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CHAPTER 1

CHAPTER 1
GENERAL INTRODUCTION AND LITERATURE REVIEW
1.1. Introduction
Owing to the increase in global demand for solid-state lighting appliances, energy-saving

light sources are evaluated together with the performance of the phosphors used in them. In the
interest of reducing the energy demand of these appliances, extensive research has been carried
out in search of alternative light sources. In recent years, researchers have explored methods for
the preparation of new ceramic luminescent phosphors and the improvement of their
luminescence properties through various experimental techniques.Because,luminescent
phosphors also known as ‘light-bearing materials’ are widely used in various potential
applications such as WLEDs, display devices, imaging systems, monitor screens, optoelectronics,
therapeutics, lumino-magnetic applications, and biological labeling, its demand increases day-by-
day as novel devices keep emerging [1-6]. In the last decade, many synthesis methods have been
explored for ceramic nanophosphors to improve the emission intensity as well as other properties
such as magnetic, electrical, and thermoelectric properties. Type 1 band alignment in
nanocomposites with the interface of two semiconductors is one of the best methods to improve
emission intensity. In this chapter, the importance of nanocomposites, types of band alignment,
the basic phenomenon of luminescence and energy transfer processes involved in tungstates,
introduction to DC and AC electrical conductivity, Dielectric properties (dielectric constant and
loss tangent) and thermoelectric properties, and brief review of the literature on the studied
system, motivation of the problem and scope of the thesis are discussed.
1.2. Introduction to Nanocomposites

Nanocomposites is a multiphase solid material where one of the phases has one, two, or three
dimensions of less than 100 nanometers (nm) or structures having nanoscale repeat distances
between the different phases that make up the material [7]. The idea behind nanocomposites is to
use building blocks with dimensions in the nanometer range to design and create new materials
with unprecedented flexibility and improvement in their physical properties. Also, reducing the
size of materials leads to a significant increase in optical, electrical, magnetic, and thermoelectric
properties. The properties of nanocomposites are not only dependent on their individual
properties of different phases but also their combined nature such as surface morphology and

interfacial characteristics [8]. Some advantages of nanocomposites are summarized below:
1|Page
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» Improvement in tensile strength, flexibility, ductile strength, modulus, and stability of
dimension all related to mechanical properties

Enhanced thermal stability and heat distortion temperature

Enhanced chemical and radiation hardness

Enhanced electrical conductivity

Enhanced thermoelectric power factor

YV V. V VYV V

Enhanced photocatalytic and Photoluminescence

Generally, the nanocomposites are classified into three different categories: ceramic matrix
nanocomposites, metal matrix nanocomposites, and polymer matrix nanocomposites [9]. Ceramic
matrix nanocomposites consisting of a ceramic matrix combined with a ceramic (oxides,
carbides) dispersed phase. Metal matrix nanocomposites refer to materials consisting of metal
matrix nanocomposites (MMNCs) comprised of metal as the matrix and ceramic as the
reinforcement. Polymer nanocomposites are materials in which a combination of polymer matrix
(which could be thermosetting or thermoplastic) with some kind of nanomaterial. The Energy of
the surface/interface essentially controls the properties of materials. Interfaces provide
inhomogeneity in solid materials and this causes a significant change in their thermal, optical,
electrical, magnetic, and mechanical properties of the materials. Particular mixing of two similar
phases (homophase interface) of materials with different morphology as well as the high
percentage of interface area lead to materials with enhanced properties [10].
1.3. Ceramic nanocomposites

For the first concept of ceramic nanocomposites was reported in 1991 by Niihara et al.

[11].Ceramic nanocomposites are classified into four categories: intragranular, intergranular,
hybrid, and nano/nanocomposites. Except in the case of nano/nano composites, the matrix phase
can be a microstructure ceramic or glass while the reinforced phase can be nanoparticle,
nanotube, nanoplatelets, and hybrid of these materials. In nano/nanocomposites both the matrix
and reinforced phase are composed of nano dimensions. The nano/nanocomposites are further
divided by their material combination into two categories; semiconductor — semiconductor
nanocomposites, semiconductor — metal nanocomposites.Conjoining two or more semiconductors
in single composite material with adjustable band alignment leads to develop a new degree of
multifunctional nanocomposites. According to the band alignments, the semiconductor-

semiconductor nanocomposites are divided into three types as shown in Figure 1.1 [12]:
2|Page
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1. Type I band alignment,

2. Type Il band alignment and

3. Type I11 band alignment

Nanocomposites with Type | band alignment nanosystems occur byadjacent domains of
two semiconductors having different band gap values and appropriately chosen band offsets
could be used to trap electron—hole pairs in specific regions of another semiconductor thus
forcing them to recombine therein with high efficiency. In this type | band alignment electrons
and holes get accumulated in conduction and valence band position within the band gap of
another semiconductor material leading to more recombination. Alternatively, nanocomposites
with a type Il band alignment of material bandgaps, constructed in such a way that band edges of
one domain lie lower in energy than the corresponding band edges of the other, facilitate spatial
separation of electron-hole pairs (excitons) between different parts of the composite
nanostructure, which can be harnessed for the development of photo-voltaic and photo-catalytic
materials. Type 111 is identical to type Il except for the much more difference in the valence band

and conduction band positions which gives a higher driving force for charge transfer [13-15].

SC-1
SC-1 Een
5C-1 Eco

Ecp = 5C-2 SC.2
E El:n E{F E Wil S C_z
E Egy

7 En Eya
Eyve e Eva
Type | Type il Type lii

Figure 1.1: Band alignments of the semiconductor — semiconductor nanocomposites. SC-1, SC-
2, Evs, Ecs in figure represents the semiconductor 1, semiconductor 2, valence band position and
conduction band position respectively.
1.4. Introduction to Luminescence

Naturally, the generation of light can be evolved depending on the source of occurrence,

light can be classified in two ways, one is incandescence and the other is luminescence.
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Incandescence is the light glow caused by the heating of the object materials, and a bright light is
produced. Example is electric bulbs. Luminescence is a collective term for different phenomena
where a substance emits light without being strongly heated, i.e., the emission is not simply
thermal radiation. This definition is also reflected by the term "cold light". The word
luminescence was first used by a German physicist, 1888, Eilhardt Wiedemann, in Latin ‘Lumen’
means ‘light’ [16]. The materials exhibiting this phenomenon are known as ‘Luminescent
materials’ or ‘Phosphors’ meaning ‘light bearer’ in Greek. The term phosphor was coined inl7™"
century by an lItalian alchemist named Vincentinusm Casciarolon of Bologona [17]. The
phenomenon of luminescence can be classified into various categories depending on the mode of
excitation (the prefix before the term luminescence is the mode of excitation in most of the
cases).

> Photoluminescence, when the excitation is by electromagnetic radiation/photons, is a

less specific term which embraces both fluorescence and phosphorescence.

> Cathodoluminescence, when the excitation is caused by energetic electrons or cathode
rays.

> Electroluminescence is light emission triggered by electric influences.

> Radioluminescence, when the excitation is caused by high-energy X-rays or y -rays.

> Sonoluminescence, when the excitation is caused by ultrasonic waves.

> Triboluminescence can occur when a material is mechanically treated, e.g.Fractured or
polished.

> Chemiluminescence is light emitted during chemical reactions.

> Bioluminescence is a form of Chemiluminescence from living organisms.

> Thermoluminescence, also known as thermally stimulated luminescence, is the

luminescence activated thermally after initial irradiation by other means such as a, B3, y, UV or X-
rays. It is not to be confused with thermal radiation; the thermal excitation only triggers the
release of stored energy.

Each process mentioned above has its significance and advantage in the field of science
and technology. The emphasis in the present work has been given to study the photoluminescence
(PL) of phosphors that exhibit strong emission in the visible region. However, before going into
detail, it is important to know the procedure leading to luminescence and its various

characteristics.
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1.4.1. Photoluminescence

Vincenzo Cascariolo is the first identified luminescent emission from the mineral barite
on exposure to sunlight known as 'photoluminescence’ (PL), a material photoluminesces when
excited by monochromatic light or by UV radiation with a spectrum broad enough to overlap the
ion absorption bands. Photoluminescence (PL) spectroscopy is a contactless, non-destructive, and
highly sensitive method. Generally, the energy of an emitted photon is lower than the exciting
photon [18].Photoluminescence can be either fluorescence in which emission of light during
excitation or phosphorescence in which emission of light after removal of excitation happens.
Photoluminescence (PL) spectra of the molecular species are different from photoluminescence
(PL) spectra of the atomic species. There are several possibilities of the electrons returning from
the excited state to the ground state. The processes competing in luminescence are radiative and
non-radiative transitions [19, 20].
1.4.2. Radiative transition

There are several possibilities of returning an electron to the ground state. Figure 1.2
shows the configurational coordinate diagram in a broad band emission.This radiative transition

can be explained through Franck-Condon principle.
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Figurel.2: Radiative transition (From:Kartik N.Shinde, S.J.Dhoble, H.C.swart and Kyeongsoon
Park (2012), Basic Mechanism of Photoluminescence. In: Phosphate Phosphors for solid — state

Lighting. Springer Series in materials Science, Springer, Berlin.)
S5|Page



CHAPTER 1

The Assumption is made on an offset between the parabolas of the ground state and the
excited state. Upon excitation, the electron is excited in a broad optical band and brought in a
higher vibrational level of the excited state and then relaxes to the lowest vibrational level of the
excited state and gives up the excess energy to the vicinity. This relaxation process usually occurs
non-radiative. From the lowest vibrational level of the excited state, the electrons return to the
ground state through photon emission. Therefore, the emission wavelength is longer than the
excitation wavelength.Therefore, the difference in energy between the maximum of the excitation
band and that of the emission band is found which is called Stoke shift [18].

1.4.3. Non-radiative transition

The energy absorbed by the luminescent materials which is not emitted as radiation and,
is dissipated to the crystal lattice is called non-radiative transition. The non-radiative transition is
also explained by the configurational coordinated diagram as shown in Figure 1.3. From Figure
1.3 (a) there is a Stoke shift between the ground state and the excited state. The relaxed excited
state may reach the crossing of the parabolas by adjusting the temperature to be higher [18]. So
the excited electron can return to the ground state through the crossing in a non-radiative manner.
The excitation energy is transferred as heat to the lattice during the non-radiative process. In
Figure 1.3(b) the parabolas of the ground state and excited state are parallel if the energy
difference is equal to or less than four to five times the higher vibrational frequency of the
surrounding lattice, so a few of the high energy vibrations are excited and are therefore lost in the
radiation of phonons.This is called multiphonon emission. In three-parabola diagram,both
radiative and non-radiative possible phenomena are shown in Figure 1.3(c).The parallel
parabolas (solid lines) from the same configuration are crossed by a third parabola originated
from a different configuration. The transition from the ground state to the lower excited state
(solid lines) is optically forbidden, but it is allowed to transit to the upper excited state (dash
line).Excitation to the transition allowed parabola then relaxes to the relaxed excited state of the

second excited parabola . Thereafter emission occurs from it [21].
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Figure  1.3:Non-radiative transition (From:Kartik N.Shinde, S.J.Dhoble, H.C.swart and
Kyeongsoon Park (2012), Basic Mechanisms of Photoluminescence in: Phosphate Phosphors for
solid — state Lighting. Springer Series in Materials Science, Springer, Berlin.)

1.5. Introduction to the Tungstates

Tungstates are class of ternary oxides and self-activating luminescence materials. Other
ternary oxides such as molybdates, vanadates are also self- activators [22-24]. Among important
classes, metal tungstates are considered great self-activated luminescent materials and good host
material for rare-earth doping for luminescence applications [25-28].Tungstates two structures
crystallize on their cationic radii,i.e., Wolframite (r < 0.77A) and Scheelite (r > 0.90A) [29, 30].

In Scheelite structure, “W” ion is coordinated with four oxygen atoms forming tetrahedral
coordination while bivalent cation is coordinated with eight oxygen atoms forming polyhedral
coordination as shown in Figure 1.4.CaWO4,SrWO4,BaWO4,PbWO,, etc. are examples of
Scheelite type tungstates.The intrinsic luminescence of Scheelite arises due to the annihilation of
the self-trapped exciton(STE),which forms excited [WO4]*> complexes respectively [31].The
divalent transition metal tungstate shows wide-gained commercial interest in lasers and

fluorescent lamps [23,32].
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Figure 1.4: The conventional unit cell of Scheelite structure, where A, B and O are the metal
cations, tungsten and oxygen respectively. [From: https//shodhganga.inflibnet.ac.in/bitstream/
10603/4722/11/11_chapter%201.pdf].
1.6. Excitonic emission

An exciton is a bound electron-hole pair in which an excited electron is interacting with a
hole. As the exciton moves through the crystal, carries some energy, and the electron and hole
recombine to produce luminescence. There are three kinds of excitons. Frenkel exciton, Wannier-
Mott exciton and charge transfer exciton [33]. Frenkel excitons are localized and resemble an
atomic excited state. Wannier—Mott excitons extend over many lattice constants and are free to
move through the lattice, while Frenkel excitons have a radius comparable to the interatomic
distance. The Wannier exciton is composed of an electron in the conduction band and a hole in
the valence band bound together. Charge transfer (CT) excitons are formed when an electron and
a hole occupy adjacent molecules. They occur primarily in organic and molecular crystals; in this

case, unlike Frenkel and Wannier excitons, charge transfer (CT) excitons display a static electric
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dipole moment. The energy level diagrams of the Scheelite structure are given in Figure 1.5

below.
2
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Figure 1.5: Energy level diagram of Scheelite structure.

1.7. Self-trapped exciton

In the intrinsic luminescence self-trapped excitons play an important role in the
tungstates [31, 34]. In semiconductors and insulators, the excitons interact with phonons. If the
interaction is strong enough, the exciton will be covered with clouds of phonons which would
strongly diminish the movement of excitons across the crystal. This process is called self-trapping
of the exciton. When the interaction is strong, the corresponding intrinsic luminescence spectrum
will be very broad. Exciton self-trapping process can be explained in the following way: the
translational movement of the exciton is driven by its hole. The movement of the heavy hole is
then very slow. Therefore, the hole strongly polarizes the surrounding lattice thereby further
slowing down, resulting in the overall positioning of the hole close to some atoms constituting
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the host lattice. A light electron accompanying the hole will then describe its orbit in the close
vicinity.
1.8. Charge transfer luminescence

In tungstate materials, charge transfer luminescence plays an important role. In the case
of charge transfer, the optical transition occurs between different kinds of orbitals or between
electronic states of different ions. In this process charge distribution on the optical center and
chemical bonding also changes significantly [35-37]. Owing to these very broad emission spectra
are expected. Very well-known examples are Scheelite type tungstates such as CaWOas, PbWO4,
and BaWOs. These materials are used for decades of the detection of X-rays, scintillators, and
fluorescent lamps which show luminescence originating from the [WO4]? groups. The transition
involves charge transfer of oxygen ions to empty d-levels of the tungsten ion. In these materials,
no intentional dopants are introduced, so it is also called a self-activating material.

There are two types of charge transfer mechanisms involved in metal tungstates: Metal to
ligand (MLCT) charge transfer and ligand to metal charge transfer (LMCT) [38]which is shown
inFigure 1.6(a-b). In Scheelite tungstates [WO4]* anion has a characteristic ligand to metal
charge transfer (LMCT) [39]. In this transition, an electron is transferred from the highest
occupied molecular orbital (HOMO) which has oxygen 2p non-bonding orbital character of the
lowest unoccupied molecular orbital (LUMO), which is an anti-bonding orbital with W 5d
orbital. Charge transfer of metal to ligand originates from the transition to electrons from
molecular orbitals with metal-like characteristics to molecular orbitals with ligand-like
characteristics. Furthermore, the presence of cation with partially filled d-orbital of transition
metal tungstates leads to familiar d-d transition. A third possibility is the transfer of electrons
from the partially filled d-orbital’s of the cation to the empty molecular orbital’s based of W 5d
on the tungstate group. There is an effectively a transfer of an electron from the A?* cation to the

W5* jon, this transition can be labeled as metal to metal charged transfer (MMCT) [38].
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Figure 1.6(a-b): (a) Metal to ligand charge transfer (MLCT) (b) Ligand to metal charge transfer
(LMCT)
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1.9. Introduction to DC electrical conductivity

Well-known nanostructured materials have attracted considerable attention because of the
nanoscale materials showing novel electric properties that are markedly different from those of
the conventional bulk counterparts due to their quantum-size effects, small-size effects, and a
large fraction of grain boundaries (GBs) [40].The electrical conductivity is the material property
that represents the ease with which a current of charge carriers can flow under an applied
potential. Or in simple form, it is amount of electrical current a material can conduct called
electrical conductivity (o). P.K.L.Drude was first person to explain in solids electrical conduction
and consider as sea of electrons or an electron gas in metals. Semiconductor Metal Oxides (SMO)
are interesting materials due to their non-linear electrical response, making their use possible in
many technological applications, such as light and gas sensors, electro-optical devices,
photovoltaic cells, and electrical transient suppressors (varistors), responsible for acting as an
energy drain [41].This characteristic is due to the polycrystalline nature of ceramic varistors and
the effective potential barriers at the grain boundaries that enable a non-linear relationship
between the voltage and the current. This non-ohmic behavior of ceramics has been defined by
the empirical equationl.1 [42].

J= KE* (1.1)

Where (J) is the current density, (E) the electric field intensity and (K) constant related to the
microstructure of the material and (a) is the non-linear coefficient. The larger the value of (o), the
more useful as the varistor.

In varistor materials, one of the most important parameters is the non-linearity coefficient
(a). The value of (o) defines how fast the change is from the high resistive to the low resistive
state, allowing the excess current to flow through the ground.

The ratio of the current density (J) to the electric field strength (E) is defined as electrical

conductivity, i.e. c= (1.2

B> = ==

Since current density, J =— , and electric field, E = —:—X, where (1) is the current, (A) is the cross
section of the sample, and (X) is length. The inverse of conductivity (o) is electrical resistivity

(p), and defined as: p =§. For a wire of cross-sectional area (A) having length (L) with resistance

(R), the resistivity (p) is given by: p =¥ (1.3)
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DC conductivity & non-linearity coefficients (a),Number of grain boundaries (n),Grain boundary
voltage (Vgb),Breakdown field (Eg) of the samples were calculated by the following equation
(1.4)-(1.8) [43].

L

Ogc = oy (1.4)

Where (L), (R) and (A) is the thickness, resistance and area of the pellets respectively
_ll«:)gg(gﬁa)) (15)
Number of grain Boundaries (n) :g (1.6)
Grain Boundary Voltage (Vgb) = V—f (1.7)
Breakdown field, Eg =5~ (1.8)

Where (Vg) is the breakdown voltage (breakdown voltage is the voltage at which the varistor
switches from a highly resistive state to a highly conductive state), (Vg) is the average
breakdown voltage per grain boundaries, (d) is the sample thickness and (E1) and (E2) are the
electric fields measured at the current densities respectively.
1.9.1 DC electrical conductivity mechanism

Some theoretical models have been proposed that explain grain-grain conduction and
other varistor phenomena with reasonable credibility [44-53].These models are based on the
double depletion layer concept for the region of closest grain-grain contact, and this is the
generally accepted starting point for any physical model of the varistor junction. The origin of the
double depletions layer can be understood by considering the formation of a grain boundary
when two identical semiconducting grains are joined. The grain boundary is assumed to be
comprised the same semiconducting material as the grain but also contains defects and
dopants.As a result, its fermi level is different from that of the two grains, and it also has
additional electronic states because of the defects and dopants within the bandgap. Electrons flow
to the grain boundary, where they are trapped by the defects and dopants. The result of this
electron flow is that the electrons trapped at the grain boundary act like a sheet of negative charge
at the boundary, leaving behind a layer of positively charged donor sites on either side with the
boundary thereby creating an electrostatic field with a barrier at the boundary. The boundary of
each grain and its neighbor controls the current according to the applied voltage and allows
current to flow in two directions. The mass of randomly oriented grains is electrically equivalent
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to a network of back-to-back diode pairs, each pair in parallel with many other pairs. Varistor
action is controlled by depletioning layers situated within the grains of the grain—grain interfaces.
As the non-linear electrical behavior occurs to the boundary of each semiconducting grain, the
varistor can be defined as a multi-junction device composed of series and parallel connections
between grain boundaries. An ideal varistor should consist only of homogeneously distributed
grains of highly resistive grain boundaries without secondary phases.Varistor system presents
two phases or two kinds of similar (grain-grain) grain boundaries one thin (called type I), and the
other thick dissimilar (grain-grain) (called type I1), and the type I grain boundary is considered
desirable to obtain good varistor properties [54].The formation of the potential barrier in type I
grain boundaries should present effective barriers for electron transport, whereas type Il grain
boundaries resultin loss of electrical properties.
1.10. Introduction to dielectric properties
The dielectric property of ceramics indicates the quality of the materials for a wide range

of applications. All the tungstates are insulators. It is well known that the dielectric properties of
ceramic materials depend on their composition, structure, and experimental conditions [55]. This
section presents a brief description of dielectric materials and its mechanism. The crystalline
dielectric materials are classified into two major categories [56]:

e Polar (dipole) dielectrics

e Non-polar (neutral) dielectrics

In polar dielectrics, permanent polarization (Ps) exists even without an external electric field.
Whereas no permanent polarization (Ps) was observed in non-polar dielectrics [57]. Dielectric
materials are generally known as an insulator. A dielectric (or dielectric material) is an electrical
insulator that can be polarized by an applied electric field. The dielectric response arises from the
short-range motion of charge carriers under the influence of an externally applied electric field
while Capacitance is the ratio of the amount of electric charge (Q) stored on a conductor to a

difference in electric potential(V). The capacitance C is given as:

c=3 (1.9)

For a dielectric material placed between the plates of a capacitor, it may be shown that: The

capacitance of the capacitor without the dielectric is given by:

Co= TA (1.10)
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The capacitance of the capacitor with dielectrics is termed as:
c=% (1.11)

Where (¢g), (L) and (C) are permittivity or dielectric constant, thickness and area of the dielectric
materials respectively.
1.10.1. Dielectric relaxation

In dielectric material, the change of polarization is a time-dependent process and given by
the equation (1.12):

P (t) = Po [1-exp (-t/t)] (1.12)

Where (Po) is a maximum polarization and (t) is the relaxation time of the polarization (dielectric
relaxation). The time varies for different polarization processes. The space charge polarization
occurs at very low frequencies less than 10% Hz. It refers to the diffusion of metal ions over
several inter-atomic spacing. It also appears in machines having frequencies between 50 to 60
Hz. It is one of the slowest processes as compared to other types of polarization. It is very small
and is negligible as compared to other types of polarization. The orientation polarization appears
in the polar molecules under the application of the ac field. Its mechanism is faster than space
charge polarization but slower than the ionic and electronic polarization. Its frequency range is
less than 107 Hz. The ionic polarization exists in ionic molecules having a frequency of less than
10 Hz. lonic polarization cannot appear in optical frequencies (~10%° Hz) as the ionic molecules
require a time of about 100 times greater than the frequency of the applied field. lonic
polarization is faster than space charge and orientation polarization but slower than electronic
polarization. Electronic polarization is the fastest polarization and appears immediately after the
supply is switched on. It occurs even at optical frequencies [58].The frequency-dependent of the

polarization is shown in Figure 1.7.

15|Page



CHAPTER 1

Inter face Polarization
Dipole Polarization
Jomic Polarization
> Electronic Polarization
=
=
g =
- L e |
_E i l
Gt
=]
e
=3
-
_
1 1 1 1
10* 10 10% 10
log frequency

Figure 1.7: Variation of polarization with frequency.
1.10.2. Maxwell - Wagner polarization effect
The Maxwell-Wagner effect shows charge accumulation at the two-material interface
based on the difference between charge carrier relaxation times for these two materials. This
effect is based on charge carrier relaxation times for two materials and is commonly known as
the interfacial charging effect. This effect occurs especially to low frequencies. The real and

imaginary part of the capacitor is given by Maxwell - Wagner polarization model as following

equations:
' _ 1 ‘ti+‘tb—‘t+u)2‘tiu)b‘t
(W) = Co(R;+Rp) 1+ w22 o)
" _ 1 1-w2tTp+ w2 T(Ti4Tp)
£ (w) = »Co(Rj+Ryp) 1+ 0212 (1.14)
Where T; = GiR;
T, = CpRp
¢ = GRb*TRi (1.15)
Ri+Ryp '

where 1, , Ci, Cp, Ri, Rp are relaxation times, capacitance, resistance respectively and subscript i

and b refers to the interfacial-like and bulk like layers, respectively.

