,, the melting temperature Ty, and the crystallization

tempcerature T, has been defined by Hruby [25] as,

If (T—Ty) is large and (Tm-T¢) is small, the inhibition to the process of nucleation and

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

high.

Ty is also defined in terms of the experimental time scale as that temperature at
which the liquid attains a certain viscosity n, 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,

n= r]oexp[T :A‘T } (1.4)
0

where n,, A and T, are constants. This equation is the most successful expression for

describing n(T) [27, 28].
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1.2. Structure of glass
Knowledge of the structural arrangements of atoms in a solid substance is an essential
prercquisite to a detailed understanding of its physical and chemical properties. This is as
truc 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

spcctroscopy and absorption spectroscopy can also be used for structural elucidation.
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Hoppe ct al [34] have studicd the structure of glassy V,0s (preparcd by rapid
quenching) using X-ray diffraction technique. They reported that the glassy V,0s is
formed of VOs, VOs, and VOs 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
P,0s 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 P,Os can easily be supercooled to form glass. P,Os glass
structure depends on the polymorphic form of the P,0s used as starting material. Figure
1.3(a) shows a structure of P,0s glass [29]. V,0s glass structure is more complicated, but
has many similarities with the P;0s glass structure [36]. The structure of crystalline B203
consists of infinite chains of BO; triangles. All such triangles are connected by B-O at all
three corners to form a completely linked network. Krogh-Moe [37] and Griscom [38]
have reviewed the structure of B;0; glass. Nuclear magnetic resonance studies confirm
the existence of plane trigonal BO; units in B,0; glass [39, 40]. The BO; 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 B,O;
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 V,05 -P,0s, V,05-Ba0 and V,0s-PbO 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
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between them appeared to be less regular than those observed in phosphate glasses and

crystals.

Os /

\\P
0 0/‘ \O

(b)

(2)

B-0-B B-O-B

T
PN X

(c)
Figure 1.3: (a) P,Os glass (b) B,O; glass (filled circles are Boron atoms

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

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 pcak™ (FSDP) or “prepeak” [42, 43]. The FSDP occurs at a value of scattering
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vector £ in the range 1-2 A" in the structure factor ._S: (Z) 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 Na,O [47], in Ag-Ge-Se and Ag,S-GeS; glasses [48] and
Ag20-B,0s [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 structure factor, arising from the chemical ordering of

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

A second peak is observed in the 3(2) of network glasses at k~2.91 A" such as
in the case of v-SiO; [44] which behaves in the same anomalous fashion as the FSDP,
This sécond peak is termed as the “second sharp diffraction peak”(SSDP). The behaviour
and structural origin of SSDP can be understood in cxactly the same manner as the FSDP,
namcly 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 As,Ses glass [52] and the pressure dependence of

intensity of FSDP of GeSe; 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]. Zachariasen proposcd that
those materials, which are most likely to form glasses, would have an internal encrgy

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

10
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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 hypothctical two-dimensional oxide, say, A;O; is shown in figure 1.4(a) and 1.4(b)

[18].

(a) (b) (c)

Figure 1.4: Atomic structural representation of (a) a A,0; glass, and (b) a A,O;

crystal. (c) Structural representation of a hypothetical crystalline compound

AOQ (Filled circles are cations).

Thus, both the crystalline and the glassy forms are composed of AO; triangles
joined to each other at corners, 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-O 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

1
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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 A,,O,:

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 corners not edges or faces.

4. At least three corners are shared.
Thus oxides, of the type AO and A,0 should not and indeed do not form glasses. The
rules are satisfied for oxides of the form A;0; provided the oxygens form triangles
around each A atom, and for oxides of the form AO; and A,Os if the oxygens form
tetrahedra. Subsequently Zachariasen modified the original rules to take account of

: i : , Sy ition. nodificd
complex glasses, which contained non-glass forming oxides in addition. The

rules are

IM." A high proportion of (network forming) cations are surrounded by 0xygen
tetrahedra or triangles
2M. The Oxygen polyhedra only share corners 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 (€g. Al*, Si"). Any
other cations (cg. Na') present are termed network modifiers [56] since they disrupt the

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

12
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of Na,O to SiO;. 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 A,,B,O 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 TeO,, MoOs,
Bi;03, Al;O3, Ga;03 and V,0s do not by themselves form glasses but will do so when

mixed with other (modifier) oxides [59, 60].

