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Ba(Zn5Nby3)O3 (BZN) perovskite has been recognised as an excellent dielectric
material with moderately high dielectric constant (¢'= 25) and low dielectric loss, tan J
in the order of ~10"! at ~30 °C. BZN perovskite has a space group of Pm3m and unit
formula of (Z = 1). Ba®>" and O* ions form a face-centred cubic unit cell whereas Zn?"
and Nb>' ions occupy at the octahedral sites. In other words, Ba(B*"1,3B%,3)O; has a
combination of divalent and pentavalent cations with a ratio of 1:2 over the octahedral
sites. In this work, an alkaline earth metal, Sr*>" and several transition metals, Ni**, Cd**
and Ta>" were successfully introduced into the BZN perovskite through solid-state
reaction. Several solid solutions were prepared successfully with the proposed chemical
formulas, Ba(1.x)SI'XZIl1/3Nb2/3O3 (BSZN), BaZn(1/3_x)Bbe2/303 (B = Ni and Cd) (BZNN
and BZCN) and BaZn;3NbsxTaxOs (BZNT), respectively. The solid solution limits
of Sr-doped, Ni-doped, Cd-doped and Ta-doped BZN perovskites were determined to
be 0<x<0.4,0<x<0.333,0<x<0.333 and 0 <x < 0.67, respectively. Interestingly,
a complete substitutional solid solution range was found in the Cd-, Ni- and Ta-series.
In this perspective, this could be due both isomorphous Nb>" and Ta®" have similar
crystallochemical characteristics, e.g. similar charge and identical ionic radii (0.64 A);
therefore, these cations are interchangeable. Despite the relatively smaller ionic radii of
Ni** (0.69 A) and larger ionic radii of Cd*>" (0.95A) than of Zn>"(0.74 A), these two
dopants could fully replace Zn>" at the 6-coordinated site. This may due to the overall
large unit cell formed by a Ba®" is large enough to accommodate these substitutions.
These doped BZN solid solutions crystallised in a cubic symmetry with their lattice
parameters, @ = b = ¢ found to be in the range 4.0917(3)-4.1693(13) A (Cd-series),
4.0917(3)-4.0786(6) A (Ni-series), 4.0917(3)-4.0543(9) A (Sr-series) and 4.0917(3)-
4.1028(1) A (Ta-series), respectively.

The linear correlation between lattice parameter and composition also showed that the
Vegard's Law was obeyed. Both TGA and DTA analyses confirmed that all these
doped BZN perovskites are thermally stable as neither phase transition nor weight loss
was discernible over the studied temperature range ~30-1000°C. Meanwhile, the
functional groups of the samples were identified by using FTIR in the wavenumber



range 250-1500 c¢cm™'. Besides that, the randomly distributed polyhedral grains of
surface morphologies of these samples exhibiting a broad distribution of mean grain
sizes with increasing dopant concentrations. Moreover, all these doped perovskites
exhibited relatively larger crystallite sizes, as calculated by Williamson-Hall method,
than those values determined by Scherrer method. The negligible small internal strain
values showed the absence of structural deformation within all the doped perovskites.
The Arrhenius conductivity plots of all these doped perovskites showed linear and
reversible characteristics in a heating-cooling cycle. The activation energies of BZCN,
BZNN, BSZN and BZNT perovskites are found in the range 2.51-3.19 eV, 2.44-3.19
eV, 2.13-3.19 eV and 1.71-3.19 eV, respectively. All the BZN perovskites appeared to
be highly insulating with moderate low ¢’ and low tan 6 at ~30 °C. The recorded &’
values of Cd-, Ni-, Sr- and Ta-series are in the range 24-29, 13-25, 15-25 and 19-27
respectively, at ~30 °C and 1 MHz. The recorded tan ¢ values of BZCN-, BZNN-,
BSZN- and BZNT-series were determined to be in the range 0.24-0.38, 0.22-0.36,
0.25-0.31 and 0.29-0.61, respectively, at ~30 °C and 1 MHz.