1.11. Space charge layer (SCL) in nanocomposites
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In nanocomposites, crystalline symmetry is broken at interfaces of two similar phases
(homophase interface) between two grains or between two different phases (heterophase
interface), resulting in a local space charge region due to the redistribution of ionic and electronic
defects [10]. lonic defects from the bulk phases adjacent to the interface are depleted in the space
charge region, while those with opposite charge are accumulated [59]. In the case of oxygen-ion
conductor having Frenkel equilibrium for the anionic sublattice, segregation of interstitial oxygen
ions at the phase boundary increases the concentration of oppositely charged point defects
(oxygen vacancy) in the space charge region. The fundamental concept is that ions can be trapped
at the interface core. The counter species, in general a trapped ion vacancy, is then accumulated
in the adjacent space charge regions. The chemical affinity of a second phase to the trapped ion
gives rise to a driving force.

1.12. Introduction to Thermoelectricity

Thermoelectrics is the conversion ofheat toelectricity. Since thermoelectrics is
thermodynamically reversible, so it can directly convert thermal energy into electrical energy or
vice versa. In 1821, Thomas J. Seebeck discovered that an electromotive force or a potential
difference could be produced by a circuit made from two dissimilar wires, when one of the
junctions was heated. This is called the Seebeck effect.

1.12.1. Seebeck effect

“Seebeck effect, production of an electromotive force (emf) and consequently an electric
current in a loop of material consisting of at least two dissimilar conductors when two junctions
are maintained at different temperatures”.

Voltge will be developed, when a temperature difference is established between the hot
and cold ends of p-type and n-type semiconductors. Charge carriers (electrons or holes) at the hot
side have more thermal energy than the carriers at the cold side of the materials; they start to
diffuse to the cold side, causing accumulation of charge carriers at the cold end leading to the
formation of an electric field, which opposes the further diffusion of charge carriers under the
temperature difference. Then equilibrium will be established when the rate at which carriers
move from the hot side to the cold side due to diffusion is balanced by the rate at which carriers
move from the cold side to the hot side due to the established electric field which occurs in open
circuit mode which is called Seebeck voltage, and amount of voltage developed per unit

temperature gradient is called the Seebeck coefficient(S).
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For a good thermoelectric material should have high values of both electrical conductivity
(o) and Seebeck coefficient (S), but needs to have low thermal conductivity (k).The high
electrical conductivity (o) reduces the joule heating (P=I°R) and increases the thermoelectric
voltage (AV) generated, while the low thermal conductivity (k) reduces transfer of heat of the
junctions. The sign of Seebeck coefficient(S) depends on (i) sign of the charge carriers, unlike
electrical and thermal conductivities (depends on the magnitude of the charge), and (ii) energy
dependence on the momentum relaxation time of the scattering mechanism at Fermi energy.The
physical factors that determine Seebeck coefficient(S) are two contributions tocharge-carrier
diffusion (Sq) and phonon drag (Sp), which gives total Seebeck coefficient (S), S=Sq +Sp. Under a
temperature gradient, diffusion of electrons through the samples leads to set up an electric field,
while a state of equilibrium is established between electrons under the temperature gradient and
electrostatic repulsion due to the excess charge at the cold end arises due to flow of phonon wind
dragging electrons due to electron-phonon coupling from the hot end to the cold end.
1.12.2. Thermoelectric power factor

Thermoelectric power factor (PF or P) defined as the multiplication of squared
thermopower (S?) with DC electrical conductivity (c4c) and is given by equation (1.16):

P = S%64c (W/MK?) (1.16)

Thermoelectric materials with a higher power factor are able to generate more energy
(move more heat or extract more energy from that temperature difference) this is only true of a
thermoelectric device with fixed geometry and unlimited heat source and cooling.The efficiency

of the thermoelectric materials is given as figure of merit (ZT) given by the equation (1.17):

S?0dcT
2T ===

zT==2 (1.17)

K

The higher value of power factor (PF or P) and low value of thermal conductivity (k) leads to
maximum efficiency of thermoelectric (TE) materials as well as devices. Thermoelectric materials
are characterized by Figure of Merit (ZT), that is, they show high Seebeck coefficient(S), high
conductivity and low thermal conductivity at the same time. Such three parameters are functions
of carrier concentration that are difficult to be satisfied, which cannot be tuned independently.

The Seebeck coefficient (S) decreases from increasing carrier concentration, while electrical
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conductivity (o) increases. As a consequence, the carrier concentration takes an optimum value of
maximizing the power factor (S%sac). A good balance between conductivity and Seebeck
coefficient(S) is required to obtain a maximum power factor (S%sqc). In other words, conventional
metals have small Seebeck coefficient(S), while semiconductors have low conductivity.
Optimum carrier concentration to be evaluated 10'°-10%! cm? for a typical carrier concentration
of semiconductors. Once the carrier concentration is set to be the optimum value, the only way to
maximize the conductivity is to maximize the mobility.
1.12.3. Charge Carrier Scattering Mechanisms

Literature proves that, nanoinclusions and grain boundaries in composites scatters
phonons and charge carriers thus reducing charge carrier mobility [60, 61]. However, it may be
possible to enhance phonon scattering while simultaneously preserving the electrical conductivity
with the optimum amount of nanoinclusions or grain boundaries [62]. The major carriers of heat
called Acoustic phonons having spectrum of wavelengths and mean free paths (MFP) [63]. They
contribute differently to thermal conductivity depending on their wavelengths.In order to scatter
short wavelength phonons atomic defects are needed while large particles scatter mid and long
wavelength phonons. The grain boundaries present in nanocomposites can act as large particles
and are very efficient in scattering mid and longer-wavelength phonons. While dpending on the
states available when phonons incident at the interfaces, they generate multiple phonons of longer
wavelengths beyond the grain boundaries. If the nanostructures are smaller than the phonon mean
free path (MFP), but greater than charge carrier mean free path (MFP), phonons are more
strongly scattered by the interfaces than the charge carriers, resulting in reduced thermal
conductivity but not changing the mobility of the charge carrier[64]. Another approach to arrest
the coherent propagation of heat carrying acoustic waves without affecting the electrical
conductivity and Seebeck coefficient is to incorporate chemically and physically inert
nanoparticles into bulk thermoelectric power materials [63, 65].When the dimensions of the
nanoinclusions or grain boundaries are comparable to the mean free path (MFP), the phonons will

be scattered, reducing lattice thermal conductivity (k).

1.13. Literature review on the studied system
Tungstate materials have aroused much interest because of their, structural properties and

potential applications in the fields of luminescence, microwave, electrical, optical, scintillating,
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magnetic, photo-catalytic and humidity sensing. In Scheelite tungstates: As a self-activating
phosphor, tungstate has some advantages, e.g., high chemical stability, high X-ray absorption
coefficient, high light to yield, and low afterglow to luminescence. Its luminescence originates
due to the intrinsic structure which resulted in the charge transfer of excited 2p orbits of O to
the empty orbits of the central W®* ions, and due to the structural defects. This section explores
the brief review of the studied system BaWO4 and CaWQO4 nanomaterials.

Calcium tungstate with the chemical formula CaWOys is the first compound of this class,
which was first discovered in the year 1821 for an occurrence of Bispbergs Klack iron mine,
Sater, Dalarna, Sweden, and it was named as Scheelite after the Swedish chemist Carl Wilhelm
Scheele (1742-1786). Among the Scheelite structure tungstates, Barium tungstate, Calcium
tungstate (BaWO,., CaWO.) aroused much attention in the electrical, optical and photo-catalytic
applications. In Scheelite structure, BawOs and CaWO, containing Ba?* and Ca®' ions and
[WO4)% anion, bivalent cation coordinated by eight oxygen atom forming polyhedral
coordination and“W” ion has coordinated by four oxygen atom forming tetrahedral coordination
is considered to be highly functional nanomaterial due to its intrigue luminescent properties[66].

Barium tungstate, BaWO,4 (BWO) has attracted interests in several research groups of its
applications as a radiation detector, solid-state laser host, Raman shifters etc. [31, 67-69].
Luminescent properties of BaWO4 (BWO) were investigated in the past for samples taken in the
form of either sintered powders [70-72] or nano-crystallites [73]. Experiments on milled powder
and theoretical calculations have shown that structural disorder in the lattice is an important
condition to generate an intense and broad photoluminescence (PL) band at room temperature
[72].BawO4 (BWO) nanocrystals with different morphologies, such as whiskers, octahedral,
fishbone-like, penniform, hollow, rod, wire, etc. have been successfully prepared and
characterized as recent years [72]. In a recent study concerning the excitons emission from
AWO,4 materials, the photoluminescence (PL) spectra of BWO single crystal were also reported.

As a blue phosphor and host material, CaWOa has been used in X-ray intensified screens,
lasers, fluorescence lamps and scintillators. In 1947 luminescence studied of bulk tungstates and
molybdates of Calcium, Strontium, and Magnesium was reported by F.A.Kroger [74].Calcium
tungstate material prepared by the stoichiometric mixture heating of CaO or CaCO3 and tungstic
acid was first reported by Kroger et al. [74]. Early first reported observation of faint absorption

lines of the yellow region of the spectrum (~585 nm) from naturally occurring CaWOQO;, crystals
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that contained trace impurities of Nd perhaps prompted the use of Nd: CaWO, for the generation
of second harmonics of a laser radiation [75,76]. In powder form, Calcium tungstate is a well-
known blue-emitting phosphor [77]. Recently, highly crystallized thin films of CawWOs was
prepared by an electrochemical method of room temperature and observed blue emission (456
nm) with excitation light of 254 nm was reported by Woo-Seok Cho et al. [78]. Enhanced Blue
emission from CaWO, originated from recombination of self-trapped excitons due to removal of
hydroxyl ions from surface of CaWO; after annealing reported by Basu et al. [79]. Bi**doped
CaWOs decreases the photoluminescence (PL) emission intensity of CaWOs reported by Kang et
al. [80].

CaWOs micro - and nanocrystals were obtained by the microwave-assisted
hydrothermal/solvothermal method at 160°C for 30 minutes. The maximum photoluminescence
(PL) emissionsof 491 nm and 484 nm for the CaWO4 micro- and nanocrystals were attributed to
the CCCT mechanism involved in the electronic transitions [81]. Luminescence of Bi** and Bi**+
Eu®* in calcium tungstate powder prepared by the solid state diffusion method has been reported.
The increase in the intensity of Eu* emission of CawOa: Bi*"; Eu*. This enhances the Eu®*
emission intensity by 60 times compared to CaWOa: Eu** (1 mol %) [82]. Undoped and Eu®*
doped MWO4 (M=Ca, Sr, Ba) nanomaterials were prepared at room temperature (RT) by co-
precipitation method. Strong red emission has been observed from Eu®*doped MWO,
nanomaterials and the emission intensity decreases from increase in ionic size of M?* [83]. Single
crystals of CaWwO, and CaMoO4 doped with Tb** have been grown by the flux growth method
and measured luminescence spectra and emission decay profiles in different experimental
conditions at temperatures ranging from 10 to 600K [84]. Scheelite-type Calcium tungstate
(CawO04) nanophosphors with different phase purity were synthesized by a wet chemistry method
and the phase transition, optical, and photoluminescence properties of as-prepared samples were
systematically studied. The intensity of the emission peaked at 428 nm increases first and then
decreases from the increasing of calcining temperature. The emission peaks at 428 and 386 nm
can be ascribed to the T, to *A; optical transition of electrons within [WO4]?> anions and the
defect or carbon skeleton, respectively [85].By a combination method of sol-gel process and
electrospinning one-dimensional CaWO4 and CaWO4:Th*" nanowires, and nanotubes have been
prepared,under ultraviolet and low-voltage electron beams excitation, the CaWO4 samples gives

blue emission higest intensity at 416 nm wavelength which originates from [WO4]* groups,while
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the CaWO.:Tb®* samples show the characteristic emission of Th®" related to °Ds—'Fes4s3
transitions owing to an efficient energy transfer from [WO4]*" to Th** [86].This paper reports on
the synthesis of CapxWOs : Agx (0 < x < 0.05 mol %) powder phosphors by a hydrothermal
method and followed by calcinations, the emission spectrum shows a broad emission from the
wavelength ranges of 360-550 nm revealing a peak position of 420 nm due to the [WOQ4]% ion
[87]. Nanocrystalline CaWOQO4 has been synthesized by a sol-gel method using tungsten (VI)
oxide, WOg, and calcium nitrate tetra hydrate, Ca (NO3)..4H>0 as starting materials. The CaWO4
particles ranged from 350 to 850 nm in size and reported emission from the blue region [88]. A
solid-state metathetic (SSM) route assisted by cyclic microwave irradiation was used to
synthesize Calcium tungstate (CaWO,) particles.CaWO4 well-crystallized particles were formed
into 600°C for 3 hours,showing an excellent and homogeneous morphology with sizes of 1-2 um
[89].

Metal oxide semiconductor nanocomposites have enhanced photo-catalytic properties
[90].There are numerous reports on nanoscale heterostructures incorporating tungstate
compounds, such as ZnWO4/BiOl, Bi;WOQOe/TiO2, CaWO4/Bi,WOs, and SnO./WQO3, which were
generated with a goal towards developing novel photo-catalytic and field emission properties [91-
94]. BaWO4/ PrWO4 enhances the BaWO,, photoluminescence (PL) and photo-catalytic reported
by Cavalcante et al. [95]. BaWO4/ CdMoO4 nanocomposites studied photo-catalytic performance
under visible light reported by Eghbali-Arani et al. [96].Visible photoluminescence (PL) emission
from room temperature in CaxSr1.xXWOs having structural order emitted more greener lights and
disorder structure emitted stronger red and yellow light was first reported by V.M.Longo et
al.[97]. Later sintered at 600°C,CaxSrixWO. sample reported (600nm peak showing broad
emission) maximum PL emission which was not structurally highly ordered or disordered and
explained the role of disorder and charge transfer between WO4 and WOs3 clusters in CaWO4
lattice for improved photoluminescence (PL) intensity reported by S.L.Porto et al. [98]. The
PANI/CaWOs nanocomposites were successfully synthesized in-situ chemical oxidative
polymerization method and Raman studies revealed electronic interaction between PANI and
CaWOs nanoparticles.The photoluminescence (PL) spectra for the nanocomposite sample
exhibited very large intensity emission [99]. Sri—«CaxWO4 ceramics prepared by the solid state
reaction route, shows broad blue photoluminescence (PL) emission at room temperature when

excited with 250 nm wavelength [100]. The micro/nano-structured CaWO4/Bi;WQOs composites
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were successfully synthesized by a one-step hydrothermal route without using any templates or
surfactants. The mechanism of enhanced photo-catalytic activity for the micro/nano-structured
CaWO0.4/Bi;WOs composite can be attributed to the effective separation of electron—hole pairs
[94].Prasad Narayan Patil et al. reported enhanced blue emission of CaWO4 in BaWO4/CaWO4
nanocomposites.The mechanism of enhanced photoluminescence (PL) emission of xBaWOa4/(1-
X)CaWO4 nanocomposites can be due to the excitonic charge transfer from BaWO4 phase to
CaWOs phase because of their Type | band alignment and interface occurring between them.
More excitons in the CaWO4 phase lead to an increase in the number of recombination processes
which increases emission intensity from the [WO4]*>~ anions of the CaWQ, phase of the sample
[101].

In Polycrystalline Pb (Cd12W12)O3 samples both ac and dc conductivity have been
studied over a wide range of temperature, current—voltage (I-V) characteristics of the compound
studied at different temperatures reveal that the compound has excellent varistor behavior[102].
Ceramic varistors based ZnO with lead zinc borosilicate glass instead of Bi.0s were prepared.
The obtained zinc borate phase at the grain boundary of ZnO-glass samples enhances the non-
ohmic characteristics of the ceramic varistors [103]. Polycrystalline Pb (Mn12W1) Oz samples
were prepared by the high-temperature solid state reaction technique, the current density field
strength (J-E) characteristics of the compound studied at different temperatures revealed that the
compound has excellent varistor behavior [104]. Current-voltage characteristics and non-linear
coefficients of the ZnO/Polypyrrole nanocomposites thin disks were studied in direct current
mode. Results showed good varistor behavior of prepared ZnO/Polypyrrole nanocomposites
[105]. In Ca, Ta-doped TiO> varistors with high non-linear coefficients are obtained by a ceramic
sintering. The effects of Ta and, the non-linear electrical behavior of the TiO system is explained
by analogy between a grain-boundary atomic defect model [106].The morphological and the
electrical properties in Nb.Os-doped SnO2-MnO; varistor systems were studied, the results
showed that the increase of Nb2Os contents in the SnO2-MnO> Matrix have led to an increase in
the varistor properties [107]. The electrical properties of (Sc, Ta) doped TiO; varistor ceramics
have been investigated, the results revealed Schottky type barrier, is responsible for the varistor
behavior [108].The non-linear properties of ZBMCCS-based varistors are studied in relation to

sintering temperature, in the range of 1280—1350°C, and the effect of sintering temperature on the
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microstructure and electrical properties of the ZBMCCS-based varistors are studied & reported
[109].The effect of composition controls the microstructure and electrical properties of the ZnO
varistors doped with Ho.Oz. The relation between the electrical characteristics of the Bi>Os-based
ZnO varistor ceramics with various Ho,O3 content was investigated and the results are analyzed
[43].Zn0O-V,05—Mn0O>—Nb,0s—Bi>03 varistor ceramics low-temperature sintering effect on
microstructure and electrical properties were investigated, and surprisingly high non-linear
coefficient and noticeably lower leakage current ware attained by a proper sintering temperature
[110]. The microstructure and non-ohmic behavior of ZnO-V,0s ceramics is reported. The typical
Schottky barrier controlled current behavior and the non-linearity characteristics were in response
to the grain boundary barrier layer [111].

Microwave dielectric characteristics of AWO4 (A = Mg, Zn, Mn, Ca, Sr, Ba) compounds
and their relations to structure have been investigated as a function of (A) cations and reported on
the size of (A) cations permittivity decreased and with unit cell volume temperature coefficient of
resonant frequency was correlated [112].The Scheelite ceramics, with the general formula MWO4
(M= Ca, Sr and Ba), are regarded as promising materials for microwave substrate applications,
and studied the stability of the scheelites under the influence of a humid atmosphere and water.
Also, influence of alkaline-containing (Na, Li) impurities on the sintering of scheelites and their
susceptibility to humidity is presented [113].CaWOs-based ceramics reported as a new low-
temperature co-fired ceramic (LTCC) material [114].Nanocrystalline samples of CaWOQ4 were
prepared for room temperature by simple chemical precipitation. Very low dielectric loss in
nanocrystalline CaWO4 powder was observed at high frequencies. The values of ac electrical
conductivity calculated from the permittivity studies were found to increase as frequency
increased, conforming to small polaron hopping [115].Nanostructured calcium tungstate
(CaWO0,) of different(13nm & 26nm) grain sizes were synthesized using controlled chemical
precipitation technique the dc electrical conductivity of compacts of nanocrystalline CaWO4
wasreported as a function of temperature. The variation in DC electrical conductivity with
chamber pressure, grain size and low temperature annealing was studied [116]. Microwave
dielectric properties of A%* B®* O4 (A%*": Ca, Pb, Ba; B®*: Mo, W) ceramics were investigated as a
function of packing fraction and bond valence [117].The electrical conductivity of CaWOs was

studied at 900-1300°C and partial pressures of oxygen from 10° to 10*%atm and reveals the
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tungstate was found to be an a n-type semiconductor and its defect structure was interpreted in
terms of oxygen vacancies and interstitials was reported by Ringdon and Grace [118].

Microwave dielectric properties of Ba1-xSrxWQO4 ceramics prepared by solid state reaction
route and studied microwave dielectric constant, temperature coefficient of resonant frequency
(tr), quality factors were measured with Hakkie-Coleman technique [119].Optical and microwave
dielectric properties of Sr;-xCaxWOs ceramics prepared by the solid state reaction route, the
permittivity was found to increase from the increase in Ca content in agreement with the
Clausius—Mosotti relation [100].Microwave dielectric properties of (1-x)CaWO;—xTiO> prepared
for conventional solid-state route in order to tune the dielectric properties, and were prepared for
different values of x. In particular, at x = 2.6, showed good microwave dielectric properties [120].
(1-x)CaWO4-xTi0O2 (CWT) ceramics was fabricated by conventional solid-state sintering method
of 1200 °C for 4 hours. When x = 0.15, the sample achieves the optimum dielectric properties
[121]. (1-x)CaWO4-xLaNbO4 (0.0 < x < 0.5) ceramics was investigated to control [TCF] of
CaWO, based materials and results discussed the microwave dielectric properties of these
CaWOs—based materials the bond valence and atomic packing was also discussed [122]. Sintered
at low temperature 900°C of BasNbsO15-BaWOsand Bas(VOa).-BaWOscomposites and studied
its dielectric properties for LTCC application were reported by Zhuang et al. [123-125].

It was found that all Pr-doped PbWO, tungstates show the sign change of thermoelectric
power around the temperature of 366K suggesting the p-n transition due to the existence of
vacancy acceptor and donor levels [126].Thermoelectric power of CrVOs in the temperature
range 300-1000K exhibiting extrinsic conduction polaron hopping mechanism resulting in p-
type semiconductor material up to 750K & normal band types showing intrinsic conduction
above 750K[127].Thermoelectric power of Palladium Sulfide (PdS) by Raman Scattering
Spectroscopy is used to investigate the thermal transport properties of material over a wide range
of temperatures[128]. Seebeck effects was observed by intramolecular charge-transfer states in
n-type 1IDT and p-type [|IDDT devices based on vertical architecture of
conductor/polymer/conductor design the results show that Seebeck coefficient is essentially
determined by the combination of two Seebeck effects driven by polarization and entropy
divergences[129]. Enhanced Seebeck coefficient observed through energy-barrier scattering in

PbTe nanocomposites [130]. BTO/BST composite materials have been prepared by the
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combination of ultrasonic dispersion and SPS, and the TE performance was systematically
investigated in the temperature range of 300 K to 500 K. The results indicated that appropriate
adding of BTO can improve the Seebeck coefficient by adjusting the carrier concentration and
energy filtering effect to maintain a high power factor values [131].Bi.Tes nanocomposites
samples have been prepared by incorporating nanostructures into the bulk matrix phase, the
composite system have the theoretical potential to benefit from both quantum confinement effects
and grain boundary scattering of phonons, resulting in enhanced thermopower and lowered
thermal conductivity, respectively[132].The Al>Os/Bi,Tes nanocomposites sintered from the
composite powders exhibit improved Figure of Merit (ZT) value at room temperature compared
to that of pure BixTes due to reduced thermal conductivity caused by active phonon and carrier
scattering at the newly formed Al,O3/Bi>Tes interface[133].Based on the concept of band bending
to metal/semiconductor interfaces as an energy filter for electrons, present a theory about
enhancement of the thermoelectric properties of semiconductor materials with metallic
nanoinclusions[134].Enhance thermoelectric performance of Cu,Se/Bio.4Sb1 6Tes nanocomposites
at elevated temperatures due to elevated energy filtering out carriers andinhibition of minority
transport besides enhanced phonon blocking from scattering at interfaces [135]. Alternatively,
composite thermoelectric materials containing several phases may enhance the performance of
thermoelectric materials by conserving a relatively high electrical conductivity while introducing
more interfaces leading to a decrease in the thermal conductivity. Although several reports on the
synthesis of composite thermoelectric materials have been published [136-144].
1.14. Motivation, scope and objective of the present work
1.14.1. Motivation

Enhancing the photoluminescence (PL) emission intensity of phosphors along with
multifunctional properties is a great challenge to the researchers. Tungstate nanomaterials are
important inorganic materials for their vast applications of many technological fields.Because of
easy charge separation behavior in tungstate materials; it is used in photo-catalytic and
photoluminescent applications  frequently.However, in CaWO./CdSe nanocomposites,
photoluminescence (PL) quenching and shortened photoluminescence (PL) lifetime were
observed for the CaWO4 phase due to CaWOs is transferring charge to CdSe phase and it was
reported by Han et al. [145]. In another study, prepared Ca (1x) ZnxXWO4 nano-crystals at room

temperature based on solution chemistry and characterized their structural and optical properties.
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It is observed that iso-valent substitution of Ca?* by Zn?* in CaWOj lattice leads to quenching of
intrinsic blue emission [146].From the brief review on schellite type tetragonal CaWQss, in
particular, CawWOas is a material of special interest, because of its intriguing and superior
luminescence properties as a ‘self-activated’ luminescent material, whose optical properties are
defined to a large degree by its intrinsic structural properties [147-149]. Specifically, upon UV
excitation in the spectral range of 235- 260 nm, a strong blue emission near 420 nm can be
observed and can be attributed to electronic transitions associated with charge transfer between
oxygen and tungstate moieties within the WO4 group [150,148,151].We came to know that there
IS no report on the nanocomposites of CaWO4 with scheelite type tungstates.The inspiration
behind research problem came from the reported research papers entitled visible
photoluminescence (PL) emission from room temperature(RT) in CaxSri-xWO4 having structural
ordered emitted more greener light and disordered structure emitted stronger red and yellow light
which was first reported by Longo et al. [97]. Later reported maximum photoluminescence (PL)
emission (broad emission with peak around 600 nm) intensity for CaxSri-xWOQO4 sample sintered at
600°C which was not structurally highly ordered or disordered and well explained the role of
disorder and charge transfer between WO4 and WOs clusters in CaWO; lattice for improved
photoluminescence (PL) intensity by Porto et al. [98].Also, we have synthesized Mixed
BaxCa;-x\WOs nanopowder samples which did not give enhanced 420 nm emission in
comparison with CaWQO, emission from sintered (400°,200°C) and unsintered mixed samples. So
it was decided to synthesize and characterize the CaWO. in xBaWO4/ (1-X)
CaWO4nanocomposites.

