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List of abbreviations

A Angstrom

g Dielectric Constant

E. Activation energy

°C Degree centigrade

C Capacitance, unit Farad
f Frequency

min Minutes

hr Hours

K Kelvin (temperature in Kelvin scale)
RT Room Temperature

T Temperature

Hz Hertz, Unit of frequency
kHz Kilo Hertz

MHz Mega Hertz

tand Dielectric Loss tangent
C Capacitance

I Current

\% Voltage

R Resistance (€2)

® Angular frequency (S™)



Z Impedance (Q)

VA Real component of Z (QQ)

7z Imaginary component of Z (Q2)

|Z) Modulus of Z ()

A Wavelength of X-ray radiation

0 Angle of diffraction

AC Alternating Current

DSC Differential Scanning Calorimetry
EDX or EDS Energy Dispersive X-Ray Spectroscopy
FWHM Full Width at Half Maximum

LN Lithium Niobate (LiNbO3)

LT Lithium Tantalate (LiTaO3)

NN Sodium Niobate (NaNbO3)

NT Sodium Tantalate (NaTaOs)

PID Proportion Integration Differentiation
SEM Scanning Electron Microscope

SN Strontium Niobate (SrNb,Og)

ST Strontium Tantalate (SrTa,Og)

TEM Transmission Electron Microscope
TGA Thermogravimetry Analysis

XRD X-Ray Diffraction
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Chapter 1

Introduction

This chapter is comprised of general introduction about electroceramics and
the importance of the present investigation for its potential application. As the
physical properties generally arise from the crystal chemistry, the structural aspects of
electroceramics based on Pervoskite (ABO;) and Columbite (AB,Og) form is
discussed in this chapter. This chapter has detailed survey on the most important
application of ceramic oxides in various fields. The syntheses techniques for various
ceramic oxides as well as research on advanced ceramics and market analysis are

described in this chapter.




1. Introduction

An oxide is an anion of oxygen in the oxidation state of -2 or a chemical
compound formally containing an oxygen in this state. ABOs-type perovskite oxides
display a wide spectrum of physical properties of technical importance such as
ferroelectricity,  antiferroelectricity,  piezoelectricity, insulating  behaviour,
semiconductivity, metallic conductivity, superconductivity, ferromagnetism,
antiferromagnetism etc. The ferroelectric properties are mostly controlled by the
relative sizes of the ions. The electrical and magnetic properties are mainly dependent
on the electronic configuration of the ions. Dopants and substituents have a profound
influence on the properties of the ABO; oxides [1].

Oxide materials having a composition ABOs; form an important class since
they are useful in several device applications, some examples of which follow. These
materials are used in special ceramic capacitors. Piezoelectric PLZT ceramic discs
made from ABOj type oxides are well known for their use in a variety of transducer
devices such as phonograph pick-ups, strain gauges, ultrasonic equipment etc. [2].
Some doped ABOs-type oxides find applications in switching devices [3,4]. LaCoOs3
can be used instead of platinum as a catalyst in the oxidation of CO in automobile
exhaust gases [5] and is also useful as an ohmic-loss-free electrode [6,7]. LiNbO; has
been used in the development of materials for generating and detecting surface
acoustic waves and also in optical memory devices [8,9]. YA1Os; is a laser host
material [10]. Rare earth orthoferrites are used in magnetic bubble domain devices
because of their strong anisotropic properties [11, 12]. Perovskite is one of the most
frequently encountered structures in solid-state inorganic chemistry, and it
accommodates most of the metallic ions in the periodic table with a significant

number of different anions [11].



Although there has been considerable amount of work in the area of
dielectric oxides in the past fifty years, dielectric materials continue to remain
a hot area of scientific research due to their wide ranging applications. They
include capacitors, piezoelectrics, and electronic IC packages. In addition high
permittivity microwave ceramics have a large market for passive ceramic
components for mobile communications and satellite broadcasting, such as
resonators for stabilisation of oscillators and for frequency filters [13]. Most of
these dielectric materials are oxides with metal - oxygen octahedra connected
to each other to form mainly three dimensional structures.

Among them the ABOs; type perovskite oxides and the AB,Os
(columbite) type of oxides where B is either Nb or Ta have been pursued
vigorously in the recent past [14 — 16]. There is a continuous interest to optimise

the dielectric properties by suitable doping at the A-site, B-site [17].

1.1 Advanced Electroceramic — An overview

Ceramics, by definition, comprise inorganic, non-metallic, water insoluble
compounds that show ionic contributions in their chemical bonds. Along with the
revolutionary development of electronics in the second half of the twentieth century,
the huge potential of ceramic materials has been unfolded and introduced into a
fascinatingly wide spectrum of electrical and microelectronic devices and applications
[18]. Electroceramics represent an important technology which has considerable
impact for a large variety of industries, branches and markets. It is considered as an
enabling technology which has potential to deliver high-value contributions for
solving the challenges of our future [19]. Ceramic oxides are finding a wide range of

application as materials for electronic systems in the modern world. They are used as



electrodes and electrolytes in fuel cells and oxygen sensors, and as magnetic and
dielectric materials in control devices, to mention only a few examples. Because of
their nature, the fabrication of components incorporating ceramic oxides is usually
carried out at high temperatures.

The “Advanced Ceramics” industry is fundamentally different from the silicon
microelectronics industry, due to its higher diversity, higher interdisciplinarity, very
different processing technologies and variety of application [19]. This means that a
straightforward anticipation of the ever increasing cost benefits from economy of
scale and the continuous improvement of yield is inappropriate in the case of
advanced ceramics. Advanced ceramics represent an important technology which has
considerable impact for a large variety of industries, branches and markets. It is
considered as an enabling technology which has potential to deliver high-value
contributions for solving the challenges of our future.

Modern electronic equipment from computers to microwave ovens makes use
of electroceramic materials as sensors, components of electronic circuitry and
industrial control systems. The wide variety of ceramic oxides which is being used for
these functions draws cation components from most groups of the periodic table,
arranged in diverse crystalline structures with oxygen anions [20]. Historically,
developments in the various subclasses of Electroceramics have paralleled the growth
of new technologies. Examples include: Ferroelectrics - high dielectric capacitors,
non-volatile memories; Ferrites-data and information storage; Solid Electrolytes -
energy storage and conversion; Piezoelectrics-sonar; Semiconducting Oxides -
environmental monitoring. The performance of electroceramics materials and devices
depends on the complex interplay between processing, chemistry, structure at many

levels and device physics and therefore it requires a truly interdisciplinary effort by



individuals from many fields. Articles in the professional literature tend to deal with
the processing, characterization, structure, properties, modeling and performance of
electroceramics [20]. The transport properties and redox properties of the constituent
ions in these materials therefore play a significant role in determining the ease of
fabrication as well as the scope of application of devices.

Electroceramic materials are following in the footsteps of conventional
semiconductors with respect to further miniaturization, and are experiencing the same
evolution from microtechnology towards nanotechnology. Nanosize effects and
nanotechnology issues are therefore gaining importance. While ceramics have
traditionally been admired for their mechanical and thermal stability, their unique
electrical, optical and magnetic properties have become of increasing importance in
many key technologies including communications, energy conversion and storage,
electronics and automation. Such materials are now classified under Electroceramics
as distinguished from other functional ceramics such as advanced structural ceramics.
With the development and commercialization of new technologies such as mobile
communication, personal computers and the internet, came the need for
miniaturization and high-performance electroceramics.

It appears that the field is still open to many new developments, largely
because of the wide range of cationic mixtures which can be sustained in the
structural and stability properties of these materials [20]. Electroceramics research is
driven by technology and device applications. This growing field includes a vast
number of magnetic, dielectric, ionically conducting, semiconducting, and
superconducting ceramics used in domains as diverse as transportation, industrial
production, power engineering, medicine and health care, consumer electronics, and

communication. At the turn of the decade, three major trends are gaining importance.



1.2 Structure
1.2.1 Perovskite (ABO3)

Among the large family of metal oxides, polar oxides play an outstanding role
in science and technology owing to their dielectric, optic, piezoelectric, and
pyroelectric properties [21]. The most important class of polar oxides are those
possessing the perovskite structure, because distortion from the ideal ABO; cubic
symmetry allows to change the physical properties on application of an external
stimulus [22].

As the physical properties generally arise from the crystal chemistry, the
formation of pure, stoichiometric, homogeneous, and crystalline materials with
controlled crystal size is crucial [22]. Although size effects on the nanometer scale
have long been investigated in ceramics, it is a relatively new trend to utilize them in
a controlled way to improve the properties of nanocrystalline materials [23-25]. The
conventional synthesis of perovskite materials involves solid-state reactions between
the individual metal oxide or carbonate powders at temperatures between 1000 and
1250°C. In order to bring the reaction partners sufficiently close together and to
provide high mobility, these solid-state reactions require a high temperature and small
particle sizes. However, these harsh conditions ruin any opportunity for suitable
control of the reactions and often prevent the formation of thermally labile and
metastable solids [26]. It is obvious that for the synthesis of nanoparticles, whose size
and shape are crucial factors in determining the properties, other preparation
methodologies have to be developed. The most promising alternatives are soft-
chemistry routes [27-29], where good control from the molecular precursor to the
final product is achieved, offering high purity and homogeneity and low processing

temperatures.



Perovskite is also the name of a more general group of crystals which take the
same structure. See perovskite structure for details. The basic chemical formula
follows the pattern ABO;, where A and B are cations of different sizes (for example,
LaMnOs). The idealized structure is primitive cube, but differences in ratio between
the A and B cations can distort the structure to a number of different so-called
distortions, of which tilting is the most common one. The A cation is the cation in the
middle of the cube and B is on the corners. The oxygen ions are on the centres of the
unit cell faces. There are also complex perovskites which contain two different B-site
cations. This results in ordered and disordered variants. The ordered structure can be
indexed by a trigonal unit cell, with the B-site ions at the centre of the oxygen
octahedra.

Its most common mineral, perovskite, lends its name to this important group
of oxides. The importance of this group is two fold. First, every member of this group
has rare earth metals as trace elements in their structures and second, the structure of
this group is unique and many ceramic, synthetic and useful substances can be created
using the structure. The Perovskite Group is a group of oxides with a general formula
of AXOs. The A can be either cerium, calcium, sodium, strontium, lead and/or various
rare earth metals. The X site can be occupied by titanium, niobium and/or iron. All
members of this group have the same basic structure.

The XO; atoms form a framework of interconnected octahedrons. Each
octahedron has at its center an X ion and at their corners are six oxygens which are in
themselves a corner of yet another octahedron. In the mineral perovskite's case, each
oxygen (-2 charge) is connected to two titanium ions which have a charge of (+4) and
are in themselves connected to six oxygens for a ratio of 1/3. The result is an

imbalance of a -2 charge (as in (+4) + 3(-2) = -2) which must be counter balanced



with a calcium ion (+2) situated between eight TiO; octahedrons. If the X ion is
niobium (+5) or iron (+2 or +3) then the A ions must have a charge appropriate for
balancing the formula.

This simplified ideal structure is isometric in symmetry. Members of this
group would all be isometric if it were not for the fact that the octahedrons of most of
the natural members of the group are twisted or rotated so as to kink or bend the
structure. The twisting or bending is to accommodate the large ions between the
octahedrons. The result is a variety of symmetries from isometric to tetragonal to
orthorhombic to monoclinic depending on the degree of distortion to the basic ideal
structure. Most perovskite minerals show some pseudocubic tendencies due to the
close to, but not quite, isometric structure.

There are several synthetic crystals that have been made with the perovskite
structure. These synthetics have a wide range of electrical ceramic uses from
insulators right on through to superconducting material. Due to these uses and the
increasing need for rare earth metals, the Perovskite Group will continue to be
important and intensely studied. The perovskite structure shares the property of
ferroelectricity with garnet and olivine. Many superconducting ceramic materials have
perovskite-like structures.

Perovskite is an increasingly economically important, and in some rocks a
rather common, mineral. It is sought after for its rare earth metal content. Often
perovskite is enriched in cerium, niobium, thorium, lanthanum, neodymium and other
rare earth metals. Rare earth metals are becoming rather attractive for prospectors due
to their growing value to industry. The titanium derived from perovskite is recovered

as well.



Crystals of perovskite appear as cubes, but this is deceiving. Perovskite is
actually pseudocubic (or "falsely shaped" in a loose translation from the Greek). It is
really orthorhombic in symmetry, but its structure is very close to isometric. The
titaniums and oxygens compose a framework structure in which TiOg octahedrons are
connected at each corner to other TiOg octahedrons. If the connections were at perfect
90 degree angles then the structure would be isometric. However the large ions, such
as calcium and some rare earth metals that are needed to balance the formula, are too
large to fit comfortably between the octahedrons. This causes a bending or twisting of
the octahedrons and a distortion of the structure to orthorhombic symmetry. But the
structure is still close to being isometric and it can therefore create crystals that are
close to being cubes. Specimens can remind one of darkly colored cubes of galena.
But galena's better metallic luster, greater density and perfect cleavage will give
nobody any trouble in permanently confusing the two.

Perovskite is named for a Russian mineralogist, Count Lev Aleksevich von
Perovski. The mineral was discovered and named by Gustav Rose in 1839 from
samples found in the Ural Mountains. Now it is a well known and recognized as a
common mineral in aluminum and silica poor rock types such as nepheline syenites,
carbonatites, kimberlites and melilites as well as some contact metamorphic marbles.

The perovskite structure is adopted by many oxides with formula ABO; and is
very versatile having many useful technological applications such as ferroelectrics,
catalysts, sensors and superconductors. The general crystal structure is a primitive
cube, with the A-cation in the middle of the cube, the B-cation in the corner and the
anion, commonly oxygen, in the centre of the edges. The structure is stabilized by the
6 coordination of the B-cation (octahedron) and 12 of the A cation. The packing of the

ions can be thought of the A and O ions together form a cubic close packed array,



where the B ions occupy a quarter of the octahedral holes. When the ratio of the ionic
radii differs too much of the so-called tolerance factor often distortions occur of
which tilting is the most common one. With perovskite tilt the BOs octahedron twist
along one or more independent axe to accommodate the ratio-difference.

Perovskite (calcium titanium oxide, CaTiO;) is a relatively rare mineral
occurring in orthorhombic (pseudocubic) crystals. Perovskite is found in contact
metamorphic rocks and associated mafic intrusives, nepheline syenites, and rare
carbonatites. This structure takes it name from the mineral perovskite (CaTiOs3).
Perovskite was discovered in the Ural mountains of Russia by Gustav Rose in 1839
and named for Russian mineralogist, L. A. Perovski (1792-1856). Under the high
pressure conditions of the mantle the pyroxene enstatite, MgSiOs, is a perovskite
polymorph and may be the most common mineral in the Earth.

The perovskite structure shares the property of ferroelectricity with garnet and
olivine. Many superconducting ceramic materials have perovskite-like structures.

In Perovskite structure the higher symmetry is cubic and lower distorted perovskite

structure (fig 1.1) is as follows:-

Tetragonal Slightly distorted
Orthorhombic
Rombohyderal or hexagonal

Monoclinic

v
Triclinic Highly distorted

10



Ideal Perovskite Structure Distorted Perovskite (CaTiOs;)

Tetragonal Perovskite (CaSiOs) Monoclinic Perovskite (Prg ¢Sro4MnOs)

Figure 1.1 Perovskite structures of ABO3; compounds

The perovskite structure ABO; is very accommodating to a whole range of
cationic mixtures on both the A and B sites. In the barium titanate family of dielectric
materials, the transformation from ferroelectric to antiferroelectric behavior can be
made by substituting zirconium for titanium on the B sites and the order- disorder
transformation temperature to paraelectric behavior can be increased by introducing
lead in exchange for barium. The dielectric properties of BaTiO; and BaZrO; arise
from the displacement of the Ti*" or Zr*" ion from the center of the octahedral oxygen
coordination shell. In the titanate this leads to ferroelectric behavior where these
displacements are lined up in the presence of an external field leading to a high
dielectric constant. In the zirconate the effect of the external field is the opposite,

leading to alternate planes of Zr*" ions having opposite displacements, and this

11



material is designated as "antiferroelectric". The shape of the hysteresis loop in both
the ferromagnetic spinels and the ferroelectric titanates can be affected by substitution
of small amounts of aliovalent ions on two cation sublattices. The substitution of
lanthanum or neodymium for barium produces a "softer" dielectric material, i.e. one
having a smaller coercive field than pure BaTiOs. The exchange of the trivalent La®"
ion for divalent Pb*" leads to the formation of vacancies on the cation sublattice, but
the major effect is due to the reduction of the p-type semiconduction, and hence a
decrease in the electrical conductivity. In this context, the aliovalent ion is termed a
"donor", although n-type semiconduction is not introduced with this substitution. The
substitution of trivalent ions for the tetravalent Ti*" or Zr*" ions on the B sites leads to
"harder" materials. This is thought to be due to the introduction of vacant oxygen sites
which cluster around the trivalent ion, impeding domain wall rotation [20].

Because the oxygen ion has a much higher diffusion coefficient in the
perovskites than the corresponding cations, the oxygen vacancy can diffuse more
rapidly than the cation vacancy, and forms dipoles with La®" substituted ions. These
are thought to impede domain wall rotation and hence to "harden" the ferroelectric
behavior. It should be noted that polycrystalline materials, which probably contain
pores at the grain boundary, also show a broader hysteresis loop than the
corresponding single crystal, probably for the same reason [20, 30].

The perovskite structure has also been used to develop new oxide electrolytes
which contain ions which are less reducible than zirconium, and hence can be used in
oxygen sensors at low oxygen pressures to replace thorium oxide. Lanthanum yttrium
oxide and lanthanum aluminium oxide have been found to function satisfactorily
when alkaline earth oxide additions such as SrO on the A sites and CaO or MgO on

the B sites are made. The electrolytes show unit transport number for oxygen ions

12



down to the oxygen potential of the Ta-Ta,Os system at least and up to a temperature
of 1000°C [31].

Perovskites based on Ce*" ions on the B sites have been used to develop
hydrogen sensors. For example, if BaCeOs is doped with Nd,Os to create oxygen
vacancies, the resulting material can be used as a solid electrolyte in a hydrogen
electrochemical cell [32]. One potential perovskite oxide solid electrolyte is doped
LaA10s, which has a melting point of 2110°C [33] and can thus be used in high
temperature applications [31]. BT, BNT and BKT are well known ferroelectrics with
the perovskite structure. BT is expected to be one of the superior candidates for lead-
free piezoelectrics, however, the Curie temperature, Tc, of BT is too low at 135°C,
limiting the working temperature range. BNT [34-36] also has high potential for lead-
free piezoelectrics, however, the depolarization temperature, Td, occurs at about 200
°C. KNbO; (KN) is also well known lead-free piezoelectric material having a large
piezoelectricity and high Tc [37-39].

The structure of perovskite can be maintained by controlling the tolerance factor (1),
a quantity first suggested in 1926 by Goldschmidt [40] and this is mathematically
given by equation below

_ R,+R,

B \/E(RB + RO)
Where R, and Rp stand for the radii of A and B site cations respectively and Ro stands
for the X-site anions. For ideal perovskite structure (cubic) 7t =1, however; the
structures other than the cubic remain stable in the range 0.75 <t <I i.e. Materials
with a lower tolerance factor exhibit a lower symmetry and vice versa [41-43].
Goldschmidt’s tolerance factor t has been widely accepted as a criterion for the

formation of the perovskite structure, a number of researchers have used it to discuss
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the perovskite stability, including oxides [44—48], fluorides [49-51], chlorides [52].
The perovskite structure is shown to be the single most versatile ceramic host.
By appropriate changes in composition one can modify the most significant
electroceramic dielectric (BaTiOs and its relatives) phase in industry, into metallic
conductors, superconductors or the highest pressure phases in the earth [53].
Although majority of the perovskite compounds are oxides or fluorides, other forms
like heavier halides, sulphides, hydrides, cyanides, oxyfluorides and oxynitrides are
also reported [54, 11]. Perovskite and perovskite-related materials are important
crystal structure due to their diverse physical/chemistry properties [54-56] over a
wide temperature range. For example, perovskite ceramics with ferroelectric and/or
piezoelectric properties, such as BaTiOs and Pb(ZrTi)O; play a dominant role in the
electroceramics industry. Other industry interests of perovskites are: colossal
magnetoresistance ((SrCaLa)MnOs), PTC thermistor (BaTiOs3), electrooptical
modulator ((PbLa)(ZrTi)O;, BaTiOs), optical switch (LiNbOj), battery Material

((Lig.s—<La,Ti03)), etc.

1.2.2 Columbite (AB;Oy)

The columbite group of minerals has the general formula AB,Og, in which,
most typically, A represents Fe*", Mn, and Mg, and B represents Nb and Ta. Members
of the columbite group are subdivided on the basis of A and B-site chemistry; samples
with Nb as the dominant B cation are loosely referred to as "columbite," and with Ta,
as "tantalite." In the construction of species names, prefixes are used to describe A-
site chemistry; thus, the species of "tantalite" with Mn dominant at the A site is
manganotantalite. Columbite-group minerals show variable degrees of cation order. A

range of structural states is possible, yet formal guidelines for structural subdivision
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of the group have not yet been devised [57]. For the purposes of the simplicity,
samples with intermediate degrees of cation order are referred to as "partially
ordered" in conjunction with the name of an ordered species. Thus, "fully disordered

" "

ferrocolumbite," "partially ordered ferrocolumbite," and "ferrocolumbite" would
describe increasingly cation-ordered variants of the composition FeNb,Og.

Besides their economical importance these materials present interesting
physical properties which have motivated investigations reported in the last two
decades [58 -68]. Beyond economically important as niobium and tantalum ores [69],
columbites display physical properties that make them adequate prototypes for oxide
materials with relevant technological applications [70].

Columbites are typical pegmatite minerals with general formula A*B’ 04
where A represents essentially manganese plus iron and B, niobium plus
tantalum[71]. MNb,Og¢ (where M = Mg, Zn, Ni, Ca, Cu, Mn and Co) columbite
niobate [72] compounds of low sintering temperature and low cost have
receivedmuch attention [73-76].

Minerals of the columbite group are the main source of niobium and tantalum,
which are important because of their applications in high-technology products [77].
These oxide minerals have the general formula 48,0, in which the 4 position is
occupied mostly by Fe*", Mn®", and, to a lesser extent, Mg>"; the B position is
occupied mainly by Nb>*, Ta’", and, occasionally, Ti*" and Sn**. The end members
of these orthorhombic minerals are ferrocolumbite FeNb,Os, manganocolumbite
MnNb,;O¢, manganotantalite MnTa,0Og¢, and magnocolumbite MgNb,Og. lons at 4 and
B sites are coordinated to six oxygen atoms that form distorted octahedra. Octahedra

are stacked in a sequence of ABBABB layers; those of type A share corners, while

those of type B share edges [77].
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Although the 3d transition metals occupy mainly the A site, there exists a
considerable degree of cation occupation disorder between sites 4 and B; i.e., Fe, Mn,
Nb, or Ta are found to occupy both sites 4 and B in different proportions. The
different cationic occupancy of sites from one member of the series to the other leads
to changes in the unit cell dimensions and to distortions in the oxygen octahedra.
Cerny and Ercit [78] observed that in several groups of cogenetic columbite-tantalites
with variable composition and structural state, the degree of ordering increases with
the enrichment in Mn. Komkov [79] found that the a/c ratio of columbite-tantalite is a
suitable parameter to describe the cation order-disorder. Cerny and Turnock [80]
found in an a vs ¢ plot (3 x a for disordered phases) that the cell parameters correlate
qualitatively with the degree of cationic order and with the approximate Fe/Mn ratio,
but that no apparent relationship seems to exist with the Nb/Ta ratio. However, the
diagram is of limited quantitative application because the range of cell parameters for
fully disordered samples is not known and, in addition, impurity substituents have an
unknown infuence on those parameters [81]. Columbite structure is based on a
hexagonal closest packing of oxygen anions with cations filling half of the available
octahedral interstices [71]. Occupied octahedra share two opposite edges and define
zigzag chains along [001] that are further interconnected through corner sharing of the
octahedra (Fig. 1.2). Closest packed planes are parallel to (100), being interleaved by
A- or B-type cations in a sequence [ABB]. An empirical formula derived by Ercit to
estimate the degree of cation order for columbite has been used on some occasions
[80-82]. In particular, for single crystals of columbite-tantalite pegmatites, Wenger et
al. [82] found that the degree of cationic disorder obtained after application of Ercit’s
formula [81] correlates well with the site occupancy obtained by refinement of single

crystal X-ray diffraction data.
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Fig. 1.2. Crystal structure of columbite-group minerals emphasizing the octahedral

chains. Light grey, A-metals; dark grey, B-metals.