In conclusion, BaZn;3Nb»30; and doped materials were successfully synthesised by
solid-state reaction method at the optimised conditions. All these doped materials
exhibited interesting insulating properties at low temperature regions that may be due
to high resistivity of grain boundary. The structural and electrical properties of
chemically-doped barium zinc niobate perovskite had been demonstrated to be highly
dependent on the composition and crystal structure.
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Ba(Zni3Nby3)03 (BZN) perovskit adalah dikenali sebagai bahan dielektrik yang sangat
baik dengan pemalar dielektrik yang cukup tinggi (¢’ = 25) dan kehilangan dielektrik
rendah, tan J dalam lingkungan ~10"' pada ~30 °C. BZN perovskit mempunyai
kumpulan ruang Pm3m dan formula unit (Z = 1). Ion Ba?* dan O* membentuk sel unit
kubik berpusat muka sedangkan ion Zn>* dan Nb>" menempati di tapak oktahedral.
Maka, Ba(B**13B>;3)O3 mempunyai gabungan kation divalensi dan pentavalensi
dengan nisbah 1: 2 di tapak oktahedral. Dalam kajian ini, logam alkali bumi, Sr** dan
beberapa logam peralihan, Ni**, Cd?>" dan Ta’" telah berjaya diganti ke dalam BZN
perovskit melalui tindak balas keadaan pepejal. Beberapa larutan pepejal berjaya
disediakan dengan menggunakan formula kimia yang dicadangkan seperti berikut, Bai-
x)SI‘><ZH1/3Nb2/303 (BSZN), BaZn(l/g,x)BbemO; (B = Ni dan Cd) (BZNN dan BZCN) dan
BaZnisNbixTaxOs3 (BZNT). Julat larutan pepejal dalam Sr-, Ni-, Cd- dan Ta-dop
BZN perovskit adalah 0 < x < 0.4, 0 < x <0.333, 0 <x<0.333 dan 0 < x < 0.67.
Larutan pepejal yang lengkap telah terbentuk dalam siri Cd, Ni dan Ta. Dalam
perspektif ini, kedua-dua isomorfus Nb>" and Ta®* mempunyai ciri kristalokimia yang
serupanya, contohnya, mereka mempunyai cas ion dan saiz jejari ion yang sama (0.64
A), oleh itu, kation ini boleh saling ditukarganti. Walaupun saiz jejari ion Ni*" (0.69 A)
adalah lebih kecil dan saiz jejari ion Cd?>* (0.95A) adalah lebih besar daripada
Zn**(0.74 A), dopan ini masih dapat menggantikan Zn>" sepenuhnya di tapak yang
berkoordinasi 6. Ini mungkin disebabkan keseluruhan sel unit yang dibentuk oleh Ba?*
cukup besar untuk menampung penggantian ini. Dopan BZN larutan pepejal ini
menghablur dengan simetri kubik dengan parameter kekisi, a = b = ¢ didapati berada
dalam linkungan 4.0917(3)-4.1693(13) A (siri Cd), 4.0917(3)-4.0786(6) A (siri Ni),
4.0917(3)-4.0543(9) A (siri Sr) dan 4.0917(3)-4.1028(1) A (siri Ta).

Sifat korelasi yang linear di antara parameter kekisi dengan komposisi menunjukkan
bahawa Hukum Vegard telah dipatuhi. Kedua-dua analisis TGA dan DTA
mengesahkan bahawa semua perovskit BZN adalah stabil secara terma memandangkan
tiada sebarang peralihan fasa mahupun pengurangan berat yang diperhatikan dalam
julat suhu ~30-1000 °C. Sementara itu, kumpulan berfungsi sampel dikenal pasti



dengan menggunakan FT-IR dalam julat bilangan gelombang 250-1500 ¢cm™'. Selain
itu, morfologi permukaan untuk semua sampel-sampel dalam siri Cd, Ni, Sr dan Ta
telah menunjukkan butiran yang tak sekata dan taburan purata saiz butiran yang luas
dan semakin meningkat dengan kepekatan bahan pendop. Kesemua perovskit yang
didopkan menunjukkan bahawa lebih besar saiz hablur yang ditentukan dengan kaedah
Williamson-Hall, daripada nilai-nilai yang ditentukan oleh kaedah Scherrer. Nilai
ketegangan dalaman adalah sangat kecil dan boleh diabaikan kerana ini menunjukkan
tiada sebarang perubahan bentuk struktur yang ketara. Lakaran kekonduksian
Arrhenius bagi perovskit yang didopkan telah menunjukkan ciri-ciri linear dan berbalik
dalam kitaran pemanasan dan penyejukan. Tenaga pengaktifan untuk perovskit BZCN,
BZNN, BSZN dan BZNT adalah dalam julat 2.51-3.19 eV, 2.44-3.19 eV, 2.13-3.19 eV
and 1.71-3.19 eV. Semua perovskit BZN yang didopkan secara kimia ini mempunyai
kerintangan yang tinggi dengan ¢’ yang sederhana rendah dan tan J yang rendah pada
suhu ~30 °C. Nilai-nilai ¢’ yang direkodkan oleh siri Cd, Ni, Sr dan Ta adalah dalam
linkungan 24-29, 13-25, 15-25 dan 19-27 pada suhu ~30 °C dan 1 MHz. Manakala,
nilai tan ¢ yang direkodkan oleh siri BZCN, BZNN, BSZN dan BZNT ditentukan
dalam linkungan 0.24-0.38, 0.22-0.36, 0.25-0.31, dan 0.29-0.61 pada suhu ~30 °C dan
1 MHz.