Interfaces play an important role in oxide hetero-structure nanocomposites. In oxide
heterostructure thin films interfacial effects have been studied widely [152]. It is observed that
crystalline symmetry is broken at interfaces between two grains (homophase interface) or
between two different phases (heterophase interface), resulting in a local space charge region due
to the redistribution of ionic and electronic defects in ionic solids [10].In the space charge region,
ionic defects from the bulk phase are depleted to the adjacent interface; while those with opposite
charge are accumulated [59].Heterostructures powder nanocomposites are demonstrated great
potential owing to their enhanced ionic conductivity [153].Challenging to have interfacial effects
in oxide homostructure nanocomposites.In tungstates, oxygen vacancies are the major defects

[154]. The creation of space charge layer (SCL) at the interface is the reason for enhancing the
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DC and AC electrical properties in nanocomposites samples. The spirit of the DC electrical
properties studies originated from the paper entitled “Structural, dielectric and electrical
properties of lead cadmium tungstate ceramics” by R.N.P. Choudhary et al. [104]. In this paper
reported current—voltage (I-V) characteristics of the compound studied at a wide range of
temperatures reveals that the compound also has excellent varistor behavior. Another AC
electrical properties study originated from the paper entitled “Admittance-Frequency Response in
Zinc Oxide Varistor Ceramics” by Mohammad A. Alim et al. [155].In this paper reported room
temperature dielectric constant (¢”) &loss tangent (tan 6) of ZnO-Bi.Os ceramics having Debye
relaxation peaked at 300 KHz due to trapping of certain intrinsic defects within the grain
boundaries.So in order to study interface effect on DC and AC electrical conductivity and
dielectric properties [dielectric constant (¢”) and loss tangent (tan 6)] of xBaWO./(1— x)CaWO4
nanocompositesat room temperature (RT).

At present many researchers are developing various novel thermoelectric (TE) power
materials with low cost, high power factor and environmental safety. In thermoelectric materials
higher thermal conductivity is the major disadvantages. There is a big challenge to improve the
efficiency of energy conversion which can be characterized by the figure of merit (ZT). In the
past two decades it is seen that nanomaterials showed enhanced figure of merit (ZT) [156].
Recently, more researchers are devoted to study the temperature dependences on the electrical
conductivity (o) and Seebeck coefficient (S) of the composites by enhanced lattice scattering
effect leads to increase in Seebeck coefficient (S) in the low temperature range and then minority
carrier increased significantly on account of intrinsic excitation tending to decline Seebeck
coefficient as the temperature increases and also reduces the thermal conductivity in
BaTiO3/BiosSbisTes composite Materials [131], Cu2Se/Bio4Sb1sTes nanocomposites [135],
CrVO4[127]. The focus on this review article is on examining the metal oxide potentials for TE
power generation of an emphasis on materials with high power factor. Effective doping strategies
in achieving high power factor are highlighted for various metal oxides, particularly, NaxCoO>
[157], CasCo409 [158], BiCuSeO [159], CaMnO3z [160], SrTiO3[161], ZnO-based [162],SnO.-
based [163], and In2O3-based [164] alloys.The inspiration to explore thermoelectric power study
above room temperature (RT) highlighted when observed that the crystallite size doesn’t change
much when CO (CaWO,) &C4 (BawO4) nanosamples are sintered till 400°C which is shown in

[Table 3.3] and reported by us which confirms its smaller grain size than C4 (BaWOa)
28| Page



CHAPTER 1

nanosamples respectively[101,165].So there was interest in exploring the thermoelectric power
properties of xBaWQ4/ (1—x) CaWO4 nanocomposites above room temperature (RT).
1.14.2. Scope of the present work

Self-activated luminescent metal tungstates act as host for rare earth elements for
luminescence applications [24-27].The metal tungstates crystallizes into two structures based on
their cationic radii [28, 29].The intrinsic luminescence of Scheelite arises due to annihilation of
the self-trapped exciton (STE), which forms excited [WO.]*> complexes.These materials are
found to be suitable applications for scintillation counters, lasers and optical fibers. Divalent
transition metal tungstates showed commercial interest in lasers and fluorescent lamps, while
some are of special importance due to their electrical conductivity and thermoelectric properties.
Additionally, these materials also find applications as catalysts and humidity sensors [166].

Among the Alkaline earth metal tungstates,CaWOs plays an important role and can be
produced at low cost. It is used as an opto-electrical, laser host materials in quantum electronics,
scintillators in medical devices, with properties giving blue luminescence at room temperature
(RT) [148,167-169]. The optical properties of CaWO4 nanomaterials have been studied and listed
in literature survey. However, a very little work has been reported on luminescence study of
CaWO4 nanomaterials. The luminescence properties of CaWO. can be enhanced by doping
various rare-earth ions which result in broad and intense absorption bands. Several papers on the
luminescent properties of CaWO4 doped with rare earth ions have been published [168,170, 79].
However, there are no reports on the efficient phosphors with thermally stable blue emissions
from white light LED’s based on CaWO4 host matrix. In the recent years, intense effort has been
witnessed in the preparation of nanomaterials thanks to their markedly different physical and
chemical properties as compared to bulk materials [171,172]. At room temperature (RT), the
photoluminescence (PL) intensity of CaWOs shows intense blue luminescence with microsecond
decay than that of CaWO4 bulk material [173].

There are reports available with ceramic-ceramic nanocomposites for improving electrical
properties [174,175]. Many approaches such as doping [176-178], sintering [179,180] and
different preparation methods [181,167,182] have been done to revive the conductivity of oxides
semiconductors. In the reported studies of nanocrystalline cerium oxide, predominantly electronic
conductivity was observed under conditions at which microcrystalline cerium oxide exhibits ionic

conductivity materials. The most significant aspect regarding the electrical conductivity reported
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to the microcrystalline and nanocrystalline cerium oxide is the change from impurity controlled
ionic to electronic conductivity controlled by the external equilibrium [183].The researcher found
that nanocomposites with space charge layer (SCL) formation also raised the electrical
conductivity of metal oxides [184,152,185]. The tungstate was found to be n-type semiconductor
and its defect structure was interpreted in terms of oxygen vacancies and interstitials. The
conductivity mechanisms in tungstates are largely unexplored and very few reports are found in
the literature. In our literature study, we found that CaWO, sintered at 1100° C for 3 hours and
showed good microwave dielectric properties(¢”) of 10, quality factor (Q-f) of 75000, which can
be applicable to the materials for substrate and inductor in LTCC module. Also, reported that the
sintering temperature of CaWO, ceramics could be effectively reduced from 1100 to 850°C
without degradation of dielectric properties by co-addition of BiOs- H3BO3[186,187]. The study
of dielectric properties of samples as a function of frequency may help in identifying their
potential applications [188]. The characterization of dielectric behavior is very important not only
to the theory of the polarization mechanism but also from an application point of view, where
knowledge of frequency dependence of dielectric constant is very important. The relative
dielectric constant of the material determines its ability to store electrostatic energy.

Nanocomposites are materials with a nanoscale structure that improve the macroscopic
properties of products.Until now, reported ceramic nanocomposites consist of ceramic nanophase
in a ceramic matrix, a carbonaceous nanophase in a ceramic matrix or a ceramic nanophase in
a polymer matrix. Experimental work has shown that all types and classes as nanocomposites
materials lead to new and improved properties as compared to macrocomposites [12]. Therefore,
nanocomposites promise new applications for many fields such as non-linear optics, nanowires,
mechanically-reinforced lightweight components, battery cathodes and ionics, sensors and other
systems [189].

The properties of nanocomposites are not only dependent on their individual properties of
different phases but also on their combined nature such as surface morphology and interfacial
characteristics [8]. Therefore, the drawbacks of using inorganic nanostructure materials can be
overcome by fabricating nanocomposites with interface [11].The interfacing with
nanocomposites can provide high-performance novel materials that find applications for various
fields such as photoluminescent, photo-catalytic, photo-voltaic,electrochemical and

thermoelectric.In nanocomposites accumulation of electrons and holes in one of the phases due to
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charge transfer increases the number of recombinations in that phase. This process enhances the
photoluminescence (PL) intensity of that phase. The formation of a space charge layer (SCL) at
the interface enhances the dielectric properties (dielectric constant and loss tangent) and
conductivity (AC and DC) of the nanocomposites. As in the case of thermoelectric materials, the
lattice scattering effect is an effective method to improve the thermoelectric performances.

By a simple co-precipitation method samples were prepared without using surfactants.
Co-precipitation reactions involve instantaneous occurrence of nucleation, growth, coarsening
and/or agglomeration processes. The co-precipitation method provides high yield, high product
purity, the lack of necessity to use organic solvents, easily reproducible, and low cost [190,191].
Generally, a surfactant in co-precipitation method is used to disperse the nanoparticles. But in our
work the non-use of surfactant and unsintering the samples resulted in Type | band alignment.
Type | band alignment was found to support interfacing, thus enhancing optical and electrical
conductivity and dielectric properties (dielectric constant and loss tangent) of
xBaWO./(1-x)CaWO4 nanocomposites. Also, possible risk of contamination of the samples is
avoided by not using surfactants [192].

In this thesis we report the photoluminescence (PL) 420nm intrinsic peak intensity
emitted by all the samples (unsintered and sintered). Maximum photoluminescence (PL) 420nm
intrinsic peak intensity was emitted by C2 (0.5BaW0./0.5CaW04) unsintered nanocomposites.
This maximum 420nm photoluminescence (PL)emission intensity of C2(0.5BaW0O4/0.5CaWQ3)
nanocomposites could be due to the excitonic charge transfer from BaWO4 phase to CaWO4
phase because of their type | band alignment and interface occurring between them. More
excitons in the CaWO4 phases lead to an increase in the number of recombination processes
which increases emission intensity from the [WO.]*" anions of the CaWO, phase of the sample.
HRTEM image of C2 (0.5BaW0./0.5CaW0O4) nanocomposites also shows interfacing of BaWO4
phase and CaWOj; phase. The C2 (0.5BaW04/0.5CaW0QO4) nanocomposites emission has
maximum lifetime as compared to other samples which are approximately 13% more than the
emission lifetime of CO (CaWOs) single phases respectively. This may be attributed to the
recombination through non-radiative process introduced into the migration of charge from the
conduction band (CB) of BaWO4 phase to the conduction band (CB) of CaWOQO, phases. Due to

the charge transfer mechanism this nanocomposite could be a host material to get enhanced
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dopant (PL) emissions. Mixed BaxCa;—xWO4 nanopowder samples did not give enhanced 420 nm
emission in comparison with CaWQO4 emission.

DC electrical conductivity at room temperature (RT) from 8Volts or (27.5 Volts/cm)
onwards is found to be maximum for C2 (0.5BaWO./ 0.5CaWOQs4) nanocomposites and is
approximately 40times (c =1.11x10° Q* cm™ ) greater than that of CO(c =2.76x107 Q! cm?)
and 1008 times greater than that of C4 (BaWOs) [6=0.11x107Q? cm™] single phase samples. It
is observed that the non linear coefficient alpha (a) for nanocomposites are less than the single
phase C4(BaWO4) and CO(CaWO4) samples and is maximum for C4(BaWOs) sample.The
calculated non-linearity coefficient (a)values lie in the range of 3.44 to 4.70 for the samples.This
non-linearity current density (J) [A/cm?]—electric field (E) [V/cm] characteristics arise in the
samples due to the presence of insulating layer between the grain boundaries.The space charge
layer (SCL) formation is a suitable mechanism to explain high conductivity and lower non-
linearity in the C2 (0.5BaW04/0.5CaW0.) nanocomposites.Also Type | band alignment interface
occurring between the two phases of the nanocomposites promote easy charge transfer from
BaWO;, phase to CaWO4 phase resulting in maximum conductivity of C2(0.5BaW04/0.5CaW0O4)
nanocomposites. The dielectric constant (¢) at 20Hz frequency of C2 (0.5BaW04/0.5CaW0.)
nanocomposites is approximately 3 times & 8 times more than that of CO (CaWO.) & C4
(BawOs4) single phase respectively.This maximum dielectric constant (¢') of C2
(0.5BaW04/0.5CaW0,) nanocomposites could be due to the type | band alignment and
maximum interfacing occurring between the two phases in the samlpe. The total polarization of
dielectric materials at lower frequency (20Hz) are due to electrode effect and the combination of
electronic, ionic, orientation and interfacial polarization. Therefore interface plays an important
role in increasing dielectric constant (¢") in the nanocomposites.Interfaces between the two
phases of the nanocomposite samples increase the accumulation of dipoles on the surface leading
to increased surface charge polarizationand increasing the dielectric constant (¢) of the C2
(0.5BaW04/0.5CaW0.) nanocomposites. All the samples give the signature of single relaxation
peak (Debye relaxation peak).Loss tangents (tan &) peak of C2(0.5BaW04/0.5CaWO0.)
nanocomposites is more than that of other samples except the C3(0.75BaW04/0.25CaW0Q4) and
also occurs at higher frequency. Higher (tan d) at relaxation peak and shift towards the higher
frequency side for C2 (0.5BaW04/0.5CaW0.) nanocomposites shows decrease in relaxation time

due to maximum additional collection of defects (electrons and holes) at the interface. The
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relaxation time [t =130psec] at loss tangents (tand) peak of C2 (0.5BaW04/0.5CaWO0Oa)
nanocomposites is 3 & 10 times less than CO (CaWOs)[t =410usecond] & C4 (BaWOa)
[r=1340pusecond] single phases respectively and ac conductivity (6a=52.2x107 Qcm™) at loss
tangents (tand) peaks at particular frequency (1218Hz) of C2 (0.5BaWO04/0.5CaW0Qs)
nanocomposites is 4 & 19 times higher than CO (CaWO4) & C4 (BaWOa) single phases
respectively.

Seebeck coefficient(S) gives the confirmation of n-type semiconductors at room
temperature (RT). The Seebeck coefficient (S) at inflexion point peak (lp) of C3
(0.75BaW04/0.25CaW04) [0.52 puV/K] is greater than that of all other samples. Enhanced
Seebeck coefficient(S) at inflexion point peak (lp) and power factor (PF) (698pWcem™*K2) of C3
(0.75BaW04/0.25CaW04) nanocomposites are due to higher lattice scattering effect resulting
from optimal atomic ratio (Ba/Ca=3), grain size which support a good balance between electrical
conductivity and Seebeck coefficient(S).

1.14.3. Objectives of the present work

» Synthesis of xBaWO4/ (1 — x) CaWO4 nanocomposites at room temperature (RT) using
co-precipitation method without using any surfactant, optimizing the Ba/Ca atomic ratio
and sintering temperature to get the possible interface.

» Room temperature XRD characterization to find the phase purity, crystallite size, lattice
strain and lattice constant.

» Characterization by SEM, HRTEM, EDS and FTIR at room temperature (RT) to check
the surface morphology, particle size, elemental composition, agglomeration, stretching
vibrations and elemental oxidation states respectively of the prepared samples.

» UV-Vis Diffuse reflectance spectra to calculate the band gap energy and band positions of
BaWO, and CaWO, phases and check the band alignment between the two phases.

» Recording of photoluminescence (PL) emission spectra and photoluminescence (PL)
lifetime measurements at room temperature (RT) to check the effect of BaWQ, phase on
the photoluminescence (PL) emission and photoluminescence (PL) lifetime of CaWO4

phase.
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DC electrical measurements done at room temperature (RT) to study the non-linearity
characteristics behavior and its interfacial effects in xBaWOa4/(1-X)CaWO4
nanocomposites.

AC electrical measurements done at room temperature (RT) in the frequency range of
20Hz to 3MHz to study the interfacial effects on the electrical properties [dielectric
constant (&), loss tangent (tand) and AC conductivity (oac)] of the xBaWO./(1—x) CaWO4
nanocomposites.

Thermoelectric power study in the temperature range of 300K to 773K to study the lattice
scattering effect of the xBaWO4/ (1—x) CaWO4 nanocomposites.

1.15. Organization of chapters in the thesis

» Chapter 2: Lists the various instruments used to characterize the xBaWQOa4/(1-x)CaWQ4
nanocomposites.

» Chapter 3: Explains the Co-precipitation synthesis of xBaWOa4/(1-x)CaWO4
nanocomposites and initial characterization of the prepared nanocomposites.

» Chapter 4: Showcases the optical study and mechanism behind the enhanced PL
Intensity of xBaWO4/(1-x)CaWO4 nanocomposites.

» Chapter 5: Covers the DC, AC electrical Conductivity, dielectric properties (dielectric
constant & dielectric loss), and thermoelectric properties of xBaWOa4/(1-xX)CaWO4
nanocomposites.

» Chapter 6: Summary of the results, overall conclusions and future scope within the area
of research are presented.
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CHAPTER 2

CHAPTER 2
INSTRUMENTATION TECHNIQUES
2.1. Introduction

In this chapter Instrumentation techniques have been discussed which include X-ray
diffraction (XRD) techniques,Fourier Transform Infra-Red spectrometer (FTIR),scanning
electron microscopy (SEM) and Energy Dispersive Spectroscopy (EDS), High Resolution
Transmission Electron Microscope (HRTEM),UV-Vis diffuse reflectance spectrophotometer,DC
conductivity two probe method, Dielectric conductivity measurement, thermoelectric power
measurement.

2.2. X-ray diffraction techniques

XRD is a non-destructive technique used to study the crystal structure of solids, phase
identification, crystal parameters such as lattice constants, crystallite size, shape of unit cell,
identification of unknown materials, defects, stresses, etc [1].Each crystalline solid has its unique
characteristic X-ray powder pattern, which may be used as a "fingerprint” for its identification.
When X-rays interact with a crystalline substance, one gets a diffraction pattern. A crystal might
be regarded as a three dimensional diffractions grating for X-rays whose wavelength is
comparable with the atomic spacing and hence the diffraction pattern provides information about
the regular arrangements of atoms in the lattice. In context to nanocrystalline samples, the most
important parameter that influences physical and chemical properties of the samples is average
crystallite size. X-ray diffraction is the most convenient indirect method of the determination of
average crystallite size of nanocrystalline samples [2].

RIGAKU Ultima IV powdered X-ray diffractometer is shown in Figure 2.1.XRD patterns
were recorded using RIGAKU Ultima IV powder X-ray diffractometer with Cu-Ka radiation (A =
1.5418 A). The measurement was recorded in the 26 range of 20° — 80° with a step size of 0.02°.
X-ray source, a sample chamber and an X-ray detector are the three important components of X-
ray diffractometer. Figure 2.1(a-b) shows the schematic diagram of computer controlled X-ray
powder diffractometer. When X-ray beam (Cu-Ka) is incident on the crystal surface at an angle
(0) it gets reflected off the atomic planes. Constructive interference occurs to crystalline material,
when the path difference between the reflected beams is an integral multiple of X-ray
wavelength. This condition satisfies the Bragg’s law of diffraction as given in equation

(2dsinB=NML), where (N) is an integer, (d) is the lattice spacing, (0) is the diffraction angle, and (A)
S51|Page



CHAPTER 2

is the wavelength of the incident X-ray beam. The sample is scanned at an angle of (26) in all the
possible directions of the lattice because of the random orientation of the powdered sample. The
XRD patterns were identified with comparing the experimental (26) values of the peak intensities
to the Joint Commission Powder Diffraction (JCPDS) pattern files. UNITCELL-95 program is
used to calculate lattice parameters of tetragonal phases in composite samples using least square
refinement method by X-ray wavelength of 1.5418 A. The calculated lattice parameters were
compared with the Joint Commission Powder Diffraction (JCPDS).
2.2.1. Crystallite size (D)

The peak broadening in X-ray diffraction patterns of nanomaterials is due to their finite
size effect.The average crystallite sizes of freshly prepared samples were calculated by
substituting X-ray line broadening in Debye Scherrer formula given in Equation 2.1.

_0.891
D—BCOSG (2.1)

Where (D) is crystallite size in nm,(X) is X-ray wavelength in A (B)is line broadening at full
width half maxima intensity (FWHM) in radians,0.89 is shape factor and (0)is Bragg’s angle [3].
2.2.2. Micro-strain ()

It may be noted that in the above Debye Scherrer Equation, it was considered that
broadening of XRD peak was only due to the small size of the crystallites. However, there exist
two other contributions to the line broadening, (i) from instrumental factors (negligible) and (ii)
strain in the crystallites [4]. Thus strain broadening of the diffraction peaks must also be taken
into account for an unambiguous determination of crystallite size. This strain broadening is
explained by Williamson-Hall method [5]. In this method it is assumed that the size and strain
contributions to the line broadening are independent of each other and the observed line
broadening full width half maximum (FWHM) is simply the sum of crystallite size broadening
and strain induced broadening. In this method (B) (FWHM) is given by equation 2.2. Here, (¢) is
the root mean square value of the micro-strain introduced and (D) is crystallite size. Equation 2.3

is called as Williamson-Hall Equation.
p=po+ B

=282 and Bs = 4¢ tan@ (2.2)

Where pp > coce
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_0.892

"+ fcosO >

+ 4¢&sin@ (2.3)

By plotting equation 2.3, the value of micro-strain (g) may be estimated at the slope of the line
and crystallite size (D) from the intersection with the y-axis. Micro-strain, i.e. strain that extends
over a few lattices spacing in the crystallites is another important contribution to the X-ray
diffraction line broadening. Thus strain contribution may be resolved from the particle size
contribution by Williamson- Hall-method [6].
2.2.3. Sample preparation for Powder X-ray diffraction

Finely ground powdered samples, weighted around 1gm each was used for obtaining X-
ray diffraction patterns of nanocomposites.

FRé«pgculcas

Figure 2.1: RIGAKU Ultima IV powder X-ray diffractometer, NIO, Goa.
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Incoming X-Ray Beam
the detector
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Figure 2.1(a-b): (a) Diffraction from two scattering planes. (b) Schematic diagram of X-ray
diffractogram.
2.3. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared (IR) spectroscopy gives information about the vibrational characteristics of
chemical functional groups of a sample [7].The term infrared covers the wavelength range of the
electromagnetic spectrum between 0.78 and 1000 um. In the context of infrared spectroscopy,
wavelength is measured in wave numbers, which have the unit cm™. IR radiation does not have
enough energy to induce electronic transitions and its absorption is restricted to compounds with
small energy differences in the possible vibrational and rotational states. The major types of
molecular vibrations are stretching and bending.Stretching (change in inter-atomic distance along
the bond axis) can be symmetric or asymmetric.Bending (change in angle between two bonds)
can be of rocking, scissoring, wagging or twisting type. In addition to these, interaction
betweenvibrations can lead to vibrational coupling, if the vibrating bonds are joined to a single
central atom. Infrared radiation is absorbed and the associated energy is converted into these
types of motions. The absorption involves discrete and quantized energy levels. However, the
individual vibrational motion is usually accompanied by other rotational motions. These
combinations lead to the absorption bands and not the discrete lines of the IR spectrum.