1.3 Synthesis of Ceramic Oxides

The synthetic approaches for preparing ceramic oxide nanostructures can be generally
classified into several categories: solid-state growth, solution-phase growth, template-
based methods, non-template-based methods, carbothermal reactions, solid liquid
solid processes, solvothermal processes and vapor phase growth (including thermal
evaporation, chemical vapor-phase deposition, metal-organic chemical vapor phase
deposition, arc discharge and laser ablation). A wide variety of chemical methods for
powder synthesis has been developed and optimized for preparing of electroceramic,

including coprecipitation, sol-gel processes, and wet chemical methods using the
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hydrothermal synthesis and the polymeric precursor method. These advanced
techniques of preparation are important, since they allow the preparation of
stoichiometric, single phase, and highly specific surface-area powders. These
characteristics have a high degree of influence on the improvement and reliability of
the electrical and dielectrical behavior of the material. In this sense, the degree of
densification of the sample exerts a significant influence on the electrical behavior.

The development and improvement of electronic systems must be preceded by
the designing of new miniaturized and reliable electronic components. Although
existing commercial components meet the engineering criteria, other new systems can
be developed or existing ones can be perfected by introducing new components with
improved characteristics. This development encourages the investigations of
electronic materials, in particular the development of new dielectric materials with
specific dielectric properties that are demanded by electronics engineers [83].
Compared with solid-state preparation, wet chemical methods have been confirmed to
be a more efficient method in controlling the morphology and chemical composition
of powders.

Alkali metal niobates powders are usually synthesized via a solid state
reaction route using sodium and/or lithium carbonates and niobium pentoxide [84-87],
One of the characteristics of this classical method is that it is rather difficult to
achieve an homogeneous mixture of the components. Moreover, high sintering
temperatures are required because of the low surface area of raw powders. Indeed,
this method does not always allow for the production of dense, homogeneous single
phase ceramics. High sintering temperatures can also enhance the volatilization of the
alkali metal, which leads to stoichiometric variations in the sintered material.

Increased sinterability of mixed powders and higher densification rate of green
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compacts were attained through pressure sintering and/or by adding selected sintering
additives [88-91]. Fired densities ranging from 94 to 98% of the theoretical ones were
thus reached. The firing temperature was decreased by one hundred degrees using
pressure sintering. However, a calcinations step at a temperature of around 900°C and

a subsequent annealing in an oxygen flow were required [92,93].

1.3.1 Mechanochemical activation

Mechanochemical activation is away to modify the conditions in which
chemical reactions usually take place [94]. During the mechanical treatment the
particle size of the crystals is reduced, the homogeneity of the mixture is increased
and, in most of the cases, the solid becomes more reactive [95]. Mechanical activation
is usually a result of disorder of the crystal and generation of defects that cause the

decrease of activation barrier for the reaction [96].

1.3.2 Solid State Reaction

Solid state route involves the many processes which includes preparation of
composition, mixing and ball milling, calcining, ultrafine grinding, drying, binder
addition and granulation, forming, drying and binder removal, sintering, lapping,
electroding and poling. In the solid state reaction, mixing and milling are often
carried out simultaneously, usually, by using ball mill. The aims of this process are to
reduce particle size, to reduce agglomerates or aggregates in size and to achieve
desired particle size distribution. For milling ball mill, bead mills ,sand mills, jet
mills etc types of mills are available. The schematic diagram of ball mill is shown in

fig 1.3.
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Fig 1.3 Schematic diagram of ball mill

The compound is usually synthesized at high temperature by solid-state
reaction[97-99]. Although this method is simple, it takes long synthesis time and
produces powders with irregular morphology, large particle size and broad particle
size distribution[100]. In conventional solid-state reaction, for enhancing the
diffusivity among solids, the prolonged high-temperature heating is required.
However, the heating process will cause severe coarsening of the ceramic powders
and also cause the volatilization of lithium compounds[101]. Furthermore, the
homogeneity of the starting materials is low in the solid-state process and the
conversion rate of the chemical reaction will decrease, rendering the stoichiometric
deviation in the composition of the heated powders[102]. To overcome the above
shortcomings, the hydroxide precrusior has been developed to synthesize ceramic
powders having small particles and a narrow size distribution.

The conventional way to produce these materials involved the solid-state
reaction of mixing with oxides or carbonates that contain lithium and manganese
cations, and calcination at high temperature. However, the solid-state reaction
requires a long heating time and followed by several grinding, annealing process,
which has some inherent disadvantages, including chemical inhomo geneity, coarser

particle size, and introduction of impurities during ball milling [103].
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For commercial exploitation, it is desirable that the temperature of synthesis
be as low as possible to produce bulk quantities of the material [ 104]. There are some
factors such as particle size, surface morphology and homogeneity, which have an
important influence on the electrochemical characteristics. It is difficult, however, to
control such factors precisely using a conventional solid-state reaction which requires
a high reaction temperature as high as 700-900°C [105-108], long and repeated heat
treatments that lead to agglomeration of particles. Otherwise, abnormal grain growth
and poor control of stoichiometry due to the nonhomogeneous composition

distribution may lead to poor electrochemical performances[109].

1.3.3 Wet-Chemical Methods

In recent years, several low temperature preparation techniques such as sol—
gel precipitation [110-112], Pechini process [113—114], electrochemical process
[115,116] and hydrothermal process have been developed in which all the
components can be homogeneously distributed to atomic scale, thus allowing a
reduction of heating temperature and sintering time.

Solution technique is an alternative, in which all the components can be
homogeneously distributed at the atomic—molecular level and the synthesis can be
conducted at low temperatures for short periods [109].

The wet chemical process generally offers significant advantages in the
fabrication of electronic materials, such as high purity, low cost, ease of composition
control, relatively low-processing temperature and large deposition area [117]. In the
wet chemical process, the preparation of high-quality materials depends strongly on

the synthesis of an appropriate precursor [118].
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1.3.4 Solvothermal Synthesis

Solvothermal method has been extensively examined as a possible solution
route to prepare semiconductor nanowires and nanorods [119]. In this process, a
solvent is mixed with certain metal precursors and possibly crystal growth regulating
and templating agents such as amines. This solution mixture is then placed in an
autoclave kept at relatively high temperature and pressure above the critical point to
carry out the crystal growth and assembly process. The methodology seems to be
quite versatile and has been demonstrated to produce many different crystalline

semicondutor nanorods and nanowires [120].

1.3.5 Carbothermal Reactions

A variety of oxides, nitrides and elemental nanowires can also be synthesized
by carbothermal reactions [121]. For example carbon mixed with an oxide produces
oxide or sub oxide vapor species, which react with other reactants (O, N, or NH3) to
produce the desired nanowires. Yang et al. reported the synthesis of MgO, Al,Os,

7Zn0O, and SnO, nanowires via a carbothermal reduction process [122].

1.3.6 Powder Metallurgy Method

Solid and molten state reaction at high temperature is the generally used
method to obtain solid-state materials especially in ceramic processing. However,
such synthetic routes always result in compositional inhomogeneity, shape-forming
difficulty, and huge energy consumption[123]. Powder metallurgy method is a
forming and fabrication technique consisting of three major processing stages. First,
the primary material is physically powdered, divided into many small individual

particles. Next, the powder is injected into a mold or passed through a die to produce
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a weakly cohesive structure (via cold welding) very near the dimensions of the object
ultimately to be manufactured. Pressures of 10-50 tons per square inch are commonly
used. Also, to attain the same compression ratio across more complex pieces, it is
often necessary to use lower punches as well as an upper punch. Finally, the end part
is formed by applying pressure, high temperature, long setting times (during which

self-welding occurs), or any combination thereof.

1.3.7 Synthesis by Gas phase reactions

Using gas phase and or vacuum system to synthesize inorganic materials such
as chemical vapor deposition (CVD) and sputtering also needs high energy and
sophisticated instrumentation. Each of these techniques is neither economically nor
environmentally friendly [123].
1.3.8 Thermal Evaporation

Thin films of oxides were prepared using thermal evaporation from a tungsten
boat. The material was slowly out gassed before evaporation. The system was initially
pumped to a base pressure of 10”*Pa. The oxide films were deposited on The
substrates can also be rotated during the deposition. The evaporation rate and
thickness of the oxide films were generally controlled by a quartz crystal thickness
monitor. However this method is not suitable for bulk synthesis of ceramic oxides

[124, 125].

1.3.9 Hydrothermal synthesis
Hydrothermal synthesis includes the various techniques of crystallizing
substances from high-temperature aqueous solutions at high vapor pressures; also

termed "hydrothermal method". The term ‘hydrothermal’ came from the earth
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sciences, where it implied a regime of high temperatures and water pressures.
Hydrothermal research was initiated in the middle of the 19th century by geologists
and was aimed at laboratory simulations of natural hydrothermal phenomena. In the
20th  century, hydrothermal synthesis was clearly identified as an important
technology for materials synthesis, predominantly in the fields of hydrometallurgy
and single crystal growth [126]. However, the severe (supercritical) reaction
conditions required particularly for growing single crystals have discouraged
extensive research and commercialization for many materials [127].

Hydrothermal synthesis is a process that utilizes single or heterogeneous phase
reactions in aqueous media at elevated temperature (T>25°C) and pressure (P>100
kPa) to crystallize ceramic materials directly from solution. However, researchers also
use this term to describe processes conducted at ambient conditions. Syntheses are
usually conducted at autogeneous pressure, which corresponds to the saturated vapor
pressure of the solution at the specified temperature and composition of the
hydrothermal solution. Upper limits of hydrothermal synthesis extend to over 1000°C
and 500 MPa pressure [128]. However, mild conditions are preferred for commercial
processes where temperatures are less than 350°C and pressures less than
approximately 50 MPa. The transition from mild to severe conditions is determined
mostly by corrosion and strength limits of the materials of construction that comprise
the hydrothermal reaction vessels. Intensive research has led to a better understanding
of hydrothermal chemistry, which has significantly reduced the reaction time,
temperature, and pressure for hydrothermal crystallization of materials (T<200°C,

P<1.5 MPa) [126-131].
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1.4 Applications of Electroceramics

Materials integration issues play an increasingly important role driven by the
interest in integrating electroceramic functions into conventional semiconductor chips
as well as by the evolution of multifunctional components and systems. The industrial
production process currently is in a transition from empirical studies and physical
demonstrators into virtual design and testing. To fit into this evolution, for integrated
as well as for discrete electroceramic components, a rise in modeling and numerical
simulation of material- and device-related properties presently occurs. A few

functions, properties and application of the ceramics are listed in Table 1.1

Since these materials are intended for long-term service in each particular
application, the thermodynamic stability is of major importance. Kinetic factors such
as ionic diffusion and electrical current transport by ions, electrons or positive holes
are important considerations in the choice of preparative reactions, and in optimizing

the long-term stability and the electrical properties which are to be employed.

Table 1.2 lists typical applications of ceramic oxides in electrical devices, and
it can be seen that the complexity of these materials ranges from the simple oxides for
use in oxygen sensors, TiO, and SnO,, to the very complex superconductors, e.g.
Ti,Ca;Ba,CuzOy, which grow more complex in composition every year. In this
respect, the ceramicist has followed the lead of the metallurgist in exploiting the
development of alloys, or solid solutions, to modify and improve particular properties

of materials.
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Table 1.1. Advanced ceramics classification according to function properties and the
corresponding applications.

Function Properties Application (example)
Thermal Insulation High temperature furnace lining for insulation
(oxide fibers e.g. Si0,, Al,O5 and ZrO,
. High temperature furnace lining for insulation
Refractoriness

and containment of molten metals and slags

Thermal conductivity

Heat sinks for electronic packages (AIN)

Electrical and
dielectric

Conductivity

Heating elements for furnace (SiC, ZrO,, MoSi,)

Ferroelectricity

Capacitors (Ba-titanate based materials)

Low-voltage insulator

Ceramic insulation (porcelain, steatite, forsterite)

FElectronic insulators

Substrate for electronic packaging and electrical
insulators in general (A,O;, AIN)

Hostile environments
insulators

Spark plugs (AL,O3)

Ion-conducting

Sensors, fuel cells and solid electrolytes (ZrO,,
B-alumina, etc.)

Semiconducting

Thermistors and heating elements (oxides of Fe,
Co, Mn)

Nonlinear I-V
characteristic (varistor)

Current surge protector (SiC, ZnO, SnO,)

Gas-sensitivity

Gas sensors (SnO,, ZnO)

Magnetic and

Hard magents

Ferrite magnets [(Ba,Sr)O.6Fe,03]

superconductive Soft macents Transformer cores [(Zn,M)Fe,O; with M=Mn,
& Co, Mg]: magnetic tapes (rare-earth garnets)
Superconductivity Wires and SQUID magnetometers (Yba,Cu;0,)
Optical Windows (soda-lime glasses), cables for optical
Transparancy . 2
communication (ultra-pure silica)
Translucency and Heat and corrosion-resitantmaterials, usually for
chemical inertness Na lamps (Al,03, MgO)
Nonlincarity (Sljxllll\t]%lg?;g devices for optical computing
IR transparency Infrared laser windows (CaF,, SrF,, NaCl)
Nuclear Fission Nuclear fuel (UO3, UC), fuel cladding (C, SiC)
neutron moderators (C, BeO)
Tritium breeder materials (Zirconates and
Fusion Silicates of Li, Li,O); fusion reactor lining (C,
SiC, SisNy, B4Cs)
Chemical Catalysis Filters (Zeolites); purification of exaust gases
Anticorrosion Heat e?(chapge (SiC), chemical equipments in
corrosive eiviornments
Biocompatility Artificial joint prostheses (AL,O3)
Mechanical Hardness Cutting tools (SiC whisker-reinforced Al,O;,

Si;N)

High-temperature
strength retention

Stators and turbine blades, ceramic engine
(SizNy)

Wear resistance

Bearings (Si3Ny)
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In all of these so-called "electroceramics" there are irregularities in the atomic
arrangements of the metal ions which are deliberately introduced to produce a
particular physical property. These irregularities can take the form of mixing of
cationic species on one or more cation sub-lattices, or the introduction of vacancies
either singly on the cation or the anion sublattices, or in agglomerated form to create
voids. The resultant materials are normally polycrystalline, with small average grain
size, containing a small fraction of porosity at the grain boundaries.

Table 1.2 Device potential applications of ceramic oxides

Device potential applications Ceramic Oxides
Semiconducting probes and electrodes Ti0,4, SnO,_4 (In, Sn),0;
Electrochemical oxygen probes Y,03-Ce0,, CaO-ZrO,

F€304, (MD,ZH)F6204, MH3F€2F€3012

Magnetic materials garnets, BaO.6Fe,0;,magneto-plumbite

Dielectric and piezoelectric materials BaTiOs, (Pb,La)(Zr,Ti)O4, LiNbO;

(La,Sr)MO3 (M = Cr, Mn,Fe,Co,Ni),
SryFe,0s, (La,Sr,Ba)CuOQ4, YBa,Cuz07,
(Bi,Pb)Z CaQSr2Cu010

Electrode, superconducting and catalytic
materials

The densities of these materials typically reach better than 95% of theoretical
density. A brief explanation of some of the types of electroceramic materials is

discussed in the following section.

1.4.1 Piezoelectric Materials
Piezoelectric materials are most widely used as sensors in different
environments. They are often used to measure fluid compositions, fluid density, fluid

viscosity, or the force of an impact. An example of a piezoelectric material in

27




everyday life is the airbag sensor in your car. The material senses the force of an
impact on the car and sends and electric charge deploying the airbag. Piezoelectricity
is defined as a change in electric polarization with a change in applied stress (direct
piezoelectric effect). The converse piezoelectric effect is the change of strain or stress
produced in the material due to an applied electric field. Piezoelectricity was
discovered in 1880 by Curie brothers who found generation of charge due to stresses

in some of the crystalline materials like quartz, Rochelle salt, tourmaline etc.

First piezoelectric transducer was developed out of quartz crystal and
demonstrated by Langevin in 1917 for underwater detection. In 1940, ferroelectric
and electrostrictive ceramic BaTiO; was discovered. It was superior to quartz in many
respect but difficult to sinter. Quarts has high strength but low permittivity and
coupling coefficient, while Rochelle salt has high permittivity and coupling
coefficient but is mechanically weak and temperature and humidity unstable. Because
of their higher dielectric constant and greater sensitivity, they can be effectively used
for measuring very small stresses than natural crystals like Quartz, Tourmaline etc.,. .
Piezoelectricity is the ability of certain crystalline materials to develop an electric
charge (voltage) proportional to a mechanical stress. This is referred as “generator
effect”.  The converse of this is also true i.e. when an electric field is applied to the
material, it produces proportional mechanical strain. This is referred as “motor
effect”. The generator (direct) and motor (converse) effects are depicted in fig 1.4

and fig 1.5 respectively.
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Figure 1.4 Direct piezoelectric effect
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Figure 1.5. Converse piezoelectric effect

The microscopic origin of the piezoelectric effect is the displacement of ionic
charges within a crystal structure. In the absence of external strain, the charge
distribution within the crystal is symmetric and the net electric dipole moment is zero.
However when an external stress is applied, the charges are displaced and the charge
distribution is no longer symmetric and a net polarization is created. A material can be
only piezoelectric, if the crystallographic unit cell has no center of inversion.
Furthermore, a permanently-polarized material such as quartz (SiO,) or barium
titanate (BaTiO3) will produce an electric field when the material changes dimensions
as a result of an imposed mechanical force [132, 133]. The standard piezoelectric
material commonly in use for medical imaging processes is lead zirconate titanate
(PZT). In some cases a crystal posses a unique polar axis even in the unstrained

condition. This can result in a change of the electric charge due to the uniform change
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in temperature. This is called the pyroelectric effect. One of the most common
thermal sensors used in the infrared (IR) applications is the pyroelectric detector.
Pyroelectric sensors made from lithium tantalate (LiTaO;) generate electric charges
with small temperature changes, and are stable, uniform and durable.

Table 1.3 Application of Piezo ceramic materials in various areas

SrNo | Major Area Application of Piezoceramic materials

Knock sensors, Wheel balancing machines, Radio filters, Seat
1 Automotive | belt buzzers, Air flow, Tyre pressure Indicators, Spark igniters,

Audible alarms, keyless door entry etc.

2 Computer Microactuators for hard disk, Transformers for notebook etc

Ultrasonic cleaners, Ultrasonic probes, Ultrasonic welders,
3 Commercial | Ultrasonic touch sensors, Thickness gauges, Vibrators, Ink jet

printers, Fans, Smart materials for aircraft wings etc.

Ultrasonic cataract remover, Ultrasonic therapy, Fetal heart

4 Medical
detectors, Ultrasonic imaging, Nebulizers , Insulin pumps etc.
Humidifiers, Gas grill igniters, Telephones, Jewelry cleaners,

5 Consumer
Musical instruments, Ultrasonic sewing machines etc.
Hydrophones, Sonobuoys, Sonar, Depth Sounders, Targets,
Fuze devices, Telephony, Ringers, Piezoelectric accelerometers
as internal navigation, Deformable mirror — Adaptive optics,

6 Military

Acoustic Decoy System, Underwater Terrain mapping, Passive
Surveillance Array System, Active Surveillance Towed Array

Sensor System, Submarine detection, etc
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The ability of piezoceramics to convert electrical signal to mechanical
displacement and vice versa makes it one of the most useful components in transducer
development. Piezoelectric materials are highly promising for naval applications as
well as potential military applications such electronic fuze application, deformable
mirrors, gyroscopes, and likely to play vital role in many fold. Considering the wide
range of application of these materials both in military and civil, it is certain that,
there is considerable scope for future development to enhance the performance of the
device where it is employed. The piezoceramics are used for many applications,

some of them are listed in table 1.3.

1.4.2 Ferroelectric applications

Ferroelectrics are materials that display an electric polarization in the absence
of an external applied electric field, together with the property that the direction of the
polarization may be reversed by an electric field. The study of the properties of
ferroelectric materials and the attempt to understand the nature of the ferroelectric
state constitute the field of ferroelectricity [134]. Ferroelectric materials are a sub-
class of pyroelectric materials in which the direction of the electric dipole can be
reversed by applying an electric field. The number of ferroelectric materials known
today includes large number of ceramic solid solution compositions. Most outstanding
feature of ferroelectric ceramic is its hysteresis loop (polarization vs electric field). It
describes the nonlinear polarization switching behavior as a function of field.
Example of ferroelectric ceramics are barium titanate, lead zirconate titanate (PZT),
lead niobate, bismuth titanate, sodium potassium niobate, lead titanate relaxor

ferroelectrics and polymer composites [135-140].
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In ferroelectric materials, the relationship between the Ps (Polarization) and
Ec ( Coercive Field) is represented by hysteresis loop as shown in fig-1.6 . Unpoled
PZT crystal will show net dipole moment (Polarization) equal to zero due to their
random orientation of dipoles. When a field applied to the crystal is increased
slowly, in positive direction, Polarization will increase due to alignment of dipoles in
the direction of field, reversal of dipoles and due to increase in the size of favourable
domains. The curve OAB will be traced. After point B, though the field is increased
polarization remains the same (curve BC), this is known as Saturation Polarization,
Psat. When the field reduced zero the CD curve wiil be traced. The crystal will ramain
polarised due to locking of dipoles known as Remanant Polarization, Pr (OD). The
extrapolation of the linear portion BC of the curve back to polarization axis is known
as Spontaneous Polarization, Ps (OE). Ps is virtually equal to Pr in crystals.

Folarisation, P=

F
C
PSAT -I_———-E ——
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Fig 1.6 — Hysteresis loop of a ferroelectric material
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In order to annihilate the overall polarization of the crystal an electric field is
applied in the opposite(negative) direction. The value of field required to make the
polarization equal to zero is known as Coercive field, Ec (OF). Further increasing
the field, in negative direction, will reverse all the dipoles (FG). The cycle can be
completed by reversing the field once again (in positive direction), curve GHC.
Generally, piezoceramic compositions with high value of Pr shows usable

piezoelectric effect .

1.4.3 Semiconductor Memories

Semiconductor memories such as dynamic random access memories
(DRAMSs) and static random access memories (SRAMs) currently dominate the
market. However, the disadvantage of these memories is that they are volatile, i.e the
stored information is lost when the power fails. The non-volatile memories available
at this include complementary metal oxide semiconductors (CMOS) with battery
backup and electrically erasable read only memories (EEROMSs). These non-volatile
memories are very expensive. The main advantages offered by ferroelectric random
access memories (FeRAMs) include non-volatile and radiation hardened compatibility
with CMOS and GaAs circuitry, high speed (30ns cycle time for read/erase/rewrite)
and high density (4um)2 cell size) [141, 142].

The fabrication of ferroelectric thicn films is done by three methods including
physical vapour deposition (PVD), chemical vapor deposition (CVD) and sol-gel
processing. In PVD, precursors of the desired film composition are vaporized and
deposited on the substrate by one of the sputtering techniques (i.e. r.f magnetron
sputtering, pulsed vapor deposition (PLD) etc.) methods, molecular beam epitaxy

(MBE) and laser ablation [143, 144].
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1.4.4 Semiconducting Oxides

Many semiconducting oxides such as ZnO, SnO,, In,03, Ga,03;, CdO, and PbO; have
been demonstrated to be highly useful for the fabrication of nanodevices such as field-
effect transistors and gas sensors [145—150]. Of these, SnO; and ZnO are widely
exploited because of their unique conductance properties and process flexibility. The
characteristics of SnO, containing cations with mixed valencies and the adjustable
oxygen deficiency enable tuning of their structure and properties. The wide direct
band gap (3.37 eV), large exciton binding energy (60 meV), negative electron affinity,
and high mechanical strength makes ZnO one of the promising photonic materials in
the ultraviolet region and a good candidate for field emitter arrays of flat panel display

devices.

1.4.5 Electrostriction materials

During the last 2 decades, the electrostriction phenomenon showed an increasing
importance due to its various applications [153—157]. Electrostriction is the
fundamental mechanism of electromechanical coupling in all insulator materials. Its
magnitudes can range from very minute in low permittivity dielectrics to very large in
ferro electrics [158]. In practical applications, electrostrictive stresses can cause
breakdown in insulator materials in microelectronics and high voltage devices [159].
Electrostriction is defined as the quadratic coupling between strain (x) and electric
field (E), or between strain and polarization (P) [160, 161]. Electrostriction has been
known for long as a major source of internal stress developing in oxide films during

anodizing [162, 163].
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Electrostriction is also an another electromechanical effect that exists in
ferroelectric ceramics. In electrostriction the sign of the deformation that occurs with
an electric field is independent of the polarity of the field and is proportional to the
even powers of the field [164]. The application of piezoelectric, pyroelectric and
ferroelectric materials, for sensing and actuation spans in most of the industrial
sectors. This includes medical diagnostics such as ultrasonic imaging, aerospace such
as accelerometers and micro-positioners, automotive such as solid-state piezoelectric
fuel injectors, and chemical and process control, which requires the use of thermal,

strain and force sensors.