Sebagai kesimpulannya, BaZnsNb,303 dan bahan pendop berjaya disintesis melalui
kaedah tindak balas keadaan pepejal pada keadaan yang optimum. Semua bahan terdop
ini mempamerkan sifat kerintangan yang menarik pada lingkaran suhu rendah yang
disebabkan oleh tinggi ketahanan sempadan butiran daripada butiran-butiran. Didapati
juga, sifat struktur dan elektrik terdop dalam perovskite barium zink niobate adalah
sangat bergantung terhadap komposisi bahan dan struktur hablur.
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CHAPTER 1

INTRODUCTION

1.1 Electroceramics

The research in electroceramics has been driven by the growing demand in
technological and device applications ranging from transportation, industrial
production, medicine, power engineering, consumer electronics to communication
(Setter and Waser, 2000). Electroceramics are also known as electronic ceramics that
are used in a wide variety of electrical, optical and magnetic applications (Banerjee and
Tyagi, 2012).

Over the past decades, the growth of various subclasses of electroceramics emerges
parallel with the development of new technologies. For instance, high efficient energy
storage and conversion devices, transducers, actuators, high dielectric constant
capacitors and environmental monitoring device using semiconducting oxides are the
key examples in various applications. The types of electroceramics include ceramic
conductor, ceramic insulator, ceramic magnet, etc. The electroceramics are related to
ceramics whose applications and properties are discussed in the subsequent sections
1.1.2 and 1.2, respectively.

1.1.1  What is Ceramic

The word ceramic is originated from the Greek keramos, which signifies “pottery” or
“pottery’s clay”. Its origin is a Sanskrit term that means “to burn”. Early Greek used
the term keramos to describe products produced by heating clay-containing materials.
The term covers all the products produced from fired clay including bricks, fireclay
refractories, sanitary-ware and tableware. These days, the word 'ceramic' has a more
expansive significance and involves products such as glasses, advanced ceramics and
certain cement systems (Carter and Norton, 2013).

Ceramics are an inorganic non-metallic solid made up of either metal or non-
metal compounds that are formed and hardened by firing at high temperatures.
Generally, ceramics are connected with “mixed” bonding, which is a combination of
covalent, ionic and sometimes metallic. They consist of arrays of interconnected atoms
where discrete molecules are absent. Oxides, nitrides and carbides are the most
common ceramics. However, diamond and graphite are also classified as ceramics.
Usually, they are hard, brittle and corrosion-resistant (Carter and Norton, 2013).

1.1.2  Common Applications of Electroceramics

Conductive ceramics are advanced materials that serve as electrical conductors due to
the modifications in their structure. Most ceramics are able to withstand electrical
current flow, which is why ceramic materials such as porcelains are traditionally



converted into electrical insulators. However, some ceramics are excellent electrical
conductors and some are even superconductors. Most of these conductors are
sophisticated ceramics whose properties are altered from powders to products through
accurate processing control over their fabrication. The relative mobility of electrons
within material is called as electric conductivity whereas, materials with higher
mobility of electrons are known as conductors. Ceramic conductors are known to be
one of the conductors which can maintain their mechanical integrity at high
temperatures (> 1500 °C). Ceramics exhibit the widest range of electrical properties of
any of the classes of the material. The electrical conductivities of ceramics may vary
over a wide range of values (over 24 magnitude orders) as shown in Figure 1.1.
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Figure 1.1: Typical range of ionic (left-hand side) and electronic (right-hand side)
conductivities in (Q'cm™) exhibited by ceramics and their related applications
(Carter and Norton, 2013).

In general, there are two types of electric conductivity in ceramics which include both
electronic and ionic conductions. Electronic conduction is passing through a material of
free electrons. In ceramics, movement of free electrons is not allowed by the ionic
bonds that hold the atoms together. However, the impurities of different valences, i.e.
having different numbers of bonding electrons may be included in the material in some
cases and these impurities may act as donors or electron acceptors. Electronically
conductive ceramics are used as electrodes, resistors and heating elements. Meanwhile,
ionic conduction consists of transiting ions (atoms of positive or negative charge) from
one site to another through point defects, which are known as crystal lattice vacancies.
Very little ion hopping takes place at normal ambient temperatures, as the atoms are in
relatively low energy states. However, vacancies become mobile at eclevated
temperatures and some ceramics show what is known as fast ionic conduction. These
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ceramics are particularly useful as fuel cells, gas sensors and batteries. The general
factors affecting electrical conductivity (¢) are the number of charge carriers, n, the
charge of the carrier, 4 and carrier mobility, Z, which are formulated in the equation
below:

o =nleu (1.1

On the contrary, insulators can be described as high resistivity products. Insulators are
mainly used to keep conductive components in position and to prevent them from
getting into contact with each other. There is a wide energy gap between the bottom of
the conduction band and the top of the valence band in an electrical insulator. Many
ceramics and indeed electroceramics are considered as good electrical insulators in
nature and several ceramics have resistivity, (p > 10'* Qcm), which can resist the flow
of current and able to separate charge as a result. Examples of common ceramic
insulators are porcelain (clay), aluminum oxide, cristobalite porcelain, mullite,
forsterite, beryllium oxide, boron nitride and aluminum nitride (Carter and Norton,
2013).

Over the past six decades, ceramic magnets have become strongly established as
electrical and electronic engineering materials; most of them contain iron as an
important component and are known collectively as 'ferrites’. Ampeére, Savart, Biot and
Oersted were among the first to demonstrate that conductors carrying currents
produced magnetic fields and exerted ‘Lorentz’ forces on each other (Moulson and
Herbert, 2003). Magnetic ceramic materials possess great properties such as low loss
characteristics, strong magnetic coupling and high electrical resistivity, which are
mostly required to fabricate new devices for applications. Magnetic ceramics are the
main material for various applications such as tunnel junction, spin valve, data storage
and high frequency application. Magnetic materials can be categorised as diamagnetic,
paramagnetic or ferromagnetic based on their magnetic susceptibilities. The magnetic
susceptibility (ym) is a measure of the degree of magnetisation of a material in an
applied magnetic field (Moulson and Herbert, 2003). Diamagnetic materials have a
very small negative susceptibility (about 10°-10) such as inert gases, hydrogen,
metals, non-metals and organic compounds. In these cases, the electron movements are
such that they produce a zero net magnetic moment (Figure 1.2a). When a magnetic
field is applied to a diamagnetic material, the electron movements are changed and a
small net magnetisation is produced in a way that is opposite to the field applied
(Figure 1.2b).
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Figure 1.2: The atomic dipole configuration for a diamagnetic material (a)
without and (b) with an applied magnetic field (H) (Kotnala and Shah, 2015).

On the other hand, paramagnetic is the substance in which the atoms have a permanent
magnetic moment resulting from spinning and orbiting electrons, i.e. unpaired electron.
In the absence of a magnetising field, the electron's magnetic moments are randomly
distributed and the net magnetic moment per unit volume is zero (Figure 1.3a). An
applied field tends to orient the moments, so the resulting field is produced in the same
way as the applied field (Figure 1.3b). Therefore, the susceptibilities are positive but
small, commonly in the range 10-3-10 (Barsoum, 1997).

. X g
Magnetic Field _"’.’V‘
H>0
Randomly aligned magnetic Aligned magnetic dipoles
dipoles and hence zero moment with large moment

Figure 1.3: The atomic dipole configuration for a paramagnetic material (a)
without and (b) with an applied magnetic field (H) (Kotnala and Shah, 2015).

Ferromagnetic materials are very related to paramagnetic materials when it comes to
permanent magnetic moments. Ferromagnetic materials contain ordered domains or
regions of single magnetic moment orientation, which give rise to large finite
magnetisation in the absence of a magnetic field. Ferromagnetic materials exhibit a
strong magnetism in the same direction of the field when a magnetic field is applied.
Ferromagnetism is only possible when atoms are arranged in the lattice and the atomic
magnetic moments can interact to align parallel to each other (Figure 1.4).
Ferromagnetic materials are spontaneously magnetised below a critical temperature,



which is known as Curie temperature, above which the materials act like a
paramagnetic material and the magnetic susceptibility is large (below T¢) (Barsoum,

1997).
Figure 1.4: Schematic representation of spins in a ferromagnetic material (Kotnala
and Shah, 2015).