IR region of electromagnetic spectrum could be classified into three different groups of
the basis of their wave number as follows: (a) near infrared region (14000 cm™ to 4000 cm™), (b)
mid infrared region (4000 cm™to 400 cm™) and (c) far infrared region (400 cm™ to 4 cm™?) [8,9].
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The infrared (IR) spectrum of a sample is recorded by passing a beam of infrared light through
the sample. When the vibrational frequency of a bond is same as frequency of the IR absorption
occurs. For a molecule to absorb IR, the vibrations or rotations of a molecule must cause a net
change in the dipole moment of the molecule. The alternating electrical field of the radiation
interacts with fluctuations in the molecule dipole moment. If the frequency of the radiation
matches the vibrational frequency of the molecule then the radiation will be absorbed, causing a
change in the amplitude of molecular vibration. Analysis of the position, shape and intensity of
peaks in this spectrum reveals details about the molecular structure of the sample.
2.3.1 Sample preparation and experimental work

To record the FTIR spectra of nanocomposites, we have used Shimadzu FTIR 8900
spectrophotometerwhich is shown in Figure 2.2. The wave number (IR) ranges is 4000 to 400
cm? with a resolution of 0.5 cm™. For FTIR measurements, 1mg of sample was mixed with
100mg of KBr and pelletized with a thickness of 1.5mm and radius of 6mm with 3 tons pressure
for 5 minutes. 100mg KBr pellets were made with the same conditions and was used as a
reference sample. Similar procedures were followed and pellets of all the samples were prepared
for recording of FTIR spectra. This ensured that the final spectra were due to the vibrational

modes present in the sample of study.

' |

Figure 2.2: Shimadzu FTIR 8900 assembly, School of Physical and Applied Sciences, Goa

University.
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Specifications:

Model : Shimadzu FTIR 8900

Wave number range : 7800 cm™ — 350 cm'?

Detector - High sensitivity pyroelectric detector
Accuracy :0.125 cm?

Resolution :0.5cm?

S/N ratio : 20000: 1

2.4. Scanning electron microscope (SEM) and Energy dispersive X-ray spectroscopy (EDS)

The SEM is widely used to generate high-resolution images of the shapes of objects, and
show spatial variations in chemical compositions, acquire spot chemical analyses using EDS and
identify phases based on qualitative chemical analysis and/or crystalline structure. It is used in
materials evaluation such as grain size, surface roughness, porosity, particle size distributions,
mechanical damages etc. The SEM has a large depth of field, which allows a large amount of the
sample to be in focus at one time. Even the image resolution of an SEM is about an order for
magnitude poorer than that of a TEM; its images rely on surface processes rather than
transmission [10]. We have used CARL ZEISS EVO 18 special edition model for recording the
SEM images of the samples. CARL ZEISS EVO 18 SEM model is shown in Figure 2.3 (a).

SEM works on the basic principle of accelerated electrons. When accelerated electrons
strike the sample, the electron energy is dissipated on the sample by electron-sample interaction
and various signals are produced. These signals include secondary electrons that generate SEM
images, the backscattered electrons and the generation of characteristic X-rays which are utilized
for chemical composition analysis of the sample, continuum X-rays, visible light and heat. The
equipment consists an electron gun that produces a monochromatic electron beam which is
condensed and focused on the help of a set of magnetic condensing lenses. A set of coils is used
for the beam scanning and the objective lensis used to focus the scanning beam on the desired
sample area as shown in Figure 2.3 (b). The electron beam striking the sample produces
secondary electrons that is collected by a secondary detector and applied to the display unit after
converting it into a voltage signal and amplifying the same. This gives rise to an intensity- related

light spot on the screen. The ultimate image contains thousands of these types of light spots of
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varying intensity on the display screen which corresponds to the samples morphology [11-
15].SEM micrograph shows two dimensional topographic views of the sample.
2.4.1 Sample preparation and experimental work

Small amount of sample was dissipated on a conductive carbon adhesive tape and then
subjected to Au/Pd coating as shown in Figure 2.3 (c). The coated samples were then exposed to
an electron beam from CARL ZEISS EVO 18 special edition SEM model, and they were placed
in the scanning electron microscope to study the morphology. Analysis of morphology, particle

size and size distribution were done from the obtained images.

Figure 2.3(a): CARLZEISS EVO 18 SEM Special Edition, USIC, Goa University, Goa.
Specifications of CARL ZEISS EVO 18 SEM:

Filament : Tungsten

Secondary e- image resolution : 50 nm (depends on sample)

BSD detector : Available

Magnification : Upto 50X — 100K X (depends on sample)
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Figure 2.3(b): Basic assembly of Scanning Electron Microscope.
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2.4.2. Energy dispersive X-ray spectroscopy (EDS)

EDS analysis was carried out for prepared samples to find the elemental composition
present in the samples. It was carried out by JEOL-JSM 5800 LV scanning electron microscope
instrument. It involves a beam of X-rays, incident onto the sample which may elevate an electron
to an excited state. The arrival of the electron to the ground state results in characteristic X-ray
emission. These X-rays are then detected and utilized to give useful information about the
constituent elements present in the compound [16, 17].

Specifications of JEOL-JSM 5800 LV:

Magnification range : 18 to 300kX

Number elements mapping at a time : 32 elements

2.5. High Resolution Transmission electron microscopy (HRTEM)

The HRTEM is useful to get information about the morphology, crystal structure and
defects. It is highly useful in resolving crystal phases, grain boundaries, interfaces, etc. with
atomic scale resolution. The HRTEM is also capable of forming a focused electron probe, as
small as 20 A, which can be positioned on very fine features of the sample of micro diffraction
information or analysis of X-rays for compositional information. In addition, the instrument can
be used to produce electron-diffraction patterns, useful for analyzing the properties of a
crystalline specimen. The HRTEM has been equally useful in the life sciences, for example, for
examining plant and animal tissue, bacteria, and viruses. It provides very high magnification
ranging from 50 to 10° and its ability to provide both image and diffraction information from a
single sample.

The high resolution transmission electron microscopy technigue, electrons are accelerated
beyond 90 to 200 KeV and are projected onto the thin specimen by means of electromagnetic
lenses. The transmitted beam after interaction with the specimen is used to form a magnified
image of photographic film or on a fluorescent screen or is detected by a CCD camera which is a
sensor. The four main parts of HRTEM system the source of electron, electromagnetic lens
system, sample holder, and imaging system. The electron source is normally a tungsten filament
which emits electrons when being heated. After leaving the electron source, the beam is then
accelerated and is tightly focused using electromagnetic lens and metal apertures to pass through
the specimen. The transmitted electrons are refocused using electromagnetic lens and enlarged

image is projected onto a screen for the user to see as shown in Figure 2.4 (a)[18, 19]. In the
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present study, HRTEM images were recorded using the instrument JEOL/JEM-2100 with an
accelerating voltage 200KV which is shown in Figure 2.4 (b).
2.5.1 Sample preparation and experimental work

An extremely small amount of material is suspended in water/ethanol (just enough to
obtain slightly turbid solution). The solution is ultrasonicated to disperse the particles, a drop of
the solution is then pippeted out and cast the drop on carbon-coated grids of 200 mesh.Then
HRTEM images were recorded using the instrument JEOL/JEM-2100.Detailed calculations of

particle size and size distribution of HRTEM images were carried out using image J software.

Electron
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t
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Figure 2.4(a): Basic assembly of High Resolution Transmission Electron Microscope
(HRTEM).
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Figure 2.4(b): HRTEM JEOL/JEM-2100, with an accelerating voltage 200KVDST-SAIF,

Kochi.
Specifications of HRTEM JEOL/JEM-2100
Accelerating voltage : 200kV
Filament : LaB6 Electron gun
Point resolution : 0.23 nm (depends on sample)
Lattice resolution :0.14nm

2.6. Ultraviolet - Visible Diffuse Reflectance Spectroscopy

Diffuse reflectance Ultraviolet -Visible Spectroscopy (UV-Vis) DRS is known to be a
very sensitive and useful technique for the opaque samples. Ultraviolet and visible light have
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sufficient energy to excite electrons to higher energy levels are usually applied to inorganic ions
and molecules or composite materials [20-23].Diffuse reflectance for the samples was carried out
using SHIMADZU 2401 PC UV-Vis spectrophotometer is shown in Figure 2.5(a).

Diffusive reflectance spectroscopy (DRS) is a powerful technique for the powdered
materials. This technique gives vital information about the electron transition to the material. It is
closely connected with the UV-Vis spectroscopy, because in both the techniques a visible light is
utilized to excite the electrons the valence bands to the conduction band within the sample. The
only difference is that, in UV-Vis spectroscopy, the relative change of transmittance of light,
when it passes through a solution is recorded, while in diffusive reflectance technique a relative
change in the amount of reflected light from the powdered sample surface is recorded. Light to
get reflected off the surface of the opaque samples as shown in Figure 2.5 (b-c). There are two
types of reflections: Specular Reflection and Diffuse Reflection. If the incident light gets
scattered in different directions it is called diffuse reflection, whereas symmetrical reflection with
respect to the normal line is called specular reflection. The integrating sphere method is used to
measure the diffuse reflectance spectra (DRS). The measurement is performed by placing the
sample in front of the incident light window and the reflected light from the sample is
concentrated on the detector using a sphere of (BaSOs4) coated into. Figure 2.5 (d) shows
baseline compensation and sample measurement of DRS without including of specular reflection.
The obtained reflectance light becomes relative reflectance with respect reference reflectance of
the standard white board (BaSOas). To avoid specular reflectance during the DRS measurements,
the incident light is directed towards the sample at an angle of 0°. As a result only diffuse
reflected light is measured.

The most popular continuum theory describing the diffuse reflectance effect is Kubelka -

Munk (K-M) theory and is given by the following equation (2.4).

_(1-R)’
T 2R

Where (R) is the diffuse reflectance (DR) of the sample and F(R) is K-M factor and is

proportional to absorption coefficient (o).

F(R) (2.4)

2.6.1 Sample preparation and experimental work
Nanocomposites were ground manually down a motor pestle. A sample quantity of 2-3

grams of powder is required to fill the sample holder. The powder was filled into the holder by
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applying an adequate amount of pressure using a cylindrical crystal piece, so that the powder may
not fall down. Then the holder containing the sample was mounted on the machine, and the
required data was obtained in reflectance mode using Shimadzu 2401 PC UV Spectrophotometer.

Figure 2.5(a): SHIMADZU 2401 PC UV-Vis Spectrophotometer, School of Physical and
Applied Sciences, Goa University.

Specular Diffuse Reflection
Reflection (Scattering)
\/ DN 7,
One Direction Multiple Directions
Low Amplitude
(b) (©)

Figure 2.5(b-c):Schematic diagram of (b) Specular and (c) Diffuse reflection.
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Figure 2.5(d):Measurement of diffuse reflection not including specular reflection
using an integrated sphere.

Specifications:

Model : SHIMADZU UV-2401PC

Lamp : 50W halogen lamp, Deuterium (socket type)
Resolution :0.1nm

Detectors : Photomultiplier R-928

Wavelength Range : 190-800nm

Wavelength accuracy :+£0.3nm

2.7. PL Spectroscopy

Photoluminescence (PL) emission is observed when spontaneous light is emitted by the
material, under exact optical excitation. The excitation intensity and energy can be selected to
analyze different types of excitations of the sample. The photoluminescence (PL) technique is
nondestructive and this method requires very small sample quantity. Photoluminescence (PL)
emission spectra and photoluminescence (PL) life-time decay curve of the samples were recorded
using PTI QM-40 and QM-40Xe spectrofluorometer respectively controlled by FelixGX
software. Cylindrical pellet of the samples was used to record the photoluminescence (PL)

measurements.The emission spectra are measured by fixing the excitation wavelength and
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scanning the emissions. The instrumental set up for the PTI QM-40/40Xe spectrofluorometer is

shown in Figure 2.6(a) and a schematic diagram is shown in Figure 2.6(b). The spectrum of

CHAPTER 2

Xenon arcs lamp and Xenon pulsed lamp is shown in Figure 2.6(c) and (d).

2.7.1 Sample preparation and experimental work

Prepared nanocomposites was pressed for pellets of thickness ranging between 3 mm to
3.5 mm with diameter of 12 mm. Variation in intensity was recorded for all these samples of the
wavelength range of 280 nm to 650nm with excitation wavelength of 260nm using PTI QM-

40/40Xe spectrofluorometer.

Figure 2.6(a): PTI QM-40/40Xe spectrofluorometer, School of Physical and Applied Sciences,

Goa University.
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Figure 2.6(b): Schematic diagram of PT1 QM-40/40Xe spectrofluorometer.
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Figure 2.6(c): Spectral distribution of Xenon arc lamp.
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Figure 2.6(d): Spectral distribution of Xenon pulsed lamp.

Specifications:

Model : PTI QM-40/40Xe spectrofluorometer

Lamp : 150W Xenon arc lamp, 150W Xenon pulsed lamp for
Lifetime Signal to Noise Ratio :10,000:1
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Wavelength Accuracy :+/-0.5nm

Wavelength Resolution :0.06 nm

Detection : Photon counting/analog
PMT type : R928

Lower limit for recording decay time: 1uS
2.8. Dielectric Spectroscopy

A dielectrics material exhibits insulating nature having an important property of electrical
polarization, which is a good feature. A dielectric material attains polarized when it is placed into
an electric field. Figure 2.7(a) displays a dielectric material without any application of electric
field while,Figure 2.7 (b) displays a dielectric material polarization with an application of
electric field. This occurrence of polarization is known as dielectric polarization. Clausius [24]
and Mossotti [25] have successfully interconnected the specific inductive capacity to microscopic
structure of the material; a macroscopic feature of the insulator was studied by Faraday [26]
which is now commonly termed as dielectric constant. In highly crystalline and well-structured
materials the dielectric constant is sturdily dependent on applied field frequency. For the
dielectric studies WAYNE KERR 6440B precision component analyzer has been used which is
shown in Figure 2.7(c). It is one of the powerful impedance analyzers in the field of dielectric
spectroscopy and has great accuracy and sensitivity of the measured parameters.
2.8.1 Sample preparation and experimental work

Samples were pressed for pellets of thickness ranging between 1.5mm to 2.5mm and the
diameter of 6mm. The pellets were silver painted on both sides of establishing good ohmic
contacts with the electrodes. The values of capacitance and loss factor at room temperature were

recorded for all the samples in the frequency range of 20 Hz to 3 MHz.
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Figure 2.7(a-b): (a) Dielectric material in the absence of electric field. (b) Dielectric material in

the presence of electric field.

Figure 2.7(c):WAYNE KERR 6440B Precision component analyzer, School of Physical and
Applied Sciences, Goa University, Goa.
2.9. DC conductivity measurement
DC conductivity of the samples was measured by two probes (two electrodes) method. It
is one of the simplest and most cost-effective methods. The schematic diagram of the two probes

(two electrodes) DC conductivity is shown in Figure 2.8.
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Copper plate Voltage Source

Copper plate

Current measurement

Figure 2.8: Block diagram of DC conductivity measurement set up.

2.9.1 Sample preparation and experimental work

Sample preparation for conductivity measurement is the same as the preparation done for
dielectric measurements. DC conductivity measurements are carried out by measuring the current
through a sample by different fixed voltage from 1-10Volts. Different fixed voltage 1-10Volts
DC potential was applied to the sample and current measured using Keithley electrometer at
room temperature.
2.10. Thermoelectric measurement setup

The temperature difference between the two ends of a semiconductor material produces
an electromotive force (emf) known as thermo emf (V). Thermopower analysis is widely useful
in understanding the conduction mechanism in the semiconductor material. The quantification of
thermo-emf is very straightforward and its sign provides very important information about
conduction mechanism whether the conduction in the material is due to electrons or holes and
also explores the behavior of the material whether it is p-type or n-type. The experimental set-up
of thermo-emf is displayed in Figure 2.9. It has upper point contacts probe that forms a hot
junction and a bottom point contact which makes a cold junction when the sample is placed in
between [27-30].
2.10.1 Sample preparation and experimental work

The samples of investigation were pressed for pellets having thickness between 2.5mm to

3mm with the diameter of 12 mm. The pellets were painted with silver paste on both sides to
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establish good ohmic contact. Thermoelectric power measurements were carried for all the
samples of a temperature range of 300K to 773K.

Figure 2.9:Thermopower setup, School of Physical and Applied Sciences, Goa University.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OFxBaWOu/ (1-x) CaWO4
NANOCOMPOSITES

3.1. Introduction

Nanocomposites had been studied enormously for enhancing the unique properties of
metal oxide semiconductors[1]. Preparation of nanocomposites by wet chemical methods is used
to make nanostructured materials with variable optical and electronic properties for the
development of new multifunctional materials. Type | band alignment nanosystems are assembled
by mixing two semiconductors in such a way that conduction and valence band positions of one
semiconductor fall entirely within the band gap of another semiconductor creating an interface. In
this type of alignment electrons and holes get accumulated in lower band gap material leading to
more recombinations.Tungstate nanocomposites have been reported to possess interesting
photoluminescent,photo-catalytic,electrochemical and thermoelectric applications[2-5].In this
work samples were prepared by co-precipitation method and characterized by various
experimental techniques such as X-ray diffraction (XRD),Fourier transforms infrared
spectroscopy (FTIR),Scanning electron microscope (SEM) and energy dispersive X- ray
spectroscopy (EDS), high resolution transmission electron microscope (HRTEM). In this current
chapter synthesis and characterization of xBaWOa/(1-x)CaWOs nanocomposites have been
briefly discussed.
3.2. Preparation of samples by co-precipitation method

The chemicals were purchased from Alfa Aesar and Sigma-Aldrich. They were of
analytical grade and used without further purification. Calcium nitrate tetra hydrate: Ca
(NO3)2:4H20 (purity 99.0-103.0%), Sodium tungstate: Na;WO4-2H,0 (99.99%), Barium nitrate:
Ba (NOz)2(99.99%) were used for sample preparation.

xBaWO4/(1 — x) CaWOs where (x= 0, 0.25, 0.5, 0.75, 1) nanocomposites labeled as CO,
C1, C2, C3 and C4, respectively, were prepared by co-precipitation method at room temperature
in aqueous medium without any surfactant [6]. Ba (NOz)2, Na;W0O4.2H,0 and Ca (NOs)2 .4H>0O
were separately dissolved in distilled water to make aqueous solutions and named as A, B, and C
respectively. The solutions A and B were mixed together and stirred for 20 minutes and then the

solution C was slowly added to it. The final solution (A+B+C) was stirred for 3 hours and the
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white colour precipitate was filtered out. The precursor was washed for several times of distilled
water, dried at 100°C and sintered at 200°C,400°C for 1 hour. Unless it is specified, C0, C1, C2,
C3 and C4 labeling means unsintered samples. On the basis of cation percentage, compositions of

different samples are given below.

07— Co
0.25BaW04/0.75CaWQy-------=nmmmmmmmmmem C1
0.5BaW04/0.5CaW Qy-------=-==-===---=---- C2
0.75BaW04/0.25CaWOQg-------------------- C3
BaWwQO,---- e C4

The chemical reaction equations are as follows [6]:
Ba (NO3)2(+ H20 (aq) — Ba?* aq) + 2NO3 (ag) + H20 Solution A
Na;WO; .2H20 () + H20 (aq) — 2Na?* @+ WO4? a9+ 3H20  Solution B
Ca (NO3)z .4H,0 g+ H20 (ag) — Ca®*(agy + 2NO3ag + 5H,0  Solution C

Ca2+(aq) + 2NO3"(aq) + 5H20 +Ba® @aqg) + 2NO3 (ag) + H2O + 4Na?* @ag) *
2WO4% (ag) + 6H20— xBaWO4/(1 — X) CaWOy s)) + 4NaNOs(ag) (|)+ 12H20

Graphical chart of the preparation method is shown in Figure 3.1.
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Sample Preparation

Ca(NO3)2.4H;O

N32W04.2H20 Ba(N03)~

" A
)

1 Vs
Y&

E 7."
) o - -\ls

| BaWwO,/CaWO,
BaWO,/CaWO, -
Nanopowder Stirring at 3Hrs
Dried at 100'C, Washed few times
1Hr Filtered

xBaWO4(1-x)CaWOy
Where x=0, 0.25, 0.5, 0.75,1

Samples (C0, C1, C2, C3, C4)

Figure 3.1: Schematic of sample preparation techniques.

3.3. Characterization of Nanocomposites

The XRD patterns of the samples were recorded by Rigaku X-ray diffractometer with Cu-
K. radiation. Fourier transform infrared spectroscopy (FTIR) spectra were recorded using
SHIMADZU IR-800 Spectrometer.The morphologies of synthesized samples were analyzed by
EVO-18 Carl Zeiss scanning electron microscope and elemental compositions of the samples
were obtained by analyzing EDS recorded with JEOL-JSM 5800 LV scanning electron
microscope.The high resolution transmission electron microscope (HRTEM) images of optimized

samples were recorded using JEOL/JE-2100 with an accelerating voltage 200KV.
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3.3.1. X-ray diffraction analyses
Powder XRD patterns of xBaWOa/ (1— x) CaWO4 unsintered nanocomposites are shown
in Figure 3.2(a-b).

(a)
* - —
B * . ) - £ Cc4
S N e
B * = i ’y Cc3 — C1
S | l —cC2
o L 0 T S-S -t c2 |——C3
> * —C4
"E | A 1: * -l - S P C1
S A PP A s
D = Co
E—2 N =
= . = g8 § 3 &= =56
S €< § S8: I 555
IS il S B 4 = __JCPDS. 43-0646
! S —2S8 T ghesg eoas = oS-
- i AT S =2 SEE 8 88 cpps. 4141431
T v T o T o T v T v T v T v T o
10 20 30 40 50 60 70 80
20 (degrees)
=
=
=
oD
—
=2
= .
26.45
L - L - L - L -
25.8 26.1 26.4 26.7

20 (degrees)

Figure 3.2(a-b): (a) XRD patterns where (‘**) denotes BawWO, phase. (b) Intensity versus 26 of

(112) peak of nanocomposites samples.
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XRD patterns of CO (CaWO4) and C4 (BaWOg) single phase depict pure phase tetragonal
structure of CaWO4 and BaWO,, and match with JCPDS: 41-1431 and JCPDS: 43-0646 [7],
respectively. All the composites samples show Scheelite-type tetragonal phases of CaWO, and
BaWO: in accordance with JCPDS: 41-1431 and JCPDS: 43-0646, respectively [7].The BaWOa4
phase is marked by (‘**) in the XRD patterns (17.26°, 27.95°, 31.68°, 36.23°, 42.79°, 45.57°,
48.60°, 53.41°, 66.56°, 67.82°, 68.83°) in Figure 3.2(a). From Figure 3.2(b), it is seen BaWO4
phases that principle peak (112) plane intensity of C2 (0.5BaW0O4/0.5CaWQ4) nanocomposites
alone shifts towards higher angle 20(26.45° to 26.47°), whereas that of C1
(0.25BaW04/0.75CaW04) and C3(0.75BaW04/0.25CaW04) nanocomposites do not shift as
compared to the C4(BaWOs) single phase respectively. This shift occurs in C2
(0.5BawW04/0.5CaW04) nanocomposite due to decrease in cell volume which confirms very
small contraction of lattice parameters in BaWO4 phase [8]. Also CaWOs phase has lower cell
volume in comparison with BaWOQOs phase has higher cell volume [9].This decrease in cell
volume is attributed to the smaller ionic radius of Ca?*(1.12A) than that of Ba?*(1.42A) [10].The
lattice parameter does not change the tetragonal structure of BaWOs & CaWO, phase in
nanocomposites samples.The lattice constants of BaWOs; & CaWO, tetragonal phase in
nanocomposites are tabulated in Table 3.1(a-b).

3.3.2. Lattice parameters of CawOs and BaWO, tetragonal phases in nanocomposites
samples.

UNITCELL-95 program is used to calculate lattice parameters of CaWOs and BaWO4
tetragonal phases in composite samples using least square refinement method by X-ray
wavelength of 1.5418 A. The calculated lattice parameters are shown in Tables 3.1(a-b) and
matches well with the data onto JCPDS: 41-1431 (a = b = 5.243 A, ¢ = 11.373 A) [11] and of
JCPDS: 43- 0646 (a=b=5.612 A, ¢ = 12.705 A) [12].
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Table 3.1(a): Lattice constants of CaWOg tetragonal phase in nanocomposites samples

JCPDS: 41-1431

Samples a=Db(A) c(A) o =p=y(°®) values a=b and c (A)
Ref. [11]

Co 5.4236+0.0014 11.9017+0.0010 90

C1 5.4047+0.0049 11.3380%0.0027 90 a=b=5.243 and

C2 5.4091+0.0049 11.3291+0.0027 90 c=11.373

C3 5.4409+0.0060 11.3243+0.0032 90

Table 3.1(b): Lattice constants of BaWO, tetragonal phase in nanocomposite samples

JCPDS: 43-0646 values

Samples a=b (A) ¢ (A) a=p=7yC°) a=bandc(A)Ref. [12]
C1 5.7967+0.0026 12.8737+0.0021 90

C2 5.6739+0.0025 12.7466+0.0019 90 a=b=5.612and

C3 5.6895+0.0020 13.1333+0.0018 90 c =12.705

C4 5.5744+0.0006 12.8699+0.0004 90

3.3.3. Crystallite size and lattice strain calculation
The Crystallite size and lattice strains of the xBaWOa4/(1-x)CaWOQOs unsintered
nanocomposites were calculated using Debye Scherrer formula and Williamson-Hall methods

[13] as given in equations (3.1) and (3.2) respectively and listed in Table 3.2.