1.4.6 Dielectric materials

Dielectric materials play a important role as gate oxide in integrated circuits
[165]. The word dielectric is derived from the prefix dia, originally from Greek,
which means “through” or “across”; thus, the dielectric is referred to as a material that
permits the passage of the electric field or electric flux, but not particles. This implies
that the dielectric does not permit the passage of any kind of particles, including
electrons. Thus, it should not conduct the electric current. However, a diclectric is
generally considered a nonconducting or an insulating material. There is no ideal
dielectric in this planet. The perfect vacuum may be considered to be close to the ideal
dielectric, but a perfect vacuum cannot be obtained on Earth. A vacuum of 107 torr
still consists of about 300 particles per cubic centimeter. All real dielectric materials
are imperfect, and thus permit, to a certain degree, the passage of particles. We have
to coexist with the imperfections [166]. Dielectric materials are insulators used for
their exceptional dielectric properties. When a material is introduced between two

plates of a capacitor, the total charge stored in the capacitor will change. The change
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depends on the ability of the material to polarize under an electric field. The dielectric
constant or permitivity of a material determines the change in charge storage. For high
capacity applications, a high dielectric constant is needed. Since the dielectric
constant depends on the polarization in the material, ferroelectric materials are usually
the materials of choice. High dielectric constant materials are also called high K
materials. In some cases capacity is a side effect of the structure and needs to be
minimized. For these applications material with a low dielectric constant is required.
These materials are also referred to as low K materials.

This dielectric property is useful in capacitors, especially at radio frequencies.
Dielectric materials are also used in the construction of radio-frequency transmission
lines. In practice, most dielectric materials are solid. Examples include ceramic
(typically alumina or aluminosilicates), mica, glass, plastics, and the oxides of various
metals (for example, titanium, zirconium and hafnium oxides, or tantalum oxide) as
well as multi-metallic oxides (for example barium strontium titanate) [167]. The
dielelctric materials used for ceramic capacitor are classified as film capacitors,
multilayer capacitor, barrier layer capacitor and grain boundary barrier layer (GBBL)

capacitors [168—172].

1.4.7 Metal Oxide Gas Sensors

The simple metal oxides such as TiO, and SnO; are used as oxygen sensors in
the automotive industry [173]. The response to the oxygen partial pressure in the
engine exhaust is detected through the dependence of the n-type electrical
conductivity of these oxides on oxygen potential. The conductivity is determined by
the electron carrier concentration which is inversely related to the oxygen-to-metal

ratio in the oxide. This can be calculated from an application of the mass action law to
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thermodynamic data providing the deficiency is very small, less than 0.1% of the
oxygen ion sites being vacant. It is interesting to note that the electrical conductivity
and the departure from stoichiometry vary as a function of oxygen potential in very
closely the same manner. It follows that the electrical mobility of the current-carrying
species produced as a result of departure from stoichiometry, is independent of the
concentration of these species.

The limit on the use of these materials as oxygen sensors is determined by a
significant departure of the conductivity from the simple mass action prediction at low
oxygen pressures. In the case of TiO, this is known to be due to the almost complete
elimination of the oxygen vacancies, created by departure from stoichiometry, by a
shear transformation in the solid. The resulting structure consists of islands of normal
TiO, separated by shear planes of composition approximating to Ti,O;, and as the
oxygen pressure is further reduced, the spacing between the shear planes, and hence
the volume of the normal TiO, regions, decreases. This gives rise to the formation of
a series of Magneli phases of general formula Ti,O,,.; with n decreasing as the
oxygen potential decreases. The final member of this series is Ti,03.

A surprising fact is that although SnO, 4 has been used as an oxygen sensor in
a similar way for many applications over a long period of time, the precise
relationship between stoichiometry and oxygen pressure has only recently been
elucidated [174]. The lower limit of oxygen potential for the use of this material in an
oxygen sensor is that at which there is the appearance of metallic tin. These two
oxygen sensors must be coated with noble metal catalysts in order to respond in a
sufficiently short time to changes in the oxygen atmosphere for practical application

[175]. In further designs aimed at increasing the speed of response, considerable effort
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has been expended in producing porous sensors with a stable pore structure at

operating temperatures, in order to optimize the gas-solid contact.

1.4.8 Thermistors

Thermistors which show a negative temperature coefficient of resistance are usually
simple oxide solid solutions which can be designed to give a readily detected change
in electrical conductivity for a small change in temperature. They are normally
insensitive to oxygen pressure changes in the temperature range 0-200 °C where they
are used. (This is because both types of semiconductivity depend on thermally
activated conduction by small polaron motion.) Transition metal ions are used in the
production of these materials, and both n- and p-type semiconduction has been
applied for this purpose. This temperature dependence can be adequately described by
the Arrhenius expression

or =0, exp(-E/RT)

The simple solid solutions obey Raoult's law reasonably well and can thus be
described by assuming that the random mixing of cations leads to an ideal entropy
contribution to the stability. The practical advantage of using oxides as thermistors is
that a relatively low conductivity, dependent on the current carrier concentration, can
be blended with a high activation energy E, for polaron migration, to produce a
sensitive temperature measuring device. Several commercial materials are based on
the spinel Mn3;O4 in which some substitution is made of nickel, cobalt or copper ions
to provide the optimum values of these two parameters. Because of the sensitivity of
the valency of these transition metal ionic species to the oxygen potential of the
surrounding gaseous phase at the high temperatures used in the fabrication process,

great care must be exercised in control of the atmosphere during production. Figure
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1.7 shows a typical thermistor temperature curve compared to a typical 100 QQ RTD

temperature curve.
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Figure 1.7. Resistance versus Temperature for a Typical Thermistor and RTD

1.4.9 Electro-optic applications

The electro-optic effect is the change in the refractive index as a function of an
externally applied electric field. The requirements for using ferroelectric thin films of
oxides for electro-optic application include an optically transparent film with a high
degree of crystallinity. The electro-optic thin film devices are of two types; one in
which the propagation of light is along the plane of the film for optical wave guides
and the other in which the light passes through the film for optical memory and
display applications.

An optical waveguide controls the propagation of light in a transparent
material (ferroelectric thin film oxides) along a certain path. For the waveguide to
work properly, the refractive index of the films should be higher than that of the
substance. For light to propagate in the waveguide, the thin film should be optically

transparent. This can be achieved by fabricating the film under clean conditions and
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aiming for a fine grain size with ultra-phase purity and high density. A great deal of
work has been done on making ferroelectric thin film waveguides from LiNbO; and
Li(Na, Ta); using LPE and MBE methods. Lead zirconate Titanate (PZT) and Lead
Lanthanum Zirconate Titanate (PLZT) thin films are even better candidates for optical
waveguide applications because of their large electro-optic coefficient [176, 177].

In unisotropic materials the index of refraction depends on the direction of
propagation and the direction of polarization of the light (optical birefingence). This
means that the two components of light polarization can propagate at a different speed
inside the material. This in turn causes a rotation of the overall polarization direction.
Applying an electric field will change the index of refraction by a different amount for
the two polarizations, causing further rotation of the polarization vector. By placing
the electro-optic material between two polarizers one can control the amount of light
passing through by changing the voltage. The electro-optic ceramic compositions are
PLZT (La modified lead zirconate titanate) PSN (lead scandium niobate, MgA1,04
(spinel), ALON (aluminium oxynitride), A1,03-MgO (lucalox), MgO, MgF,, CaO,
CaF,, Y»0;-ThO, (yttralox), etc. However, PLZT is the best optically-transparent
ceramic material. The electrooptic properties of PLZT materials are intimately related
to their ferroelectric properties. Consequently, varying the ferroelectric polarization
with an electric field, such as in a hysteresis loop, also produces a change in the
optical properties of the ceramic [164]. PLZT materials are also known to possess
many special photosensitive phenomena that are directly linked to their
microstructural, chemical, electronic and optical properties, including
photoconductivity, photovoltaic properties, photo-assisted domain switching, ion-

implantation-enhanced photosensitivity, photochromic effect, photomechanical
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(photostrictive) behavior, photorefractive effects and photoexcited space charge
phenomena [178-181].

The use of optical techniques for both recording and read-out offers the
capability of high-capacity, random-access memories without serious interconnection
problems. The ideal storage medium allows insitu erasure information (for updating
the memory), a resolution of about 1000 lines/mm, long storage time, high recording
sensitivity, high signal to noise ratio and linear exposure characteristics. Holographic
storage with a resolution of 500 lines/mm has been accomplished with Bi4Ti;O;;

ferroelectric-photoconductor sandwich structures.

1.4.10 Oxides for Photovoltaics

The traditional concept of Photovoltaics (PV) or solar cells is that of a solid-
state device that produces useful electricity (direct current and voltage) from the Sun’s
energy via the photovoltaic effect. When sunlight strikes the cell, the part of the solar
spectrum with energy above the bandgap of the semiconductor material imparts
enough energy to create electron hole pairs. A junction formed between dissimilarly
doped semiconductor layers sets up a potential barrier in the cell, which separates the
light-generated carriers. This induces a fixed electric current (dependent on cell area)
and a voltage (dependent on the nature of the doped layers) in the device. The
electricity is collected and transported by metallic contacts on the top and bottom
surfaces of the cell. More than 30 years of worldwide research on terrestrial PV has
resulted in significant advances in research and the markets, as well as in significant
cost reductions for PV systems and improvements in the reliability of all system
components. One of the most significant trends is the continuous improvement of

solar cell efficiencies for all technologies
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Corrosion protection of metals and alloys is achieved by the formation of passive
metal oxide, which usually exhibits semiconductive properties. Photovoltaics, the
conversion of sunlight to electrical power has been dominated by solid-state junction
devices, often made of silicon [183]. To improve the properties of transparent
conductive oxide (TCO) glass, which is commonly used as a front contact in thin film
silicon PV modules, is believed to be one of the most effective approaches to increase
conversion efficiency and decrease production cost [184, 185]. Besides the silicon
absorber layers, transparent conducting oxide (TCO) films are also important
components of thin film Si solar cells (photovoltics). Such highly conducting TCO
layers are commonly used as contact layers of pin solar cell structures [186—190].
Schematic diagram of a solar cell structure having TCO films which are key for the
improving efficiency of thin film solar cells along with function of other layers is

given in figure 1.8.
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Figure 1.8. Transparent conductive oxide (TCO films) in solar cell structure

Since the lateral conductance of doped p/n silicon layers is not sufficient to

prevent resistive losses over typical distances in the range of 1 cm, a TCO front layer
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is used to avoid a high series resistance [186]. Furthermore, front contact TCO layers
serve the purpose of (i) an effective coupling of light into the solar cell by refractive
index matching and (ii) an efficient trapping of light scattered into the solar cell at the
rough TCO/silicon interface. Also at the rear contact of the solar cell, TCO layers are
applied in order to obtain current extraction similar as the TCO front contact [189,
191], and /or the improvement of optical properties of the metal back contact. Direct
contact of the metal (usually silver or aluminium) with silicon is known to cause
optical absorption losses [192]. Furthermore, the long-term stability of the ZnO/Ag
rear contact is superior to the Ag layer in direct contact with silicon [188,193].
Furthermore most current cells are also based on an inorganic transparent conductor,

such as indium tin oxide.

1.4.11 Ionic conductors and mixed conductors

Most structural ceramics are known for their high resistance to charge transfer,
and are therefore useful as electric insulators. Some electroceramics, however, are
very useful for the exact opposite reason that they can accommodate charge transfer.
There are several methods of conducting in ceramic materials. The first is electronic
conduction, similar to that of metals, and the second is ionic conduction, where
charged atoms serve as carriers. As mentioned before, ionic conduction is achieved by
the movement of ions (atoms of positive or negative charge) through the solid. This
transfer is usually done via point defects called vacancies in the crystal lattice. Such
movement can require high energy, making ionic conduction very strongly dependent
on temperature. lonic conductors are useful in gas sensors, fuel cells and batteries.
Materials that can accomodate electron conductivity as well as ionic conductivity are

known as mixed conductors.
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1.4.12 Microwave Ceramic oxides

Commercial wireless technologies, such as cellular phones, direct
broadcasting satellites and global position systems have been making rapid progress
due to the improved performance of dielectric resonators at microwave frequencies
[194]. The dielectric resonator requires a high dielectric constant (g, ) for possible size
miniaturization, a low dielectric loss for frequency selectivity and low signal
attenuation and a near zero temperature coefficient at resonant frequency [195,196].
Several compounds such as Ba(Mg;;sTay3)03, (Mg,Ca)TiO; and Ba(Zn;;3Tay3)0;3
have therefore been developed for microwave applications [197, 198].

Recently, the binary niobate and tantalate compounds with general formula
AB,O¢ (wWhere A = Ca, Mg, Zn, Co, Ni, Cu, Mn and B = Nb, Ta) were found to be
promising candidates for application in microwave devices due to that the evaluations
of the microwave dielectric properties of these compounds reveal a high quality factor
(Q x f) and a high dielectric constant (g;) [15, 197-202]. These materials have good
quality factors, especially considering low cost and simplicity of the materials
compared with complex perovskites [203]. The requirements of ceramic resonators
used at microwave frequencies are high dielectric constant, a high Q value (reciprocal

of dielectric loss) and a low temperature coefficient of resonant frequency [16].

1.4.13 Magnetic materials and superconductors

Ceramics based materials compose a major share of both hard and soft
magnetic materials. Permanent magnet applications are found in the aerospace,
automotive, computer electronics, instrumentation, medical, telecommunications etc.

These permanent or hard ferrite materials are part of family of complex oxide having
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the general composition MO.6Fe,03 (eg: SrO.6Fe,0;, BaO.6Fe;03) The performance
characteristics of the ferrites are being improved following many chemical
approaches. Soft magnets are important in many electrical and electronic systems.
Soft ferrites can be classified further according to the frequency of use and crystal
structure Mn-Zn, Ni-Zn and Mg-Zn ferrites are widely used soft ferrites depending on
the frequency of interest. Under some conditions, such as extremely low temperature,
some ceramics exhibit superconductivity. The exact reason for this is not known, but

there are two major families of superconducting ceramics [204].

1.4.14 Smart materials

Smart materials have one or more properties that can be dramatically altered.
Smart materials respond to environmental stimuli with particular changes in some
variables. For that reason they are often also called responsive materials.
Depending on changes in some external conditions, smart materials change their
properties (mechanical, electrical, appearance), their structure or composition, or their
functions. Mostly, smart materials are embedded in systems whose inherent properties
can be favorably changed to meet performance needs [205, 206]. To address the
problems of deteriorating civil infrastructure, research is very essential on smart
materials. The peculiar properties of the shape memory alloys for smart structures
render a promising area of research in this field. Smart systems and smart materials
Smart structures are a new emerging materials system which combines contemporary
materials science with information science. The smart system is composed of sensing,
processing, actuating, feedback, self-diagnosing and self-recovering subsystems. The

system uses the functional properties of advanced materials to achieve high
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performances with capabilities of recognition, discrimination, and adjustification in
response to a change of its environment.

Smart materials cover a wide and developing range of technologies. A
particular type of smart material, known as chromogenics, can be used for large area
glazing in buildings, automobiles, planes, and for certain types of electronic display.
These technologies consist of electrically-driven media including electrochromism,
suspended particle electrophoresis, polymer dispersed liquid crystals, electrically

heated thermotropics, and gaschromics.

1.4.15 Multilayer ceramic oxides

Multilayer ceramic technology (MLC) is one of the most challenging growth
areas in the ceramic industry today. The technology lends itself to computer control of
the process, including the design and artwork, and this has become one of the most
sophisticated ceramic technologies yet developed. Successful design of an MLC
substrate depends on complete understanding of the green and fired properties of the
ceramic and the metallurgy used and careful matching of shrinkage curves between
metal and ceramic during firing.

With the advent of advanced electronic circuits, the demand for surface
mountable chip components continues to increase. Under these circumstances,
the principal developments in the multilayer ceramic capacitors industry are
miniaturization, improvement of volumetric efficiency, cost reduction,
improvement in reliability, and the design of new products with improved
performance. Schematic diagram of a Multilayer ceramic technology (MLC) is
illustrated in fig 1.9. Advanced technologies for fine oxide powder synthesis, thin

film preparation, and the stacking of a high layer count (~300) have led to a
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high volumetric efficiency comparable to that of tantalum electrolytic capacitors
[207]. One of the most critical material processing parameters is the degree of
homogeneous mixing of additives in the slurry. Miniaturized highly reliable chip
components are required to design compact and reliable electrical equipment.
MLCs are typical passive electronic components which have steadily decreased

in size year by year.
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Figure 1.9 Schematic diagram of a Multilayer ceramic technology (MLC)
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1.4.16 Ceramics oxides in MEMS

The electroceramic oxides are proving most promising for use in miniature
devices for industrial and commercial applications, because of their unique properties
[208, 209]. Miniaturization of electroceramics has shown an increasing trend for the
design of useful electromechanical devices such as microelectromechanical systems
(MEMY) in the last decade. Currently, MEMS primarily use silicon technology and
have typical feature sizes of the order of microns or smaller [210].

The excellent micromachinability of silicon added new perspectives in sensor
design, micromachined silicon structures such as cantilever beams, free-standing

bridges, membranes, and channels led to novel structures of miniature transducers
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resulting in the emergence of the new field of microelectromechanical systems
(MEMS). MEMS are miniature devices or arrays of devices that combine electronics
with other components such as sensors, transducers and actuators, and are fabricated
by IC processing techniques. For a number of applications the MEMS concept
facilitates better device quality (e.g. higher sensitivity, better reproducibility, and
faster response), and involve low costs with, very often, lower power consumption in
comparison with discrete devices. Examples of MEMS products are the air-bag
accelerometer, which reached the market at the beginning of the 1990s, and the more
recent digital micromirror display (TV screen) in which a large array of electronically
controlled mirrors etched onto a MEMS converts video data into high-resolution TV
images. The integration of functional ceramics, in the form of thin or thick films, with
silicon promises to add versatility to the MEMS leading to new functionalities.
Research in this direction increased in importance in very recent years, and is very

likely to continue to grow in the future [18].

1.4.17 Ceramic voltage sensors or varistors oxides

A device which performs the duty of protecting electronic/electrical device is
called the voltage sensors/Voltage dependent resistors (VDR) or transient voltage
suppressor or surge arrestors or more popularly called the Varistor. Varistors
(Variable Resistors) are voltage-dependent resistors with a symmetrical V/I
characteristic curve (figure 1.10) whose resistance decreases with increasing voltage.
Connected in parallel with the electronic device or circuit that is to be guarded, they
form a low-resistance shunt when voltage increases and thus prevent any further rise
in the over voltage. Despite its many benefits, one of the few drawbacks of

semiconductor technology is the vulnerability of solid-state devices to over voltages.
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Even voltage pulses of very low energy can produce interference and damage,
sometimes with far-reaching consequences. So, as electronics makes its way into
more and more applications, optimum over voltage or transient suppression becomes
a design factor of decisive importance. The power fluctuations/over-voltage usually
encountered due to natural lightning and switching operations can permanently

damage the electronic/electrical devices.
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Figure. 1.10 Typical I-V characteristics of varistors on linear scale.

It is essential to suppress/bypass these over voltages to protect the sensitive
components/device. In early days, spark gaps were used for over voltage protection
and guarding the sensitive device. Spark gaps and gas tubes are crowbar devices that
change from an insulator to an almost ideal conductor during an over voltage. These
spark gaps remains short-circuited after the first spark and hence were not repeatedly
usable. The development of Silicon carbide (SiC) based voltage sensors have occurred
around 1930 [211]. Silicon carbide varistors [212] were the most common type of

varistor used before the metal oxide varistors. Made from specially processed silicon
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carbide, they handle high-power, high-voltage surge arrester applications. However,
the relatively low impedance values of this material produce one of the following two
results. Either the protective level is too high for a device capable of withstanding line
voltage or for a device producing an acceptable protective level, excessive standby
current would be drawn at normal voltage if directly connected across the line.
Therefore, they require a series gap to block the normal voltage. Silicon avalanche
diodes find use in both low-voltage dc applications and in higher voltage ac mains
protection. Avalanche diodes have a wider junction than a standard zener diode,
which gives them a greater ability than a zener to dissipate energy. The biggest
disadvantage to using the avalanche diode as a transient suppressor on an ac mains
line is its low peak current handling capability.

The main breakthrough in the field of over voltage protectors/limiters came
when in 1969 Matsuoka et al [213] announced the development of varistors based on
Zinc oxide compositions. His more detailed paper describes many of the essential
features of varistors, as we know them today [214]. When exposed to surges, the zinc
oxide material exhibits a bulk action characteristic, permitting it to conduct large
amounts of current without damage. Metal oxide varistor (MOV) are cost and size
effective, are widely available, and do not have a significant amount of overshoot.
They have no follow-on current and their response time is often sufficient for the

types of transients encountered in the ac mains environment.

1.4.18 Ceramic capacitors
A capacitor consists of a dielectric material sandwiched between two

electrodes. The total capacitance of this device is given by

&4
d

C
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where ‘C’ is the capacitance

€o is the permittivity of free space

er is the relative dielectric permittivity
‘d’ is the distance between the electrodes
‘A’ is the area of electrodes.

To get a high volumetric efficiency (capacitance per unit volume) the
dielectric material between the electrodes would have a large dielectric constant, a
large area and a small thickness. ABO; based ceramics having a perovskite type
structure show dielectric constant values as high as 15,000 as compared to 5 or 10 for
polymer materials. A basic capacitor construction using ceramic dielectric materials is
shown in figure 1.11
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Figure 1.11 Basic Capacitor Construction
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The volumetric efficiency can be further enhanced by stacking many layers of
ceramic capacitors. Each individual dielectric layer contributes capacitance to the
ceramic capacitor as electrodes terminate in a parallel configuration. Hence the

effective equation for capacitors becomes
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Where n is the number of dielectric layers. The advances in tape casting
technology have made it possible to make dielectric layers, 20um thick. This
combined with the use of a high dielectric constant ceramic material allows large
capacitance values to be achieved in relatively small volume capacitor devices.
Ceramic capacitors are made by tape casting process. A slurry with a suitable
binder/solvent system is first made from the dielectric ceramic powder. Thin green
sheets of the ceramic are then made by the tap casting process. An ink consisting of
an electrod and organics is screen printed on the dielectric sheets and then hundreds of
sheets are stacked one on top of the other. A low pressure at a temperature between ~
50 and70°C is applied to laminate the sheets. The binder removal is accomplished by
heating the green body very slowly to a temperature of ~ 300 — 400°C. The ceramic
capacitor is then sintered at a high temperature depending on the type of ceramic.
After applying the terminations for the internal electrodes of the capacitors, the

capacitor is mounted on the electrode substrate by soldering.

1.5 Research on advanced ceramics and Market analysis.

The development of ceramics with improved properties will open up an increasing
number of demanding applications, like advanced electronic ceramic materials for Si
electronics and automotive industries. Furthermore, increasing global demand for
energy has led to a strong need for established and alternative energy sources.
Advanced ceramics have played and will continue to play a critical role in all aspects
of energy production, storage, distribution, conservation, and efficiency [19].
However, there are a number of issues which have to be addressed in terms of future
needs for innovative and multifunctional ceramic material systems, robust and

affordable manufacturing technologies, system level performance studies, system
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reliability and durability, and total life cycle cost. Finally, producers are always
looking to improve the competitiveness and sustainability of manufacturing. This
progress in advanced ceramics technology will not occur without the continuous
support of ceramics fundamental research by government agencies and industry.

Advanced ceramics are prominently featured in passive electronic components
and are providing key components for subsystems like printers, fine positioning,
medical and optical devices, injection systems, actuators and sensors. In the
microelectronics and high-power electronics industry they are utilized as components
prepared by laminate and substrate technology. Ceramic packages are predicted on the
long term for an integration of important optical functions, including light sources,
light modulators, light sensors and light guides. These, in combination with electrical
components will provide a complete optical information package (system in package,
SIP).

Highly efficient thermoelectric energy converters are seen to be available for
energy harvesting from process heat to provide energy-autonomous systems and for
cooling of electronic components. For high-temperature electronics advanced
ceramics are expected to play a stronger role as thick films, multilayers and tapes and
as thin films for high-permittivity gate oxides in power semiconductors. Robust and
flexible chemical sensors, especially gas sensors and biosensors are predicted to be
available for combination of several sensor principles for increased sensitivity and
selectivity. Ceramic micro-electromechanical systems (MEMS) are expected to gain
momentum. Recent problems with electrostatic MEMS may hopefully be overcome
using piezoelectric thin film drives. Therefore, increasingly multi-disciplinary
approaches and R&D co-operations will be required including contributions,

interfaces and leadership from the industrial side. To leverage the entire innovation
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potential of advanced ceramics along the complete value-added-chain requires major
efforts which have to be shared between the academic and the industrial side. Also,
research funding will be an essential part to sustain and support this ambitious but
essential goal. Although high risk, they offer the opportunities for fundamental

breakthroughs.