1.1.3 Dielectric Materials

A dielectric ceramic is an electrically insulating material or a very poor conductor of
electricity in which a positive and negative charged entities could be separated by an
applied electric field. When a dielectric is placed in the electrical field, the electrical
charges do not flow through the material as they do in the electrical conductor, but only
slightly shift away from their average balance positions, causing the dielectric
polarisation. Due to this, positive charges are shifted in the direction of the field and
negative charges are shifted in the opposite direction to the field. This produces an
internal electrical field that decreases the overall field within the dielectric field itself.
If a dielectric is composed of weakly bonded molecules, those molecules not only
become polarised but also reorient so that their symmetry axes align with the field. An
ideal dielectric material does not show electrical conductivity when an electric field is
applied. In reality, all dielectrics do exhibit some conductivities, which normally
increase with increasing temperature and applied field (Bain and Chand, 2007). The
term dielectric is used to indicate the energy storing capacity of a material. An example
of a dielectric is placing a ceramic material between the metallic plates of a capacitor.
If the voltage across the dielectric material becomes too high, or if the electrostatic
field becomes too strong, the material would unexpectedly begin to conduct current.
This process is called dielectric breakdown.

An essential property of a dielectric is its capability to support an electrostatic field
while dissipating minimum energy in the form of heat. The lower the dielectric loss of
a material, the more efficient this dielectric material. Another thing which comes into
consideration is the dielectric constant, which explains the extent to which a substance
concentrates the electrostatic lines of flux. Some of the materials with a low dielectric
constant are perfect vacuum, dry air, most pure and dry gases like helium and nitrogen.
Materials with moderate dielectric constants include ceramic, glass, distilled water, etc.
Moreover, metal oxides usually have high dielectric constants. The study of dielectric
properties are related to the storage and dissipation of electric and magnetic energy in



materials. Dielectrics are important for explaining various phenomena in electronics,
optics and solid-state physics (Billah, 2018).

1.1.4  Dielectric for Microwave Applications

Microwaves are a form of electromagnetic radiation with wavelength ranging from
about 1 meter to 1 millimetre; with frequencies between 300 MHz (1 m) and 300 GHz
(1 mm) (Bingham and Cohrssen, 2004). In the electromagnetic spectrum, microwave
region ranges between 0.3 to 300 GHz (Figure 1.5). This broad range can be divided
into three parts such as ultra high frequency (UHF), super high frequency (SHF) and
extremely high frequency (EHF), which are found in the range (0.3 to 3 GHz), (3 to 30
GHz) and (30 to 300 GHz), respectively. In this region, wavelength approximates the
physical size of common electronic components and has been found to act differently at
microwave frequency than at a lower frequency. Microwave dielectric ceramics are
utilised in both mobile telecommunication handsets and base station filtering
technologies. Most importantly, the microwave dielectric materials play a significant
role in a global society for a wide range of applications from terrestrial and satellite
communications, including Internet of Things (IoT), software radio, antennas, GPS and
direct broadcast satellite TV, to environmental monitoring via satellite, etc. (Sebastian
etal., 2015; Scotta, et al., 2003).
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Figure 1.5: Microwave spectra and applications (Sebastian, 2008).

1.1.4.1 Substrates

Substrates are a base material on which processing is conducted to produce new films
or layers of material such as deposited coatings. Ceramic substrate technologies in the
electronic business are always considered in the sense of “ceramic printed boards” or
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more precisely as film integrated circuits. Ceramic substrates are widely used in the
field of microelectronic packaging, sensors and actuators and passive components
(Bechtold, 2009). In the process of electronic packaging, the substrates mainly play the
role of electrical interconnection (insulation) and mechanical support protection. With
the development of electronic packaging technology towards miniaturised devices,
which uses up fewer resources, with more energy efficient, high density, cost less,
multi-function and high reliability, the power density of the electronic system increases
and the heat dissipation issue become more serious. Several factors may influence the
heat dissipation of devices, among which the selection of substrate materials appears to
be a key factor. Moreover, the savings in weight and space through miniaturisation are
a stimulus for creating devices with even higher performance (Somiya, 1984).

Recently, there are four main types of substrate materials generally used in electronic
packagings such as ceramic substrate, metal substrate, polymer substrate and composite
substrate. The ceramic substrate material is widely used in electronic packaging
substrate due to its advantages such as high strength, good insulation, small thermal
expansion coefficient, good chemical stability, low sodium ion content, low cost, good
thermal conductivity and heat resistance. The ceramic substrate materials used include
alumina, beryllium oxide, aluminium nitride, silicon carbide and mullite. In terms of
structure and manufacturing process, ceramic substrates can be divided into low-
temperature co-firing ceramic substrates, high-temperature co-fired multi-layer ceramic
substrates, thick film ceramic substrates, etc. Substrates and packages for integrated
circuits (ICs) are the largest applications for ceramic insulators (Somiya, 1984). On the
other hand, the metal substrates are notable for their very high thermal conductivity
compared to ceramics and polymers substrates. It also used as a heat sink for power
devices. These are some examples of substrate materials of metals, e.g. aluminum,
copper and gold. The polymer substrates, e.g. polyimide is electrically insulating
similar to the ceramic substrate but the polymer substrates seem to have lower
dielectric constant than ceramic substrates. The composite materials are a combination
of materials that can be modified either to improve mechanical and thermal behavior,
or as an electrical conductor (Kasap and Capper, 2007; Ramdani, 2019).