KA
" Bcos® (3.1)
BcosO = %}‘ + 4¢€ sin0 (3.2)

where (K) ~ 0.89 is a constant, (B) is the FWHM of the XRD peak in radians, (1) is the X-ray
wavelength (1.5418 A), (D)is average crystallite size, (0)is the Bragg angle and (g) is the lattice
strain respectively.

Figure 3.3 (a-d) is the plots of BaWO.& CaWOs phase crystallite size and % lattice
strain (calculated by Scherrer formula & Williamson—Hall equation) versus % Ba concentration
of the samples. It is observed that the BaWO, phase crystallite sizes and CaWO4 phase crystallite

sizes of the composite samples match that of the BaWOj crystallite size and CaWOg crystallite
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size respectively. Similarly the BaWOs phase % strain and CaWOs phase % strain of the
composite samples match that of the BaWO4 % strain and CaWO4 % strain respectively. It means
that the crystallite sizes and % lattice strain of the individual phases is not affected much in the
composites. BaWO4 and BaWO4 phase crystallite sizes are large as compared to CaWO,
crystallite size as seen in Figure 3.3(a). BaWO4 and BaWO4 phase % lattice strain are less as
compared to CaWOs % lattice strain as seen in Figure 3.3(b). Whereas CaWO4 and CaWO4
phase crystallite sizes are less as compared to BaWOj crystallite size as seen in Figure 3.3(c) and
CaWO4 and CaWQ4 phase % lattice strain are large as compared to BaWO4 % lattice strain as
seen in Figure 3.3 (d).
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Lattice Strain (%)

0.055
0.050 4
0.045
0.040
0.035 -
0.030 4
0.025
0.020 4

0.015

l.':a‘h“'n"'l.’l‘.l'4 Phase

HH

(d)

(=] |

25

50

75

Ba Concentration(%)

Figure 3.3(a-d):(a-b) Crystallite size (Scherrer formula & Williamson-Hall equation plot) &

lattice strain (Williamson-Hall plot) versus % Ba concentration plots of BaWOs phase in

nanocomposites. (c-d) Crystallite size (Scherrer formula & Williamson-Hall equation plot) &

lattice strain (Williamson-Hall equation plot) versus % Ba concentration plots of CaWO4 phase in

nanocomposites.

Table 3.2: Crystallite size and % strain of BaWO, phase and CaWO4 phase in nanocomposites

samples.

Scherrer Formula W-H Equation W-H Equation

BaWO, CaWOq, BaWO, CaWOq, CaWOq,
Samples phase phase phase BaWOsphase phase phase

Crystallite Crystallite  Crystallite Strain (g) Crystallite  Strain (&)

size (nm) size (nm) size (nm) (%) size (nm) (%)
co - 16.36£1.80 -------  -meee- 18.33+0.70  0.0432+0.0019
Cl 38.34+1.26 17.00+1.44 40.00+1.22 0.025+0.0016 18.90+1.07  0.0529+0.0012
C2 45.13+1.78 19.19+1.66 47.00+1.16 0.0212+0.0012 27.86+1.52 0.0358+0.0016
C3 42.01+1.46 18.62+1.26 45.00+1.44 0.0222+0.0018 25.64+0.97 0.0390%0.00165
C4 47.00+2.32  ----- 50.68+1.78 0.01973+0.0014 -------  ------
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3.3.4. Crystallite size and lattice strain calculation of CaWO4 nanosample

Average crystallites sizes of CaWOs nanosamples sintered at different temperatures
(100°C,200°C & 400°C) are listed in the Table 3.3.The plots of the same are shown in Figure
3.3(e). It is found that the crystallite size doesn’t change much when the CaWO4 nanosamples are
sintered till 400°C.

60
=s ] CaWoO _ A sample (e)
y Scherrer size(mm)
S50 - .
4 W-H size(nm)
—
= a5
= -
= 404
] -
- —
o ] 35 —
e -
—
= 30-
— -
= 25—
=
o 204 _ -
- > -
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10— 77—~
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- - L]
Sintering Temperature ( C)

Figure 3.3(e): Crystallite size (Scherrer formula & Williamson-Hall equation) versus sintering
temperature of CaWO4 nanosamples.

Table 3.3: Crystallite size of CaWO4 nanosamples sintered at different temperatures.

Sintering Temperature (°C)  Scherrer Crystallite Size (nm)  W-H Crystallite Size (nm)

100 16.36+1.80 18.33+0.70
200 17.55+1.58 17.42+1.42
400 19.76+0.91 20.34+1.02

3.4. FTIR spectra studies and analyses

Figure 3.4 shows the FTIR transmittance spectra of the samples. Among the internal
modes [vi(Al), va(E), va(F2) and va(F2)] of [WOQ4]* specified as anti-symmetric stretching
vibrations only v3(F2) and va(F2) are IR active [14].The weak peak of W-O bending band of va4
(F2) was detected at 445 cm™. The strong broad peak at 786-883 cm™! is attributed to the anti-
symmetric stretching vibration v3(F2) of O-W-O bond between [WO4]?* tetrahedron in lattice
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space. Sometimes they split into two bands; sometimes they do not [15-17]. Peak at 1385cm™ is

due to H-O-H stretching vibration.
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Figure 3.4:FTIR spectra of nanocomposites samples.
3.5. Surface morphology (SEM) and elemental (EDS) analyses

Shown in Figure 3.5(a—e) are the SEM pictures of xBaWOai/ (1-x) CaWOgs
nanocomposites. The CO (CaWOQs4) sample shows small spherical shape crystallites. The C1
(0.25BaW04/0.75CaW04) nanocomposites shows bigger crystallites and smaller crystallites.C2
(0.5BaW04/0.5CaW0,) nanocomposites shows bigger and smaller spherical crystallites. In C3
(0.75BaW04/0.25CaW04) nanocomposites few smaller crystallites and bigger crystallites are
observed. The C4 (BawWO.) sample shows bigger crystallites. Smaller and bigger crystallites
correspond to CaWO4 & BaWOQ4single phases respectively (crystallites sizes are calculated from
XRD pattern).

EDS spectra of the samples are given in Figure 3.6(a-e). Existence of Barium (Ba),
Calcium (Ca), Tungsten (W) and Oxygen (O) elements without other impurity elements
constitute the samples. Concentration of added Ba/Ca atomic ratios was calculated from these
spectra. Observed elemental atomic percentages and Ba/Ca atomic ratio for the entire

nanosamples tally with the calculated values within the limits of experimental errors.
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Figure 3.5(a-e): SEM pictures of nanocomposites samples.
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Figure 3.6(a-e): EDS spectra of nanocomposites.
3.6. High Resolution Transmission Electron Microscope (HRTEM)

Figure 3.7(a) shows HRTEM image of C2 (0.5BaWO4/0.5CaWQ4) nanocomposites.
Bigger and smaller particles are seen. Particle sizes are measured using Image J software. The
distribution of particle size is given in Figure 3.7(b).It is observed that maximum number of
smaller particles have size between 20nm to 40nm and that of bigger particles from 50nm to
60nm[7]. It matches with the particle sizes calculated from XRD patterns as given in Table 3.2.
HRTEM image of lattice planes & selected area diffraction (SAED) patterns are seen in Figure
3.7(c-d) showing nano-sized crystallites. Lattice planes shows that atomic planes are uniformly
arranged in systematic array. The detected interplanar spaces correspond to (200), (112) planes
for CaWO4 and BaWO4 respectively which matches calculated values of interplanar spaces (d)
for C2(0.5BaW04/0.5CaW0,) nanocomposites and it is shown in Table 3.4 (a-b).The selected
area diffraction (SAED) pattern of C2(0.5BaW04/0.5CaW0Q,) nanocomposites appeared as
concentric rings, due to the diffraction of electrons through the nano-sized particles. The
interplanar (112) plane of CaWQ4 and (101) plane of BaWO.were calculated from the diameters
of the rings and, compared with those of the JCPDS: 41-1431 & 43- 0646, which confirmed its
tetragonal crystal structure. This strongest intensities interplanar planes are well matching with

those of the corresponding XRD spectra.
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Figure 3.7(a-b): (2) HRTEM image & (b) particle size distributions of
C2 (0.5BaW04/0.5CaW04) nanocomposites.
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0.5BaW04/0.5CaWO0Oy4
Nanocomposite Interface § d,00=0.26nm

. BaWO4phase
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Figure 3.7(c-d): (c) HRTEM images of lattice planes & (d) SAED pattern of C2
(0.5BaW04/0.5CaW04) nanocomposites.
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Table 3.4. (a): Interplanar distance (d) for CaWOs phase of C2 (0.5BaWO4/0.5CaWQs)

nanocomposites.

Interplanar distance Interplanar
20 Crystallographic d (nm) observed from distance d (nm)
plane XRD pattern Literature [11]
18.57 101 0.47 0.47
28.69 112 0.311 0.310
28.08 004 0.31 0.28
34.12 200 0.26 0.26
39.12 211 0.23 0.22
47.04 204 0.19 0.19
57.83 312 0.15 0.15

Table 3.4. (b): Interplanar distance (d) for BaWOs phase of C2 (0.5BaW0./0.5CaWQs)

nanocomposites.

Crystallographic Interplanar distance d (hnm)  Interplanar distance d
20 plane observed from XRD pattern. (nm)Literature [12]
17.26 101 0.51 0.51
26.47 112 0.33 0.33
31.89 004 0.28 0.31
36.50 202 0.24 0.25
45.73 213 0.19 0.21
48.75 116 0.18 0.18
53.64 312 0.17 0.17
54.50 215 0.16 0.17

3.7. Conclusions

For the first time xBaWOu4/(1-x)CaWO4 nanocomposites were prepared by co-
precipitation method and characterized. It is observed from (W-H equation) that CaWQO4 phase
crystallite sizes lie between 18nm to 25nm and that of BaWO, phase crystallite sizes lie between
40nm to 50nm. XRD patterns of CO (CaWOs) and C4 (BaWOs) single phases depict pure phase
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tetragonal structure of CaWO4 and BaWOg respectively and match with JCPDS: 41-1431 and
JCPDS: 43-0646 respectively. All the nanocomposites show scheelite typed tetragonal phases of
CaWO4 and BaWO; in accordance with JCPDS: 41-1431 and JCPDS: 43-0646 respectively. It is
seen that the principle peak (112) plane intensity of C2 (0.5BaW04/0.5CaW0Q4) nanocomposites
alone shifts towards higher angle (26.45°to 26.47°) whereas that of C1 (0.25BaW0Q4/0.75CaWO.)
and C3 (0.75BaW0./0.25CaW0,) nanocomposites do not shift as compared to the C4 (BaWOa)
single phase. It is observed from distribution of particle size from HRTEM image that the
maximum number of smaller particles have size of 20nm to 40nm and that of bigger particles
from 50nm to 60nm. It matches with the particle sizes calculated from XRD patterns. HRTEM
image of lattice planes & selected area diffraction (SAED) patterns are seen which shows nano-
sized crystallites. The SEM pictures of xBaWO4/ (1-x) CaWO4 nanocomposites show smaller and
bigger crystallites correspond to CaWO4 & BaWOssingle phases respectively (crystallites sizes
are calculated from XRD pattern). EDS spectral analysis confirms the presence of expected
chemical elements and their atomic concentration. Characteristics vibrational bands of BaWO4
and CaWO, were observed in the FTIR spectra of the samples. These initial characterizations
show that the samples are prepared successfully.
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CHAPTER 4
OPTICAL ABSORPTION AND ENHANCED PHOTOLUMINESCENCE OF CawOq IN
xBaWO./ (1-x) CaWOs NANOCOMPOSITES

4.1. Introduction

Enhancing the photoluminescence (PL) intensity is a challenging task for researchers.
There are many ways to improve the photoluminescence (PL) intensity. In the last few decades
nanocomposites have been studied extensively for enhancing the unique properties of metal oxide
semiconductors. Fabricating nanocomposites with interface is one of the best methods to improve
the photoluminescence (PL) intensity [1]. Metal tungstates are important inorganic ternary oxides
and self-activated luminescent materials.Metal tungstates nanocomposites are reported
extensively to photo-catalytic and electrochemical applications [2-5]. There are only few reports
available for enhanced photoluminescence (PL) intensity of tungstates nanocomposites. For
example, Yuri V. B. De Santana et al. reported the enhancement of the photoluminescence (PL)
intensity in Silver tungstate and Silver molybdate nanocomposites [6]. Jian Ming Lin et al.
reported the enhanced photoluminescence (PL) emission of ZnO nanorods in SnO/ZnO
nanocomposites [7].The enhanced photo-catalytic and photoluminescence (PL) emission of ZnO-
ZnWO4 nanocomposites has been reported [3].Guo et al. reported that CaWOa4/ Bi;WOs has
enhanced photo-catalytic property [8].Cavalcante et al. reported that BaWO4/PrwWQO, enhanced
the photoluminescence (PL) and photo-catalytic activity of BaWO. [9]. Eghbali-Arani et al.
reported photo-catalytic performance of BaWO4/CdMoO4 nanocomposites studied under visible
light [10]. However, in CaWO4/CdSe nanocomposite photoluminescence (PL) quenching and
shortened photoluminescence (PL) life-time was observed for the CaWO4 phase.This is because
in CaWQ, /CdSe nanocomposite CaWOs is transferring charge to CdSe phase reported [11].
Instead of using single phase material coupling with other semiconductor has also been found to
be an effective means to enhance the luminescence properties of oxide nanomaterials [12, 13].
BaWO; is a scheelite structured wide band semiconductor. Photoluminescence (PL) properties of
BaWO, have been widely studied [14-16].

In this chapter we have presented the results and discussion of optical absorption,
photoluminescence (PL) and photoluminescence (PL) lifetime. Band gap energy,
photoluminescence (PL) intensity and photoluminescence (PL) lifetime are controlled by the

Ba/Ca atomic concentration ratio. The highest 420 nm photoluminescence (PL) emission from C2
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(0.5BawW04/0.5CaW04) nanocomposites could be due to the exciton charge transfer of BaWO4
phase to CaWO, phase because of type | band alignment interface occurring between them. Due
to the availability of additional excitons in the CaWO4 phase more recombination processes can
occur leading to enhancement of emissions from the [WO.]*>~ anions of CaWOa phase. The
intrinsic  blue emission of CaWO,; at 420nm was found to be maximum in C2
(0.5BawW04/0.5CaW04) nanocomposites for the optimized value of (‘x’) and unsintering
temperature. The lifetime of this emission was also enhanced for the same nanocomposites. The
mechanism for the enhanced photoluminescence (PL) emission intensity and life time is also
discussed elaborately. Mixed BaxCai—xWO4 nanopowder samples did not give enhanced 420 nm
emission in comparison with CaWO4 emission which is observed in photoluminescence (PL)
peak intensity (420nm) versus % Ba concentration which is shown in Figure 4.10 (a—c).
4.2. Results and discussion
4.2.1. Optical absorption study

Diffuse reflectance spectra of the samples were measured and converted to the absorption
spectra by using Kubelka—Munk equation (K-M equation) [17]. Reflectance spectra of
xBaWO./(1-x)CaWOs nanocomposites are shown in Figure 4.1(a). Transfer of UV excited
electrons from oxygen(O) 2p-states to tungsten(W) 5d-states of [WO4]*~ anion gives rise to the
observed broad reflectance spectra from 200nm to 330nm and the hole (on the oxygen) and the
electron (on the tungsten) due to their strong interactions form an exciton [18]. The reflectance
spectra peak wavelength shifts from 248nm to 220nm and also the reflectance peak intensity
gradually decreases as the % Ba concentration increases. Minimum reflectance peak intensity
(maximum absorption) is for BawO, sample and maximum reflectance (minimum absorption)
peak intensity is for CaWO4 sample. This is because the molecular photon- absorption cross
section of BaWOy is larger than that of CaWO4 [19].

The optical band gap energy (Eg) was calculated by the method proposed by Kubelka and
Munk [20].This methodology is based on the transformation of diffuse reflectance measurements
to estimate the Egvalues with good accuracy [21]. Particularly, it can be well-employed in limited
cases of infinitely thick sample layer. The Kubelka—Munk equation for any wavelength is

described as:
_(1-Ro) _K
F (Rx) = Re (4.1)
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Where F (Rx) is the Kubelka—Munk (K-M) functions or absolute reflectance of the sample. In our
case, the Barium sulphate (BaSO4) was the standard sample in the reflectance measurements.
Rw= Rsample/Reasos (R is the reflectance when the sample is infinitely thick), (k) is the molar
absorption coefficient, and (s) is the scattering coefficient.

In a parabolic band structure, the optical band gap and absorption coefficient of
semiconductor oxides [22] can be calculated by the following equation (4.2):

Ahv=A (hv-Eg)" (4.2)
Where (h) is the Planck’s constant, (A) is the constant; (a) is the absorption coefficient, (Eg) is
the band gap energy and (v) is the frequency of the incidence photon. The coefficient (n) can
beassigned the values 0.5 and 2 for allowed direct and indirect transitions respectively. According
to the literature, the tungstates (AWO4; A = Ca, Sr, Ba) exhibit an optical absorption spectrum
governed by direct electronic transitions [23].In this phenomenon, after electronic absorption
process, the electrons located in the maximum-energy states in the valence band fall back to the
minimum-energy states in the conduction band of the same point in the Brillouin zone [24]. Eg of
BaWOsand CaWO, were calculated using n= 0.5 in equation (4.2) and with the term k=2a and
Az is a proportionality constant, we obtained modified Kubelka-Munk (K-M) equation indicated
in equation (4.3).
[F (Rx) hv]?2 =A1 (hv-Eg) (4.3)

Therefore, finding the F (Rx) values from equation (3) and plotting a graph of [F (Rx) hv]?
against hv, it was possible to determine the Eq of CaWOs and BaWOs.Kubelka-Munk (K-M)
plots Figure 4.1(b) were used to calculate band gap energies Eg of the samplesand aretabulated
in Table 4.1.Calculated E4 values for CaWO4 and BaWO4 nanosamples match with literature
values [23].Variation in band gap energy versus % Ba concentration of the samples is plotted
Figure 4.1(c).Eq is enhanced with increase in % Ba concentration. This is because Eq of BaWO4
is higher than that of CaWO4 phase. Due to the larger radius of Ba®* ion (1.42A) as compared to
that of Ca?* ion (1.12A) [23].The energy of Ca 3p-states in CaWOy is lower than that of Ba 5p-
states in BaWQas. Hybridization between Ca 3p-states and O 2p-states will be there in CaWOg4
lowering its band gap. Whereas hybridization between Ba 5p-states and O 2p-states will not be
there in BaWOs making its bandgap higher [25].
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Figure 4.1(a-c): (a) DRS spectra of nanocomposites samples. (b) K-M plots of nanocomposites
samples. (c) Eg versus % Ba concentration of nanocomposites samples.

Table 4.1: Bandgap energy of xBaWO./ (1-x) CaWO4 nanocomposites.

K-M Bandgap energy  Literature value

Samples Eg(eV) Eg(eV)
Co 4.37+0.00153 4.94 [23]
Cl 4.41+0.00156 -

C2 4.50+0.00163 -

C3 4.76+£0.00182 -

C4 5.02+0.00203 5.26 [23]

4.2.2. Photoluminescence (PL) study
4.2.2.1. PL spectral analyses

Excitation spectra measured for 420 nm emissionsof sintered (400°C & 200°C) and
unsintered samplesare shown in Figure 4.2(a-c). All the samples except BaWOas (C4) exhibit
broad peaks centered around 260 nm because of transfer of UV excited electrons from oxygen O
2p-states to tungsten W 5d- states of [WO4]* anion. Figure 4.2 (d-f) shows emission spectra for
260nm excitation for sintered (400°C & 200°C) and unsintered samples recorded from 280nm to

650nm. Intrinsic luminescence of CaWO; is due to the annihilation of self-trapped excitons
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forming excited [WO4]*>~ anions giving rise to the broad emission spectra peaking around 420nm.
xBaWO4/ (1-x) CaWO4 nanocomposites altered the photoluminescence (PL) emission intensities
of CaWO; but not the structure of the spectra. For 400 °C and 200 °C sintered samples CaWO4
exhibit maximum photoluminescence (PL) intensity Figure 4.2(d—e). For unsintered samples in
Figure 4.2(f) emission intensity 420 nm is maximum for C2 (0.5BaW0O4/0.5CaWOa)
nanocomposites and is higher than the unsintered CO (CaWOs) single phase respectively. Figure
4.2(g) shows emission spectra for 260nm excitation of sintered and unsintered CaWO4 samples
along with emission of C2 (0.5BaW0./0.5CaWO.)unsintered nanocomposites respectively.lt is
found that C2 (0.5BaW0./0.5CaW0Q4) nanocomposites emission intensity is maximum. Log PL
peak (420nm) intensity versus sintering temperature for CaWO4 nanosamples is plotted in Figure
4.3(a). PL peak (420nm) intensity for unsintered CaWOs sample is little more than sintered
CaWOs nanosamples. Figure 4.3 (b) shows the plot of photoluminescence (PL) peak (420nm)
intensity versus % Ba concentration of unsintered nanocomposites samples.Maximum
photoluminescence (PL) peak (420nm) intensity is emitted by C2(0.5BaW04/0.5CaW0Os)
unsintered nanocomposites. Photoluminescence (PL) peak (420nm) intensity of CaWO4 sample is
much higher than that of BawOa. sample. This is because the radius of Ba®" ions (1.42A°)
surrounding the tungstates ions is higher than that of Ca?* ions (1.12A% and when BaWO; is
excited with ultraviolet (UV) energy Ba?" ions cannot counteract the expansion of [WO4]*
anions. Then the offset between the excited state parabola and ground state parabola in the
configuration coordinates system becomes large resulting in increase in non-radiative transitions,
broader optical absorption and emission bands [26].Whereas when CaWOQs; is ultraviolet (UV)
excited Ca®" ions can counteract the expansion of [WO4]*" anions resulting in less non-radiative
transitions. Therefore it is seen that among all the samples (sintered and unsintered), C2
(0.5BaW04/0.5CaW0s) unsintered nanocomposites gives maximum 420nm intrinsic emission of
CaWO.. In tungstates with Scheelite structure the excited [WO4]*~ ions get relaxed by intrinsic
emission due to recombination of self-trapped exciton (STE) [27].Figure 4.3 (c) shows the log
plot of photoluminescence (PL) peak (420nm) intensity versus % Ba concentration of unsintered
Mixed BaxCai-xWO4 nanopowder & nanocomposites samples. In unsintered Mixed BaxCai-xWOQO4
nanopowder samples maximum photoluminescence (PL) peak (420nm) intensity is emitted by
CaWO4 sample,whereas incase of nanocomposites maximum photoluminescence (PL) peak

(420nm) intensity is emitted by C2 (0.5BaW0O4/0.5CaWQ4) unsintered nanocomposites.
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spectrafor 260nm excitation of unsintered nanocomposites. (g) Emission spectra for 260nm
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Figure 4.3(a-c): (a) Log PL peak (420nm) intensity versus sintering temperature of CaWO4
nanosamples. (b) Log PL peak (420nm) intensity versus % Ba concentration of unsintered
nanocomposites samples.(c) Log PL peak (420nm) intensity versus % Ba concentration of
unsintered Mixed BaxCaix WO4 nanopowder & nanocomposites samples.
4.2.2.2. Possible mechanism for enhancement of PL intensity

The highest 420nm emission from C2(0.5BaW04/0.5CaWQ4) nanocomposites could be
due to the exciton charge transfer of BaWO, phase to CaWO, phase because of Type | band
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alignment interface occurring between them as shown in Figure 4.4. The formation of interface
between BaWO, phase to CaWO4 phase in C2 (0.5BaW0./0.5CaW0O4) nanocomposites is also
confirmed by the HRTEM image given in Figure 3.7(c). The valence band (VB) and conduction
band (CB) potentials of BaWO4 and CaWO4 phases for unsintered sample are calculated at the
point of zero charge by the following equation (4.4) and (4.5)[28]. The band gap values used for
BaWO, and CaWOg unsintered samples were estimated by us (Table 4.1).
Ece =y - 0.5Eq - E¢ (4.4)
Evs = Ecs + Eq (4.5)

Where y, E. and Egare the absolute electronegativity of the CawWO4 and BaWOQ4, energy of free
electrons on the hydrogen scale (4.5 eV) and band gap of materials respectively. y is calculated to
be 5.92 eV and 5.79 eV for CaWOsand BaWO, respectively. Ecg and Evs values of CaWO4 and
BaWO; are estimated to be -0.77eV and 3.60 eV and -1.22eV and 3.80 eV respectively. BaWO4
and CaWO4 phases get excited by 260nm irradiation with formation of excitons. CB-electrons of
BaWO. will be transferred to the CB edge of CaWO4 through the interface. Similarly the valence
band (VB) position of BaWO; is lower than the valence band (VB) positions of CaWOsg.
Electrons from valence band (VB) of CawWO. would flow to the valence band (VB) of BaWO,
creating holes in the valence band (VB) of CaWOQ4. Due to the availability of additional excitons
in the CaWO,4 phase more recombination processes can occur leading to enhancement of
emissions from the [WO4]*>" anions of CaWO4 phase of the sample. Similar results were reported
earlier on ZnO/SnO nanocomposites [7]. Figure 4.5 shows emission processes of [WO4]%>anions
of CaWO. phase of the interface C2 (0.5BaW0./0.5CaWQ4) nanocomposites. Ground state (1A1)
electron configuration (t1°) of [WO4]*" in T4 symmetry done using molecular orbital calculations
by [29]. Lower excited states are T2, 1Ty, *T>, 3T1. Radiative transitions and broad peaks are due
to the transition from the 3T, and 3T:excited states to the *A;ground state [30]. The fundamental
absorption edge of CaWOy is due to 1A;—'T,, 1Ti transitions. Orbital’s of BaWO4 and CaWO4
phases overlap due to interfacing which favors transfer of additional charges from the excited of
BaWO, phase to [WO4]* anions of CaWOQ4 phasein C2 (0.5BaW0Q4/0.5CaW0O,) nanocomposites

giving rise to higher intrinsic emission of CaWOa.
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4.2.2.3. PL lifetime (t)
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Photoluminescence (PL) lifetime curves for 420 nm emissions due to 260 nm excitations
recorded at room temperature (RT) for all the unsintered samples are given in Figure 4.6(a).The
lifetime curves follow the single exponential function:

= lo+Aet" (4.6)

Where lo, I, A, t and T are the initial PL intensity, instantaneous photoluminescence (PL)
intensity, A is constant, measurement time and lifetime of the photoluminescence (PL) emission
respectively [31]. The photoluminescence (PL) lifetime (tr) values obtained are given in Table
4.2. Obtained photoluminescence (PL) lifetime (t) values for CaWO4 and BaWO4 nanosamples
matches with literature values of nanosamples [32, 33]. Figure 4.6(b) shows the plot of lifetime
versus % Ba concentration of the nanocomposites.It is observed that the lifetime of 420nm
photoluminescence (PL) emission decreases almost linearly as the % Ba concentration increases
except for C2 (0.5BaW04/0.5CaW0s) nanocomposites. The C2(0.5BaW04/0.5CaW0s)
nanocomposites emission has maximum lifetime as compared to other samples which are
approximately 13% more than the emission lifetime of CO(CaWOs) single phases
respectively. This increase in lifetime of the emission from C2(0.5BawW04/0.5CaWO0,)
nanocomposites may be due to the recombination through the non-radiative process[34-36]
introduced to the charge migration from the conduction band (CB) of BaWOs phase to the
conduction band (CB) of CaWOs phase of the samples as shown in Figure 4.4.
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Figure 4.6(a-b): (a) Photoluminescence (PL) lifetime (t) curves of unsintered nanocomposites.
(b) Lifetime (t) versus % Ba concentration of unsintered nanocomposites.