1.6 Objective and Scope of the present work

The aim of the present work is to synthesis some of technologically important
niobium and tantalum based electroceramic compounds by novel hydroxide precursor
technique for the first time and characterize these materials by various physico-
chemical methods. This novel hydroxide precursor method has advantage of forming
crystalline phase at much lower temperature as compared to samples prepared by the
traditional solid-state method. Due to the fact that alkaline earth metal (Ba, Sr, Ca)
carbonate or oxalate will decompose only at higher temperatures ( T > 800° C), solid
state methods using oxides, carbonates or oxalates do not produce electroceramics
compound at low temperatures. Hence the present study aims for hydroxide precursor
procedure to prepare ternary electroceramic compounds at relatively low temperature.
There are very little or no literature for low temperature synthesis of ternary oxides.
The present study minimizes the sintering temperature and duration for cost reduction
and time saving. In the present study selected ternary oxides (ABOs and AB,Og) of
alkali and alkali earth niobate, tantalate are synthesized by novel hydroxide precursor
technique. Synthesized compounds are 1) LiNbO;, 2) LiTaO;, 3) NaTaOs, 4)
NaNbO;, 5) SrNb,Og, and 6) SrTa,O¢. The sequence of the reaction and phase
evolution will also studied by the X-ray diffraction. The structures of these

compounds were confirmed by XRD. The lattice parameters and phase content of
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these ceramic powders are analyzed by XRD. Least squares method is used to refine
the lattice parameters. The composition analysis of sintered pellets will be done using
Energy Dispersive analyzer(EDAX). Thermogravimetric analysis (TGA) is carried
out to monitor the weight loss associated with the formation of niobates and tantalates
from hydroxide precursor. Differential Scanning Calorimetric (DSC) analysis of
samples prepared by hydroxide precursor method was carried out at 5 different
heating rate (2.5, 5, 7.5, 10 and 15°C/min) and activation energy is computed by
Kissinger method. Impedance spectroscopy for all these compounds where thoroughly
studies for Nyquist plot (Real vs Imaginary impedance), Bode plot — (1) Phase Angle
vs frequency and 2)Impedance magnitude |Z| vs frequency, Dielectric Loss vs
frequency. The morphology and the particle size is investigated using Transmission
Electron Microscopy and Scanning Electron Microscopy.

The novel hydroxide precursor technique used in the synthesis of ternary
electroceramic powders requires low sintering temperature and this process can avoid
complex steps such as refluxing of alkoxides and high temperature sintering, resulting

in less time consumption compared to other techniques.
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Chapter 2

Experimental

The experimental process of synthesizing ternary oxides by novel hydroxide precursor
method is discussed in this chapter. Also, the theory and experimental details of the
techniques used in the present research work, viz. X-ray diffraction (XRD), Scanning
Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDX),
Transmission Electron Microscopy (TEM), Impedance spectroscopy. This chapter
also describes the thermal characterization techniques such as thermogravimetry
analysis (TGA) and differential scanning calorimetery (DSC), which are used to study
the thermal behaviour of the ternary oxides synthesised in the present study. This
chapter also describes briefly about the mathematical techniques such as least squares

method used for the lattice parameter refinement.
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2.1 Introduction

There are different synthesis methods available for the synthesis of oxide
ceramic materials [1-4]. The most common method is solid state method. In the
present work, ternary oxide of niobates and tantales were syntheses by novel
hydroxide precursor method. The synthesized compounds were (1) LiNbOs,
(2) LiTaOs, (3) NaNbOs, (4) NaTa0s, (5) SrNb,Og, and (6) SrTa,O¢. The other steps
involved in making final products such as pelletizing, sintering, lapping, electroding
and curing. The purity and source of the chemicals used for the synthesis are tabulated
in Table 2.1.

The present study minimizes the sintering temperature and duration for cost
reduction and time saving. Thermogravimetric analysis (TGA) is carried out to
monitor the weight loss associated with the formation of niobates and tantalates from
hydroxide precursor. The structures of these compounds were confirmed by XRD.
Various other techniques such as SEM, TEM, EDX, DSC, Impedance spectra are used
to characterise the samples prepared by hydroxide precursor method.

Table 2.1: Purity and source of the chemicals used.

Starting chemical used | Purity (%) Source
Nb,O, 99.5 Aldrich, USA

Ta, O, 99.95 Spectrochem, India
Hydrofluoric acid 40% Aldrich, USA
NaOH 97% Loba Chemic, India
Sr(OH),.8H,O 97.5% Loba Chemic, India
LiOH 98% Loba Chemic, India
Ammonia solution 30% Merck, India

70



2.2 Synthesis of Niobates and Tantalates
2.2.1 Synthesis of Niobates by hydroxide precursor technique

Niobium (V) oxide is used as starting material for the synthesis of Niobates of
Lithium, Sodium and Strontium. Niobium (V) oxide powders were dissolved in
minium amount of hydrofluoric acid after heating on hot water bath at 90°C for 10 h.
To this NbFs solution, an excess of aqueous ammonia (30%) was added to precipitate
niobium as hydroxide under basic conditions. The precipitate was then filtered and
oven dried at 100° overnight. The required quantity of LiOH, NaOH and
Sr(OH),.2H,0O was separately mixed thoroughly with stoichiometric amount of
Nb(OH)s and heated at various temperatures from 200 to 600°C. XRD analysis were
done at intermediate temperatures to confirm the formation of LiNbO3;, NaNbOs and
SrNb,Og. These sintered pellet/pellets were characterized by various physico-
chemical characterization techniques.
2.2.2 Synthesis of Tantalates by hydroxide precursor technique

Tantalum (V) oxide is used as starting material for the synthesis of tantalates
of lithium, sodium and strontium. Tantalum (V) oxide powders were dissolved in
minium amount of hydrofluoric acid after heating on hot water bath at 90°C for 10 h.
To this TaFs solution, an excess of aqueous ammonia (30%) was added to precipitate
niobium as hydroxide under basic conditions. The precipitate was then filtered and
oven dried at 100" overnight. The required quantity of LiOH, NaOH and
Sr(OH),.2H,O was separately mixed thoroughly with stoichiometric amount of
Ta(OH)s and heated at various temperatures from 200 to 600°C. XRD analysis were
done at intermediate temperatures to confirm the formation of LiTaO;, NaTaO; and
SrTa,Os. These sintered pellet/pellets were characterized by various physico-chemical

characterization techniques.
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2.3 X-ray Diffraction

X-rays are electromagnetic radiations with typical photon energies in the range
of 100 eV-100 keV. These energetic X-rays can penetrate deep into the material and
provide information about the structural arrangement of atoms and molecules [5]. X-
rays are generated when a focused electron beam accelerated across a high voltage
field bombards a stationary or rotating solid target. As electrons collide with atoms in
the target and slow down, a continuous spectrum of X-rays are emitted, which are
termed Bremsstrahlung radiation. The high-energy electrons also eject inner shell
electrons in atoms through the ionization process. When a free electron fills the shell,
an X-ray photon with energy characteristic of the target material is emitted. Common
targets used in X-ray tubes include Cu and Mo, which emit 8 keV and 14 keV X-rays
with corresponding wavelengths of 1.54 A and 0.8 A, respectively.

X-rays primarily interact with electrons in atoms, and during the coarse of
interaction some photons from the incident beam will be deflected away from the
direction where they originally travel, much like billiard balls bouncing off one
anther. If the wavelength of these scattered X-rays does not change, the process is
called elastic scattering (Thompson Scattering: only momentum has been transferred
in the scattering process). The scattered X-rays carry information about the electron
distribution in materials. However, in the inelastic scattering process (Compton
Scattering), energy is transferred to the electrons and the scattered X-rays will have
different wavelength than the incident X-rays. Diffracted waves from different atoms
can interfere with each other and the resultant intensity distribution is strongly
modulated by this interaction. If the atoms are arranged in a periodic fashion, as in
crystals, the diffracted waves will consist of sharp interference maxima (peaks) with

the same symmetry as in the distribution of atoms. X- ray diffraction is a well-known
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technique for structural identification of material and the determination of lattice
parameters of material using Bragg’s law. For this it is practice to use analysis of X-
ray diffraction pattern to identify phase and confirm formation of material. It is an
indispensable tool for crystalline materials. X-ray diffraction experimental set up
requires of an X-ray source, the sample under investigation and a detector to pick up
X -rays. The radiation source may be monochromatic or polychromatic. Single
crystal or polycrystalline samples can be used.

X-ray diffraction is useful nondestructive method of structure analysis. When
an electromagnetic wave enters a crystal they get scattered by the electrons inside. But
due to the periodicity associated with the arrangement of atoms of a crystal for certain
angles of incidence (0), there will be constructive interference between the different
scatterers (plane of atoms). Nevertheless for most of the angles, destructive
interferences leads to the cancellation of the differenced beam. With knowledge of the
wavelength (L) of the radiation and by measuring the angles at which the constructive
interference occur (called Bragg angle 6p). It is possible to understand the geometrical
ordering of the atoms inside the crystal [6-9]. Measuring the diffraction pattern
therefore allows one to deduce the distribution of atoms in a material. The peaks in an
X-ray diffraction pattern are directly related to the atomic distances. Figure 2.1 shows

incident X-ray beam interacting with the atoms in the two different planes.

Figure 2.1. X-ray reflections from a crystal.
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Consider parallel lattice planes spaced d apart. The radiation is incident in the plane of
the paper. The path difference for rays reflected from adjacent planes is 2a = 2dsin6.
Constructive interference of the radiation from successive planes occurs when 2dsin6
= nA, where 27nn is the difference in phase between reflections from successive
planes. For a given set of lattice plane with an inter-plane distance of d, the condition
for a diffraction (peak) to occur can be simply written as the Bragg's law given in
equation 2.1:
2d sin@ =n A 2.1

where, A is the wavelength of the X-ray, 0 the scattering angle, and n an integer
representing the order of the diffraction peak. Whenever constructive interference
occurs for a given set of plane, the angles of incidence 0 is taken as 6p of that planes.
Bragg equation puts a limit to the maximum wavelength that can be used for
diffraction as A < 2d. This is the reason for using X-ray for crystal structure studies as
the d values are typically in the range of few angstroms.

Conventionally, XRD has several limitations. A key disadvantage of XRD is
that it is highly applicable to crystalline materials. Moreover, it is time-consuming
and requires a large quantity of sample. Fortunately, synchrotron-based XRD is useful
to circumvent these limitations. They offer exceptional resolution, even on very small
samples containing only a few grains of a particular mineral.

The peak position is used for quantitative identification of phase, determination of
unit cell parameters and symmetry of lattice. The profile or intensity is used for the
structural refinement. The ‘d’ spacings are related to the lattice dimensions. Each
reflection can be assigned by some hkl values that equate the interplaner spacing (d)
with a unit cell parameter (a). The structure, crystallinity and the particle size are

often measured using XRD [5].
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Powder X-ray diffraction (XRD) patterns were recorded on a Philips PW 1710
diffractometer. The X-ray source of this diffractometer emits CuK, radiation with
wavelength of 1.5418 A. The diffractometer is calibrated with reference to standard
oriented Si wafer. For usual structural phase analysis a scan rate of 4 ° per min was

used.

2.3.1 Crystallite size determination

A perfect crystal would extend in all directions to infinity, so we can say that
no crystal is perfect due to its limited sizes. Such a deviation from perfect crystallinity
will lead to broadening of the diffraction peak. However, this type of peak broadening
is negligible when the crystallite size is larger than 200 nm. Crystallite size is a
measure of the size of a coherently diffracting domain. Due to the presence of
polycrystalline diffracting domain aggregates, crystallite size may not be the same
thing as particle size.

Scherrer (1918) first observed that small crystallite size could give rise to peak
broadening. He derived a well-known equation for relating the crystallite size to the
peak width, which is called the Scherrer formula [10,11] given in equation 2.2

KA (2.2)

t=
pcosf

where t is the averaged dimension of crystallites; K is the Scherrer constant,
somewhat arbitrary value that falls in the range 0.87-1.0 (it is usually assumed to be
1); A is the wavelength of X-ray radiation; and P is the integral breadth of a reflection
(in radians 20) located at 20, i.e. full width at half maximum (FWHM).

The Scherrer equation is limited to nano-scale particles. It is not applicable to

grains larger than about 0.1 pm, which precludes those observed in most
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metallographic and ceramographic microstructures. It is important to realize that the
Scherrer formula provides a lower bound on the particle size. The reason for this is
that a variety of factors can contribute to the width of a diffraction peak; besides
crystallite size, the most important of these are usually inhomogeneous strain and
instrumental effects. If all of these other contributions to the peak width were zero,
then the peak width would be determined solely by the crystallite size and the
Scherrer formula would apply. If the other contributions to the width are non-zero,
then the crystallite size can be larger than that predicted by the Scherrer formula, with

the "extra" peak width coming from the other factors.

2.3 Thermal Analysis

Thermal analysis (TA) has been defined as “a group of techniques in which a
physical property of a substance and / or its reaction products is measured as a
function of temperature while the substance is subjected to a controlled temperature
programme” [12—14]. In brief, the measurement of change in any property as a
material is being heated (or cooled) at a constant rate is called thermal analysis. Since
all materials respond to heat in some way, TA has been applied to almost every field
of science, with a strong emphasis on solving problems in materials science and
engineering, as well as fundamental chemical investigations. TA is applicable
whenever the primary interest is in determining the effect of heat upon a material, but
the techniques can also be used as a means of probing a system to obtain other types
of information, such as composition.

It is well recognized that the thermoanalytical techniques play an important
role in the solution of a variety of problems in the ceramics. The utility of DSC and

and TG has been documented in a number of studies, which concern electroceramics.
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They are useful for investigation of phase transitions, problems concerning the
evaporation of volatile components from heavy fractions, determination of the
thermal stability, study of the pyrolysis and kinetics. The thermal analysis techniques
as thermal gravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC)
provide a powerful tool to study the behaviour of ceramic materials during their

thermal degradation.

2.4.1 Thermogravimetry Analysis

Thermogravimetry analysis (TGA) is used to measure variations in mass as a
function of temperature (or time). TGA as a quick method of analysis, which was
proved to be useful in distinguishing between ceramics and also provided significant
information on the relative composition of these products, however TGA will not
provide information about the elements present in the composition. This is a
technique in which the change in weight of a substance with temperature over a
period of time is followed. The temperature is increased at a constant rate for a known
initial weight of the substance and changes in weight are accurately recorded at
different times [15-17]. When the weights are plotted against temperature a curve
characteristic of the substance studied is obtained. Such a curve is called a
thermogravimetric curve or a thermogram. The schematic instrumentation of TGA
setup is given in figure 2.2 Small sample weight and small uniform particle size are
generally recommended to facilitate diffusion of gaseous products through the solid
sample. Using small sample weight eliminates the existence of temperature gradient
throughout the sample. This technique provides information in a wide variety of
chemical investigations. Some of these are thermal stability, decomposition,

vaporization, chemisorption, and purity check.
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Figure 2.2 Instrumentation of TGA

2.4.2 Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (DSC) measures the heat transferred to or
from a sample at constant pressure during a physical or chemical change. The peaks
in a DSC thermogram represent the amount of electrical energy supplied to the system
to keep the sample and reference at the same temperature. The area under the DSC
peaks will be proportional to the enthalpy change of the reaction

The term “differential” refers to the fact that the behaviour of the sample is
compared to that of a reference material that does not undergo a physical or chemical
change during the analysis. The term “scanning” refers to the fact that the
temperatures of the sample and reference material are increased or scanned

systematically during the analysis.
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A DSC consists of two small compartments that are heated electrically at

constant rate. The temperature T at time t during a linear scan is

T=T) tat (2.3)
where Ty is the initial temperature
a is the temperature scan rate (in Kelvin per second Ks™)

A computer controls the electrical power output in order to maintain the same
temperature in the sample and reference compartments throughout the analysis and
measures the difference in the amount of heat required to increase the temperature of
a sample and reference as a function of temperature [18-21]. A schematic DSC
instrumentation setup is given in figure 2.3. With a DSC, enthalpy changes may be
determined in samples of masses a low as 0.5mg, which is a significant advantage
over bomb or flame calorimeters, which require several grams of material. DSC is
often used for the study of equilibria, heat capacities and kinetics of chemical

reactions in the absence of phase change.
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Figure 2.3. Schematic representation of DSC setup
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2.4.3 Estimation of Activation Energy

Differential scanning calorimetry data is very useful in estimating the
activation energy [22-26]. The activation energy is the threshold energy, or the
energy that must be overcome in order for a chemical reaction to occur. Activation
energy may otherwise be denoted as the minimum energy necessary for a specific
chemical reaction to occur. The energy profile of a chemical reaction and reaction co-
ordinates are illustrated in figure 4. In most of kinetic equations it is assumed that if
close the value of correlation coefficient (r) is to the unity, the better would be the fit

of the linear regression with respect to the results [25].

Input (Activation Energy)

Reactant)
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Reaction Products

Reaction co-ordinates

Figure 2.4 Energy profile of a chemical reaction and reaction co-ordinate

A popular method is for estimating activation energy is Kissinger method. It is based
on the fact that shifts in the temperature (T;) of the DSC peak, i.e. corresponding to

the maximum rate of conversion.

i), -
i\ dt )|,
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According to Kissinger, appropriate approximations lead to the simple equation (2.5)

derived from equation (2.4)

h{ﬁzJ __ L e 22
I RT

P
Where B represents the heating rate associated with a linear rise in temperature, T = Bt

+ Ty. The plotting of In(p/T pz) in function of 1/T, should result in a straight line, of

slope —E/R. The schematic flow chart for the estimation of activation energy using

Kissinger method is depicted in figure 2.5.
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Figure 2.5. Flow chart for the estimation of activation energy using Kissinger method.
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2.4.4 Least Squares method

The least squares method—a very popular technique—is used to compute
estimations of parameters and to fit data. It is one of the oldest techniques of modern
statistics as it was first published in 1805 by the French mathematician Legendre.
Nowadays, the least square method is widely used to find or estimate the numerical
values of the parameters to fit a function to a set of data and to characterize the
statistical properties of estimates. The method of least squares assumes that the best-
fit curve of a given type is the curve that has the minimal sum of the deviations
squared (least square error) from a given set of data. Let x;, Xo, ...., X, are the values of
the independent variable X and yy, y2, ..., ya are the values of the dependent variable

Y. The scatter diagram for the given data is shown below

5

4.5-

4_

- —— Least Scuare fit

T T T T T i
o o0y 1 15 2 25 3 35 4 45 5

X
Figure 2.6. Scattered data points and Least square fit

In general curve fitting involves the determination of a continuous function
y = f(x) (2.6)
which results in the most reasonable a best fit for the given set of values of (x1,y1),

(X2,¥2), ... (Xn,¥n). The computational techniques for linear least squares problems also
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make use of orthogonal matrix factorizations. The working procedure of least squares

method consists of following steps to fit the least square equation

y=a+bx 2.7
1 Form the normal equations
(1) q
Yy =na+DbXx (2.8)
Y
Yxy= aZx + bIx’ (2.9)
y

‘n’ be number of elements (data), i.e., no of x,y data available for summation (X)
(i1) Solve the above equations (2.8), (2.9) as simultaneous equations for a, b
(iii)  Substitute the values of a, b in y = a + bx, which is the required straight line of

best fit. The equations (2.8) & (2.9) can be solved using matrix method as

e R

AX=B (2.10)

below

If A is a non-singular matrix i.e., |A| # 0, then its inverse A™ exists. Multiplying both

sides of (2.10) by A”', we obtain

A'AX = A''B
IX=A'B
X=A"B (2.11)

The left hand side of (6) is a column matrix and so also is right hand side. Equating
the corresponding elements, we get the values of a and b. On substituting the values
of a, b in equation (2.7), straight line equation is obtained, where ‘a’ is the intercept

and ‘b’ is the slope of the straight line.
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In this work, least square method is used for the estimation of activation energy for
B 1

the computed data on —ln(Tmz] Vs T

2.5 Energy Dispersive X-Ray Analysis

Energy Dispersive X-ray (EDX) analysis is a valuable tool for qualitative and
quantitative element analysis. This method allows a fast and non-destructive chemical
analysis with a spatial resolution in the micrometer regime [27]. It is based on the
spectral analysis of the characteristic X-ray radiation emitted from the sample atoms
upon irradiation by the focussed electron beam of a SEM. EDX Analysis stands for
Energy Dispersive X-ray analysis. It is sometimes referred to also as EDS or EDAX
analysis. It is a technique used for identifying the elemental composition of the
specimen, or an area of interest thereof. It is mainly used for spatially resolved
chemical analysis of bulk and thin film samples [28].

During EDX Analysis, the specimen is bombarded with an electron beam
inside the scanning electron microscope. The bombarding electrons collide with the
specimen atoms' own electrons, knocking some of them off in the process. A position
vacated by an ejected inner shell electron is eventually occupied by a higher-energy
electron from an outer shell. To be able to do so, however, the transferring outer
electron must give up some of its energy by emitting an X-ray. The amount of
energy released by the transferring electron depends on which shell it is transferring
from, as well as which shell it is transferring to. Furthermore, the atom of every
element releases X-rays with unique amounts of energy during the transferring
process. Thus, by measuring the amounts of energy present in the X-rays being
released by a specimen during electron beam bombardment, the identity of the atom

from which the X-ray was emitted can be established. The EDX spectrum is just a
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plot of how frequently an X-ray is received for each energy level. An EDX spectrum
normally displays peaks corresponding to the energy levels for which the most X-rays
had been received. Each of these peaks are unique to an atom, and therefore
corresponds to a single element. The higher a peak in a spectrum, the more
concentrated the element is in the specimen.

An EDX spectrum plot not only identifies the element corresponding to each
of its peaks, but the type of X-ray to which it corresponds as well. For example, a
peak corresponding to the amount of energy possessed by X-rays emitted by an
electron in the L-shell going down to the K-shell is identified as a K-Alpha peak. The
peak corresponding to X-rays emitted by M-shell electrons going to the K-shell is

identified as a K-Beta peak as illustrated in figure 2.7.

Figure 2.7. EDX spectrum shell identification schematic diagram
Atoms of different elements emit x-rays with different energies. However, no two
elements emit an x-ray photon with exactly the same energy. It is so because the
binding energy of the electrons is different for each element. This is a non-destructive
analysis technique and the elements and their concentration in the sample can be
determined reasonably accurately. EDX system doesn’t give any information about

the chemical bonds in a compound. Since SEM has an in built source of electrons and
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a stage for handling the samples, EDX systems are mostly available as an attachment
to a scanning electron microscope.

In this work, JEOL JED-2300 Energy dispersive X-ray analysis Station is used
for the elemental analysis of sintered samples of Niobates and Tantalates. EDAX

detector is operated at liquid nitrogen temperatures during measurements.

2.6 Surface Morphology

2.6.1 Scanning Electron Microscopy

In a typical scanning electron Conventional light microscope (SEM), electrons are
thermionically emitted from a tungsten or lanthanum hexaboride (LaBg) cathode,
which fly towards an anode; alternatively electrons can be emitted via field emission
(FE) [29]. Tungsten is used because it has the highest melting point and lowest vapour
pressure of all metals, thereby allowing it to be heated for electron emission. The
electron beam, which typically has an energy ranging from a few hundred eV to 50
keV, is focused by one or two condenser lenses into a beam with a very fine focal spot
sized 1 nm to 5 nm. The beam passes through pairs of scanning coils in the objective
lens, which deflect the beam in a raster fashion over a rectangular area of the sample
surface. As the primary electrons strike the surface they are inelastically scattered by
atoms in the sample. Through these scattering events, the primary electron beam
effectively spreads and fills a teardrop-shaped volume, known as the interaction
volume, extending about less than 100 nm to 5 pm depths into the surface.
Interactions in this region lead to the subsequent emission of electrons which are then
detected to produce an image. The most common imaging mode monitors low energy
(<50 eV) secondary electrons. Due to their low energy, these electrons originate

within a few nanometer from the surface. The electrons are detected by a scintillator-
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photomultiplier device and the resulting signal is rendered into a two-dimensional
intensity distribution that can be viewed and saved as a Digital image. The scanning
electron microscope (SEM) is an incredible tool for seeing the unseen worlds of micro
space. Conventional light microscopes use a series of glass lenses to bend light waves
and create a magnified image. The scanning electron microscope creates the
magnified images by using electrons instead of light waves [30-32]. Fig 2.8 shows
the schematic block diagram of scanning electron microscope.

In this work, the microstructural features of samples were obtained using a
scanning electron microscope (Leica Cambridge 440). The sintered pellets were
fractured to expose the inner portion and mounted on specimen mounting stub. Silver
paste was used to stick the sample to the stub and a thin layer of gold was coated on
surface of sample using an ion beam sputtering system (Poloran equipment Itd., SEM

coating unit E5000) to avoid charging the specimen.

electron
gun

I

| SCi
. gensraior

electrons from
specimen

detector

specimen

Figure 2.8 Schematic block diagram of Scanning Electron Microscope
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2.6.2 Transmission Electron Microscopy

In transmission electron microscopy (TEM), a thin specimen is illuminated
with electrons in which the electron intensity is uniform over the illuminated area
[33]. As electrons travel through the specimen, they are either scattered by a variety of
processes or they may remain unaffected by the specimen. The net result is that a non-
uniform distribution of electrons emerges from the exit surface of the specimen that
contains all the structural and chemical information about the specimen. Electron
microscope is constructed to display this non-uniform distribution of electrons in two
different ways. Based on similar principles of the conventional light microscope, the
transmission electron microscope (TEM) is capable of magnification of 100,000 times
an extreme resolution, far beyond the possibilities afforded by visible light. Unlike the
scanning electron microscope, which uses reflected electrons, the TEM uses electrons
passing through a very thin slice of the specimen. Magnetic lenses focus the electron
beam and project the highly magnified image onto a phosphor screen or special
photographic film. TEM is especially useful in studying the structure of cells, and in
crystallography. TEM uses the electrons as light source and their much lower
wavelength makes it possible to get a resolution a thousand times better than with a
light microscope [34]. The possibility for high magnifications has made the TEM a
valuable tool in medical, biological and materials research [33—38].