[

| 0

> \/

AN i
DO ..

O

Figure 1.5: Schematic illustration of the effect of the addition of alkali oxide (eg.
Na,0) to silica . Each molecule of Na,O 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

13
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in columns a and b of the periodic table. They have coordination number n, = (8-a) and
ny, = (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 thc 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 thc conduction
band

"=3N(E)f(E)dE (1.5)

The total conductivity o may then be written as

_ = ot(E) (1.6)
0=-¢[N(E)B(E)k,T o dE

where ¢ is the electronic charge and kg is the Boltzmann constant, B(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
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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, onc means
that the zero temperature position of the Fermi level does not shift much with the addition
of a few donors or acceptors. The primary objection to the CFO model is the high
transparency observed in the chalcogenite 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 (Ex-Eg). 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(c)}. The Fermi level was assumed to be pinned in the

mid-gap in this model too.

1.3.1. d.c. electrical properties

i ivi the
D.C. electrical conductivity of an amorphous semiconductor can be understood from
i ions of
Davis and Mott model. According to Davis and Mott, there are three reg
ivi ction (ii
conductivity of an amorphous semiconductor. They are (1) extended state condu (11)

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

Case (i): Conduction in extended states means the conduction of electrons excitcd 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,
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_E_C'_E.F_]

o= o,e[

o (1.7)
where the pre-exponential factor o, 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 AWy, in addition to the activation energy (E-Ep)
required to raise the clectron to the appropriate localized state at E. This conductivity has

the form,

[~(Ep -Ep+aW, VkpT]

0 =0, (1.9

where o, is a pre-exponential factor and E, 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],

cT=c,e ' | (1.10)
where, W is the activation energy for conduction, T is the absolute temperature and kg is

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

:Cv( -G, )erz ol 2aR)

© Rk, (L.11)
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where 15 (~ 10" sec™) is the optical phonon frequency, Cy the ratio of the amount of
reduced transition metal ion to that of total transition metal ion (eg., in the casc of
vanadium, Cy = V¥/V'®, where V= V*+V°*) and a is the rate of wave function decay

for the hopping clectron. R the average spacing between transition metal ions which is

3 . . " .
given by R=(%) where N is the state density of transition metal ions. In the case of

vanadate glasses, N is calculated from the empirical relation,

| o, (1.12)
) _WwtV,0, )y
N 2|Vd€nslty X[ MOI.Wt-VzOs J A}

where wt.V,05 = wt. percentage of V,0s, Mol.wt.V,05 = molecular weight of V,05 and
Na = Avogadro’s number. Figure 1.7 shows the plot of In(cT ) vs 1000/T for a typical
V205 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 V>* to low valence
state V*" in vanadatc glasscs.

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

termed 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) et2*®) — 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,
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. hv, 2
sinh (WiGwp
( r J kgT 2kgT

2.2
me j
c{ ] e (1.13)
thBT huo
(ZkBT) i

where W = Wy +Wp/2 for T > 8p/2, Wy is the distortion energy and Wy, is the hopping

WkpT

energy (cqual to half the binding energy of small polaron Wp) and 0p is the Debye

temperature. Wp is estimated from the relation, W, =2Wy; . The parameter G is given by,
G =[tanh(hv,/2k ; T)}/(hv,/2k ; T) (1.14)

The polaron bandwidth j must satisfy one of the following condition, namely,
i>®=(2k,TW, /n)"*(hv, /m)""?  (adiabatic) (1.15)
j<®=(2k,TW, /m)""*(hv, /7)""? (non-adiabatic) (1.16)

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

following equations [69].

2\ W
“=[Uf $ )e T (adiabatic) (1.17)
B
. =[ E RTJ( glg)(“w s T]i et (non-adiabatic) (1.18)
B 1 H™B

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

o=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 vanadate glass exhibiting a deviation

from relation (1.10), there by showing the occurrence of a different conduction
mechanism at low temperatures.