Table 4.2: Photoluminescence (PL) lifetime (t) of unsintered nanocomposites.

Literature
Samples Lifetime(t) value
(us) Lifetime(t)
(Ls)
Co 09.59+0.09 4.05 [32]
C1 08.51+0.10
C2 10.80+0.23
C3 06.25+0.03
C4 05.76+0.05 8.9 [33]

4.2.2.4. CIE color coordinates analysis

The CIE coordinates for the samples CO, C1, C2, C3 and C4 estimated to be (0.23, 0.24),
(0.25, 0.25), (0.21, 0.20), (0.28, 0.30) and (0.21, 0.27) respectively are shown in Figure 4.7.
Under 260nm excitation blue light was observed for all the samples with slight changes for the
chromaticity coordinates.CIE color coordinates of the entire samples lie in the blue region.The
CIE results shows that nanocomposites can be used in fluorescent lamps, electronic display and

other optolectronic applications.
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Figure 4.7: CIE diagram of unsintered nanocomposites.

4.3. Conclusion

The bandgap energy increases from increase in % Ba concentration. This is because Eg of
BaWO; is higher than that of CaWO, sample. Among all the samples (unsintered and sintered),
maximum photoluminescence (PL) 420nm intrinsic peak intensity is emitted by C2
(0.5BaW04/0.5CaW0s) unsintered nanocomposites.This maximum photoluminescence (PL)
420nm emission intensity of C2(0.5BaW0./0.5CaW04) nanocomposites could be due to the
excitons charge transfer of BaWO4 phase to CaWOQ4 phase because of their type | band alignment
and interface occurring between them. More excitons in the CaWO4 phase lead to increase to the
number of recombination processes which increases emission intensity from the [WO4]*" anions
of CaWO;, phase of the sample. HRTEM image of C2 (0.5BaW0./0.5CaWQ.) nanocomposites
also shows interfacing confirmation with BaWOs phase and CaWOs phase. The C2
(0.5BaW04/0.5CaW0.) nanocomposites emission has maximum lifetime as compared to other
samples which are approximately 13% more than the emission lifetime of CO (CaWQ,) single
phases respectively. This may be attributed to the recombination through non-radiative process
introduced during the migration of charge from the conduction band (CB) of BaWO. phase to the
conduction band (CB) of CaWO4 phases respectively. Due to the charge transfer mechanism this
nanocomposites could be a host material to get enhanced dopant photoluminescence (PL)

emissions. These nanocomposites can be considered for producing blue component of emission of
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white light emitting diodes (WLEDSs), electronic display and other optolectronic applications.
Whereas Mixed BaxCai—xWOs nanopowder samples did not give enhanced 420 nm emission in
comparison with CaWO, emission.
4.4. Supplementary graphs of Mixed BaxCaix WO4 nanopowder samples
4.4.1 Results and discussion of Mixed BaxCaix WO4nanopowder samples
4.4.1.1 Optical absorption study of Mixed BaxCai.x WO4 nanopowder samples

Diffuse reflectance spectra of the samples were measured and converted to the absorption
spectra by using Kubelka—Munk equation (K-M equation) [17]. Reflectance spectra of Mixed
BaxCai-x WO, nanopowder samples are shown in Figure 4.8(a). Transfer of UV excited electrons
from oxygen(O) 2p-states to tungsten(W) 5d-states of [WO4]* anion gives rise to the observed
broad reflectance spectra from 200nm to 330nm and the hole (on the oxygen) and the electron
(on the tungsten) due to their strong interactions form an exciton [18]. The reflectance spectra
peak wavelength shifts from 248nm to 220nm and also the reflectance peak intensity gradually
decreases as the % Ba concentration increases. Minimum reflectance peak intensity (maximum
absorption) is for BawO4 sample and maximum reflectance (minimum absorption) peak intensity
is for CawWO, sample. This is because the molecular photon- absorption cross section of BaWO4
is larger than that of CaWO4[19]. Figure 4.8(b) were used to calculate band gap energies Eg of
the Mixed nanopowder samples and are tabulated in Table 4.3. Calculated E4 values for CaWO4
and BaWO4 nanosamples match with literature values [23].Variation in band gap energy versus
% Ba concentration of the Mixed nanopowder samples is plotted Figure 4.8(c). Eq is enhanced
with increase in % Ba concentration except Mixed Bao2sCao.7s\WWO4 nanopowder samples. This
increase in Eg is higher in BawOs than that of CaWO, samples due to the larger radius of Ba?*
ion (1.42A) as compared to that of Ca®* ion (1.12A) [23].The energy of Ca 3p-states in CaWOQy is
lower than that of Ba 5p-states in BaWOa. Hybridization between Ca 3p-states and O 2p-states
will be there in CaWOs lowering its band gap. Whereas hybridization between Ba 5p-states and

O 2p-states will not be there in BaWO4 making its bandgap higher [25].

109 |Page



CHAPTER 4

100

Reflectance(%)
o
=]

(a)

0.25 0.75

o075 .25

Cawo (Undoped)
Ba Ca WO _ (Mixed)

Ba_  Ca, K WO (Mixed)
Ba Ca WO _ (Mixed)

— BaWoO (Undoped)

220 275
Wavelength(nm)

330

5.1
3.4
1.7
0.0
3.9
2.6
1.3
0.0
2.79
1.86
0.93

(FIRY ol ev)

0.00
2.46
1.64
0o.82

0.00
1.38

0.92
0.46
0.00

BawoO _(Undoped) |

(b)

0.75

| B2,,.C2,.. WO, (Mixed)]

[ 4.56
Ba, _Ca, WO _(Mixed)]

A L
4.41
Ba,__Ca, WO (Mixed) |

15

N
hp
B
N|

m'*l

nergy(ewv)

110|Page



CHAPTER 4

5.0 - (c) -

4.0 T bl T b T L T
o 25 50 75 100
Ba Concentration(%)

Figure 4.8(a-c): (a) DRS spectra of unsintered Mixed BaxCai-x WO4 nanopowder samples. (b) K-
M plots of unsintered Mixed BaxCaixWOs nanopowder samples. (c) Eg versus % Ba
concentration of unsintered Mixed BaxCa1-x\WWO4 nanopowder samples.

Table 4.3: Bandgap energy of Mixed BaxCa1xWO4nanopowder samples.

K-M Bandgap energy  Literature value

Samples Eg(eV) Eg(eV)
Co 4.37+0.00153 4.94 [23]
Cl 4.15+0.00139 -

C2 4.41+0.00157 -

C3 4.56+0.00168 -

C4 5.02+0.00203 5.26 [23]

4.4.1.2. PL spectral analyses of MixedBaxCa1xWO4nanopowder samples

Excitation spectra measured for 420 nm emissions of sintered (400°C & 200°C) and
unsintered Mixed BaxCai-xWO4 nanopowder samples are shown in Figure 4.9(a-c). All the
samples exhibit broad peaks centered around 260 nm because of transfer of UV excited electrons
from oxygen (O) 2p-states to tungsten (W) 5d-states of [WO4]>~ anion. Figure 4.9 (d-f) shows
emission spectra for 260nm excitation for sintered (400°C & 200°C) and unsintered Mixed
BaxCa1-xWO4 nanopowder samplesrecorded from 280nm to 650nm. Intrinsic luminescence of
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CaWO:q is due to the annihilation of self-trapped excitons forming excited [WO4]*~ anions giving

rise to the broad emission spectra peaking around 420nm. For (400°C & 200°C) and unsintered

Mixed BaxCaixWO4 nanopowder samples exhibits CaWOsmaximum photoluminescence (PL)

intensity. In tungstates with Scheelite structure the excited [WO4]*" ions get relaxed by intrinsic
emission due to recombination of self-trapped exciton (STE) [27]. Incase of (400°C & 200°C)
and unsintered Mixed BaxCaixWO4 nanopowder samples photoluminescence (PL) emission

intensity is lower in Mixed BaxCai-x WO4 nanopowder samples due to totally disordered and well

crystallized powders present very little emissionin comparison to CaWO4 [37].
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Figure 4.9(a-c):Excitation spectra measured for 420 nm emission for sintered (400°C & 200°C)

and unsintered Mixed BaxCai-x WO4 nanopowder samples.
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Figure 4.9(d-f):(d-f) Emission spectrameasured for 260nm excitation of sintered (400°C &

200°C) and unsintered Mixed BaxCaix\WO. nanopowder samples.
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4.4.1.3. PL peak intensity variation of Mixed BaxCaix WO4 nanopowder samples

Figure 4.10 (a-c) shows the plot of log photoluminescence (PL) peak (420nm) intensity
versus % Ba concentration of unsintered & sintered (200°C &400°C) Mixed BaxCaixWO4
nanopowder samples.In all unsintered & sintered (200°C &400°C)Mixed samples maximum
photoluminescence (PL) intensity is emitted by CaWO4 sample. Photoluminescence (PL) peak
intensity of CaWQO4 nanosample is much higher than that of BawWOsnanosample. This is because
the radius of Ba? ions (1.42/3'\) surrounding the tungstate ions is higher than that of Ca?" ions
(1.12/3'\) and when BaWO; is excited with ultraviolet (UV) energy Ba?* ions cannot counteract
the expansion of [WO.]*" anions. Then the offset between the excited state parabola and ground
state parabola in the configuration coordinates system becomes large resulting in increase in non-
radiative transitions, broader optical absorption and emission bands [26].Whereas when CaWO4
is ultraviolet (UV) excited Ca?" ions can counteract the expansion of [WO4]*~ anions resulting in
less non-radiative transitions. Therefore it is seen that among all the Mixed BaxCai-xWO4
nanopowder samples (sintered and unsintered), gives maximum photoluminescence (PL) 420nm

intrinsic emission of CaWO..
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Figure 4.10(a-c): Variation of (420nm) Log PL peak intensity versus % Ba concentration for (a)
Unsintered (b) 200°C sintered (c) 400°C sintered Mixed BaxCaix WO4 nanopowder samples.
4.5. Conclusion

The bandgap energy increases from increase in % Ba concentration except Mixed
Bao 25Cap 7sWO4 nanopowder samples. This is because Eg of BaWO, is higher than that of
CaWO4 sample. Among all the samples (unsintered and sintered), maximum photoluminescence
(PL) 420nm intrinsic peak intensity is emitted by sintered 400°C CO (CaWOs) single phase
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samples. This Intrinsic luminescence of CaWOs is due to the annihilation of self-trapped excitons
forming excited [WO4]*>" anions giving rise to the broad emission spectra peaking around 420nm.
More excitons in the CO (CaWOg single phase lead to increase to number of recombination
processes which increases emission intensity from the [WO4]*>~ anions of CO (CaWOs) single
phaseof the sample. Whereas Mixed BaxCai-xWO4 nanopowder samples did not give enhanced
420 nm emissions in comparison with C0O (CaWO.) single phase emission.
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CHAPTER 5
DC, AC ELECTRICAL CONDUCTIVITY, DIELECTRIC PROPERTIES AND
THERMOELECTRIC PROPERTIES OF xBaWO4/ (1-x) CaWOs NANOCOMPOSITES
5.1. Introduction

In the last two decades, researchers are working on nanocomposites materials for
applicationsofelectronic devices because of their multifunctional properties. Dielectric materials
have applications for devices such as microwave filters, voltage controlled oscillators,
telecommunication technologies and dynamic access memory. In order to improve electrical
properties of (AWO,) Scheelite and Wolframite type materials significant research has been done
[1-3]. In recent years interfacial contribution to the overall conductivity of electrocera-
mic materials has been rapidly growing for better knowledge, [4, 5] and may have
reached a peak point in the consideration of nanocrystalline materials. In these materials the
conduction behaviour likely becomes interfacially controlled due to the extremely high density of
the interface (grain boundary) [6-9].Physical properties of the nanocomposites are determined by
properties of the two separate phases and interaction between them [10-12]. There are reports
available with ceramic-ceramic nanocomposites improving electrical properties [13, 14]. Many
approaches such as doping [15-17], sintering[18,19] and different preparation methods[20-22]
have been done to revive the conductivity of oxides semiconductors.Researchers have proved one
of the mosteffective methods for improving the dielectric properties of materials with fabrication
of heterostructure nanocomposites [23, 24].Challenging to have interfacial effects in
homostructure metal oxide nanocomposites. The researcher found that nanocompositeswith space
charge layer (SCL) formation also raises the electrical conductivity of metal oxides [11, 25, 26].
Also many researchers found that thermoelectric power studies in semiconductor and dielectric
materials, phonons (quantized lattice vibrations) are the main energy carriers for heat conduction
and this is generally true as long as the nanocomposites forms crystalline structures [27-29].

We are reporting elaborate work done on the DC, AC electrical conductivity, Dielectric
properties [dielectric constant (¢”) and loss tangent (tand)] at room temperature (RT) and above
room temperature thermoelectric (TE) power properties of the same nanocomposites which were
prepared & characterized for the photoluminescence (PL) studies. It is observed that C2
(0.5BaW04/0.5CaW0,) nanocomposite which showed maximum photoluminescence (PL)

emission was also found to have higher DC,AC electrical conductivity, higher dielectric constant
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(') [¢=8190] which is approximately 3 times & 8 times more than that of
C0O(CaWO4)[e=2630] & C4(BaWO04)[¢'=970] single phases respectively measured at room
temperature(RT) at lower frequencies(20Hz).We have explained the reason for the enhanced DC,
AC electrical conductivity and dielectric properties [dielectric constant (¢7)] at room temperature
(RT). The inspiration to explore thermoelectric power study above room temperature (RT) is that
the crystallite size doesn’t change much when CO(CaWOs) & C4(BaWOs) nanosamples
weresintered till 400°C [30, 31]. So there was interest in exploring the thermoelectric power
properties of xBaWOa4/(1—x) CaWO4 nanocomposites above room temperature (RT). We are also
reporting that C3 (0.75BaW0./ 0.25CaW0s) nanocomposites is an efficient thermoelectric power
material at higher temperature (408.8K) because of enhanced power factor (PF) of figure of
merit(ZT) even though CO (CaWOg4) and C4(BaWOs)nanosamples are not good thermoelectric
power materials. The reason for the same has been discussed.
5.2. Results and Discussions
5.2.1. Non-linear properties and DC conductivity analyses

J (A/lem?) - E (V/cm) characteristics & DC conductivity of the nanocomposites were
measured by two electrodes method. It is one of the simplest and cost effective methods. For
investigation of varistor effect, the current—voltage i.e. (J-E) characteristics is the main proof.
Varistor phenomenon is featured by the breakdown voltage, non-linearity coefficient and grain
boundary resistance. Different parameters are important in the manufacturing of an ideal varistor
such as breakdown voltage and nonlinear coefficient [32]. The current density (J)-electric field
(E) characteristics of prepared nanocomposites are studied to evaluate theirelectrical properties
including breakdown voltage, non-linearity coefficient and grain boundary resistance. The
current- voltage i.e. (J-E) characteristics of the nanocomposites were measured by applying
different voltages (1-10Volts) to the nanocomposites and recording the current through the
nanocomposites. DC conductivity measurements are carried out by recording the current through
nanocomposites of a fixed voltage. DC conductivity & non-linearity coefficients (o) of the

nanocomposites were calculated by the following equation (5.1) & (5.2)[33].

L
Ogc = ﬂ (51)

Where (L), (R) and (A) is the thickness, resistance and area of the pellets respectively.

_log(I,/1,)
Tlog(V2/Vy) (5.2)
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Figure 5(a-f): (a) Current density J (A/cm?)-E (V/cm) characteristics of nanocomposites at room

temperature (RT). (b) Log E (V/cm)-log J (A/cm?) characteristics of nanocomposites at room

temperature (RT). (¢) Log (od) -E (Volts/cm) of nanocomposites at room temperature (RT). (d)

Log c4c--%Ba concentration of nanocomposites at room temperature. (e) cdc-%Ba concentration

of nanocomposites at room temperature. (f) Alpha (o) - % Ba concentration of nanocomposites at

room temperature.
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Figure 5(a) plot shows the current density J (A/cm?)-E (V/cm) characteristics of
xBaWO./(1-x)CaWO, nanocomposites. From this plot it is observed that the J (A/cm?) - E
(V/cm) characteristics of all nanocomposites show non-ohmic behavior. The non-linearity J
(A/lcm?) - E (V/em) characteristics arises due to grain boundaries segregated with metal oxide
additives [34-36]. The Figure 5(b) plots (logE-logJ) show three distinct regions for C3 and C4
nanocomposites due to the presence of insulating layer between the grain boundaries [37-39].
The low current density region which is known as pre-switching or pre-breakdown region
(region-A) & physically corresponds to the transport of a very low level leakage current through
the varistor below the breakdown or switched region. At higher fields, current density increases
very rapidy and particular field called breakdown voltage or switching region(region-B) current
density becomes very high.The current density becomes highly non-linear in switching
region(region-B), which is generally important for the device fabrications. This region can be
expressed in terms of the power law, i.e. J =KE®, where (a) is the important parameter in
manufacturing of an ideal varistor denoted as non-linearity coefficient, (k) is a constant of
proportionality,(J) is the density of current and (E) is electric field [39]. Above breakdown
voltage or switching region (region-B), the current density is constant & independent of the
field. This region is known as up-turn region or high current density region (region-C). All
nanocomposites above breakdown voltage or switching region shows very high current region
(region-C) & this phenomena known as acoustic-electric saturation.This is a consequence of the
piezoelectric effect [38, 40]. The values of breakdown and upturn voltages for all the samples are
given in Table 5.1. It is seen from Figure 5(b) that CO (CaWO,), C1 (0.25BaWQ4/0.75CaW0Q4)
& C2 (0.5BawW04/0.5CaW04) nanocomposites show presence of two regions B & C. While
absence of (region-A) is due to the negligible grain boundary resistance.
C3(0.75BaW04/0.25CaW04) nanocomposites and C4 (BaWO.) single phase show three regions
(A, B & C) due to the presenceof non-negligible grain boundary resistance (Table 5.2). The non-
linearity coefficient (o) of the nanocomposites from the (J-E) plots were calculated, using
equation (2). For the ideal varistor non-linearity coefficient value is (a = ). The calculated non-
linearity coefficient (o) values lies in the range of 3.44 to 4.70(Table 5.2) for the
nanocomposites.The non-linearity coefficient (a) of C2 (0.5BaWO4/ 0.5CaWOQ4) nanocomposites
calculated in the region B is 3.52. Due to the observed (Table 5.1) higher breakdown voltages

(4,3Volts) at room temperature (RT) for samples C3 (0.75BaWQ4/ 0.25CaW0;) & C4 (BaWOa,)
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respectively they could be considered as promising materials for fabrication of low-voltage
varistors. Figure 5(c) plot [log (c4) - E (V/cm)] shows as electric field increases DC
conductivity increases initially and then remains constant for all nanocomposites. Figure 5(d)
plot shows log conductivity at 8 volts versus % Ba concentration of all nanocomposites and the
values are given in Table 5.3. DC conductivity is maximum for C2 (0.5BaW04/0.5CaWOQ,)
nanocomposites (o=1.11x10° Qlcm?). It is approximately 40 times greater than that of
CO(CaWO4)(c=2.76x10" @1 cm*) and 1008 times greater than that of C4 (BawWOQ4) [6=0.11x10"
Q1 cm?] single phase samples.The observed conductivity of C2(0.5BaWOQ4/ 0.5CaWOs)
nanocomposites is maximum and remains higher than other nanocomposites due to formation of
space charge layer (SCL)at the boundaries of two phases in the sample [11,25,26]. Figure 5(e)
plot shows DC conductivity (oqc) at 8 volts versus % Ba concentration. It is observed that the DC
conductivity is significantly maximum for C2 (0.5BaW0Q4/0.5CaW0Qs) nanocomposites. Figure
5(f) plot shows alpha (o)) versus % Ba concentration of the nanocomposites. It is observed that
alpha (a) for nanocomposites are less than the single phase C4 (BawWOs) and CO (CaWOa)
samples and is maximum for C4 (BaWOs) sample. This may be because of the possible higher
conduction across thegrain boundaries between the two phases BaWO., and CaWOs due the
(SCL) formation than the condution across the grain boundaries between the similar phases.

Table 5.1: Values of non-linearity coefficient (a)of xBaWQO,/(1-x)CaWQO4 nanocomposites

Breakdown UpturnVoltage

Samples Vz)\l;[:)ge (Volts)
(Volts)
Co - 2
C1 - 5
C2 - 2
C3 4 6
C4 3 5
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Table 5.2: Non-linearity coefficient (¢) and J-E characteristics parameters of

xBaWQO4/(1-x)CaWO4 nanocomposites

Samples Thickness Average Number of Grain Breakdown Non-Linear Grain

of sample  Grain Grain Boundary Field coefficient  Boundary
(D) mm size Boundaries Voltage  (Eg=Vgv/d) (a= log('z/h)) Resistance
(d) (n=D/d)  (Vg=Vs/n) (VIm) log(V2/V1)"  (Rgb=Vg/l)
(nm) (Volts) Q)
Co0 2.58 63 0.04x10° - - 3.90 -
C1 1.93 71 0.03x10° - - 3.44 -
C2 2.38 101 0.02x10° - - 3.52 -
C3 1.85 111 0.02x10° 2x10* 1797 3.70 0.14x10°
C4 1.82 122 0.01x10° 3x10* 2457 4.70 6.7x10°

Table 5.3: Values of conductivity (64c) calculated at 8 volts of xBaWO4/(1-x)CaWOg4

nanocomposites

Odc log 6dc

Samples (Q*cm?')  (@Q'cm?)