Angular distribution of scattering can be viewed in the form of scattering
patterns, usually called diffraction patterns, commonly referred to as selected area
electron diffraction (SAED). Spatial distribution of scattering can be observed as
contrast in images of the specimen. The advantage of this arrangement is the
possibility of directly viewing the area from which the diffraction pattern arises.

Further, Kikuchi patterns obtained by inelastic scattering of electrons is also very
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useful for understanding the crystallographic orientation as these are rigidly attached
to a crystal plane and therefore move in the diffraction pattern when the crystal is
tilted.

Many materials require extensive sample preparation and thinning procedures
to produce a sample thin enough to be electron transparent, and changes in the
structure may be caused during this process. Also the field of view is relatively small,
raising the possibility that the region analysed may not be characteristic of the whole
sample. Also there is potential that the sample may be damaged by the electron beam,
particularly in the case of biological materials. Despite these limitations, TEM has
been the technique of choice due to atomic-level resolution leading direct visual
information of size, shape, dispersion and structure.

The samples for TEM were prepared by drop coating on to a carbon coated copper
TEM grid. TEM micrographs and selected area diffraction patterns were obtained on

a JEOL, 1200 EX instrument operated at an accelerating voltage of 100 kV

2.7 Impedance Spectroscopy

Impedance spectroscopy is becoming a popular analytical tool in materials
research and development because it involves a relatively simple -electrical
measurement that can readily be automated and whose results may often be correlated
with many complex materials variables: from mass transport, rates of chemical
reactions, corrosion and dielectric properties, to defects, microstructure and
compositional influences on the conductance of solids. IS can predict aspects of the
performance of chemical sensor and fuel cells, and it has been used extensively to

investigate membrane behavior in living cells. It is useful as an empirical quality
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control procedure, yet it can contribute to the interpretation of fundamental
electrochemical and electronic processes.

Impedance is a more general concept than resistance because it takes phase
differences into account, and it has become a fundamental and essential concept in
electrical engineering. Impedance spectroscopy (IS) is a relatively new and powerful
method of characterizing many of the electrical properties of materials and their
interfaces with electronically conducting electrodes [39, 40]. Impedance spectroscopy
is a valuable technique used for the characterization of inhomogeneous (insulating,
electrical and magnetic) materials exhibiting granular structures. To differentiate
between the varying contributions from grains and grain boundaries, intergranular
layers and electrode interface, ac impedance spectra are often used with great success
[41 — 43]. Most common method of impedance analysis is to measure impedance
directly in the frequency domain by applying a single frequency voltage to the
interface and measuring the phase shift and amplitude (real and imaginary parts) of
the resulting current at that frequency. This way the measurements was done in a
large range of frequency (few Hz to Giga Hz). The concept of electrical impedance
was first introduced by Oliver Heaviside in the 1980s and was soon after developed in
terms of vector diagrams and complex representation by A.E.Kennelly and especially
C.P. Steinmetz.

Impedance is a more general concept than resistance because it takes phase
differences into account, and it has become a fundamental and essential concept in
electrical engineering. In the impedance spectroscopy, a time dependent voltage E ()
= OE Sin (mwt) is applied across the ceramic sample. A sinusoidal current with the
same angular frequency will then flow through the sample and the response is

characterizes by complex impedance Z. Z will be a function of ®. The real and
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imaginary parts of their complex impedance Z (2’ and Z”) can be recorded for a large
range of frequencies using the impedance analyzer. When the data points are plotted
in complex impedance plane (Z’ and Z”), are usually along the arc of circles. An
equivalent circuit based on a serial assembly of parallel resistances and capacitances
can be then used to simulate the electrical behavior. Usually the values of the
resistance and capacitance of each cell and therefore each arc can be assigned to a
specific part of the ceramic sample: the grain interiors, grain boundaries, metal-
ceramic interfaces etc. The chord of each arc of a circle is the resistance of that
individual part of the ceramic. The time constant, I" corresponding to each arc obeys
the relation w*I" = 1, where o* corresponds to the top of the semicircular arc. The
time constant corresponding to grains, grain boundaries, interfaces differ by one order
of magnitude and hence well distinguished arcs corresponding to each part of the
ceramic are usually obtained. A careful selection of the electrode is necessary to avoid
the presence of an arc of a circle in the impedance spectrum, which can interfere with
the grain-grain-boundary contributions.

For ac impedance measurements, sintered pellets of 10 mm diameter and 1
mm thickness were used after applying silver paste as top and bottom electrode. The
impedance measurements were made with Impedance/gain-phase analyzer (Solartron
model S1 1260 coupled with Solartron 1294 Impedance Interface) using frequency
ranging from 0.1 Hz to 1 MHz with an ac amplitude voltage of 1 V. The dielectric
loss spectrum is recorded using Hwelett Packard 4194 A, Impedance / Gain-Phase

analyzer.
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Chapter 3

Synthesis and Characterization of

Lithium Niobate and Tantalate

This chapter comprised about the experimental synthesis procedures for Lithium
Niobate and Lithium Tantalate followed by characterization of these two compounds.
The characterization part of this chapter is divided into two vis for LiNbO; and
LiTaOs. Both the compounds were characterized for X-ray powder diffraction (XRD),
Energy Dispersive X-Ray Analysis (EDAX), Transmission Electron Microscopy,
Thermogravimetry Analysis (TGA), Differential Scanning Calorimetery (DSC) and
Impedance Spectroscopy. Nyquist plot as well as Bode plot were constructed from
Impedance data. Activation energy for the formation of LiNbO; and LiTaO; were

estimated from DSC data using Kissinger method.
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3.1 Introduction

Lithium Niobate (LiNbO;) is an excellent material for electro-optic [1] and
nonlinear-optic devices [2] such as optical waveguides [3—6], modulators, optical
switches for gigahertz frequencies, surface acoustic wave devices and holographic
memory [7] using photorefractive effect. Because of its good piezoelectric properties
it’s potential application increased greatly. Several methods for preparing LiNbOs3
been reported, including RF magnetron sputtering [3], pulsed laser deposition [8—10],
chemical vapor deposition [4], liquid phase epitaxy, [5, 11] and the sol-gel method
[12-27]. A new novel hydroxide precursor synthesis process was developed in this
work and described in next section 3.2.1.

Lithium tantalite (LiTaOs) exhibits wunique electrooptical, acoustic,
piezoelectric, pyroelectric and non-linear optical properties combined with good
mechanical and chemical stability and wide transparency range and high optical
damage threshold making it a suitable material for applications in electro-optical
modulators, pyroelectric detectors, optical waveguide and SAW substrates,
piezoelectric transducers, etc. [28—40]. For laser application, LiTaOj; crystal has the
advantage over LiNbOj crystal in its considerably higher threshold for photorefractive
damage [41]. Although single crystals of LiTaOs find applications, there still are
restrictions because of high cost and difficult fabrication. In contrast, polycrystalline
LiTaO; ceramics can be made with a larger size and more complex shape.

3.2 Experimental
3.2.1 Synthesis of Lithium Niobate

For preparing Lithium Niobate (LiNbO;3), AR grade Niobium (V) oxide,

lithium hydroxide and standard ammonia solution were used as starting materials.

Required quantity of Nb,Os was dissolved in HF (40 %) after heating in a hot water
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bath for 10 h. Then an aqueous ammonium hydroxide was added dropwise to the
NbFs solution to precipitate Niobium as hydroxide under basic conditions. The

precipitate was washed free of anions and dried at 100° C in an oven.

[ Niobium (V) Oxide ] Hydrofluoric Acid
(40%)

Hot water bath for 10 h

A 4

[ Transparent Solution ]

Add NH4OH

A 4

[ Precipitate ]

Washed several times and dried at 100°C

A 4

[ Niobium hydroxide ]

Lithium hydroxide ]

A 4
Mixed in mortar and pestle
with acetone for ~ 1h

A 4

Grounded intermittently and calcinated
from 200 to 500°C for 6 hrs

A 4

[ Powder characterization ]

Figure 3.1 Flow chart for the preparation of LiNbO3 by hydroxide precursor method
A stoichiometric amount of LiOH was mixed with Nb(OH)s xH,0O and ground
well for ~1 hour using acetone in a agate mortar. These powders were calcined at

different temperatures from 200 to 500° C for 6 hours and characterized with XRD for
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LiNbOj; phase formation. The schematic flow chart for the preparation of LiNbO3 by
hydroxide precursor method is given in figure 3.1. The major chemical reaction
involved in this process is given below

0
Nb,Os + 10HF —A20°C.10h | k. + sH,0 _NHOH | Nb(OH);

Niobium hydroxide

0
LiOH + Nb(OH); _A400C,6h _ 1iNpo,

3.2.2 Synthesis of Lithium Tantalate

For preparing Lithium Tantalate (LiTaO;), AR grade (Loba chemie) tantalum (V)
oxide, lithium hydroxide and standard ammonia solution were used as starting
materials. Required quantity of Ta;Os was dissolved in HF (40 %) after heating in a
hot water bath for 10 h. Then an aqueous ammonium hydroxide was added dropwise
to the TaFs solution to precipitate tantalum as hydroxide under basic conditions. The
precipitate was washed free of anions and dried at 100° C in an oven. A
stoichiometric amount of LiOH was mixed with Ta(OH)s xH,O and ground well for
~1 hour using acetone in a agate mortar. These powders were calcined at different
temperatures from 200 to 500° C for 6 hours. Flow chart for the preparation of
LiTaO;3 by hydroxide precursor method is given in figure 3.2. The powder X-ray
pattern was recorded for all the samples calcined at different temperatures by using a
Philips PW-1710 model X-ray diffractometer having Cu K. radiation. For lattice
parameter and interplanar distance (d) calculation, the samples were scanned in the 26
range of 10 — 80° for a period of 5s in the step scan mode. Silicon was used as an
internal standard. The major chemical reaction involved in the formation of Lithium

tantalate is given below
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0
Ta,0s + 10HF —A20C. 100 | Hpaps + sp,0 _NHOH | Ta(0H);

Tantalum hydroxide

0
LiOH + Ta(OH); _A450C.6h | 1ir.0,

[ Tantalum (V) Oxide ] Hydrofluoric Acid
(40%)

Hot water bath for 10 h

A 4

[ Transparent Solution ]

Add NH4,OH

A\ 4

[ Precipitate ]

Washed several times and dried at 100°C

A\ 4

[ Tantalum hydroxide ]

[ Lithium hydroxide ]

A 4

\
Mixed in mortar and pestle |
with acetone for ~ 1h

A\ 4

[ Grounded intermittently and calcinated J

from 200 to 500°C for 6 hrs

A 4

[ Powder characterized by ]

XRD, SEM, etc.,

Figure 3.2 Flow chart for the preparation of LiTaO3 by hydroxide precursor method
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3.3 Characterization of Lithium Niobate

3.3.1 X-ray powder diffraction

The powder X-ray patterns were recorded for 20 at 4°/min for oven dried and samples
calcined at various temperatures by using Philips PW-1710 model X-ray
diffractometer using Cu Ka. Fig. 3.3 shows the XRD patterns of the powder calcined
at 100, 200, 300 and 400 degree Celcius. XRD patterns for the powder calcined at
400°C for a duration of 4 hours, leads to the formation of major LiNbO3 phase. This is
the lowest temperature reported so far on the formation of LiNbO3 phase. All the d-
line peaks are similar to that reported in the literature. The LiNbO3 has a hexagonal
crystal structure (JCPDS-20-631). The calculated lattice parameters by least square fit

are a=5.15 A and c=13.86 A.
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Figure 3.3. XRD of LiNbO; precursor powder (a) calcined at 100 °C, (b) calcined at

200 °C and (c) calcined at 300 °C and calcined at 400 °C for 4 h.
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The conventional solid state method produces LiNbO; phase at 900 °C after
prolonged firing. The average rystallite size of 80 nm was calculated from the
Scherrer's formula

t=K A/B Cos0g
where t is the average size of the particles assuming particles to be spherical, K=0.9, A
is the wavelength of X-ray radiation, B is the full-width at half maximum of the

diffracted peak and 0B is the angle of diffraction.

3.3.2 Energy Dispersive X-Ray Analysis

The EDAX spectrum of LiNbO; prepared by hydroxide precursor method was
scanned from 0 to 10keV and characteristics peaks for Niobium and Oxygen is
observed at 2.166 keV and 0.525keV respectively in figure 2.3 and corresponding

identified transition are tabulated in Table 1.
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Figure 3.4. EDAX Spectrum of LiNbO; prepared by hydroxide precursor method
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However, the EDAX of the matrix could not show the presence of lithium because of
its light weight [42—44]. No other elements were monitored in EDAX shows the
purity of product synthesized by hydroxide precursor method. JEOL JED-2300

Energy dispersive X-ray analysis Station is used for the elemental analysis of sintered

samples of LiNbO3
Table 3.1. EDAX spectrum peak observations for LiNbO;
Sr No. | Element Peak Observed Transition
1 Oxygen 0.525 keV K-alpha
2 Niobium 2.166 keV L-alpha (L3M5)

3.3.3 Transmission Electron Microscopy

The samples for TEM were prepared by drop coating on to a carbon coated copper
TEM grid. TEM micrographs and selected area diffraction patterns were obtained on
a JEOL, 1200 EX instrument operated at an accelerating voltage of 100 kV. The
particle size and morphology of the calcined powders were examined by transmission
electron microscopy. The particle morphology of calcined powder (400 °C for 6 h)

was irregular in shape, with an average primary particle size around 70 nm.

.

|
s

Fig. 3.5. Transmission Electron Microscopy image of LN calcined at 400 °C for 6 h.
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3.3.4 Thermogravimetry Analysis

Stoichiometric amount of lithium hydroxide and Niobium hydroxide obtained
from Niobium (V) oxide with HF is mixed well thoroughly and thermogravimetric
analysis of this mixture is carried out at 10 different heating rate (2.5, 5, 7.5, 10, 12.5,
15, 17.5, 20, 22.5 and 250C/min) and observation is given in figure 3.6. Around 8§ to
14 mg of mixture is used for TGA analysis. Inert nitrogen gas at 40mL/min is used as
a purge gas during Thermogravimetric analysis. Irrespective of heating rate, figure 3.6
clearly shows at around 380 to 400°C there is a dip in mass profile, which is an
indication of solid state reaction takes place with release of hydroxyl ions from the

precursors. XRD also conforms the structural formation LiNbO; at 400°C.

15
] ——— 2.5°C/min
] —— 5°C/min
] —— 7.5°C/min
1 —— 10°C/min
] —o— 12.5°C/min
] —<— 15°C/min
g y ] 17.5°C/min
L 20°C/min
é ] —o— 22.5°C/min
] 25°C/min
9]
7 | T T T Tt

Temperature (Celcius)

Figure 3.6. TGA profile of LiNbO3 formation at different heating rate

3.3.5 Differential Scanning Calorimetery

Differential Scanning Calorimetric (DSC) analysis of LiNbO3 precursor powders was

carried out at 5 different heating rate (2.5, 5, 7.5, 10 and 150C/min) and presented in
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figure 3.7. Stoichiometric amount of Lithium hydroxide and Niobium hydroxide
obtained from Niobium (V) oxide with HF is mixed well thoroughly. Around 20 mg
of mixture is used for DSC analysis. Inert Nitrogen gas is used as a purge gas during
DSC analysis of mixture. The onset DSC peeks were observed at around 380°C and
the peak shifts with heating rate and tabulated in Table 3.2 for the computation of
activation energy by Kissinger method. From the table 3.2, Kissinger plot was
constructed (figure 3.8) to find the linear equation, from the slope of the equation the

activation energy for the formation of LiNbO; by hydroxide precursor method is

275.63 kJ.
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Figure 3.7. DSC profile of LiNbO3 formation at different heating rate
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Table 3.2. DSC data on LiNbOj at various heating rates (Kissinger method).

Heating | Peak | Peak T 1 B 1y £ | w | Activation
rate Tmax Tmax e max T rﬁax T nfax g Energy
B (C) 0 (K) @ (kJ/mol)
2.5 386.56 | 659.71 | 435217 | 0.001515 | 5.7442E-06 | 12.067
5 390.83 | 663.98 | 440869 | 0.001506 | 1.1341E-05| 11.387 ©
75 397.3 670.45 | 449503 | 0.001491 | 1.6685E-05| 11.001 5 275.63
10 402.58 | 675.73 | 456611 | 0.001479 | 2.1900E-05 | 10.729 a ’
12.5 405.88 | 679.03 | 461082 | 0.001472 | 2.7110E-05 | 10.515| &
15 407.77 | 680.92 | 463652 0.00146 | 3.2351E-05| 10.338
12.5
12 | y=10997x-12.891
R?=0.9942
11.5
11
10.5
10 ‘ ‘
0.00146 0.00148 0.0015 0.00152

Fig. 3.8. Kissinger Plot for LiNbO; for computing activation energy.

3.3.6 Impedance Spectroscopy

The variation of real (Z) and Imaginary (Z") part or Nyquist plot of impedance with

frequency for LiNbO; samples sintered at 750°C for 30, 60, 90 and 120 minutes is

shown in figure 3.9. A single semicircular arc is appeared for all samples, however for

the sample sintered for 120 min, one additional semicircular arc is appeared at high

frequency as shown in figure 3.10. One semicircle in the high frequency range and the

other in the low frequency range for LiNbO; sintered at 750°C for 120 minute may

correspond to oxygen migration in the bulk and across grain boundaries.
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Figure 3.9. Nyquist plot of LINbO; Sintered at 750°C for 30, 60, 90 and 120 min
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Figure 3.10. Nyquist plot at high frequency observed for LiNbO; Sintered at 750°C

for 30, 60, 90 and 120 min
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Bode plot was constructed for the for LiINbO; samples sintered at 750°C for
30, 60, 90 and 120 minutes with frequency vs magnitude of impedance as shown in
figure 3.11 and frequency vs phase angle as shown in 3.12. Figure 3.11 shows the
decrease in magnitude of impedance drastically with increase in frequency. The
frequency dependence of phase angle is observed in figure 3.12 for LiNbO3 samples

sintered at 750°C .
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Figure 3.11. Bode plot — Impedance magnitude |Z| vs frequency of LiNbOs3 Sintered at

750°C for 30, 60, 90 and 120 min
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Figure 3.12. Bode plot — Phase Angle vs frequency of LiNbO; Sintered at 750°C for
30, 60, 90 and 120 min
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The variation of real (Z) and Imaginary (Z") part or Nyquist plot of impedance with
frequency for LiNbO; samples sintered at 1000°C for 30, 60, 90 and 120 minutes is
shown in figure 3.13. A single semicircular arc is appeared for all samples, however
for the sample sintered for 120 min, one additional semicircular arc is appeared at
high frequency as shown in figure 3.10. One semicircle in the high frequency range
and the other in the low frequency range for LiNbOjs sintered at 1000°C for 30 and120

min may correspond to oxygen migration in the bulk and across grain boundaries
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Figure 3.13. Nyquist plot of LiNbO; Sintered at 1000°C for 30, 60, 90 and 120 min
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Figure 3.14. Nyquist plot at high frequency observed for LiNbO; Sintered at 1000°C
for 30, 60, 90 and 120 minutes
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Bode plot was constructed for the for LINbO; samples sintered at 1000°C for 30, 60,
90 and 120 minutes is with frequency vs magnitude of impedance as shown in figure
3.15 and frequency vs phase angle as shown in figure 3.16. The sample sintered for 30
minute shows lower impedance |Z| as compared to samples sintered for longer
duration. Both the figures show the frequency dependence of impedance parameters

for LiNbO; samples.
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Figure 3.15. Bode plot — Impedance magnitude |Z| vs frequency of LiNbOj; Sintered at
1000°C for 30, 60, 90 and 120 minutes
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Figure 3.16. Bode plot — Phase Angle vs frequency of LiNbO; Sintered at 1000°C for
30, 60, 90 and 120 min
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Dielectric Loss vs frequency of LiNbO; Sintered at 750°C and 1000°C were measured
upto 40MHz and plotted in figure 3,17 and 3.18 respectively. It is observed that the
the dielectric loss of LiNbO; decreases with increase in frequency and becomes stable
after 10°Hz. LiNbO; samples sintered for 30 min duration shows higher dielectric loss
as compared to samples sintered for longer duration. Since the dielectric loss of

LiNbO; is very less at high frequency, it has potential application in high frequency

devices.
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Figure 3.17. Variation of dielectric loss as a function of frequency for LiNbO;
samples sintered at 750°C for 30, 60, 90 and 120 minutes
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Figure 3.18. Variation of dielectric loss as a function of frequency for LiNbO;
samples sintered at 1000°C for 30, 60, 90 and 120 minutes
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3.4 Characterization of Lithium Tantalate
3.4.1 X-ray powder diffraction

The powder X-ray patterns were recorded for 26 at 4°/min for oven dried and
samples calcined at various temperatures by using Philips PW-1710 model X-ray
diffractometer using Cu Ka. Fig 3.8 shows the XRD patterns of the powder calcined
at different temperatures. The powders heated at 200° C consists of many
intermediates of varying composition and authentically could not indexed. However,
when calicination temperature was 450° C and duration of ~ 6 hours, it leads to
formation of major LiTaOs phase. This is the lowest temperature reported so far for
the formation of LT phase. All the d-line peaks are similar to that reported in the
literature. The crystal structure of LT is hexagonal and all the d-line patterns match
with reported values (JCPDS-29-836). The calculated lattice parameters by least
squares fit are a = 5.154 A and ¢ = 13.756 A. The conventional solid state method
gives LT phase at 900°C after prolonged firing. The average particle size of 45 nm
was calculated from Scherrer’s formula t = KA/Bcosfg where t is the average size of
the particles assuming particles to be spherical, K=0.9, A is the wavelength of X-ray
radiation, B is the full width at half maximum of the diffracted peak and 0g is the

angle of diffraction.

Cu Ka

(102)

Intensity (a. u.)

20 30 40 50
20, degrees

Fig 3.19 XRD of LT precursor powder calcined at (a) 200°C and (b) 450°C for 6 hr
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3.4.2 Energy Dispersive X-Ray Analysis
The elemental analysis of the synthesized LiTaO; was carried out using the
EDAX attachment to the SEM system. During measurements, EDAX detector is

operated at liquid nitrogen temperatures.

800
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Intensity (a.u)
H [=2]
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Figure 3.20. EDAX Spectrum of LiTaO; prepared by hydroxide precursor method

The EDAX spectrum of LiTaOj; prepared by hydroxide precursor method was
scanned from 0 to 10keV and characteristics peaks for Oxygen is observed at 0.525
keV respectively. The characteristic M-alpha peak for Tantalum as observed by F.
Piret et al [45] and other researchers [46—49] is also observed at 1.709 keV. The
composition of synthesized materials was confirmed through EDAX studies and the

resulting spectra are tabulated in Table 3.3
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Table 3.3. EDAX spectrum peaks observed for LiNbO;

Sr No. Element Peak Observed Transition
1 Oxygen 0.525 keV K-alpha
2 Tantalum 1.709 keV M-alpha

The peak for Lithium is not observed in EDAX spectrum due to the instrument

limitation of JEOL JED-2300 Energy dispersive X-ray analysis Station.

3.4.3 Transmission Electron Microscopy

The particle size and morphology of the calcined powders were examined by

transmission electron microscopy. TEM observations were made with a JEOL model

1200 EX instrument at the accelerating voltage of 100 kV. All the powders were

dispersed in amyl acetate on a carbon coated TEM copper grid. The particle

morphology of calcined powder (450°C for 6h) was irregular in shape, with an

average primary particle size around 50nm

50 nm

Fig 3.21 TEM image of LT powder calcined at 450°C for 6 h
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3.4.4 Thermogravimetry Analysis

Stoichiometric amount of lithium hydroxide and Tantalum hydroxide obtained
from Tantalum (V) oxide with HF is mixed well thoroughly and thermogravimetric
analysis of this mixture is carried out at 5, 7.5, 10, 12.5, 15 and 17.5, 20, 22.5 and
25°C/min and depicted in figure 2. Around 18 to 24 mg of mixture is used for TGA
analysis. Irrespective of heating rate, figure 1 clearly shows gradual dip in mass upto
450C and then stable profile, which is an indication of solid state reaction takes place
with release of hydroxyl ions from the precursors. XRD also conforms the structural

formation LiTaOs at 450°C.
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Figure 3.22. TGA profile of LiTaO; formation at different heating rate

3.4.5 Differential Scanning Calorimetery

Differential Scanning Calorimetric (DSC) analysis of LiTaO; precursor powder was

carried out at 6 different heating rate (2.5, 5, 7.5, 10 and 150C/min). Stoichiometric

115



amount of Lithium hydroxide and Tantalum hydroxide obtained from Tantalum (V)
oxide with HF is mixed well thoroughly. Around 20 mg of mixture is used for DSC

analysis. Inert Nitrogen gas is used as a purge gas during DSC analysis of mixture.