. i ity in
In low temperature range [as illustrated by the plot’s deviation from linearity
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 form,
c=Be V" (1.20)

. - tates
where, A and B are parameters related to the localized wave function o, density of sta
' 3 tzmann
at the Fermi cnergy N(Eg), optical phonon frequency v, (~ 10" sec’) and the Boltz

constant kg, and arc given by the expressions,

A=206|: « |5 (1-21)

ks N(E,)

B=| ¢ |, [NE): (1.22)
2V8n | °|lak, T
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The parameters o and N(Ef) can be evaluated from the slope of a plot of In(¢T"?) vs T"'"4
and from the intercept. The hopping distance Rvry in VRH regime and hopping energy

W, can be obtained from a and Rygy values using the relations [67],

9 :
Ry {(8naN(EF)kBT)} (1.23)

3
*" (4nRvru N(E;))

(1.24)

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

W, and hence it is rcasonable to assume that W, = Wy [72, 73]. Based on this assumption,
Mott parameters N(Er) and Rvru can be calculated. Further, for the occurrence of VRH

conduction, the requirement aRyry >1 and Wy>kpT (cg., Wy 0.019 eV at 230 K)

should be satisficd.
1.3.2. a.c. electrical properties

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

empirical relation,

o(0)=Aw’ . (1.25)

where A is a temperature dependent constant, w is the angular frequency and the
frequency exponent s<1 [74, 75, 76]. A.C. conductivity increases linearly with
incrcasing 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 clectric 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,
0,.=Ce’ ky To' [NE; ) o R’, ( 1.26)

where C is a numerical constant, N(Ey) 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 lincarly

dependent on temperature.

- Applying QMT to amorphous materials, Austin and Mott [78] proposed phonon
assisted hopping of localized electrons. They extended their theory of polaron hopping in
doped oxides which lead to varjap]e 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

2

0=§k_i?[N(EF)]zu-sm[ln(L)]4 (1.27)

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

glassy semiconductors. In this model, correlated barrier hopping of bipolatons (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
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explaining many low temperature features. However, it does not explain the high
temperature bchavior 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.c. one electron hopping between D° and D* or D7) contributes at high

tcmperatures.

The overlapping large polaron-tunncling (OLPT) model [80] has also been
proposcd to understand the a.c. conductivity of glasses. According to this model the a.c.

conductivity is given by,

4 4
LI 2 o R
o, (w)=—c?(k,THN(E, o (1.28)
©) 12 (kaTAN(E, )] 20k, T+ W,or,/R

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 cxponent. 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 eclectric power also known as Seebeck coefficient is mathematically defined
as Q= _Av , 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 Secbeck coefficient with temperature is given by [1],

ink_n(éE_sm) (1.29)
€
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where the positive and negative signs denote p-type and n-type conduction respectively, ¢
is the electronic charge, kg is the Boltzmann constant, T the absolute temperature, AE; the
activation energy for thermo electric power and A is a constant dcpendent on the
mechanism 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

Q=ﬁ[A—G°—(E—|)+In°° -,cl] (139
c C

where AG,. is the activation energy for the jump, ¢’ is the concentration of freed carriers,
C, is the concentration of accessible sites, A is the energy required to remove the
distortion around the initial sitc and C is the encrgy 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 carricr 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 frceing of carriers. In the case of semiconducting oxide glasses the carricr
concentrations arc generally very high, so that at any temperature in excess of room

temperature, onc can disregard the freeing of carriers. For these reasons, cquation (1.30)
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can be approximated to,

e

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

theory lcads 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 V°* jons 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 V** to V**. Then,
c=[V¥] ;o= [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,

Q=(k—8]ln [high valenceilons] (1.32)
€ [low valence ions)

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

will be negative and if [V*'1[V*] < 1, Q will be positive.
1.3.4. Hall effect

When a magnetic ficld 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 ficld. This phenomenon is known as Hall effect. If Hy, is the

magnetic ficld applied perpendicular to the direction of flow of current density J,, then
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the electric field Fy developed perpendicular to Hy and the current density J, in the
electron-conducting solids are related to a parameter called Hall coefficient Ry [19, 29]
given by,

R,=——n L o1 (1.33)
J,H, nc pe

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 typc in

the case of a semiconductor). The equation
iy =Ry lo (1.34)

gives the hall mobility py 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 b€ predicted using
conventional models. Chalcogenide glasses have a negative Hall coefficient, which at
first secms 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 TIAsTe, glass, the Ry showed the same sign as Q [85]. An
explanation based on a configuration of three interacting centers has been proposcd to

interpret the observed differences in the sign of Ry, and Q [86].