1.1.4.2 Low Temperature Co-fired Ceramics (LTCC)

Currently, LTCC has become more crucial in the development of various modules and
substrates. This technology combined various thin layers of low-permittivity ceramic
composites and conductors and the resulting multi-layered LTCC modules are
commonly applied in the form of 3D wiring circuit board today. The LTCC permits a
versatile mix of passive microwave components such as microstrips, antennas, filters,
striplines, resonators, inductors, capacitors, phase shifters and dividers, thus making
possible a whole matrix of design that are not practical on regular alumina or any soft
substrates. Moreover, these integrated components are interconnected with 3D stripline
circuitry. Among the various components that could be realised in LTCC packages are
resonators and internal capacitors, which are essential in terms of the latest technology
(Sebastian, 2008).

The great advantage of LTCC technology is the low sintering temperature (< 950 °C) as
this provides the advantageous utilisation for today’s packaging concepts in



microelectronic and microwave modules. Therefore, this features embedded
microwave components and transmission lines that can be fabricated using highly
conductive and inexpensive metals, e.g. gold, silver, or copper with low conductor loss
and low electrical resistance at high-frequencies. LTCC also features the ability of
embedding passive elements, e.g. resistors, capacitors and inductors into the ceramic
package, thus minimising the size of the completed module (Sebastian, 2008).

1.1.4.3 Printed Circuit Boards (PCB)

A printed circuit board (PCB) is a sheet for the attachment of chips, whether mounted
on substrates, chip carriers, or otherwise and for the drawing of interconnections. It is a
polymer-matrix composite that is electrically insulating and has four conductor lines
(inter-connections) on one or both sides. Multilayer boards have lines on each inside
layer so that inter-connections on different layers may be connected by short conductor
columns called electrical vias. PCB boards or cards for the mounting of pin-inserting-
types packages need to have lead insertion holes punched through the circuit board.
Printed circuit boards for the mounting of surface-mounting-type packages need no
holes. The main ingredients in a PCB composite are the polymer matrix, e.g. epoxy and
reinforcing fibers, e.g. glass and kelvar. The conventional method of fabricating a PCB
includes the lamination of fiber prepregs. In addition to the interconnection, metal
layers and columns may be incorporated in a board to restrict the thermal expansion
and heat dissipation such as metal columns which are known as thermal vias (Chung et
al., 1995).

1.2 Dielectric Properties

The study of dielectric properties involved with the storage and dissipation of electric
and magnetic energy in materials. In practice, most dielectric materials are solid such
as porcelain (ceramic), glass, mica, plastics and oxides of various metals. Dielectrics
are also used as insulation for wires, cables and electrical equipment, polarisable media
for capacitors and a variety of artifacts, e.g. rectifiers, semiconductor devices,
piezoelectric transducers, memory elements and dielectric amplifiers (Bain and Chand,
2017).

Dielectric materials have the unique property of being capable to store electrostatic
charges (Anderson et al., 1990). Invariably, they are substances in which electrons are
localised in the process of bonding the atoms together. Therefore, covalent or ion
bonds, or a combination of both, or van der Waals bonding between closed-shell atoms,
all these give rise to solids (or gasses) displaying dielectric properties. The dielectric
properties of a ceramic material determine its functionality. These properties include
dielectric constant (&'), dielectric loss (tan d) and quality factor (Qf).

1.2.1  Dielectric Constant
The dielectric constant or relative permittivity of the material shows its energy storing

capacity when a potential is applied across. It is related to the macroscopic properties
such as polarisation or capacitance. For circuit miniaturisation, generally one employs a



high dielectric constant material. The permittivity of a material also determines the
relative speed that an electrical signal can pass through in the material. A low
permittivity will result in a high signal propagation speed (Sebastian, 2008).

Relative permittivity or dielectric constant, ¢’ is the ratio of the permittivity of a
substance to the permittivity of space or vacuum. While dielectric constant can be
expressed as below:

&= ¢/e, (1.2)

The absolute permittivity, & is the measure of the resistance of a substance when it
encounters a formation of the electric field. Dielectric constant exhibits the relative
permittivity value of vacuum or free space, g, where & is 8.854 x 1012 Fm™! and the ¢
shows the permittivity of some substances (Sebastian, 2008).