The onset DSC peeks were observed at around 430°C and the peak shifts with
heating rate and tabulated in table 3.4 for the computation of activation energy by
Kissinger method. From the table 3.4, Kissinger plot was constructed to find the linear
equation, from the slope of the equation the activation energy for the formation of

LiTaO; by hydroxide precursor method is 177.16 kJ.
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Figure 3.23. DSC profile of LiTaO; formation at different heating rate
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Table 3.4. DSC data on LiTaOs at various heating rates (Kissinger method).

Heating | Peak | Peak T 1 Y B\ v | Activation
max P —In| - =
rate Tmax Trmax max T nzm T nix »-8 Energy
B (C) (°C) (K) @ (kJ/mol)
25 | 43141 | 70456 | 496405 | 0.001419 | 5.0362E-06 | 12.198
5 | 447.56 | 72071 | 519423 | 0.001387 | 9.6260E-06 | 11551 | o
7.5 | 456.66 | 72981 | 532623 | 0001370 | 1408IE0S | 1L170| 8 |
10 | 46392 | 73707 | 543272 | 0001356 | 18407605 10902 | & | ' /1
125 | 26850 | 741.74 | 550178 | 0.001348 | 2.2719E-05 | 10.692 | &
15 | 4726 | 745.75 | 556143 | 0.001340 | 2.6971E-05 | 10.520
13
y =21309x - 18.03
12.5 1 R? = 0.9992
12 -
—lné
T.)11.5 1

10.5 -

11 4

10

0.00132 0.00134 0.00136 0.00138 0.0014 0.00142 0.00144

1

T

max

Fig. 3.24. Kissinger Plot for LiTaOs for computing activation energy.

3.4.6 Impedance Spectroscopy

The variation of real (Z') and Imaginary (Z") part or Nyquist plot of impedance with

frequency for LiTaO; samples sintered at 750°C for 30, 60, 90 and 120 minutes is

shown in figure 3.25. A single semicircular arc is appeared for all samples, however

for the sample sintered for 30 min, one additional semicircular arc is appeared at high

frequency as shown in figure 3.26. One semicircle in the high frequency range and the

other in the low frequency range for LiTaOs sintered at 750°C for 30 minute may

correspond to oxygen migration in the bulk and across grain boundaries.
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Figure 3.25. Nyquist plot of LiTaO5 Sintered at 750°C for 30, 60, 90 and 120 min
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Figure 3.26. Nyquist plot at high frequency observed for LiTaO5 Sintered at 750°C for

30, 60, 90 and 120 min

Bode plot was measured for the for LiTaO; samples sintered at 750°C for 30, 60, 90
and 120 minutes with frequency vs magnitude of impedance as shown in figure 3.27

and frequency vs phase angle as shown in figure 3.28. Figure 3.27 shows the decrease
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in magnitude of impedance drastically with increase in frequency. The frequency
dependence of phase angle is observed in figure 3.28 for LiTaO; samples sintered at

750°C

10° 5

—o— 30 min

Impedance |Z| Q

10" 10° 10" 10° 10° 10* 10° 10°
Frequency [Hz]

Figure 3.27. Bode plot — Impedance magnitude |Z| vs frequency of LiTaO; Sintered at

750°C for 30, 60, 90 and 120 min
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Figure 3.28. Bode plot — Phase Angle vs frequency of LiTaOs Sintered at 750°C for

30, 60, 90 and 120 min
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The variation of real (Z) and Imaginary (Z") part or Nyquist plot of impedance with
frequency for LiTaO; samples sintered at 1000°C for 30, 60, 90 and 120 minutes is
shown in figure 3.29. A single semicircular arc is appeared for all samples even at
high frequency as shown in figure 3.30. The semicircle at low frequency relates grain

boundary, secondary phase segregated at grain boundary and sometimes effect of

electrode.
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Figure 3.29. Nyquist plot of LiTaO5 Sintered at 1000°C for 30, 60, 90 and 120 min
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Figure 3.30. Nyquist plot at high frequency observed for LiTaO; Sintered at 1000°C
for 30, 60, 90 and 120 min
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Bode plot was constructed for the for LiTaO; samples sintered at 1000°C for 30, 60,
90 and 120 minutes is with frequency vs magnitude of impedance as shown in figure
3.31 and frequency vs phase angle as shown in figure 3.32. Both the figures shows the
frequency dependence of impedance parameters for LiTaO; samples. The sample
sintered for 30 minute shows lower impedance |Z| as compared to samples sintered for

longer duration.
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Figure 3.31. Bode plot — Impedance magnitude |Z| vs frequency of LiTaO; Sintered at
1000°C for 30, 60, 90 and 120 min
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Figure 3.32. Bode plot — Phase Angle vs frequency of LiTaOj; Sintered at 1000°C for
30, 60, 90 and 120 min

121



Dielectric Loss vs frequency of LiTaO3 Sintered at 750°C and 1000°C were measured
upto 40MHz and plotted in figure 3,33 and 3.34 respectively. It is observed that the
the dielectric loss of LiTaO; decreases with increase in frequency. Since the dielectric
loss of LiTaO; is very less at high frequency, it has potential application in high

frequency devices
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Figure 3.33. Dielectric Loss vs frequency of LiTaO; Sintered at 750°C for 30, 60, 90
and 120 min
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Figure 3.34. Dielectric Loss vs frequency of LiTaO; Sintered at 1000°C for 30, 60, 90
and 120 min
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3.5 Summary

A novel hydroxide precursors procedure for the preparation of ultrafine
particles of Lithium niobate and Lithium tantalate was elucidated. The conventional
solid state method produces LiNbO; phase at 900 °C after prolonged firing. However
the new novel hydroxide precursor method produces LiNbOs at 400°C.

Lithium tantalate (LiTaO;) has the same crystallographic structure as lithium
niobate (LiNbOs3) and a very similar electronic structure [50]. Both crystals are piezo-,
pyro- and ferro-electric, photorefractive and nonlinear with large electro-optic and
nonlinear coefficients [51-53]. Since, microstructure affects critically the optical
properties, the synthesis of LN ceramic powders with good sinterability and
compositional homogeneity is necessary. Traditionally LT is prepared by solid state
reaction which leads to inhomogeneity in composition and coarse particles. The wet
chemical methods have their own advantages when compared with the traditional
solid state method. The advantages include nanocrystalline size, homogeneity in
composition, high reactivity and surface area, narrow particle size distribution and
low sintering temperature. The wet- chemical methods include coprecipitation,
hydrothermal, combustion, alkoxide and citrate gel methods. Recently microwave
hydrothermal technique was also used for the preparation of complex oxides.

EDAX shows the purity of product synthesized by hydroxide precursor
method, since no other element peaks are observed in EDAX spectrum. Irrespective
of heating rate, TGA profile of LiNbOj; clearly shows at around 380 to 400°C there is
a dip in mass profile, which is an indication of solid state reaction takes place with
release of hydroxyl ions from the precursors. XRD also conforms the structural

formation LiNbOj5 at 400°C

123



Differential scanning calorimetry provide the information about the activation
energy for the formation of LiNbO; by hydroxide precursor method is 275.63 kJ and
activation energy for the formation of LiTaO; is 177.16 kJ. Nyquist plot as well as
Bode plot provide the information about the variation of its impedance parameters
with frequency. The real as well as imaginary part of impedance of LiNbOj is higher
than LiTaO;. For both LiINbO3 and LiTaO3, the samples sintered at 1000°C for 30
min shows lower impedance |Z| as compared to samples sintered for longer duration.
As dielectric loss of LiINbOs is very less at high frequency, it has potential application

in high frequency devices.
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Chapter 4

Synthesis and Characterization of

Sodium Niobate and Tantalate

This chapter comprised about the preparation of Sodium Niobate and Sodium
Tantalate and its structural confirmation using X-ray powder diffraction.. The
characterization part of this chapter is divided into two vis for NaNbO; and NaTaO;.
Thermal behaviour of both the compounds were analysed for Thermogravimetry
Analysis (TGA), Differential Scanning Calorimetery (DSC) and activation energy is
estimated for the phase formation. Impedance Spectroscopy. Nyquist plot as well as
Bode plot were constructed from Impedance data. The average particle size and
morphology of the compounds were studied using scanning electron microscopy and

the elemental analysis of the compound was carried out using EDAX.
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4.1 Introduction

NaNbO; and NaTaO; are well-known pervoskite oxides (ABO;s) which
possess attractive physical properties such as low density, high sound velocity and are
useful for ferroelectric and piezoelectric applications [1-7]. The sodium resides on
the twelve coordinated A site, and the Nb/Ta metal occupies the octahedral B site. For
NaTaOs, there is only one crystallographic sodium site present, which is surrounded
by 12 oxygen atoms whereas for NaNbOs, two distinct crystallographic Na sites are
present.

NaNbOs has been attracting increasing interests for its applications in lead-
free piezoelectric ceramics [8—11]. Ferroelectric and piezoelectric ceramics made
from NaNbO; based solid solutions have great potential applications in
electromechanical and nonlinear optical devices [12-15]. One striking example
showed that NaNbOs; was one of the important components of the
environmentfriendly, lead-free piezoelectric ceramics that could most likely replace
the widely used lead zirconium titanate (PZT) [16].

Alkali niobate systems have been investigated to obtain materials with low
dielectric loss, greater stability and improved performance. However, the electric
properties of polycrystalline niobates depend on microstructure, which is strongly
influenced by the preparation method and the sintering process [17]. Alkali metal
niobate powders are usually prepared via a solid-state reaction between Nb,Os and
alkali metal carbonates. This classical method involves high temperatures and long
reaction times, produces the volatilization of the alkali metal, leads to poor
compositional homogeneity and provides products with large particles [18].
Alternative routes need to be developed to facilitate the production of desired

materials in a controllable way. Ceramic syntheses using chemical [19], hydrothermal
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[ 20-23], polymeric precursors [24] and mechanochemical activation [25-27] have
been described in the literature to facilitate the reactions. However, the processes are
generally complicated and most of these chemistry-based routes require high purity
inorganic or organometallic reactants, more expensive than the widely available
oxides and carbonates [28].

NaTaOs is a member of the perovskite family having the chemical formula ABOs are
the subject of extensive investigations because of their technical importance[29] and
luminescence[30], photocatalytic activity [31-33]. NaTaO; attracts our attention
because it attains the highest photocatalytic quantum yield for water splitting into H,
and O under UV irradiation among all known materials [34]. Also the photocatalytic
decomposition of H,O into H, and O, using solar energy is one of such systems in
which clean and high energy-containing H, is directly obtained [35].

The solid-state synthesis method was widely used to prepare the vast majority
of the tantalates acting as photocatalysts [36-43]. A few studies developed other
synthetic routes for the tantalates [43, 44], hydrothermal method[34,35]. The solid-
state method requires high-temperature (1420 K) [37] and long-duration calcination,
leading to grain growth (thus small surface area) and loss of stoichiometry of the
products [44]. Moreover, the high temperature heat treatment may result in the large
grain growth (thus the reduction in surface areas), which may lead to low
photocatalytic activities [35]. The sol-gel method has been used in syntheses of
nanosized materials with considerably larger surface area [45, 46].

Traditionally NaNbO; and NaTaO; have been synthesized via solid state reaction of
alkali metal carbonates and NbyOs/Ta,0s at temperatures of 800°C or above which
sometimes leads to inhomogeneity in composition and coarse particles [47, 48]. The

aim of present study was to prepare of NaNbO; and NaTaO; at low temperature.
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4.2 Experimental

4.4.1 Synthesis of Sodium Niobate

The schematic flow chart for the preparation of sodium niobate is given in figure 4.1.
For preparing NaNbOs;, AR grade niobium (V) oxide, sodium hydroxides,
hydrofluric acid (HF (40 %)) and standard ammonia solution were used as starting

materials.

(40%)

[ Niobium (V) Oxide ] [ Hydrofluoric Acid ]

Hot water bath for 10 h

A 4

[ Transparent Solution ]

Add NH4,OH

A 4

[ Precipitate ]

Washed several times and dried at 100°C

A 4

[ Niobium hydroxide ]

Sodium hydroxide ]

A 4
Mixed in mortar and pestle
with acetone for ~ 1h

A 4

[ Grounded intermittently and calcinated ]

from 200 to 500°C for 6 hrs

A 4

Powder characterized by
XRD, TEM, SEM, etc.,

Figure 4.1 Flow chart for the preparation of NaNbO; by hydroxide precursor method
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Required quantity of Nb,Os was dissolved in HF (40 %) after heating in a hot water
bath for 10 h. Then an aqueous ammonium hydroxide was added dropwise to the
NbFs solution to precipitate niobium as hydroxide under basic conditions. The
precipitate was washed free of anions and dried at 100° C in an oven. A
stoichiometric amount of NaOH was mixed with Nb(OH)s xH,O and ground well for
~1 hour using acetone in a agate mortar. These powders were calcined at different
temperatures from 200 to 500° C for 6 hours. The chemical reaction takes place in the
formation of NaNbO3 by hydroxide precursor method is given below

0
Nb,Os + 10HF —A20°C. 10h - H\pps + sH,0 _NHiOH | Nb(OH);

Niobium hydroxide

0
NaOH + Nb(OH); _A400°C.6h | NanbO,

4.2.2 Synthesis of Sodium Tantalate

For preparing NaTaO;, AR grade tantalum (V) oxide, sodium hydroxides,
hydrofluric acid (HF (40 %)) and standard ammonia solution were used as starting
materials. Required quantity of Ta,Os was dissolved in HF (40 %) after heating in a
hot water bath for 10 h. Then an aqueous ammonium hydroxide was added dropwise
to the TaFs solution to precipitate niobium as hydroxide under basic conditions. The
precipitate was washed free of anions and dried at 100° C in an oven. A
stoichiometric amount of NaOH was mixed with Ta(OH)s xH,O and ground well for
~1 hour using acetone in a agate mortar. These powders were calcined at different
temperatures from 200 to 500° C for 6 hours. The schematic of overall procedure to
synthesis NaTaOs is given in figure 4.2 as a flow chart format. The major chemical

reaction involved in the formation of Sodium tantalate is given below
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0
Ta,0s + 10HF —A20C. 100 | Hpaps + sp,0 _NHOH | Ta(0H);

Tantalum hydroxide

0
NaOH + Ta(OH); _A430°C.6h | NaTa0,

(40%)

[ Tantalum (V) Oxide ] [ Hydrofluoric Acid ]

Hot water bath for 10 h

A 4

[ Transparent Solution ]

Add NH4,OH

A 4

[ Precipitate ]

Washed several times and dried at 100°C

A\ 4

[ Tantalum hydroxide ]

Sodium hydroxide ]

A 4
Mixed in mortar and pestle
with acetone for ~ 1h

A 4

Grounded intermittently and calcinated
from 200 to 500°C for 6 hrs

A\ 4

[ Powder characterized by }

XRD, SEM, etc.,

Figure 4.2 Flow chart for the preparation of NaTaO3 by hydroxide precursor method
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4.3 Characterization of Sodium Niobate

4.3.1 X-ray powder diffraction

The powder X-ray pattern was recorded for all the samples calcined at 200°C by
using a Philips PW-1710 model X-ray diffractometer and Cu K. radiation. For lattice
parameter and interplanar distance (d) calculation, the samples were scanned in the 26
range of 20 — 60° for a period of 5s in the step scan mode. Silicon was used as an
internal standard. Least squares method was used to determine the lattice parameters.
Fig 4.3 shows the XRD pattern of the NaNbO; powder calcined at 200° C. All the d-
line peaks are similar to that reported in the literature. This is the lowest temperature
reported so far for the formation of NaNbO; phase. The crystal structure of
NaNbO; is orthorhombic (JCPDS: 14- 603). The calculated lattice parameters by

least squares fitare a=5.511 A, b= 5.557 A and c = 15.540 A.

CuK

(020)
(204)

Intensity (a. u.)

20 . 30 . 40 . 50 . 60
20 (degrees)
Fig. 4.3. XRD of NN precursor powder calcined at (a) 200°C
4.3.2 Energy Dispersive X-Ray Analysis
EDAX profile of NaNbO; ceramic powder synthesized by hydroxide precursor
method is measured using JEOL JED-2300 Energy dispersive X-ray analysis Station

and presented in Fig. 4.4 to validate the presence of Sodium, Niobium and Oxygen.
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Figure 4.4. EDAX Spectrum of NaNbOj; prepared by hydroxide precursor method

The EDAX spectrum of NaNbO; prepared by hydroxide precursor method

was scanned from O to 10keV and characteristics peaks for Sodium, Niobium and

Oxygen is observed at

1.041 keV, 2.166 keV and 0.525keV respectively and

corresponding identified transition are tabulated in Table 4.1.

Table 4.1. EDAX spectrum peaks observed for NaNbO3

Sr No. Element Peak Observed Transition
1 Oxygen 0.525 keV K-alpha
2 Sodium 1.041 keV K-alpha
3 Niobium 2.166 keV L-alpha (L3M5)

4.3.3 Scanning Electron Microscopy

The SEM images were observed using a Leica Cambridge 440 microscope. All the

powders were dispersed in amyl acetate for SEM studies. The average particle size

and morphology of these calcined powders of NaNbO; were examined by scanning

electron microscopy. Fig. 4.5 shows the SEM images for NaNbO; calcined at 400°C .
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In the case of NaNbQs, there was not much agglomeration with an average particle

size of 70 nm (Fig.4.5).

BT KT
Ww.- IE o

Tharo Sn. =%

Fig. 4.5. SEM image of NN powder calcined at 400°C

4.3.4 Thermogravimetry Analysis

Stoichiometric amount of Sodium hydroxide and freshly prepared Niobium
hydroxide is mixed well thoroughly and thermogravimetric analysis of this mixture is
carried out at 10 different heating rate (2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5 and
25°C/min) and depicted in figure 4.6. Around 7 to 16 mg of mixture is used for TGA
analysis. Irrespective of heating rate, figure 4.6 clearly shows gradual dip in mass
upto 200°C and then stable profile, which is an indication of solid state reaction takes
place with release of hydroxyl ions from the precursors. XRD also conforms the

structural formation NaNbO; at 200°C.
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Figure 4.6. TGA profile of NaNbO; formation at different heating rate

4.3.5 Differential Scanning Calorimetery

Differential Scanning Calorimetric (DSC) analysis of NaNbO; was carried out at 5
different heating rate (2.5, 5, 7.5, 10 and 150C/min). Stoichiometric amount of
Sodium hydroxide and freshely prepared Niobium hydroxide are mixed well
thoroughly. Around 20 mg of mixture is used for DSC analysis. Inert Nitrogen gas is
used as a purge gas during DSC analysis of mixture. The exothermic DSC peeks
were observed at around 180°C and the peak shifts with heating rate and tabulated in
Table 1 for the computation of activation energy by Kissinger method. From the table
4.2, Kissinger plot was constructed to find the linear equation, from the slope of the
equation the activation energy for the formation of NaNbOj; by hydroxide precursor

method is 91.42 kJ.
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Figure 4.7. DSC profile of NaNbO3 formation at different heating rate
Table 4.2. DSC data on NaNbQOj at various heating rates (Kissinger method).
Heating | Peak Peak 1 B B v | Activation
2 —In| £— =
rate Tmax | Tmax Tax P 77 7. ) |3 | Energy
o) | (O | (K = o & | (ki/mol)
2.5 180.19 | 453.34 | 205517 | 0.00220 | 1.216E-05 | 11.316
5 194.59 | 467.74 | 218781 | 0.00213 | 2.285E-05 | 10.686
7.5 201.42 | 474.57 | 225217 | 0.00210 | 3.330E-05 | 10.309 %
S 91.42
10 206.59 | 479.74 | 230150 | 0.00208 | 4.344E-05 | 10.043 E
(o)}
12.5 |210.52 | 483.67 | 233937 | 0.00206 | 5.343E-05 |9.8370
15 213.20 | 486.35 | 236536 | 0.00205 | 6.341E-05 | 9.6658

139




11.6

y = 10997x - 12.891
1.2 | R? = 0.9942
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Fig. 4.8. Kissinger Plot for NaNbO; for computing activation energy.

4.3.6 Impedance Spectroscopy

The impedance measurement from 0.1Hz to 1 MHz using Solartron SI-1260
Impedance/Gain Phase Analyser with Solartron 1294 Impedance Interface for PC is
presented in this section. Impedance spectrum were also recorded from 100 Hz to 40
MHz at different bias voltage -40 Volt to + 40 Volt using HP Impdeance analyzer to
study the influence of bias voltage from -40 V to + 40 V. However no noticeable
change is profile is observed and hence the data is discarded in this thesis. The
Nyquist plot for NaNbO; prepared by hydroxide precursor method is graphically
plotted in figure 4.9 for the frequency to 10° Hz. Figure 4.9 shows single semi-circle
formation for NaNbO; samples sintered at 750 degree Celsius for 30, 60, 90 and 120
minutes. Nyquist plot for higher frequency is shown in figure 4.10 and it doesn’t show
any additional semicircle arc formation at higher frequency. In the Nyquist plot the
semicircle at low frequency relates grain boundary, secondary phase segregated at

grain boundary and sometimes effect of electrode.
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Figure 4.9. Nyquist plot of NaNbO; Sintered at 750°C for 30, 60, 90 and 120 min
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Figure 4.10. Nyquist plot at high frequency observed for NaNbO; Sintered at 750°C
for 30, 60, 90 and 120 min
Bode plot was graphically ploted for the for NaNbO; samples sintered at
750°C for 30, 60, 90 and 120 minutes with frequency vs magnitude of impedance as

shown in figure 4.11 and frequency vs phase angle as shown in 5.12. Figure 5.11
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shows the decrease in magnitude of impedance drastically with increase in frequency.
The frequency dependence of phase angle is observed in figure 4.12 for NaNbO;
samples sintered at 750°C. The sample sintered for 120 min shows higher impedance

|Z| as compared to samples sintered for smaller duration.

10° 3
3 —=—30min
4 ——60 min
107 3 ——90 min
3 ——— 120 min
S 10° 4
N
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10° T T T T T T T T T T T
10 10° 10" 10° 10° 10* 10° 10°

Frequency [Hz]

Figure 4.11. Bode plot — Impedance magnitude |Z| vs frequency of NaNbO; Sintered
at 750°C for 30, 60, 90 and 120 minutes

-100
———30 min
T —=—60 min
——90 min
80 1 120 min

Phase ¢ [degree]

10" 10° 10’ 102 10° 10* 10° 10°
Frequency [Hz]

Figure 4.12. Bode plot — Phase Angle vs frequency of NaNbOj5 Sintered at 750°C for
30, 60, 90 and 120 min
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The variation of real (Z) and Imaginary (Z") part or Nyquist plot of impedance with
frequency for NaNbOs samples sintered at 1000°C for 30, 60, 90 and 120 min is
shown in figure 4.13. A single semicircular arc is appeared for all samples, even high
frequency Nyquist plot presented in figure 4.14 also doesn’t show any additional
semicircular arc. The semicircle at low frequency for NaNbO; samples sintered at
1000°C relates grain boundary, secondary phase segregated at grain boundary and

sometimes effect of electrode.
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Figure 4.13. Nyquist plot of NaNbOs Sintered at 1000°C for 30, 60, 90 and 120 min
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Figure 4.14. Nyquist plot at high frequency observed for NaNbOs Sintered at 1000°C
for 30, 60, 90 and 120 min
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Bode plot was constructed for the for NaNbO3 samples sintered at 1000°C for 30, 60,
90 and 120 min is with frequency vs magnitude of impedance as shown in figure 4.15
and frequency vs phase angle as shown in figure 4.16. Both the figures shows the

frequency dependence of impedance parameters for NaNbOs samples

107 3
] ——30 min
] ——60 min
i ——90 min
—=— 120 min
10° <
c ]
E .
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© ]
e 4
Q
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10
103 ML LA | MR | MR | MR ] MR | M | T
10" 10° 10" 102 10° 10* 10° 10°

Frequency [Hz]

Figure 4.15. Bode plot — Impedance magnitude |Z| vs frequency of NaNbO; Sintered

at 1000°C for 30, 60, 90 and 120 min
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Figure 4.16. Bode plot — Phase Angle vs frequency of NaNbO; Sintered at 1000°C for
30, 60, 90 and 120 min
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Dielectric Loss vs frequency of NaNbO; Sintered at 750°C and 1000°C were
measured upto 40MHz and plotted in figure 4.17 and 4.18 respectively. It is observed
that the dielectric loss of NaNbOj; decreases with increase in frequency, however an
abnormal high dielectric loss peak is absorbed at around 20MHz. Presence of
dislocations or voids can also influence the dielectric loss of the bulk sample. The
dielectric loss observed for the samples sintered at 750°C is higher than the samples

sintered at 1000°C.
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Figure 4.17. Dielectric Loss vs frequency of NaNbO3 Sintered at 750°C for 30, 60, 90
and 120 min
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Figure 4.18. Dielectric Loss vs frequency of NaNbOs Sintered at 1000°C for 30, 60,
90 and 120 min
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4.4 Characterization of Sodium Tantalate

4.4.1 X-ray powder diffraction

X-ray powder diffraction patterns of the NaTaOs precursor powder calcined at 100,
200, 300 and 400 degree Celcius is shown in Fig. 4.19. XRD patterns for the powder
calcined at 400 °C for a duration of 4 hours, leads to the formation of major NaTaO;

phase. This is the lowest temperature reported so far on the formation of NaTaO;

phase.
—
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Figure 4.19. XRD of NaTaO; precursor powder (a) calcined at 100 °C, (b) calcined at
200 °C and calcined at 500 °C for 4 h.