Co 2.76x107 -6.559

C1l 0.93x10” -7.028

C2 1.11x10° -4.954

C3 2.06x107 -6.684

C4 0.11x10” -7.924
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5.2.2. Non-linear properties and DC conduction mechanism analyses

When two oxides with similar structures (homophase interface) or different structures
(heterophase interface) is formed resulting in a local space charge region in the interface region
due to the, redistribution electronic and ionic defects takes place [11]. In Scheelite tungstates,
major defects are oxygen vacancies and AC, DC electrical conductivity is mainly due to electron
charge carriers transfers occurs below 500°C [41, 42].Since grain size of CO (CaWQs) single
phase is lower than C4 (BaWOs) single phase respectively. In case of all nanocomposites follows
this statement denoting grain size is inverse of number of grain boundaries. All nanocomposites
show non-linear characteristics behavior due to effective potential barriers (thin or thick
insulating layer) at the grain boundaries allowing electrons as a free conduction path which is
dependable for the low non-linearity coefficient (o) similar like varistor behavior [39]. This
effective potential barrier (thin or thick insulating layer) formed in nanocomposites may be due to
intra (BaWO4/CaWOQg) or inter (BaWO4/BaWO, and CaWO4/CaWOg) particle blending. All the
nanocomposites non-linearity is controlled by effective potential barrier (thin or thick insulating
layer) situated within the intra (BaWO4/CaWOs) grains at the grain—grain interface. There is
prevention of electrons from crossing into adjacent grains at low applied voltages and all
nanocomposites behave as insulating manner, whereas electrons can tunnel into adjacent grains at
higher voltages, resulting highly conducting nanocomposites [43]. It has been noticed that both
thick (1 pum) and thin (<5001§) individual grain boundaries form interfacial layers may show
varistor behavior [44]. The crystallite size of CaWOQ4 phase is lower than BaWO, phase. Also DC
conductivity of CO (CaWOgs) single phase is higher due to unit cell volume is lower & its
molecular density is higher which signifies higher number of cells per unit volume resulting
increase in  number of crystallites per unit volume which gives formation of oxygen ion

2- 1. 2 -
H - . W < T +Z0+2
vacancies as a defect center [WO3] according to the reaction [WOJ =WOs+35 07 2e

showing
more number of [WO3] defects and electrons (2e°) available resulting higher oxygen capturing
electron tendency which gives rise to increase in intrinsic charge carriers (electrons) resulting
higher conductivity of CO (CaWOs) single phase in comparison with C4 (BaWOQs) single
phase,since both belongs to Scheelite structure [45-47]. Also DC conductivity of CO (CaWOa)
single phase is higher as compared to C4 (BaWO) single phase due to band gap (Eg) is lower in

CO0 (CaWOQg4) & higher in C4 (BaWOg) single phases respectively [30]. Also CO (CaWOa) single
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phase shows small grain size allowing effective potential barrier (thin insulating layer) formed

consisting of increase in number of crystallites per unit volume i.e. more n-type charge carriers
(2e',—202') resulting absence of switching voltage/breakdown voltage(i.e. region A) but small non-

linearity coefficient(a) with negligible grain boundary resistance, whereas C4 (BaWQs) single
phase shows large grain size allowing effective potential barrier(thick insulating layer) formed

resulting less charge carriers(2e',—202') due to unit cell volume higher & its molecular density is

lower resulting decrease in  number of crystallites per unit volume showing presence of
switching voltage/breakdown voltage (i.e. region A) with higher non-linearity coefficient(a) with
non-negligible grain boundary résistance.Similarly C1(0.25BaW04/0.75CaW04) nanocomposites
shows presence of effective potential barrier (thin insulating layer) formed resulting more number
of charge carriers(4e”,0%) due to CaWO4 phase unit cell volume lower and its molecular density
higher resulting increase in number of crystallites per unit volume showing absence of switching
voltage/breakdown voltage (i.e. region A) but small non-linearity coefficient(a) with negligible
grain boundary resistance, whereas C3(0.75BaW04/0.25CaW0Os) nanocomposites show presence
of effective potential barriers(thick insulating layer) formed resulting less charge carriers (4€7,
0%) due to BaWO; phase unit cell volume higher & its molecular density is lower resulting
decrease in number of crystallites per unit volume, showing presence of  switching
voltage/breakdown voltage (i.e. region A) resulting higher non-linearity coefficient(a;) with non-
negligible grain boundary resistance. Since interface is formed at room temperature (RT) &
among all nanocomposites maximum interface occurs for C2 (0.5BaW04/0.5CaWO0.)
nanocomposites which is seen on the surface (nanoparticles are randomly shaped) of the C2
(0.5BaW04/0.5CaW0s) nanocomposites along with interface formation which is confirmed from
HRTEM image [30]. This interface is treated as grain boundaries which gives rise to collection of
defects at the interface & maximum defects are collected for C2 (0.5BaW04/0.5CaWO0.)
nanocomposites. So the hopping conduction is reduced, inhibiting decreasing grain boundary
resistance/interface in nanocomposites ceramics. This is confirmed from frequency dependence
on loss tangents (tan o) of the nanocomposites measured at room temperature (RT) from
[Figure 6(c)] which shows loss tangents (tan &) peaks shifts occur to C2 (0.5BaW04/0.5CaW0O3)
nanocomposites for higher frequency side showing more collection of defects at grain

boundaries or interface region[48]. On the other hand, more interface states are produced at the
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intra (BaWO4/CaWOa) grains which can be explained by space charge layer (SCL) model. The
formation of space charge layer (SCL) model is suitable mechanism for explaining enhanced DC
conductivity and non-linearity coefficient (a) existing for C2 (0.5BaW04/0.5CaWO0Oa)
nanocomposites. In C2 (0.5BaW04/0.5CaW0Q4) nanocomposites, at the interface oxygen
vacancies defects get accumulated, generating positive charge core. This is compensated
electrostatically by forming an electron and polarons around the positive ions adjacent to the
interface forming the space charge layer (SCL) and screening the oxygen vacancies [11, 25, 26].
As net effect of the (SCL) formation is that the overall conductivity of the interfacial region of C2
(0.5BaW04/0.5CaW0s) nanocomposites increases due to the accumulation of charges forming
space charge layer (SCL) and also decrease of the activation energy for charge migration
mechanisms [25]. Such (SCL) effects of C2 (0.5BaW0Q4/0.5CaW0Os) nanocomposites resulting an
additional interfacial electronic conductivity charge carriers which increases total conductivity by
formation of oxygen ion vacancies as a defect center [WO3] according to the reaction
2A[WO:I—» 2[WOs]+ 0% + 4¢” ghowing  maximum number of 2[WOs] defects and electrons(4€”)
availableresulting much higher oxygen capturing electron tendency which increases intrinsic
charge carriers (electrons i.e.4e’, O%) tremendously showing higher conductivity of C2
(0.5BaW04/0.5CaW0.) nanocomposites and negligible grain boundaries resistance of a several
orders of magnitude than CO (CaWO4) and C4 (BaWOg) single phases respectively[47]. Also
occurrence of type | band alignment interfacing between them of C2 (0.5BaWQ4/0.5CaWO0.)
nanocomposites charge transfer of BaWOs phase to CaWOQOs phase take place which shows
increase in conduction between intra (BaWO4/CaWOgs) grains resulting maximum conductivity
and absence of switching voltage/breakdown voltage but shows small non-linearity coefficient

(o) giving negligible grain boundary résistance in C2 (0.5BaW04/0.5CaW0.) nanocomposites.

5.2.3. Frequency dependence of the dielectric constant, loss tangent (tand) & AC
conductivity analyses
5.2.3.1. Frequency dependence of the dielectric constant (g')

All thenanocomposites dielectric constant (g¢”) was calculated using the following
equation (5.3) [49].

o= Cd (5.3)

Ago
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Where €', €, C, A and d are the dielectric constant, permittivity at free space, capacitance, area
and thickness of the pellets respectively.

Thedielectric constant (¢') decreases with increasing frequency which is shown in Figure
6(a) and attributed to the Maxwell-Wagner polarization model [50]. According to this model, the
dielectric materials consist of grains and grain boundaries as shown in Figure 6(b).

3
oo ] e @
=1 . — 1
:"::3'- . ——cC2
- *x 7] e (G 3
r';".:.531:103-. —C4
4x10° -
3%10° 4
2x10°-
1x10° -
0.
T 2 3 a4 5 & 7

log frequency(Hz)

IGrain boundary (b)

Electrodes

\
A

Grain

Figure 6(a-b):(a) Frequency dependence on diclectric constant (&) of xBaWOa/(1-x)CaWO4
nanocomposites measured at room temperature (RT). (b) Schematic structure of the sample of
electrodes.
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The enhanced dielectric constant (g'), i.e., stored energy, at low frequencies (20Hz) are
assigned to whichever excellent conductivity, interfacial polarization, electrode polarization(EP)
or combination of electronic, ionic and orientation polarization. Electrode polarization (EP)
gives rise to both dielectric constant & dielectric loss [(¢") and (¢"”)] owing to occurrence of space
charges with the interfaces between the electrode and the sample of examination [51].All
nanocomposites were investigated under the same conditions which are having similar
constituents. If EP has shown maximum effect on a certain nanocomposites, it supposed to shown
in all other nanocomposites as well. Therefore the high value of (¢') is assigned to conductivity
and interfacial polarization. Moreover crystallite size of CO (CaWOj) single phase is lower than
C4 (BaWO.) single phase and plays an important role in dielectric constant (¢') [52, 53].The
dielectric constant (g") at lower frequencies (20Hz) is higher for CO (CaWO.) single phase due to
lower unit cell volume and higher molecular density which signifies higher number of cells per
unit volume which in turn showing increase in number of crystallites per unit volume and on the
surface accumulation of the dipoles increases which gives increased surface charge polarization
[45].As a result, significantly there is an increase in dielectric constant (¢') of the CO (CaWOa,)
single phase at low frequencies (20Hz). The reduction in crystallite size in CO (CaWOQa4) single
phaseincreases surface to volume ratio and an enhancement in over all grain boundaries of the
crystallites per unit volume.Thus increase in grain boundary and enrichment of surface charge
polarization provide enhancement of dielectric constant at lower frequencies(20Hz) of CO
(CaWOy) single phase as compared to C4 (BaWO.) single phase respectively[54]. The frequency
dependence dielectric constant (¢'=8190) at 20Hz frequency is found to be maximum for C2
(0.5BaW04/0.5CaW0s) nanocomposites and it is approximately 3 & 8 times greater than that of
CO (CaWO0s) (¢'=2630) and C4 (BaWOs) (¢'=970) single phases respectively.For increased
dielectric constant (¢') in C2 (0.5BaW04/0.5CaWQ4) nanocomposite interface plays an important
role. Accumulation of dipoles on surface increases due to interface between the two phases of the
nanocomposites leads to increased surface charge polarization of the C2 (0.5BaW04/0.5CaWO0.)
nanocomposites and increasing the dielectric constant (¢')[55].This maximum dielectric constant
(g") of C2 (0.5BaW04/0.5CaW0,) nanocomposites is due to interface occurring owing to type-I
band alignment between the two phases. The charge carriers are easily migrated through the
grains but get accumulated at grain boundaries which lead to higher interfacial polarization

resulting high dielectric constant (¢’) at lower frequencies. Another reason for higher dielectric
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constant (g') is due to accumulation of unbounded charge carriers at the interfaces, where they do
not have enough energy to overcome the potential barrier that restricts them at lower frequencies
[56,57].The interfacial polarization decreases and becomes negligible with increasing frequency,
only dipolar and electronic polarization contribute to the dielectric constant. Therefore with
increasing frequency dielectric constant (¢') decreases and showing constant value at higher
frequencies. Room temperature (RT) measurement of dielectric constant (¢') observed at 20 Hz of
all nanocomposites is listed in Table 5.4.

Table 5.4: Dielectric Constant (g') at 20Hz of xBaWO4/ (1-x) CaWO4 nanocomposites

Samples g tan o cac(Qlem™)
Co 2630 1.4530 4.25x107
C1 1415 1.1100 1.75x107
C2 8190 0.7150 7.48X107
C3 2759 1.2990 3.98x1077
C4 970 0.9584 1.03x10”7

5.2.3.2. Loss tangent (tand) analyses

Figure 6(c) shows the frequency dependence on loss tangents (tand) at room temperature
(RT) of all nanocomposites. The angle (8) between the vector for the amplitude of the total
current and that for the amplitude of charging current is called the loss angle and is less than
90°.The loss tangent or dissipation factor or dielectric loss tangent is the tangent of the angle,
which signifies dielectric loss factor. The co-relation between dielectric constant (¢') and

dielectric loss (¢") factor is given by equation (5.4) [58].

r

tan o =££— (5.4)
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Figure 6(c-d) :(c) Frequency dependence on loss tangents (tan &) of xBaWOa./(1-x)CaWOs

nanocomposites measured at room temperature(RT). (d)Frequency dependent polarization.
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Loss tangent (tan 8) occurs due to (conduction, dipole and vibrational) loss. Figure 6(c)
shows the frequency dependence of loss tangents (tand) of nanocomposites measured at room
temperature (RT). At loss tangents (tand) peak position dielectric constant (¢’) & loss tangents
(tand) of CO (CaWO.) single phase is more than that of C4 (BawWOs) due to lower unit cell
volume and its molecular higher density. Higher number of cells per unit volume increasesthe
number of crystallites per unit volume and therefore buildup of the dipoles on the surface
increases which gives increased surface charge polarization and leads to higher dipole loss [45].
Similarly loss tangents (tan 8) peak of C2 (0.5BaW04/0.5CaWO4) nanocomposites is more than
other nanocomposites except that of C3 (0.75BaW04/0.25CaWQ4) nanocomposites and also
occurs at higher frequency. This is due to maximum number of available electronic dipoles
giving rise to more dipolar surface charge polarization and result in higher dipole loss and shift in
peak frequency for C2 (0.5BaW04/0.5CaW0O,) nanocomposites as compared to CO (CaWOs) and
C4 (BaWOg) single phases & other nanocomposites except in C3 (0.75BaW0./0.25CaWO0.)
nanocomposites.C3 (0.75BaW04/0.25CaW0O4) nanocomposites showing maximum dipole peak
loss due to dipoles change their directions with applied electric field only when dipole rotation
matches with the applied external electric field properly resulting heating is produced in the
system giving maximum power transfer and C3 (0.75BaW0./0.25CaW0Os)nanocomposites
absorbs maximum energy because of resonance phenomenon [59]. All the nanocomposites
exhibit dipolar polarization effect below 10'° Hz which is observed in Figure 6(d). The presence
of dipolar polarization is significantly important to capacitive and insulating properties
applications of the materials at low frequency region. While this dispersion of polarization is
known as dipolar polarization which may occur to a wide frequency (10%-10'°Hz) range.It may be
seen that in the lower frequency region loss tangents (tan ) curves of nanocomposites exhibit a
peak hump approximately frequencies between 125Hz to 415Hz which may be known as
relaxation peak that decreases smoothly with rising % Ba concentration except C2
(0.5BaW04/0.5CaW0s4) & C3(0.75BaW04/0.25CaW04) nanocomposites.When electric field
(E=0), then dielectric possesses all motions (rotational/orientation,translational,vibrational) in the
absence of field.Whereas (E#0) alternating electric field is applied the molecules or dipoles
changes their directions with respect to the electric field only when frequency of molecule

rotation matches with the applied external electric field properly. Resulting heating is produced in
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the system giving maximum power transfer of applied field [60]. The relaxation time which is the
time taken by the electric dipoles to get oriented in the applied electric field direction giving
relaxation peaks. When the relaxation time (t) matches with the applied fieldtime period, the
sample absorbs maximum energy from the applied ac field due to resonance phenomenon.
According to the condition of the loss tangent (tand) peak at the curve of the (tand) versus
frequency, the relaxation time (t) can be calculated [t =1/ (2af)] at the loss tangents (tand)
peakswhich is listed in Table 5.5.The relaxation times (t) observed to have CO (CaWOQO4) & C4
(BaWOg4) [t = 410ps, 1340ps] at loss tangent (tand) peak are of single phases respectively.
Whereas relaxation time (t =130us) observed to be lower at loss tangents (tand) peaks of C2
(0.5BawW04/0.5CaW0O4) nanocomposites. The relaxation time (t) at loss tangents (tand) peaks of
C2 (0.5BawW04/0.5CaW0.) nanocomposites is 3 & 10 times less than CO (CaWOs) & C4
(BaWO4) single phases respectively. All the nanocomposites give the signature of single
relaxation peak (Debye relaxation peak) whereas relaxation peak shifting to higher
frequencyoccurs to C2 (0.5BaW0./0.5CaW04) nanocomposites showing decrease in relaxation
time. In the C2 (0.5BaW04/0.5CaW0.) nanocomposites relaxation peak location vicinity
(1218Hz) frequency which is due to trapping relaxation of certain intrinsic defects (electrons and
holes) within the electrical insulating layer of interface. The similar trend of loss tangents (tand)
occurred to other ceramics which is observed & reported [48].This loss tangents (tand) of C2
(0.5BaW04/0.5CaW0,) nanocomposites shifted to higher frequency side owing to additional
collection of defects & maximum defects is collected at interface of C2 (0.5BaW04/0.5CaWO0O.)
nanocomposites. Accumulation of dipoles on surface increases due to interface between the two
phases of the nanocomposites which leads to increased surface charge polarization of the C2
(0.5BaW04/0.5CaW0,) nanocomposites[56].There is rise in loss tangent (tand) at 1218Hz
frequency due to the conductivity begins to dominate of C2(0.5BaW0O4/0.5CaWQs)
nanocomposites. Whereas ac conductivity (6ac=52.2x107 Qcm™) at loss tangents (tand) peaks at
particular (1218Hz) frequency of C2 (0.5BaW04/0.5CaW0Q4) nanocomposites is 4 & 19 times
higher than CO (CaWO.) & C4 (BaWO,) single phases respectively. It is observed that frequency
increases loss tangent (tan &) decreases slowly, exhibiting declining trend similar to the dielectric
constant. This process occurs in polar dielectrics molecules which requires small amount of
electric energy to overcome the internal forces to orient themselves in the direction of applied

electric field. Another reason is that in the presence of applied electric field utilizes fraction of
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electric energy which leads to energy loss while rotation of dipole molecules and the movement
towards molecules from one site to another site [60]. Relaxation time (t) peak frequency values
ofall nanocomposites observed at room temperature (RT) are listed in Table 5.5.

Table 5.5: Relaxation Time (1) Peak frequency values of xBaWO4/ (1-x) CaWO4

nanocomposites

Peak tand at Relaxation Cac
Samples &'  Frequency Peak Time (1) (Qtem?)
Fp (Hz) frequency psecond
Co 370 388 1.6000 410 12.6x107
C1 378 158 1.3700 1004 4.54x1077
C2 656 1218 1.6600 130 52.2x107
C3 295 291 2.1500 547 10.2x10”
C4 336 119 1.1800 1340 2.67x107

5.2.3.3. AC Conductivity analyses
In order to investigate conduction mechanism of nanocomposites, the frequency
dependent AC conductivity cac (®,T). AC conductivity oac (®,T) of the nanocomposites was
evaluated using the equation (5.5) [61].
6ac (0, T) = goe'® tand (5.5)
Where (o) is the AC conductivity, (g0) is the vacuum dielectric permittivity and its value is
8.854 187 817x 1072 F/m, (') is the real part of the dielectric permittivity, (tan §) is the dielectric
loss, (o) is the angular frequency and (T) is absolute temperature.
5.2.3.4. Frequency dependent AC conductivity analyses
AC conductivity is independent at low frequency implies lack of hopping to charge carrier
polarization & identifies as DC conductivity dominates, whereas higher frequencies dispersive
region occurs [62].The frequency dependence on the ac conductivity is fitted by “Jonscher’s
universal power law” by the following equation (5.6) [63].
66 =60(T) + A®" (5.6)
Where (o0) is the DC conductivity (lower frequency independent plateau region), (A) is the pre-
exponential factor and (n) is the frequency exponent. The DC conductivity (cdc), frequency
exponent (n) and pre-exponent factor (A) is determined from the Jonscher’s universal power law
fit.
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Figure 6 (e-f): (e) Frequency dependent AC conductivity of xBaWOa4/(1-x)CaWO4
nanocomposites measured at room temperature (RT). (f) oac versus ® of XBaWO4/(1-X)CaWO4
nanocomposites with Jonscher’s universal power law fit.
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Figure 6(e) plot shows AC conductivity which is frequency dependent at room
temperature (RT) of all nanocomposites. Figure 6(f) plot shows cac () versus (o) radial
frequencies at room temperature (RT) with Jonscher’s universal power law fitting. AC
conductivity (cac) increases linearly with increasing frequency for all nanocomposites. The
conductivity started to increase at particular frequency is called hopping of the charge carriers
[64, 65]. The (odc), (n) and (A) are parameters obtained from fitting of the Jonscher’s universal
power law as shown in Figure 6(e).The frequency exponent (n=0.4) has a value of C2
(0.5BaW04/0.5CaW0s) nanocomposites which is approximately 2 & 4 times less than CO
(CaWO4)& C4 (BaWOg) single phases respectively.Whereas frequency exponents(n) values are
higher for other nanocomposites. When the electrical conduction is frequency independent giving
frequency exponents (n=0) or denoted as dc conduction occurs and frequency dependent
exponents (n < 1), denoting as ac conduction occurs [66].According to theory, if frequency
exponents (n) values lie between 0 and 1 significantly denoting charge carriers and lattice
interaction. The observed frequency exponent (n < 1) of CO (CawWOa) single phase and C2
(0.5BaW04/0.5CaW0s) nanocomposites indicate conduction is hopping or translational
respectively. It is clear about the frequency exponent (n) values that CO (CaWOa) single phase&
C2 (0.5Baw0./0.5CaW04) nanocomposites, the conductivity increases as frequency increases,
which confirms to small polaron hopping [67]. According to Elliot’s barrier hopping model, ac
conductivity increases to hopping distance [68]. Whereas frequency exponents (n >1) of
C1(0.25BaW04/0.75CaW0Qs4),C3(0.75BaW04/0.25CaW0,) nanocomposites and C4(BaWOs)
single phase shows localized motion may be due to the lower site relaxation time than the
backward hopping rate of charge carriers. The frequency exponent (n) lies in the range of
(n=1.46-1.94) of C3(0.75BaW04/0.25CaW0Os)nanocomposites & C4(BaWOs) single phase
samples (i.e. the backward hopping is faster than the site relaxation time), which shows that the
hopping motion is localized due to the existence of columbic repulsion between the mobile ions
[69].

The pre-exponential factor (A) values are (1.94x10°Qcm?second) of CO (CaWOQs) &
(2.80x10"Q*cm™second) of C4 (BaWOs) single phases respectively. The pre-exponential factor
(A) values is (1.02x107Q*cm?second) of C2 (0.5BaW04/0.5CaWQ4) nanocomposites. The pre-
exponential factor (A) of C2 (0.5BaW0./0.5CaW0Q4) nanocomposites is approximately 500 &

4x10° times more than CO (CaWwO.) & C4 (BaWOa) single phases respectively. The pre-
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exponential factor (A) represents strength of polarization of the nanocomposites and also
dependent on temperature called dispersion factor [64].The maximum strength of
polarizationshown by C2 (0.5BaW04/0.5CaW0O4) nanocomposites.

Applying DC conductivity (cdc) and pre-exponent factor (A) parameters to the hopping
frequency (mp) which can be calculated by using equation (5.7) and listed in Table 5.6[64].

p= [ (5.7)

The observed hopping frequency (mp) to be (2.41x10°Hz) of CO (CaWO,) & (2.73x10°Hz) of C4
(BaWQ,) single phases respectively. The observed hopping frequency (wp) is (0.78x10°Hz) of
C2 (0.5BawW04/0.5CaW0.) nanocomposites. The C2 (0.5BaW0./0.5CaW0O4) nanocomposites
hopping frequency (wp) is approximately 3.2x10°& 2.8x10° times less than CO (CawO.) & C4
(BaWO4) single phases respectively.Whereas C2 (0.5BaW04/0.5CaWOQO4) nanocomposites
hopping frequency (p) is less than other nanocomposites. Another reason having lower hopping
frequency (mp) of C2 (0.5BaW04/0.5CaW0O,) nanocomposites is that interface leads to space
charge layer (SCL) formation to C2 (0.5BaW0./0.5CaWOQ4) nanocomposites which
increasesconductivity of nanocomposites even at lower frequency. Hence in C2
(0.5BaW04/0.5CaW0,) nanocomposites hopping frequency is lower than that of the CO
(CaWO0s) single phase respectively.