Generally, there are several categories of dielectric material depending on the
magnitude of dielectric constant, which are low permittivity (¢’ up to 15), medium
permittivity (&’ between 15 and 500) and high permittivity (¢’ between 500 and 20,000).
Low- and medium-permittivity dielectrics are known as Class I dielectrics, whereas
high-permittivity materials are called Class II dielectrics. A third class (Class III)
contains a conductive phase that can be very useful, as it decreases the thickness of the
dielectric in capacitors. Besides, the ceramic insulators include silicates and aluminas,
which are used for low-permittivity ceramic dielectrics. Meanwhile, titanium dioxide
(titania) can be used to modify low and medium permittivity classes especially for the
microwave resonator and low-loss stable capacitor. The high permittivity dielectric
material such as barium metatitanate (BaTiO3), could be used as a substitute for mica in
a capacitor (Nanni et al., 1999).

1.2.2  Dielectric Loss

The dielectric loss (tan J) of a material indicates the quantitative dissipation of the
electrical energy due to various physical processes, e.g. dielectric relaxation, electrical
conduction, dielectric resonance and losses from non-linear processes. The origin of
dielectric losses may be linked to delay between the electric field and the electric
displacement vector. The total dielectric loss is the combination of intrinsic and
extrinsic losses. Intrinsic dielectric losses are the losses in the perfect crystals that
depend on the crystal structure and can be described by the interaction of the phonon
system with the ac electric field. The intrinsic dielectric losses depend on crystal
symmetry, ac field frequency and temperature. These intrinsic losses fix the lower limit
of losses in defect-free single crystals or ideal pure materials. On the other hand,
extrinsic losses are related to imperfections in the crystal lattice like impurities, grain
boundaries, microstructural defects, porosity, microcracks, order-disorder, random
crystallite orientation, dislocations. vacancies, dopant atoms, etc. (Sebastian, 2008).
The dielectric loss can be portrayed using the formula as follow:

tano=¢" /¢’ (1.3)

where ¢" is the imaginary part of the permittivity; ¢’ is the relative permittivity which
termed as loss factor. The tan ¢ is usually taken as an indication of the quality of a



specific type of capacitor. Generally, a high loss dielectric is not suitable in almost all
applications. It reduces the quality and results in the generation of heat that increases
the temperature of a capacitor.

1.2.3  Quality Factor

The term "quality factor" is more generally related to microwave resonators. The
quality factor is a measure of the power loss of a microwave system. For a microwave
resonator, losses can be of four types such as dielectric, conduction, radiation and
external. The measurement conditions can be adjusted such that the losses due to
conduction and radiation can be neglected. Sometimes the quality factor of an
insulation portion is determined, that is, the value reciprocal of the loss tangent:

Q=1/tano (1.4)

The values of tan J for the best electrical insulating materials used in high-frequency
and high-voltage engineering practices are of the order of thousands and even tenths of
thousands of fractions (Sebastian, 2008).

1.3 Polarisation

Although no charge is transferred when a dielectric is placed in an electrical field, there
is a redistribution of the charge that occurs via the formation and movement of
electrical dipoles. There is an associated dipole moment, yx, having both magnitude and
direction:

where d is the separation of the positive and negative ends of the dipole and q is an
electron charge. The dipole direction is, by convention, taken to the point from the
negative end to the positive end.

When a dielectric material is placed in an electric field, the induced dipoles and any
permanent dipoles become aligned. The material is now said to be polarised and the
polarisation (or dipole moment per unit volume) is given by:

P =Nqd (1.6)

where N is the number of dipoles. Generally, there are four types of polarisation
mechanisms in a dielectric material and the details for each mechanism are explained in
the next section (Carter and Norton, 2013). The polarisation gives rise to useful
behavior, like as electrical energy storage (capacitors) and the conversion between
electrical energy and mechanical energy (piezoelectric effect) (Chung, 2010).
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1.3.1  Types of Polarisation
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Figure 1.6: Illustration of the different polarisation mechanisms in a solid (Carter
and Norton, 2013).

a) Electronic Polarisation

When an electric field is applied to an atom, there is a displacement of the electrons
relative to the nucleus. The electrons concentrate on the side of the nucleus near the
positive end of the field. The atom acts as a temporarily induced dipole. This effect
occurs in all materials (because all materials contain atoms), but the magnitude is small
because the distance (d) is very small. Electronic polarisation is the only possible
mechanism in pure materials that are covalently bonded and do not contain permanent
dipoles (e.g. diamond, silicon). The electronic polarisation occurs at high frequencies
of about 107'® Hz (Carter and Norton, 2013).