All the d-line peaks are similar to that reported in the literature. The NaTaO;

has a orthorhombic body-centered crystal structure (JCPDS-25-0863). The calculated

lattice parameters by least square fit are a=5.513 A, b= 7.75A and ¢=5.494 A. The

conventional solid state method produces NaTaO; phase at 1000 °C after prolonged
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firing. The average crystallite size of 85 nm was calculated from the Scherrer's
formula

t=KA/B Cosbs
where t is the average size of the particles assuming particles to be spherical, K=0.9, A
is the wavelength of X-ray radiation, B is the full-width at half maximum of the

diffracted peak and 0B is the angle of diffraction.

4.4.2 Energy Dispersive X-Ray Analysis

The elemental compositions of the synthesized NaTaO; samples were
confirmed by Energy Dispersive X-ray Spectroscopic Analysis (EDAX) using an X-
ray detector attached to the SEM and presented in figure 4.20. EDAX detector is

operated at liquid nitrogen temperatures during measurements.
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Figure 4.20. EDAX Spectrum of NaTaOj; prepared by hydroxide precursor method
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The EDAX spectrum of NaTaOs; prepared by hydroxide precursor method was
scanned from 0 to 10keV. The characteristic M-alpha peak for Tantalum and K-alpha
peak for Oxygen are observed at 1.709 keV 0.525 keV. The characteristic K-alpha
peak for Sodium at 1.041keV is also observed in the EDAX spectrum as reported for
sodium in literature [49-54]. The summary of EDAX peaks observed for NaTaO; and

corresponding identified transition are tabulated in Table 4.3

Table 4.3 EDAX spectrum peaks observed for NaTaO;

Sr No. Element Peak Observed Transition
1 Oxygen 0.525 keV K-alpha
2 Sodium 1.041 keV K-alpha
3 Tantalum 1.709 keV M-alpha

4.4.3 Scanning Electron Microscopy

The SEM images were observed using a Leica Cambridge 440 microscope. All the
powders were dispersed in amyl acetate for SEM studies. Silver paste was used to
stick the sample to the stub and a thin layer of gold was coated on surface of sample
using an ion beam sputtering system (Poloran equipment ltd., SEM coating unit
E5000) to avoid charging the specimen. The morphology of calcined powders of
NaTaO; were examined by scanning electron microscopy. Fig. 4.21 shows the SEM
images for NaTaOj; calcined at 500°C . The average particle size of about 80nm is

observed scanning electron microscopy for NaTaOs.
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Fig. 4.21. SEM image of NaTaOs; powder calcined at 500°C

4.4.4 Thermogravimetry Analysis

Stoichiometric amount of Sodium hydroxide and freshly prepared Tantalum
hydroxide obtained are mixed well thoroughly and thermogravimetric analysis of this
mixture is carried out at 5, 7.5, 10, 12.5, 15 and 17.5, 20, 22.5 and 25°C/min and
depicted in figure 4.22. Around 13 to 22 mg of mixture is used for TGA analysis.
Irrespective of heating rate, figure 1 clearly shows a sudden dip at around 100°C
followed by a gradual dip in mass upto 500C and then stable profile, which is an
indication of solid state reaction takes place with release of hydroxyl ions from the

precursors. XRD also conforms the structural phase formation NaTaOs at 500°C.
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Figure 4.22. TGA profile of NaTaO; formation at different heating rate

4.4.5 Differential Scanning Calorimetery

Differential Scanning Calorimetric (DSC) analysis of NaTaOs was carried out at 5
different heating rate (2.5, 5, 7.5, 10 and 15°C/min) and presented in figure 4.23.
Stoichiometric amount of Sodium hydroxide and freshly prepared Tantalum
hydroxide are mixed well thoroughly. Around 20 mg of mixture is used for DSC
analysis. Inert Nitrogen gas is used as a purge gas during DSC analysis of mixture.
The exothermic DSC peeks were observed at around 465°C and the peak shifts with
heating rate and tabulated in Table 4.4 for the computation of activation energy by
Kissinger method. From the table 4.4, Kissinger plot (figure 4.24) was constructed to
find the linear equation, from the slope of the equation the activation energy for the

formation of NaTaOs by hydroxide precursor method is 113.82 klJ.
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Figure 4.23 DSC profile of NaTaO; formation at different heating rate

Table 4.4 DSC data on NaTaOs at various heating rates (Kissinger method).

Heating | Peak Peak , 1 B B wvr | Activation
rate Tmax | Tmax T s T T2 ‘hl[sz g Energy
pCO) O (K max max w18 | (kJ/mol)
2.5 465.59 | 738.74 | 545737 | 0.001353 | 4.580E-06 | 12.293
5 498.79 | 771.94 | 595891 | 0.001295 | 8.390E-06 | 11.688
7.5 516.08 | 789.23 | 622884 | 0.001267 | 1.204E-05 | 11.327 §

S | 113.82
10 520.61 | 793.76 | 630055 | 0.001259 | 1.587E-05 | 11.050 %

(%
12.5 | 530.44 | 803.59 | 645757 | 0.001244 | 1.935E-05 | 10.852
15 535.02 | 808.17 | 653139 | 0.001237 | 2.296E-05 | 10.681
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Fig. 4.24. Kissinger Plot for NaTaOj; for c](;nﬁputing activation energy.

4.4.6 Impedance Spectroscopy

The variation of real (Z') and Imaginary (Z") part or Nyquist plot of impedance with
frequency for NaTaO; samples sintered at 750°C for 30, 60, 90 and 120 minutes is
shown in figure 4.25. A single semicircular arc is appeared for all samples, however
for the sample sintered for 30, 60 and 90 min, an additional semicircular arc is
appeared at high frequency as shown in figure 4.26. One semicircle in the high
frequency range and the other in the low frequency range for NaTaOs sintered at
750°C for 30, 60 and 90 min may correspond to oxygen migration in the bulk and

across grain boundaries.

-2.0x10"

] —— 30 min

—+— 60 min

1 —— 90 min

-1.5x10" —o— 120 min
-_9- -1.0x10"
'N 4
-5.0x10°
0.0 F—rrrrrr T oo T o T T

0.0 5.0x10° 1.0x10" 1.5x10" 2.0x10’

Z'[q]
Figure 4.25. Nyquist plot of NaTaO; Sintered at 750°C for 30, 60, 90 and 120 minutes
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Figure 4.26 Nyquist plot at high frequency observed for NaTaO; Sintered at 750°C for

30, 60, 90 and 120 min

Bode plot was measured for the for NaTaOs samples sintered at 750°C for 30, 60, 90
and 120 min with frequency vs magnitude of impedance as shown in figure 3.27 and
frequency vs phase angle as shown in figure 4.28. Figure 4.27 shows the decrease in

magnitude of impedance drastically with increase in frequency. The frequency

dependence of phase angle is observed for NaTaOs samples sintered at 750°C
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Figure 4.27. Bode plot — Impedance magnitude |Z| vs frequency of NaTaO3 Sintered
at 750°C for 30, 60, 90 and 120 min
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Figure 4.28 Bode plot — Phase Angle vs frequency of NaTaO; Sintered at 750°C for

30, 60, 90 and 120 minutes

The variation of real (Z') and Imaginary (Z") part or Nyquist plot of impedance with
frequency for NaTaO; samples sintered at 1000°C for 30, 60, 90 and 120 minutes is
shown in figure 4.29. A single semicircular arc is appeared for all samples even at
high frequency as shown in figure 4.30. Semicircles observed at high frequency of

Nyquist plot corresponds to grain relaxation of NaTaOs sintered samples.
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Figure 4.29. Nyquist plot of NaTaOj3 Sintered at 750°C for 30, 60, 90 and 120 minutes
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Figure 4.30. Nyquist plot at high frequency observed for NaTaOs Sintered at 1000°C
for 30, 60, 90 and 120 min

Bode plot was constructed for the for NaTaO; samples sintered at 1000°C for
30, 60, 90 and 120 minutes is with frequency vs magnitude of impedance as shown in
figure 4.31 and frequency vs phase angle as shown in figure 4.32. Both the figures
shows the frequency dependence of impedance parameters for NaTaO3 samples. The

sample sintered for 30 minute shows lower impedance |Z| as compared to samples

sintered for longer duration.
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Figure 4.31. Bode plot — Impedance magnitude |Z| vs frequency of NaTaO; Sintered
at 1000°C for 30, 60, 90 and 120 min
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Figure 4.32. Bode plot — Phase Angle vs frequency of NaTaO; Sintered at 1000°C for
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Dielectric Loss vs frequency of NaTaO; Sintered at 750°C and 1000°C were measured
upto 40MHz and plotted in figure 4.33 and 4.34 respectively. It is observed that the
dielectric loss of NaTaO; decreases with increase in frequency, however an abnormal

high dielectric loss peak is absorbed at around 20MHz.

2.0

tan 5 (Dielectric Loss)

-
o
P T I I NI U NI NI B

-
o
IS

Frequency [Hz]

Figure 4.33. Dielectric Loss vs frequency of NaTaO3 Sintered at 750°C for 30, 60, 90
and 120 minutes
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tan § (Dielectric Loss)

Frequency [Hz]

Figure 4.34. Dielectric Loss vs frequency of NaTaO; Sintered at 1000°C for 30, 60,

90 and 120 min

4.5 Summary

A simple procedure of using hydroxide precursors for the preparation of
ultrafine particles of NaNbOs and NaTaOs; was elucidated The formation of NaNbO;
phase occurs at 200°C. and the formation of NaTaO; is observed at 500°C. EDAX
spectrum shows the purity of product synthesized by hydroxide precursor method,
since no other element peaks are observed in EDAX spectrum. Sodium niobate and
Sodium tantalate shows the characteristic K-a peak at 1.041keV in the EDAX
spectrum. Differential scanning calorimetry provide the information about the
activation energy for the formation of NaNbO; by hydroxide precursor method is

91.42 kJ and activation energy for the formation of NaTaO; is 113.82 kJ. Nyquist
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plot, Bode plot, and dielectric loss provide the information about the variation of its
impedance parameters with frequency. Semicircles in Nyquist plot at high frequency
corresponds to grain relaxation and at low frequency relate grain boundary, secondary
phase segregated at grain boundary and sometimes effect of electrode. It is observed
that, the dielectric loss for both NaNbO; and NaTaOs decreases with increase in
frequency, however an abnormal high dielectric loss peak is absorbed at around
20MHz. Presence of dislocations or voids can also influence the dielectric loss of the

bulk sample.
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Chapter 5

Synthesis and Characterization of

Strontium Niobate and Tantalate

This chapter comprised about the synthesis and characterization of Strontium Niobate
and Strontium Tantalate. The characterization part of this chapter is divided into two
secitons for SrNb,Og and SrTa,0¢. Impedance Spectroscopy. of these compounds
were studied by Nyquist plot and Bode plot. Both the compounds were discussed and
characterized for X-ray powder diffraction (XRD). Elements in the compounds were
studied by Energy Dispersive X-Ray Analysis (EDAX). Average particle size and
morphology were analyzed using Scanning Electron Microscopy. Thermal analysis of
both the compounds were carried out using Thermogravimetry Analysis (TGA),
Differential Scanning Calorimetery (DSC) and activation energy for the formation of

SrNbO; and SrTaO; were estimated from DSC data using Kissinger method.
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5.1 Introduction

Compounds with the general formula AB,O4 (where A and B include many
main group and transition metal cations) have been of special interest for a long time
and the physical properties of many of them were studied in detail [1]. Divalent
columbite niobate ceramics with general formula ANb,Og (A = divalent cations) have
very interesting characteristics as excellent dielectric property, quality factor and
temperature coefficient of resonant frequency [2—4]. Therefore, they have been
characterized for the application point of view in microwave resonators. Many
attempts have been done to get single columbite phase in these materials but it is
found very difficult because of corundum like phase, and requires prolonged heating
[5]- Most of the ANb,Og compounds also exhibit polymorphism; however, each can
exist as an isomorphous orthorhombic phase with the columbite structure, except for
the Sr, Ba, Pb analogues which crystallize in a different orthorhombic structures [6].

StNb,O¢ is traditionally synthesized by solid-state reaction route[7-9],
combustion method [10], and microwaves technique [11]. SrNb,O¢ has been
extensively studied for enhanced photocatalytic activity [9, 12-14], lead free
piezoceramics [15, 16] and photoluminescence [10]. The Photocatalysis has been
proposed as a promising means of eliminating organic pollutants from environments
[17-20]. StNb,Og is also used as a precursor in the synthesis of SBN which has many
technological applications such as electro-optic [21,22] pyroelectric, [23,24]
piezoelectric [25] and photorefractive devices [26,27].

The miniaturization of electronic devices requires very thin SiO; insulators,
whose minimal thickness is limited by the leakage current due to electron tunneling
through the barrier. To overcome this problem, high-k dielectric constant material is

needed to replace the conventional SiO,. Recently it has been reported that SrTa,Og is
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a promising candidate for gate oxide applications because of its high dielectric
constant (up to 110), low leakage current density, and superior thermal stability with
silicon [28-33]. Strontium tantalite is also widely studied for its photocatalytic
activity [34—-39]. Several methods have been reported in literature for the synthesis of
SrTa;O¢ such as sol-gel technique [30], atomic layer deposition (ALD) [37] or
plasmaenhanced ALD [28, 29], liquid source misted chemical deposition (LSMCD)

[41, 42] and metalorganic chemical vapor deposition (MOCVD) [43-45].

In the present work a novel hydroxide precursors to synthesize SrNb,Os and
SrTa,0¢ powders at lower temperatures thereby without using carbonate source for
strontium. Thus this method has advantage over co-precipitation process in which

alkali earth elements are precipitated as carbonates or oxalates.

5.2 Experimental

5.4.1 Synthesis of Strontium Niobate

For preparing SrNb,Og, niobium (V) oxide and strontium hydroxide were used as
starting materials and they were of AR grade. The Nb,Os powders were dissolved in
minimum amount of HF (60%) after heating on a hot water bath at 90 °C for 10 h. To
this NbFs solution, an excess of aqueous ammonia (30%) was added to precipitate
niobium as hydroxide under basic conditions. The precipitate was then filtered and
oven dried at 100 °C overnight.. The required quantity of Sr(OH)2-2H,0O was mixed
thoroughly with stoichiometric amount of Nb(OH)s and heated at various
temperatures from 200 to 600 °C for 6 h. The schematic flow chart for the preparation
of strontium niobate by hydroxide precursor method is presented in figure 5.1.The

major chemical reaction involved in this process is given below
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A90°C, 10 h

Nb,Os + 10HF » 2NbFs + 5H,0 _NH:OH | Nb(OH)s
Niobium hydroxide
0
St(OH),-2H,0 + 2Nb(OH); _A300°C.6h | ginb,04 + 8H,0
[ Niobium (V) Oxide ] Hydrofluoric Acid
(40%)

Hot water bath for 10 h

A\ 4

[ Transparent Solution ]

Add NH4,OH

A\ 4

[ Precipitate ]

Washed several times and dried at 100°C

A 4

[ Niobium hydroxide

Strontium hydroxide ]

A 4
Mixed in mortar and pestle
with acetone for ~ 1h

A 4

[ Grounded intermittently and calcinated ]

from 200 to 500°C for 6 hrs

A 4

Powder characterized by
XRD, TEM, SEM, etc.,

Figure 5.1 Flow chart for the preparation of StNb,Og by hydroxide precursor method
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5.2.2 Synthesis of Strontium Tantalate

The major chemical reaction involved in the formation of strontium tantalate

is given below

0
Ta,05 + 10HF —220C. 100 | opps 4+ sp0 —NEOH L 10 o,
Tantalum hydroxide

0
St(OH), 2H,0 + 2Ta(OH)s 290G 60 | gm0 06 + 8HL0

»

(40%)

[ Tantalum (V) Oxide ] [ Hydrofluoric Acid ]

Hot water bath for 10 h

A 4

[ Transparent Solution ]

Add NH4,OH

A 4

[ Precipitate ]

Washed several times and dried at 100°C

A 4

[ Tantalum hydroxide

Strontium hydroxide ]

A 4

[ Mixed in mortar and pestle L

with acetone for ~ 1h

A 4

[ Grounded intermittently and calcinated ]

from 200 to 500°C for 6 hrs

A 4

Powder characterized by
XRD, SEM, etc.,

Figure 5.2 Flow chart for the preparation of SrTa,O¢ by hydroxide precursor method
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For preparing SrTa,0Og, tantalum (V) oxide and strontium hydroxide were used as
starting materials and they were of AR grade. The Ta,Os; powders were dissolved in
minimum amount of HF (60%) after heating on a hot water bath at 90 °C for 10 h. To
this TaFs solution, an excess of aqueous ammonia (30%) was added to precipitate
niobium as hydroxide under basic conditions. The precipitate was then filtered and
oven dried at 100 °C overnight.. The required quantity of Sr(OH),-2H,O was mixed
thoroughly with stoichiometric amount of Ta(OH)s and heated at various temperatures
from 200 to 600 °C for 6 h. The schematic of overall procedure to synthesis SrTa,O¢

is given in figure 5.2 as a flow chart format.

5.3 Characterization of Strontium Niobate

5.3.1 X-ray powder diffraction

Figs. 5.3 and 5.4 show XRDs of SrNb,O¢ hydroxide precursor powder heat treated at
different temperatures ranging from 200 to 600°C. When temperature is at 400°C the
incipient product phase was found to be formed along with some intermediate phases
which cannot be authentically indexed. However the formation of product phase was
completed at 500°C. The XRD pattern of the sample remains the same when
calcination temperature was increased to 600 °C. For lattice parameter and interplanar
distance (d) calculation, the samples were scanned in a 26 range of 10-80° in step
scan mode at 5 s/step. Silicon was used as an internal standard. The crystal structure
of SrNb,Og is orthorhombic and all lines in the diffractogram match with reported
values (JCPDS: 28-1243). The calculated lattice parameters by least square fit are
a=11.03 A, b=7.707 A and ¢=5.607 A. There is a little difference in the calculated

lattice parameters from literature values which may be attributed to change in
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preparative conditions. This is the lowest temperature reported so far for the

formation of SrNb,Og phase in the literature.

Cu K
o
> (b)
<
=
=
@
=
(a)
20 ' 30 ' 20 50
26(degrees)

60

Fig. 5.3. The XRD of SrNb,O¢ hydroxide precursor powders after heating at (a) 200

and (b) 400 °C.

(301)

)

Intensity (a. u.)
(201)
220

(103)

(621)

1
20 30 40
20(degrees)

60

Figure 5.4. The XRD of SrNb,Og¢ hydroxide precursor powders after heating at (a)

500 °C and (b) 600 °C.
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Intensity (a.u)

The particle size calculated from Scherrer's formula (t=K A/B cos6B) where t is the
average size of the particles, assuming particles are spherical, K=0.9, A is the
wavelength of X-ray radiation, B is the full width at half maximum of the diffracted

peak and 0B is the angle of diffraction) is 120 nm

5.3.2 Energy Dispersive X-Ray Analysis

The EDAX was scanned from 0 to 10keV for SrNb,Og. The characteristics L-alpha
(L3M5) peak for Strontium is observed at 1.806 keV as reported in literature [46—52].
A peak at 0.525 keV on EDAX spectrum is identified as the contribution of Oxygen.
The characteristic niobium contribution at 2.166 keV is due to a L-alpha (L;Ms)
emission [53]. Experimentally observed EDAX spectrum of SrNb,Og prepared by
hydroxide precursor method is given in figure 5.5. The EDAX peaks observed for

SrNb,Og¢ and corresponding identified transition are tabulated in Table 5.1.

500

400

300

200

100

o [AERERENENI RN RNENENI RN NN RENNENI SRR NNE NN AN AN NN NN

Energy (keV)

Figure 5.5. EDAX Spectrum of SrNb,O¢ prepared by hydroxide precursor method
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Table 5.1 EDAX spectrum peaks observed for StTNb,O¢

Sr No. | Element Peak Observed Transition
1 Oxygen 0.525 keV K-alpha
2 Strontium 1.806 keV L3M5
3 Niobium 2.166 keV L-alpha (L3M5)

5.3.3 Scanning Electron Microscopy
The SEM images were observed using a Leica Cambridge 440 microscope.

All the powders were dispersed in amyl acetate for SEM studies.

6-Jun-2807 CMC-NCL NKNGS
EHT=26.868 kV Wn= 7 mm Mag= 25.98 K X
1pm  — Photo No.=3489 Detector= SE1

Figure 5.6 The SEM micrographs of StNb,Og powders calcined at 500 °C.
The average particle size and morphology of these calcined powders were examined

by scanning electron microscopy and shown in figure 5.6 . The calcined powders
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(500°C for 6 h) prepared by hydroxide precursor technique have spherical to elliptical

in shape and agglomerated, with an average primary particle size ~300 nm.

5.3.4 Thermogravimetry Analysis

Stoichiometric amount of Strontium hydroxide and freshly prepared Niobium
hydroxide are mixed well thoroughly and thermogravimetric analysis of this mixture
is carried out at 10 different heating rate (2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5 and
25°C/min) and depicted in figure 5. Around 7 to 14 mg of mixture is used for TGA
analysis. Irrespective of heating rate, figure 5 clearly shows gradual dip in mass upto
500°C and then stable profile, which is an indication of solid state reaction takes place
with release of hydroxyl ions from the precursors. XRD also conforms the structural

formation SrNb,O¢ at 500°C

14 5

—-— 2.5°C/min
—— 5°C/min
—— 7.5°C/min
- 10°C/min)
—o—12.5°C/min
—<— 15°C/min
' 17.5°C/min
20°C/min
—o—22.5°C/min
—— 25°C/min

Mass (mg)

Temperature (Celcius)

Figure 5.7 TGA profile of StNb,Os formation at different heating rate
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5.3.5 Differential Scanning Calorimetery

Differential Scanning Calorimetric (DSC) analysis of StNb,O¢ was carried out
at 6 different heating rate (2.5, 5, 7.5, 10 and ISOC/min) and shown in figure 5.8.
Stoichiometric amount of Strontium hydroxide and freshly prepared Niobium
hydroxide obtained from Niobium (V) oxide with HF is mixed well thoroughly.
Around 20 mg of mixture is used for DSC analysis. Inert Nitrogen gas is used as a
purge gas during DSC analysis of mixture. The exothermic DSC peeks were
observed at around 478°C to 508°C and the peak shifts with heating rate are tabulated
in Table 5.2 for the computation of activation energy by Kissinger method. From the
table 5.2, Kissinger plot (figure 5.9) was constructed to find the linear equation, from
the slope of the equation the activation energy for the formation of SrNb,O¢ by

hydroxide precursor method is 270.28 kJ.

10

—o— 2.5°C/min
—o— 5°C/min
—2—7.5°C/min
—— 10°C/min
——12.5°C/min
15°C/min

()}

o

Heat Flow (mW)

St+—7— 77—
300 400 500 600

Temperature (Celcius)

Figure 5.8. DSC profile of SrNb,Og formation at different heating rate
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Table 5.2 DSC data on SrNb,Og at various heating rates (Kissinger method).

Heating | Peak Peak s 1 B i v Activation
rate Tmax Timax T T_ T2 ~In e L= Energy
BCC) | (O (K) " e " ® | (kJ/mol)
2.5 478.25 | 751.40 | 564602 | 0.001330 | 4.4279E-06 12.327
5 489.62 | 762.77 | 581818 | 0.001311 | 8.59375E-06 | 11.664
w
7.5 497.63 | 770.78 | 594102 | 0.001297 | 1.26241E-05 | 11.279 §
Ne)
= 270.28
10 501.49 | 774.64 | 600067 | 0.001290 | 1.66648E-05 | 11.002 Q
~J
N
12.5 506.66 | 779.81 | 608104 | 0.001282 | 2.05557E-05 | 10.792
15 508.51 | 781.66 | 610992 | 0.001279 | 2.45502E-05 | 10.614
12.5
y = 32509x - 30.938
12 R? = 0.9971
_1n[/2’7j11.5
Tmax
11 4
10.5 \ \ \
0.00126 0.00128 0.0013 0.00132 0.00134

1
T

max

Fig. 5.9 Kissinger Plot for StNb,Og4 for computing activation energy.