1.3.5. Majority charge carrier reversa| (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 t0
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change the sign of charge carricr in amorphous semiconductors and explore its potential
in applications. Chalcogcnide glasses are p-type semiconductors with the Fermi encrgy
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 cither 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 sccond 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 V>* and V*" states in these glasses. In n-type

S+

glasscs, the ratio of the higher valence ion to the lower valence ion, namely, >1.If

v4+

S+
Vv and V** ion concentration could be controlled such that z“ < 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

literaturc on such glasses.

27
TH-1867_994401



1.4. Optical properties of glasses

Amorphous solids are optically isotropic. However, macroscopic inhomogeneties result
in small variations in the refractive index of these solids. In amorphous materials the k-
vector conservation in photon-phonon interactions is no longer valid (since thesc
materials do not have a well defined reciprocal space). So all phonons can take part in
first order interactions 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 chalcogenide glasses, the density of states is determined by the
topological disorder, ring statistics of the network and nature of the molccular units [92].
In oxide glasses, UV absorption edges shift to higher energies where the electrons
participate in stronger chemical bonds [18]. Thus, in B,0;, SiO2, and P2Os 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.
Conscquently, optical band gap decreases. Yu et al [93] studied the optical absorption of
V20s5-P,0s 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 ct a
[94] found that the optical band gap of barium vanadate glasses doped with Fe;O; varied
from 2.27 eV to 1.99 eV. The change in the optical band gap was attributed to the

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

the addition of Fe;0;.
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Optical absorption

The absorption edge in amorphous semiconductors can be generally separated
into three regions [95] with absorption coefficients B > 10 cm™ , 1 < B < 10* cm™ and
p<l cm’' 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 ariscs due to transitions involving defect states directly.

logP

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:
hvB(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 cdges 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

172 172

absorption. A plot of [hvB(v)]™ vs. hv for which "“— 0, gives the optical band gap Eop.

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

B(hv)=Ce™’E (1.36)
where E. is the energy characterizing the slope and C is a constant. E. 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 uscful property is the molar volume V, defined as the volume of onc-gram molc of
glass. Then one can proceed to define partial molar volumes of the structural units

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

[18] by,
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v =(9_‘L) (1.37)
on, nj,T,P

where V = n;v; + njv;j , and n;, n; 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 V,, 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, Vm can

be expressed [101] by an additive relation of the form,
Vi =ZnV; (1.39)

where n; is the number per mole of the structural unit and V; 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 V, 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 V,0s-SnO-TcO, glass system is calculated from the

relation,

Vo [{M(V,0,)-16C, }x + M(TeO, )y + M(SnO)z]
' [p(5-Cy Jx+2y+2]

(1.40)

4+

where p is the density of the glass composition, C,, = (where Vg = V' + V),

total
x,y,z and M(V20s), M(TeO,), M(SnO) are the molar fraction and molecular weight of

V,0s, TeO,, SnO respectively.

1.5.2. Microhardness

Interest in the microhardness of materials is at least twofold. There is a general interest in
material propertics as such and secondly, there is a desire to obtain an understanding of
the microhardness based on the models, which involve structural paramecters on an atomic
scale [104]. Vicker’s indentation mcasurements of microharness will be discusscd in
chapter 2 of this thesis in detail. Vicker’s Hardness number (VHN) [104] is given by

2Fsin9

(1.41)
d2

VHN =

where F is the load applied, § 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 s still not understood completely, one can
discuss hardness in relation to elagtic modulij and bond strength paramcters according to
the model of Yamane and Mackenzje [104] using elastic moduli to constrain the effective
bond strength. Hardness of any materia] 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

TH-1867_994401 32



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=C,/a BG (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 Tq4, which is usually obtained from thermal expansion curves.
Ty 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 ar;d a general perspective of

!

the approach used are given here. Vanadium tellurite glasses generally exhibit n-type
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