b) lonic Polarisation

lonic polarisation, which happens when an ionically bonded material is placed in an
electric field, is common in many ceramics, e.g. MgO, AlO;, NaCl. The bonds
between the ions are elastically deformed. Consequently, the charge is minutely
redistributed. Depending on the direction of the field, the cations and anions move
either closer together or further apart. These temporarily induced dipoles cause
polarisation and may also change the overall dimensions of the material. The dipole
moment is usually small because, once again, the displacements involved are very
small. The mechanism contributes to the relative permittivity at infrared frequency
range about ~10'2-10"!* Hz (Carter and Norton, 2013).
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C) Dipolar or Orientation Polarisation

This type of polarisation involves the orientation of the permanent dipoles, if present in
the lattice without an electric field. In zero electric field, the dipoles will be randomly
oriented, thus carrying no net polarisation. When an electric field is applied, the dipoles
will tend to align in the direction of the applied field and the materials will acquire a
net moment. This is known as an orientation polarisation. The orientation time of this
polarisation is much longer which they remain within 10-3-10-1° Hz (Carter and Norton,
2013; Nowotny and Rekas, 1992).

d) Interface or Space Charge Polarisation

A charge may develop at interfaces, e.g. grain or phase boundaries and free surfaces,
normally as a result of the presence of impurities. The charge moves on the surface
when the material is placed in an electric field. This type of polarisation is not well
understood, although it has a considerable practical interest because most real materials
and in particular, many ceramics are not pure (Carter and Norton, 2013).

1.4 Problem Statement

Nowadays, the increasing demand for renewable energy is due to the growing concerns
on the depletion of non-renewable energy resources, e.g. fossil fuels and environmental
pollution problems. Although the non-renewable energy is easily accessible, the
formation may take millions of years through the natural process. On the other hand,
sufficient sunlight and wind could be utilised for solar and wind energy; however, the
set-up would be very costly and complicated. These reasons have triggered much
research impetus in searching for high performance materials and fabricating devices,
which are capable of storing, absorbing and supplying the electricity. In general, the
electric energy storage devices could be divided into two classes: (i) the long-term
energy storage time, e.g. battery, which has high energy density but low power density;
(i1) the short term one, e.g. capacitor, which has high power density but low energy
density. With the rapid development of power electronics, dielectric materials with low
dielectric loss, high dielectric constant, high energy storage density and good thermal
stability are highly demanded for a wide variety of applications. In this context,
perovskite materials are one of the potential candidates due to their great flexibility in
terms of composition and structure. These materials also show a wide range of
electrical properties, e.g. semiconducting, high insulating and/or superconducting.
Ba(ZnsNb,3)O3 (BZN) perovskites have been recognised as an excellent type 1
dielectric material with moderate high dielectric constant (¢'=41) and low temperature
coefficient of resonant frequency (zr = 30 ppm/°C), which mostly used in electronics as
microwave resonators and/or micro/radio-wave filters. By far, barium magnesium
tantalate (BMT), barium magnesium niobate (BMN) and barium zinc tantalate (BZT)
are well known to be used as dielectric materials, which are applicable for microwave
technological devices. To date, only limited information is available in literature
regarding the electrical properties of the BZN perovskites in microwave region.
Therefore, a detailed study of BZN perovskites is highly beneficial to further
understand and explore their potentials in a wider frequency range. This research
emphasises on synthesis and characterisation of novel perovskite phases in the BZN
ternary system. On the other hand, suitable chemical dopants (Cd**, Ni?*, St** and Ta’")
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were introduced into the system to enhance the electrical properties of BZN materials.
The selection of these dopants is due to the reasons including: (i) same oxidation state
with Ba?*, Zn?>" and Nb>* and (ii) size of ionic radius that suits the requirement of
relatively large A site and smaller B site, which is expected to improve the dielectric
properties. The compositions with excellent electrical properties will be made into a
suitable form for prototype testing prior to commercial application.

15 Objectives

The key objectives of this work are outlined as below:

a) To synthesise single phase parent barium zinc niobate (BaZni;sNby303)
perovskite by solid-state reaction and characterise the pure phase material by
using XRD, FTIR, SEM, TGA, DTA, ICP and AC impedance spectroscopy.

b) To synthesise and characterise chemically doped Ba(ixSrxZni;3Nbysz03
(BSZN), BaZn(;3xBxNb2303 (B = Ni and Cd) (BZNN and BZCN) and
BaZnisNbixTaxOs (BZNT) perovskites.

c) To study their phase compatibility, solid solubility and thermal stability.

d) To investigate the effects of different dopants on the structural and electrical
properties of BZN perovskites and doped materials using AC impedance
spectroscopy.

13
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