5.3.6 Impedance Spectroscopy

The impedance measurement from 0.1Hz to 1 MHz using Solartron SI-1260
Impedance/Gain Phase Analyser with Solartron 1294 Impedance Interface for PC is
presented in this section. The Nyquist plot for SrNb,Og prepared by hydroxide
precursor method is graphically plotted in figure 5.10 for the frequency to 10° Hz.
Figure 4.9 shows single semi-circle formation for StNb,O¢ samples sintered at 750
degree Celsius for 30, 60, 90 and 120 minutes. From figure 5.10 and Nyquist plot for

higher frequency as shown in figure 5.11 it is observed that all the samples shows a
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semicircle arc at high frequency as well as forming another semicircle arc at lower
frequency. One semicircle in the high frequency range and the other in the low
frequency range for StNb,Oy sintered at 750°C may correspond to oxygen migration
in the bulk and across grain boundaries. Also semicircles in Nyquist plot at high
frequency corresponds to grain relaxation and at low frequency relate grain boundary,

secondary phase segregated at grain boundary and sometimes effect of electrode.

-8.0x10’
—— 30 min
—— 60 min
—— 90 min
-6.0x10" 4 —=— 120 min
-_9- -4.0x10”
N
o—0
-2.0x10
0.0 T T T T T T T
0.0 2.0x10" 4.0x10" 6.0x10’ 8.0x10"
Z'[Q]
Figure 5.10 Nyquist plot of StNb,O; Sintered at 750°C for 30, 60, 90 and 120 min
-2.0x10’
—— 30 min
—— 60 min
—— 90 min
1.5x10 —— 120 min
-_9- -1.0x107
N
-5.0x10° -
0.0 T T T T T T T
0.0 5.0x10° 1.0x10’ 1.5x10 2.0x10"
Z'[Q]

Figure 5.11 Nyquist plot at high frequency observed for StNb,Oy Sintered at 750°C
for 30, 60, 90 and 120 min
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Bode plot was graphically ploted for the for SrNb,Os samples sintered at 750°C for
30, 60, 90 and 120 minutes with frequency vs magnitude of impedance as shown in
figure 5.12 and frequency vs phase angle as shown in 5.13. Figure 5.12 shows the
decrease in magnitude of impedance drastically with increase in frequency. The
frequency dependence of phase angle is observed in figure 5.13 for SrNb,O¢ samples
sintered at 750°C. All the samples shows similar trend in the phase angle shift with

increase in frequency.

10° 3
I o i
1°%enca.. . 30 m in
_EQQGDDD;@Q‘O?-.... —«—60 min
] EEDDEBGG ....... e 9 0 .
20 E.DDQQQHRR;.\.."-. m in
aaa -888880gg Ceq o f
107 - AAAAAAAAAAj;f?ffesga - o 120 min
3 feaallle.
] A‘:EEQ,
a ] )
N 4 2,
S 10° 4
c =
(1] 3
T .
[]
2 ]
g -
10°
4
10 T T T T
107" 10° 10" 107 10° 10* 10° 10°

Frequency [Hz]

Figure 5.12 Bode plot — Impedance magnitude |Z| vs frequency of StNb,O¢ Sintered
at 750°C for 30, 60, 90 and 120 min
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=20 —aar” R .
e®®®eeced e o
- UDDC’GSES;DDDDDD'DDDD:::Ezgggﬁﬁ
o T T T T T T
10" 10° 10" 10?2 10° 10° 10° 10°

Frequency [Hz]

Figure 5.13. Bode plot — Phase Angle vs frequency of StNb,Og Sintered at 750°C for
30, 60, 90 and 120 min
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The variation of real (Z) and Imaginary (Z") part or Nyquist plot of impedance with
frequency for SrNb,O4 samples sintered at 1000°C for 30, 60, 90 and 120 minutes is
shown in figure 5.14. A single semicircular arc is appeared for all samples. The
semicircle at low frequency relates grain boundary, secondary phase segregated at

grain boundary and sometimes effect of electrode.
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Figure 5.14 Nyquist plot at high frequency observed for StNb,Oj Sintered at 1000°C

for 30, 60, 90 and 120 min

Bode plot was constructed for the for StTNb,Og samples sintered at 1000°C for 30, 60,
90 and 120 minutes is with frequency vs magnitude of impedance as shown in figure
5.15 and frequency vs phase angle as shown in figure 5.16. Both the figures shows the
frequency dependence of impedance parameters for SrNb,Og¢ samples. The sample
sintered for 120 minute shows higher impedance |Z| as compared to samples sintered

for smaller duration.
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Figure 5.15. Bode plot — Impedance magnitude |Z| vs frequency of SrNb,O¢ Sintered

at 1000°C for 30, 60, 90 and 120 min
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Figure 5.16. Bode plot — Phase Angle vs frequency of StNb,Oy Sintered at 1000°C for

30, 60, 90 and 120 min

Dielectric Loss vs frequency of SrNb,Os Sintered at 750°C and 1000°C were

measured upto 10MHz and plotted in figure 5.17 and 5.18 respectively. It is observed
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that the dielectric loss of StNb,Og decreases with increase in frequency, however an
abnormal high dielectric loss peak is absorbed at near 10MHz for all the samples.

Presence of dislocations or voids can also influence the dielectric loss of the bulk

sample. 0.5
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10* 10° 10° 107
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Figure 5.17 Dielectric Loss vs frequency of StNb,Og¢ Sintered at 750°C for 30, 60, 90
and 120 min
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Figure 5.18 Dielectric Loss vs frequency of StNb,Og Sintered at 1000°C for 30, 60,
90 and 120 minutes
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54 Characterization of Strontium Tantalate

5.4.1 X-ray powder diffraction

The powder X-ray patterns were recorded for 26 at 40/min for oven dried and samples
calcined at various temperatures by using Philips PW-1710 model X-ray
diffractometer using Cu Ka. Fig. 5.19 illustrates the XRDs of SrTa,O¢ hydroxide
precursor powders calcined at different temperatures ranging from 200 to 500 °C for
6h. Unlike in the case of SrNb,Og, the XRDs of these powders do not show good
crystallinity until the samples were heat treated at 400 °C for 6 h. However the
formation of product phase was completed at 500 °C. For lattice parameter and
interplanar distance (d) calculation, the samples were scanned in a 20 range of 10-80°

in step scan mode at 5 s/step. Silicon was used as an internal standard.

o~ Cu K

Intensity (a. u.)

1 1 L
20 30 40
20 (degrees)
Fig. 5.19 The XRD of SrTa,0¢ hydroxide precursor powders after heating at (a) 200

and (b) 400 and (c) 500 °C.
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Intensity (a.u)

The crystal structure of SrTa,Og is orthorhombic and all lines in the
diffractogram match with reported values (JCPDS: 38-0828). The calculated lattice
parameters by least squares fit are a=11.01 A, b=7.6370 A and ¢=5.617 A. The
particle size calculated from Scherrer's formula (t=K A/B cosOB) where t is the
average size of the particles, assuming particles are spherical, K=0.9, A is the
wavelength of X-ray radiation, B is the full width at half maximum of the diffracted

peak and 6B is the angle of diffraction) is 80 nm

5.4.2 Energy Dispersive X-Ray Analysis

Experimentally observed EDAX spectrum of SrTa,O¢ prepared by hydroxide
precursor method is depicted in figure 5.20 The EDAX was scanned from 0 to 10keV
and characteristics peaks for Strontium, and Oxygen is observed at 1.806 keV and
0.525 keV respectively. The tantalum element characteristic contribution at 1.709 keV
is due to a M-alpha emission [53—57]. The EDAX peaks observed for SrTa,O¢ and

corresponding identified transition are tabulated in Table 5.3.
250
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Figure 5.20. EDAX Spectrum of SrTa,0¢ prepared by hydroxide precursor method
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Table 5.3 EDAX spectrum peaks observed for SrTa;O¢

Sr No. Element Peak Observed Transition
1 Oxygen 0.525 keV K-alpha
2 Strontium 1.806 keV L3M5
3 Tantalum 1.709 keV M-alpha

5.4.3 Scanning Electron Microscopy

The average particle size and morphology of these calcined powders were

examined by scanning electron microscopy is shown in figure 5.21. The calcined

powders (500 °C for 6 h) prepared by hydroxide precursor technique have spherical to

elliptical in shape and agglomerated, with an average primary particle size ~90 nm.

The SEM images were observed using a Leica Cambridge 440 microscope. All the

powders were dispersed in amyl acetate for SEM studies.

Figure 5.21 The SEM micrographs of SrNb,O¢ powders calcined at 500 °C.
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5.4.4 Thermogravimetry Analysis

Stoichiometric amount of Strontium hydroxide and Tantalum hydroxide obtained
from Tantalum (V) oxide with HF is mixed well thoroughly and thermogravimetric
analysis of this mixture is carried out at 10 different heating rate (2.5, 5, 7.5, 10, 12.5,
15, 17.5, 20, 22.5 and 250C/min) and depicted in figure 5.22. Around 8 to 16 mg of
mixture is used for TGA analysis. Irrespective of heating rate, figure 6 clearly shows
gradual dip in mass upto 500C and then stable profile, which is an indication of solid
state reaction takes place with release of hydroxyl ions from the precursors. XRD also

conforms the structural formation SrTa,Og at 500°C

18 -
3 —«— 2.5°C/min
] —— 5°C/min
16 3 —+— 7.5°C/min
] —— 10°C/min
14_5 —<—12.5°C/min
3 —a— 15°C/min
) , 17.5°C/min
RPE 20°C/min
§ ] o — 22.5°C/min
= 3 o .
10 25°C/min
6 ]

Temperature (Celcius)

Figure 5.22. TGA profile of SrTa,0; formation at different heating rate
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5.4.5 Differential Scanning Calorimetery

Differential Scanning Calorimetric (DSC) analysis of SrTa,Os was carried out at 6
different heating rate (2.5, 5, 7.5, 10 and 150C/min) and shown in figure 5.23.
Stoichiometric amount of Strontium hydroxide and freshly prepared tantalum
hydroxide are mixed well thoroughly. Around 20 mg of mixture is used for DSC
analysis. Inert Nitrogen gas is used as a purge gas during DSC analysis of mixture.
The exothermic DSC peeks were observed at around 455°C to 510°C range and the
peak shifts with heating rate and tabulated in Table 5.4 for the computation of
activation energy by Kissinger method. From the table 5.4, Kissinger plot (figure
5.24) was constructed to find the linear equation, from the slope of the equation the

activation energy for the formation of SrTa;Og by hydroxide precursor method is

142.92 kJ.

15 -
] ——2.5°C/min

—o— 5°C/min

] —2—7.5°C/min

103 —— 10°C/min

—o—12.5°C/min

15°C/min

Heat Flow (mW)
(3]
1

e e T+ T+ T+ T T -
200 300 400 500 600 700 800

Temperature (Celcius)
Figure 5.23. DSC profile of SrTa,O¢ formation at different heating rate
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Table 5.4 DSC data on SrTa,Og at various heating rates (Kissinger method).

Heating | Peak | Peak ) 1 i ) v | Activation
rate Tmax | Tmax T - T2 ~In 7 ,g_ Energy
BCO) (O (K o =/ 1€ | (ki/mol)
2.5 455.60 | 728.75 | 531077 | 0.001372 | 4.707E-06 | 12.266
5 490.96 | 764.11 | 583864 | 0.001308 | 8.563E-06 | 11.667
7.5 493.91 | 767.06 | 588381 | 0.001303 | 1.274E-05 | 11.270 E
o 142.92
10 499.14 | 772.29 | 596432 | 0.001294 | 1.676E-05 | 10.996 §]
[\
12.5 | 503.69 | 776.84 | 603480 | 0.001287 | 2.071E-05 | 10.784
15 510.03 | 783.18 | 613371 | 0.001276 | 2.445E-05 | 10.618
12.5
y =17191x - 11.206 “ .
R? = 0.8952
12 1
—h{Tf)ms
11
.’/
10-5 T T T T
0.00126  0.00128  0.0013 0.00132 0.00134 0.00136 0.00138
1
T

Fig. 5.24. Kissinger Plot for SrTa,Og for computing activation energy.

5.4.6 Impedance Spectroscopy

The variation of real (Z') and Imaginary (Z") part or Nyquist plot of impedance with

frequency for SrTa,Og samples sintered at 750°C for 30, 60, 90 and 120 minutes is

shown in figure 4.25. Figure 4.25 shows single semi-circle formation for SrTa,Og

samples sintered at 750 degree Celsius for 30, 60, 90 and 120 minutes. Nyquist plot

for higher frequency is shown in figure 4.26 and it doesn’t show any additional
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semicircle arc formation at higher frequency. The semicircle at low frequency relates

grain boundary, secondary phase segregated at grain boundary and sometimes effect
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Figure 5.25. Nyquist plot of SrTa,Os Sintered at 750°C for 30, 60, 90 and 120 min
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Figure 5.26. Nyquist plot at high frequency observed for SrTa,Os Sintered at 750°C
for 30, 60, 90 and 120 min
Bode plot was measured for the for SrTa,O¢ samples sintered at 750°C for 30, 60, 90

and 120 min with frequency vs magnitude of impedance as shown in figure 5.27 and

frequency vs phase angle as shown in figure 5.28. Figure 5.27 shows the decrease in
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magnitude of impedance drastically with increase in frequency. The frequency

dependence of phase angle is observed for SrTa,O4 samples sintered at 750°C. The

sample sintered for 60 minute shows higher impedance |Z| as compared to samples

sintered for other durations.
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Figure 5.27. Bode plot — Impedance magnitude |Z| vs frequency of SrTa,O4 Sintered

at 750°C for 30, 60, 90 and 120 min
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Figure 5.28. Bode plot — Phase Angle vs frequency of SrTa,O¢ Sintered at 750°C for

30, 60, 90 and 120 min
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The variation of real (Z') and Imaginary (Z") part or Nyquist plot of
impedance with frequency for SrTa,Os samples sintered at 1000°C for 30, 60, 90 and
120 minutes is shown in figure 5.29. A single semicircular arc is appeared for all
samples, however for the sample sintered for 30 and 60 min, an additional
semicircular arc is appeared at high frequency as shown in figure 5.30. One semicircle
in the high frequency range and the other in the low frequency range for SrTa,Og
sintered at 750°C for 30 and 60 min may correspond to oxygen migration in the bulk
and across grain boundaries. Also Semicircles in Nyquist plot at high frequency
corresponds to grain relaxation and at low frequency relate grain boundary, secondary

phase segregated at grain boundary and sometimes effect of electrode.
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Figure 5.29. Nyquist plot at high frequency observed for SrTa,Os Sintered at 1000°C

for 30, 60, 90 and 120 min
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Figure 5.30. Nyquist plot at high frequency observed for SrTa,Os Sintered at 1000°C

for 30, 60, 90 and 120 min

Bode plot was constructed for the for SrTa,Og samples sintered at 1000°C for
30, 60, 90 and 120 minutes is with frequency vs magnitude of impedance as shown in
figure 5.31 and frequency vs phase angle as shown in figure 5.32. Both the figures
shows the frequency dependence of impedance parameters for SrTa,O¢ samples. The
sample sintered for 60 minute shows lower impedance |Z| as compared to samples
sintered for other duration. Presence of dislocations or voids can also influence the

dielectric electric and impedance properties of the bulk sample.

189



ED —o—30 min
10° --%uu%ﬂ.“. —4+—60 min
- 0.5, Ty .
EN Gas e —e—90 min
1 “ooes o o, —=—120 min
107
o] 3
ﬁ -
8 10°
c 3
© 3
v -
g -
£ 10°
10° 3
10° T
10" 10° 10" 102 10° 10* 10°

Frequency [Hz]

10°

Figure 5.31. Bode plot — Impedance magnitude |Z| vs frequency of SrTa,O¢ Sintered

at 1000:(030f0r 30, 60, 90 and 120 min
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Figure 5.32. Bode plot — Phase Angle vs frequency of SrTa,O¢ Sintered at 1000°C for

30, 60, 90 and 120 min

Dielectric Loss vs frequency of SrTa,Og Sintered at 750°C and 1000°C were

measured upto 10MHz and plotted in figure 5.33 and 5.34 respectively. It is observed
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that the dielectric loss of SrTa;Og decreases with increase in frequency and becomes

stable after 10°Hz. SrTa,0¢ samples sintered at 705°C as well as 1000°C.
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Figure 5.33. Dielectric Loss vs frequency of SrTa,0y Sintered at 750°C for 30, 60, 90

and 120 min
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Figure 5.34. Dielectric Loss vs frequency of SrTa,Os Sintered at 1000°C for 30, 60,

90 and 120 min
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5.5 Summary

The conventional solid state method forms SrNb,Og or SrTa,06 at 900 °C
after prolonged heating (12 h). The purpose of this study was to investigate the
possibility of lowering temperature of formation of strontium niobate and strontium
tantalate phases. The procedure consists of preparing corresponding hydroxides and
mixing thoroughly and subsequent heating to formation of strontium niobate and
strontium tantalate powders. This procedure is quite novel and can be used for large
scale production of these powders.

The properties of ceramics are greatly affected by the important characteristics
of the powder such as particle size, morphology, purity and chemical composition.
The traditional solid state methods lead to poor compositional homogeneity and high
sintering temperatures. The average particle size and morphology of these calcined
powders were examined by scanning electron microscopy. Thermogravimetry
analysis was carried out to probe the thermal profile during the formation of SrNb,O¢
and SrTa,0g. Differential scanning calorimetry for StNb,Og as well as SrTa,O¢ were
carried out at 6 different heating rate to estimate the activation energy by Kissinger
method and the estimated activation energy for the formation of SrNb,Ogs and SrTa,Og
by hydroxide precursor method is 270.28 kJ and 142.92 kJ respectively. Nyquist plot
and Bode plot was constructed to study the impedance characteristics of Strontium
niobate and Strontium tantalate. In the impedance spectroscopy, the frequency
dependence of phase angle is observed for both SrNb,Og and SrTa,O¢ samples
sintered at 750°C and 1000°C. The dielectric loss of SrNb,O¢ decreases with increase
in frequency, however an abnormal high dielectric loss peak is absorbed at near
10MHz. In case of SrTa,O¢ it is observed that the dielectric loss of SrTa,O¢

drastically decreases with increase in frequency.
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Chapter 6

Summary and Discussion

This chapter summarise the results of selected ternary oxides synthesised in the
present work namely (1) LiNbQO3, (2) LiTaOs, (3) NaNbQO3, (4) NaTaOs, (5) StNb,Og,
and (6) SrTa,O¢. X-ray diffraction pattern of compounds synthesised by novel
hydroxide precursor method confirms the final product can be synthesised at lower
temperature as compared to conventional solid state ceramic method using carbonates
or oxides as precursors. A brief evaluation of thermal behaviour of ternary oxides
studied in the present work using TGA and DSC are discussed in this chapter. The
estimated activation energy for the phase formation of compounds using differential

scanning calorimetry is summarised in this chapter.
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Summary and Discussion

Traditionally alkali metal niobates powders are usually synthesized via a solid
state reaction route using sodium and/or lithium carbonates and niobium pentoxide
[1-4]. One of the characteristics of this classical method is that it is rather difficult to
achieve an homogeneous mixture of the components. Moreover, high sintering
temperatures are required because of the low surface area of raw powders. Indeed,
this method does not always allow for the production of dense, homogeneous single
phase ceramics. High sintering temperatures can also enhance the volatilization of the
alkali metal, which leads to stoichiometric variations in the sintered material.
Increased sinterability of mixed powders and higher densification rate of green
compacts were attained through pressure sintering and/or by adding selected sintering
additives [5-8]. Fired densities ranging from 94 to 98% of the theoretical ones were
thus reached. The firing temperature was decreased by one hundred degrees using
pressure sintering. However, a calcination step at a temperature of around 900°C and
a subsequent annealing in an oxygen flow were sometimes required [9,10].

A method to prepare transparent ferroelectric glass-ceramics based on metal
alkali niobates by a direct crystallization of a batch of oxides was recently proposed
[11]. The reported results suggest that as-prepared materials are suitable for
electrooptical applications,but the temperatures required exceed 1350°C. In recent
years, a wide variety of chemical routes for powder synthesis have been developed
and optimized for preparing niobate-based electroceramics. The most popular routes
are coprecipitation and sol-gel processes [12]. Other alternative methods to prepare
ceramic powders have been described in the literature, such as hydrothermal synthesis
[13] and a polymeric precursor process derived from the Pechini method [13-16].

However the hydroxide precursor method used in the present work produces niobates
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and tantalates at lower temperature and this process can avoid complex steps such as

refluxing of alkoxides and high temperature sintering, resulting in less time

consumption compared to other techniques. These samples were characterised by

various physico-chemical techniques. Since the electrical and optical properties of

dielectric ceramics strongly depend on their microstructure [17, 18] which is mainly

influenced by the powder synthesising method and sintering process [19]. The list of

compounds synthesized in the present work and their phase formation temperature

confirmed by X-ray powder diffraction and calculated lattice parameters by least

squares method is given in Table 6.1. The matching JCPDS reference for all the

characterized compounds also given in Table 6.1

Table 6.1. Compounds synthesized and their phase formation temperature

Sr Compound Phage . Lattice JCPDS
. formation | Identified phase
No. synthesized parameters | Reference
temperature
|| Lithium Niobate 400°C | Hexagonal | I5A | 20.0631
u & c=13.86 A
2 | Lithium Tantalat 450°C Hexagonal | @ =3 134A 1 50 0836
u © exago c=13.756 A )

a=5511A

3 | Sodium Niobate 200°C Orthorhombic | b= 5.557 A | 14- 0603
c=15.540 A
a=5.513A

4 | Sodium Tantalate 500°C Orthorhombic | b= 7.75A | 25-0863
c=5.494 A
a=11.03 A

5 | Strontium Niobate 500°C Orthorhombic b=7.707 A 28-1243
c=5.607 A
a=11.01 A

6 | Strontium Tanatlate 500°C Orthorhombic | b=7.6370 A | 38-0828
c=5.617 A.
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The elemental analysis of the synthesized compounds was carried out using the
Energy Dispersive X-Ray Analysis (EDAX) attachment to the Scanning Electron
Microscopy (SEM) system. During measurements, EDAX detector is operated at
liquid nitrogen temperatures. EDAX results are used to validate the presence of
required elements in the synthesized compounds and eliminate the presence of
impurity elements in the compounds synthesized by hydroxide precursor methods.
EDAX spectrum peaks observed in the present work from corresponding compounds
are listed in Table 6.2 However, the EDAX spectrum of the lithium niobate and
lithium tantalate could not show the presence of lithium because of its light weight
[20 —22].

Table 6.2 EDAX spectrum peaks observed in the present work and respective

Sr No. | Element Compounds s Transition Reference
Observed

LiNbOs3, LiTaO3
1 Oxygen NaNbO;, NaTaOs 0.525 keV | K-alpha 23-29
SI'Nb206, SI'TEQOé

2 Sodium NaNbO3, NaTaO; 1.041 keV | K-alpha 30-35

3 | Tantalum | 11203 NaTaOs, 1y 2004 v | Mealpha 36— 40
SrTa,0¢

4 Strontium | StNb,Og, SrTa,O¢ 1.806 keV | L3M5 41 - 47

5 | Niobium | ZINPOs, NaNbOs, 1 1oy o | 1alpha (L3M5) | 48 - 52
SI'Nb206

Using impedance spectroscopy, Nyquist plot as well as bode plots were
constructed and bode plots shows the frequency dependence of impedance parameters
for all the synthesized compounds in the present work. Semicircles in Nyquist plot at
high frequency corresponds to grain relaxation and at low frequency relate grain
boundary, secondary phase segregated at grain boundary and sometimes effect of

electrode.
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Thermogravimetric analysis of compounds synthesized in the present work at
different heating rate shows a dip in mass loss during the phase formation of the
compounds formed by hydroxide precursor method and then the mass is quite stable
over wide range of temperature. Differential Scanning Calorimetric (DSC) analysis of
all the thoroughly mixed precursors was carried out at 5 different heating rate (2.5, 5,
7.5, 10 and 15°C/min). . Inert Nitrogen gas is used as a purge gas during DSC analysis
of mixture. From the exothermic peak shift observed in the DSC profile of each
compound the activation energy required for the phase formation is estimated using
Kissinger method and tabulated in table 6.3.

Table 6.3 Estimated activation energy by Kissinger method for synthesized

compounds
Sr No. Compound synthesized Estimated Activation Energy
1 Lithium Niobate (LiNbO3) 275.63 kJ/mol
2 Lithium Tantalate (LiTaO5) 177.16 kJ/mol
3 Sodium Niobate (NaNbOs3) 91.42 kJ/mol
4 Sodium Tantalate (NaTaOj3) 113.82 kJ/mol
5 Strontium Niobate (SrNb,Og) 270.28 kJ/mol
6 Strontium Tanatlate (SrTa;Og) 142.92 kJ/mol

From the observation of table 6.3, it is found that the sodium niobate (NaNbO;)
requires very low activation energy for the phase formation by hydroxide precursor
technique, also the X-ray powder diffraction studies NaNbOs precursors calcined
different temperature shows, hexagonal crystal structure is formed at lower
temperature (200°C). The novel hydroxide precursor method used in this present work
is an excellent way to prepare stoichiometric, homogeneous and fine ceramic powders

at lower temperatures.
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