DC conductivity (c4:=1.07x10°Q?*cm™?) observed from Jonscher’s universal power law
fit is the highest for C2 (0.5BaW04/0.5CaW0.) nanocomposite and matches (cgc=1.11x10°Q"
tem™) with measurement done for C2 (0.5BaW04/0.5CaW0O4) nanocomposites by two electrodes
method. Enhanced AC conductivity of C2 (0.5BaW0./0.5CaW0O4) nanocomposites was also
observed for C2 (0.5BaW04/0.5CaW0,) nanocomposites as compared to other nanocomposites
at all the frequencies. In C2 (0.5BaW0./0.5CaWQ4) nanocomposites, at the interface oxygen
vacancies defects get accumulated, generating positive charge core. This is compensated
electrostatically by forming an electron and polarons around the positive ions adjacent to the
interface forming the space charge layer (SCL) and screening the oxygen vacancies [11, 25, 26].
As net effect of the (SCL) formation is that the overall conductivity of the interfacial region of C2
(0.5BaW04/0.5CaW0.) nanocomposites increases due to the accumulation of charges and also
decrease of the activation energy for charge migration mechanisms [25]. Such (SCL) effects of

C2 (0.5BaW04/0.5CaW0,) nanocomposites resulting an additional interfacial electronic

141 |Page



CHAPTER 5

conductivity which increases total conductivity by formation of oxygen ion vacancies as a defect
center [WOs] according to the reaction 2[WO:I"—»2[WOs]+ 0™ +4¢" ghowing more number of
2[WOs] defects and electrons (4€7) available resulting much higher oxygen capturing electron

ability which increases intrinsic charge carrier (electrons i.e. 4e7,0%) tremendously showing
higher conductivity of C2 (0.5BaW04/0.5CaW0,) nanocomposites of a several orders for
magnitude than CO (CaWO4) and C4 (BaWOs) single phases respectively [59]. Also Type | band
alignment interface occurring between them of C2 (0.5BaW04/0.5CaW0Q4) nanocomposites
charge transfer of BaWOQ4 phase to CaWO, phase take place which shows increase in conduction
between intra (BaWO4/CaWO3) grains resulting maximum conductivity.

Table 5.6:The parameters obtained from the Jonscher’s Power Law fitting of

xBaWQ4/(1-x)CaWO,4 nanocomposites

Samples cac (@1 cm?)  Frequency Pre-Exponential Hopping
at 300°K Exponent factor (A) Frequency

(n) (Qcmlsecond) (wp) Hz

CO 28.12x107 0.7 1.943x10%° 2.41x10°
C1 11.72x107 1.0 1.830x10*? 3.78x10°
C2 1.07x10° 0.4 1.029x1077 0.78x10°
C3 5.83x10” 1.6 2.259x10°16 7.62x10°
C4 0.49x10” 1.7 2.8032x10?7 2.73x10°

5.2.4. Thermoelectric power properties analyses
Seebeck coefficient (S) of the nanocomposites at a given temperature is determined by the

relation of equation (5.8)[70].

_ AV
s=- (5.8)

Where measured Seebeck voltage (AV) and the temperature difference (AT) across the junctions
(Hot and Cold).
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Figure 7(a-c): (a) Temperature dependent Seebeck coefficient(S) of xBaWOa4/(1-x)CaWO4
nanocomposites. (b) Variation in temperature dependent Seebeck coefficient (S) up to transition
temperature point (Tp) of xBaWO4/(1-x)CaWO4 nanocomposites.(c) Seebeck coefficient(S)
versus% Ba concentration of xBaWO4/(1-x)CaWO4 nanocomposites.

Variation of Seebeck coefficient(S) temperature with temperature for all nanocomposites
is shown in Figure 7(a). The measured thermoelectric (TE) power or Seebeck coefficient(S) lies
in the temperature range of 300K-773K. It can be observed that the Seebeck coefficient(S) values
are negative starting from room temperature (300K) to transition temperature point (Tp) which is
shown in Figure 7(b). The absolute value of the Seebeck coefficient(S) increases up to transition
temperature point (Tp) & and starts becoming more positive and then suddenly the value becomes
positive and high till the inflexion point(l). Seebeck coefficient(S) tends to decline with
furtherincrease in temperature. It can be seen that all nanocomposites show n-type semiconductor
behavior up to transition temperature point (T,) & p-type semiconductor behavior from T, to
inflexion point peak (lp) and again n-type semiconductor behavior after l,. The hot surface
becomes positively charged and loses some of the electrons in the case of n-type semiconductor
material. The cold surface becomes negatively charged. Conversely the hot surface becomes
negative and cold one positive for p-type semiconductor. Therefore given semiconducting
material conduction type can be readily determined from the sign of the thermoemf. The polarity

sign of the Seebeck coefficient(S) determines from charge carriers (holes or electron) and gives
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information about type (p or n-Type) of the material [71]. In Figure 7(c) plot shows Seebeck
coefficient(S) versus % Ba concentration of all nanocomposites. The Seebeck coefficient(S) of
C3 (0.75BaW04/0.25CaW0s4) [0.52 uV/K] is greater than that of all other samples.
5.2.4.1. Conduction mechanism

Seebeck coefficient(S) of all the nanocomposites confirm n-type semiconductors
behaviour from room temperature (RT) till the transition temperature point (Tp). Seebeck
coefficient(S) from transition temperature point (Tp) to inflexion point peak (l,) shows p-type
conduction behavior [72]. The absolute value of Seebeck coefficient (S) increases upto transition
temperature point (Tp) due to the conduction of electrons in n-type material(majority charge
carriers) and starts becoming more positive due to the conduction of holes (minority charge
carriers) in addition to the electrons in an n-type material and suddenly becomes high and
positive on further increase in temperature upto the inflexion point (I,) due to enhanced lattice
scattering effect.Then it decreases from inflexion point peak (Ip) as the temperature is further
increased on account of intrinsic electrons excitation and conduction[73, 74]. The Seebeck
coefficient(S) of CO (CawWO,) nanosample at inflexion point peak (lp) is lower than that of C4
(BaWO4) due to its smaller grain size resulting in higher thermal conductivity [75]. In the present
study it is also found that the crystallite sizes of CO (CaWOs) and C4 (BaWO4) samples do not
change much when sintered till 400°C. Among all nanocomposites C3 (0.75BaW04/0.25CaWOQy4)
nanocomposites was observed to have highest Seebeck coefficient(S) at I,. This could be due to
the numerous grain boundaries or interfaces introduced in such a manner to promote more
phonon scattering, decrease thermal conductivity and preserve electrical conductivity. This shows
C3 (0.75BaW04/0.25CaW04) nanocomposites does’nt have incomplete bonds or strains in the
bonds around the grain boundaries and do not interrupt charge carriers. Optimal atomic ratio
(Ba/Ca=3) and optimized grain size in C3 (0.75BaW04/0.25CaW0Q4) nanocomposites could be
the reason for enhanced phonon scattering while preserving the electrical conductivity
simultaneously [76].The mechanism of charge carrier interaction with grain boundaries of C3
(0.75BaW04/0.25CaW04) nanocomposites is given in Figure 8 below. In general charge carriers
are scattered by large/small particles, grain boundaries and interfaces. Lower energy charge
carriers (at lower temperature) would be scattered by large particles and vice versa [77, 78].

Therefore optimal atomic ratio (Ba/Ca=3), grain size and electrical conductivity significantly
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support enhanced power factor (PF) of figure of merit (ZT) of C3 (0.75BaW04/0.25CaWQy4)

nanocomposites.

 I.arge nanograins

Mid/long wavelength phonon s!

3 MMV Charge carriers: electrons /holes |

Small nanograins

Figure 8: Mechanism of phonon and charge carrier interaction with large nanograins, small
nanograins and grain boundaries of C3 (0.75BaW0./0.25CaWQ,) nanocomposites.
[From:https://uwspace.uwaterloo.ca/bitstream/handle/10012/10442/Nandihalli_Nagaraj.pdf].
5.2.4.2. Thermoelectric power factor (PF)

The figure-of-merit (ZT) is dimensionless described asThermoelectric power efficiency of
a material, ZT=S%qT/k, where (S)is the Seebeck coefficient, (cac) is the electrical

conductivity, (T) is the absolute temperature and (k) is the total thermal conductivity.
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Figure 9(a-d): (a) Temperature dependent DC conductivity of xBaWOa./(1-x)CaWO4
nanocomposites.(b) Temperature  dependent  power factor of xBaWOa4/(1-x)CaWO4
nanocomposites. (c) Stacked Temperature dependent power factor (PF) of xBaWO./(1-x)CaWO4
nanocomposites. (d) Inflexion point peak (I,) log power factor (PF) V/s % Ba Concentration of
xBaWO4/(1-x)CaWO4 nanocomposites.
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High thermoelectric figure-of-merit (ZT) may be achieved by reducing (k) and/or by
enhancing the thermoelectric power factor (PF) [PF=S%cq]. Power factor (PF) of the
thermoelectric materials play a crucial role in thermoelectric devices [79].The temperature
dependence DC conductivity of nanocomposites are given in Figure 9(a).As can be seenfrom
Figure 9(a), the conductivity (cqc) decreases with increasing temperature behaving as metal
conduction characteristics, when the temperature is higher than 350K, the descending trend of
conductivity (oqdc) IS weaken, and there is even a tendency to rise slowly. It is mainly due to the
enhancement of carrier scattering caused by lattice vibration as the temperature rises, which leads
to a decline in conductivity (odc). After reaching a minimum value, the conductivity (cqdc) values
increase again owing to the significant intrinsic excitation (electron conduction) [73].The
temperature dependence on power factor (PF) of the nanocomposites is shown in Figure 9(b-c).
The power factor (PF) at inflexion point peak (I;) of C3 (0.75BaW04/0.25CaWQs)
nanocomposites & CO (CaWO.) single phase at the temperatures 408.8K & 485.5K respectively
are found to be maximum. PF of C3 (0.75BaW04/0.25CaW04) nanocomposites is approximately
5 times (PF=698 pWcm™K2) greater than that of CO (CawO,) [PF=130 pWcm™K2]. Also power
factor (PF) at inflexion point peak (lp) for C4 (BaWOQg) single phase sample at the temperature
417.6K is found to be maximum. PF of C3 (0.75BaW0./0.25CaW0Qs) nanocomposites is
approximately 2774 times (PF=698 pWcm™K2) greater than that of C4 (BawWO,) [PF=0.251
pWcm™K?] single phase sample. Figure 9(d) plot shows log power factor (PF) at inflexion point
(Ip) versus % Ba concentration. Maximum power factor of C3 (0.75BaWO./ 0.25CaWO0.)
nanocomposites at I, is due to higher lattice scattering effect resulting from optimal atomic ratio
(Ba/Ca=3), grain size which support a good balance between electrical conductivity and Seebeck
coefficient(S) [73, 80]. The inflexion point peak (lp) Seebeck coefficient(S) & power factor (PF)

values of nanocomposites are tabulated & shown in Table 5.7.

149 |Page



CHAPTER 5

Table 5.7 : Inflexion point peak(ly) Seebeck coefficient(S) & power factor(PF) values of

xBaWQO4/(1-x)CaWO4 nanocomposites

Samples Temperature(K) Seebeck coefficient(S) oac(Qtem™?) Power Factor

(MV/K) (PF= S%64c)
(pWcm?K?)
CoO 485.5 0.44 6.714x101° 130
C1 465.7 0.38 27.70x10713 0.40
C2 423.7 0.50 31.32x10°% 78.30
C3 408.8 0.52 25.81x101° 698
C4 417.6 0.51 9.65x10%2 0.25

5.3. Conclusions

xBaWO./(1-x)CaWO4 nanocomposites were prepared by co-precipitation method by first
time. Structural characterization was confirmed by XRD, FTIR, SEM, EDS and HRTEM images.
HRTEM images confirm the interface formation in C2 (0.5BaW04/ 0.5CaWQ4) nanocomposites.
Room temperature (RT) study on DC, AC electrical conductivity and above room temperature
(RT) thermoelectric power properties of xBaWOa4/(1-x)CaWO4 nanocomposites are reported here
first time. The DC conductivity at room temperature (RT) from 8Volts or (27.5 Volts/cm)
onwards is found to be maximum for C2(0.5BaW04/0.5CaW0Os) nanocomposites and is
approximately 40 times (c =1.11x10° Q* cm™ ) greater than that of CO(c =2.76x107 Q* cm™)
and 1008 times greater than that of C4 (BaWO.) [06=0.11x107Q* cm™] single phase
samplesrespectively. It is observed that the non linear coefficient alpha (e) for nanocomposites
are less than the single phase C4(BaWO4) and CO(CaWO4) samples and is maximum for
C4(BaWOQ4) sample.The diclectric constant (¢) at room temperature (RT) for all measured
frequencies is found to be maximum (¢'=8190) for C2(0.5BaW04/0.5CaW0.) nanocomposites
and at 20Hz, it is approximately 3 & 8 times greater than that of CO (CaWOa) (¢'=2630) and C4
(BaWO4) (£'=970) single phase respectively.These enhanced dielectric constant (g") properties of
C2 (0.5BaWOQ4/ 0.5CaW04) nanocomposites are due to the space charge layer (SCL) formation
at the interface. All the samples give the signature of single relaxation peak (Debye relaxation
peak).Loss tangents (tan &) peak of C2 (0.5BaW04/0.5CaWQ4) nanocomposites is more than
other samples except that of C3 (0.75BaW0./0.25CaW04) nanocomposites and also occurs at
higher frequency. Higher tan 6 atrelaxation peak and shift towards the higher frequency side for

C2 (0.5BaW04/0.5CaW0,) nanocomposites shows decrease in relaxation time due to maximum
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additional collection of defects (electrons and holes) at the interface. The relaxation time (t)[r
=130psec] at loss tangents (tand) peak of C2 (0.5BaW04/0.5CaW0Os) nanocomposites is 3 & 10
times less than CO (CaWOs)[t =410usecond] & C4(BaWO.) [t=1340usecond] single phases
respectively andac conductivity (cac=52.2x107 Qlcm™) at loss tangents (tand) peaks at particular
(1218Hz) frequency of C2 (0.5BaW04/0.5CaW0O4) nanocomposites is 4 & 19 times higher than
CO0 (CaWO4) & C4 (BaWOa.) single phases respectively. Seebeck coefficient(S) gives the
confirmation of n-type semiconductors at room temperature (RT).The Seebeck coefficient(S) at
inflexion point peak (Ip) of C3 (0.75BaW04/0.25CaW04) [0.52 pV/K] is greater than that of all
other samples. Enhanced power factor (PF) (698 pWem™K2) of C3 (0.75BaW04/0.25CaW0Q4)
nanocomposites is due to higher lattice scattering effect resulting from optimal atomic ratio
(Ba/Ca=3), grain size which support a good balance between electrical conductivity and Seebeck
coefficient(S)
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CHAPTER 6
CONCLUSIONS AND FUTURE SCOPE
6.1. Conclusions

In this chapter the main findings of the research work and discussion about the scope of
the future work are summarized for CaWO4 and xBaWOa/(1-x)CaWO,s nanocomposites. The
samples were successfully prepared in an aqueous medium by simple co-precipitation method
without using surfactant and characterized. It is observed from (W-H equation) that CaWOg4
phase crystallite sizes lie between 18nm to 25nm and that of BaWO4 phase crystallite sizes lie
between 40nm to 50nm which matches with that obtained from HRTEM image of
C2(0.5Baw0./0.5CaW0O4)nanocomposite.

All the samples showed characteristics photoluminescence (PL) emission of CaWOa4
single phase. Among all the samples (unsintered and sintered), maximum intrinsic
photoluminescence (PL) 420nm peak intensity was emitted by C2 (0.5BaW0O4/0.5CaWOQ4)
unsintered  nanocomposite.  This maximum 420nm  emission intensity of C2
(0.5BaW04/0.5CaW0.,) nanocomposite could be due to the excitonic charge transfer of BaWO,
phase to CaWO, phase because of their Type | band alignment and interface occurring between
them. More excitons in the CaWO, phase lead to increase to number of recombination processes
which increases emission intensity from the [WO.]* anions of CaWO. phase of the sample.
HRTEM image of C2 (0.5BawW0./0.5CaW0Q,) nanocomposite also shows interfacing with
BaWO, phase and CaWOs phase respectively. The C2 (0.5BaW04/0.5CaWQs) nanocomposite
emission has maximum lifetime as compared to other nanocomposites which are approximately
13% more than the emission lifetime of CO (CaWOQs) single phases respectively. This may be
attributed to the recombination through non-radiative process introduced into the migration of
charge from the conduction band (CB) of BaWO, phase to the conduction band (CB) of CaWO4
phase of the sample respectively. Due to the charge transfer mechanism this C2
(0.5BaW04/0.5CaW0s) nanocomposite could be a host material to get enhanced dopant
photoluminescence (PL) emissions. These nanocomposites could be considered for producing
blue component of emission from white LED.

In the present study non-linear current density J (A/cm?)— electric field E (V/cm)

characteristics of prepared xBaWO4/(1—x)CaWO4 nanocomposites were studied to evaluate their
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electrical properties including breakdown voltage, non-linearity coefficient and grain boundary
resistance for determining varistor properties. This non-linearity of current density J (A/cm?)—
versus electric field E (V/cm) characteristics arise for the xBaWOs/ (1-x) CaWOg4
nanocomposites due to the presence of insulating layer between the grain boundaries except C2
(0.5BaW04/0.5CaW0s) nanocomposite. The DC conductivity at room temperature (RT) from
8Volts or (27.5 Volts/cm) onwards is found to be maximum for C2 (0.5BaWO4/ 0.5CaWOQ4)
nanocomposite and is approximately 40times (c =1.11x10° Q! cm™ ) greater than that of CO(c
=2.76x107 Q' cm™) and 1008 times greater than that of C4 (BaWO.) [6=0.11x107Q* cm™]
single phase samples respectively.It is observed that the non-linear coefficient alpha (a) for
nanocomposites are less than the single phase C4(BaWO.) and CO(CaWO.) samples and is
maximum for C4(BaWOQ,) sample.The calculated non-linearity coefficient (o) values lie in the
range of 3.44 to 4.70 for the samples.The space charge layer (SCL) formation is suitable
mechanism to explain high conductivity and lower non-linearity in the C2
(0.5Baw04/0.5CaW0O4) nanocomposite.

Dielectric properties of xBaWO4/(1-x)CaWO4 nanocomposites are reported for the first
time. Room temperature (RT) Dielectric properties of xBaWO./ (1-x) CaWOs nanocomposites
were studied with respect to frequency in the range of 20Hz-3MHz. The dielectric constant (¢") at
room temperature (RT) for all measured frequencies are found to be maximum (£'=8190) for C2
(0.5BaW04/0.5CaW0s) nanocomposite and at 20Hz, it is approximately 3 & 8 times greater than
that of CO (CaWOa) (¢=2630) and C4 (BaWO4) (¢'=970) single phase respectively.These
enhanced diclectric constant (¢”) properties of C2 (0.5BaWO./ 0.5CaWQ,) nanocomposite are
due to the space charge layer (SCL) formation at the interface. The peak loss tangent (tand)] of
C2 (0.5BaW04/0.5CaW04) nanocompositeis more than that of other samples except for C3
(0.75BaW04/0.25CaW04) nanocomposite.Variation of loss tangent (tand) with frequency shows
that all loss tangents (tand) curves have broad peak in the lower frequency region approximately
between 125Hz to 415Hz which may be viewed as relaxation peaks except
C2(0.5BawW0./0.5CaW04) nanocomposite. All the nanocomposites give the signature of single
relaxation peak (Debye relaxation peak) whereas relaxation peak of C2 (0.5BaW04/0.5CaWOQ.)
nanocomposite shifts towards the higher frequency (1218Hz) side showing decrease in relaxation
time.Higher (tand) at relaxation peak and decrease in relaxation for C2 (0.5BaW04/0.5CaWO0,)

nanocomposite is due to maximum additional collection of defects (electrons and holes) at the
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interface. The relaxation time [t=130usec] at loss tangents (tand) peak of C2
(0.5BawW04/0.5CaW0O4) nanocomposite is 3 & 10 times less than CO (CaWOs) [t =410usecond]
& C4 (BaWOys) [t=1340usecond] single phases respectively and ac conductivity (cac=52.2x107
Qlcm®) at loss tangents (tand) peaks at particular (1218Hz) frequency of C2
(0.5BawW04/0.5CaW0O4) nanocomposite is 4 & 19 times higher than CO (CaWO,) & C4 (BaWOs)
single phases respectively.The frequency dependence on the ac conductivity is well fitted by
“Jonscher’s universal power law” and all samples obey the “Jonscher’s universal power law” fit.
DC conductivity (64c=1.07x10°Q*cm™) observed from Jonscher’s universal power law fit is the
highest for C2 (0.5BaW04/0.5CaWQ4) nanocomposites and matches (c4:=1.11x10°Qcm™?) with
measurement done for C2 (0.5BaW0./0.5CaWQ4) nanocomposites by two electrodes method.
Enhanced AC conductivity of C2 (0.5BaW04/0.5CaW0Os) nanocomposites was also observed for
C2(0.5Baw0./0.5CaW0Q4) nanocomposites as compared to other nanocomposites at all the
frequencies.Enhanced DC and AC conductivities for C2(0.5BaW04/0.5CaW0s) nanocomposites
may be due to the space charge layer (SCL) formation at the interface.

Seebeck coefficient(S) of all the nanocomposites confirms n-type semiconductors
behaviour from room temperature (RT) till the transition temperature point (Tp). Seebeck
coefficient(S) from transition temperature point (Tp) to inflexion point peak (l,) shows p-type
conduction behavior. The absolute value of Seebeck coefficient (S) increases upto transition
temperature point (Tp) due to the conduction of electrons in n-type material (majority charge
carriers) and starts becoming more positive beyond (T,) due to the conduction of holes (minority
charge carriers) in addition to the electrons in an n-type material and suddenly becomes high and
positive on further increase in temperature upto the inflexion point (l,) due to enhanced lattice
scattering effect.Then it decreases from inflexion point peak (lp) as the temperature is further
increased on account of intrinsic electrons excitation and conduction. The inflexion point peak
(Ip) for C3(0.75BaW04/0.25CaW04), CO(CaWO4) and C4(BaWO4) samples are at temperatures
408.8K, 485.5K and 417.6K respectively and the power factor at these temperatures for the
respective samples are 698pWcm*K?2,130pWem*K2 and 0.251pWcm?*K?2. The PF of C3
(0.75BaW04/0.25CaW04) nanocomposites is approximately 5 and 2774 times higher than that of
CO (CaWO0s) and C4 (BaWOs) single phases samples respectively. Enhanced power factor (PF)
of C3(0.75BaW04/0.25CaW04) nanocomposites at inflexion point is due to higher lattice

scattering effect resulting from optimal atomic ratio (Ba/Ca=3), grain size which support a good
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balance between electrical conductivity and Seebeck coefficient(S). C2(0.5BaW04/0.5CaWQa,)
nanocomposites with optimized atomic ratio (Ba/Ca=1) may be considered as an efficient
multifunctional material because of its enhanced optical properties (PL emission), electrical
properties (DC conductivity, dielectric constant & AC conductivity) at room temperature
(RT).C3 (0.75BaW04/0.25CaW04) nanocomposite with optimized atomic ratio (Ba/Ca=3), grain
size which support a good balance between electrical conductivity and Seebeck coefficient(S) at
higher temperature (408.8K) in comparsion to other nanocomposites.
6.2. Future scope of the work

The results and conclusions of the present research work have the following scope for
further investigations:-
> The preparation of xBaWOa/(1-x)CaWO4 nanocomposites by other methods (than co-
precipitation) could be tried.
> Preparation of homostructured nanocomposites with Type | band alignment by the
combination of metal tungstates and binary oxides for enhancing luminescence and electrical
properties could be explored.
> Preparation of various shaped particles of CaWOs in xBaWOi/ (1-x) CaWOs
nanocomposites could be carried out and possible theory for shape formation can be predicted for
photoluminescent and photocatalytic applications.
> Doping red and green emitting rare earth elements on the CawWO, and BaWO4 phases in
xBaWO./ (1-x) CaWO4 nanocomposites for enhanced white light emission.

> Other tungstate nanocomposites could be prepared for thermoelectric applications.
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