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CHAPTER I 

INTRODUCTION

Half a century ago, barium titanate (BaTiOs) was first discovered as being 

a ferroelectric material [1-2]. Its unique perovskite structure and near room 

temperature ferroelectricity have made it the most extensively studied 

ferroelectric material. It has also led to the discovery of other perovskite 

ferroelectric materials and the establishment of the theories of ferroelectricity [3].

Barium titanate has an exceptional high dielectric constant at room 

temperature (about 1000 ~ 2000), much greater than those of the common 

capacitor materials used in the 1940’s (titania has a dielectric constant of 80). 

The high dielectric constant of BaTiOs has made it one of the most popular 

materials for capacitor applications. Barium titanate is currently the controlling 

composition for Y5V (Z5U) and X7R multilayer ceramic capacitors (MLCC) that 

are used worldwide in electronic industries. It is estimated that the consumption 

of BaTiOs in the United States alone is about 13 million pounds in 1994 [4-5].

Barium titanate is not only one of the most important materials for the 

ceramic capacitor industry, its commercial applications have also spread into



many other areas, including positive temperature coefficient thermistors (PTCR), 

piezoelectrics for ultrasonic and measuring devices, pressure transducers, infra­

red detectors and a variety of electro-optic devices. Recently, due to the 

advance in thin film processing techniques, there is a renewed interest in thin 

film ferroelectrics in possible applications for nonvolatile memories in the 

semiconductor industry.

Conventional synthesis of barium titanate compounds typically involves 

high temperature (~1200°C) calcination of solid mixtures of barium carbonate 

and titanium dioxide. The powders thus produced are often low in purity and 

composed of large and non-uniform particles. Recent advances in hybrid circuit 

and surface mount technology (S M I) favor the miniaturization and improved 

performance of the electronic components, which in turn put more stringent 

requirements on the starting powders. Homogeneous and pure powders with 

uniform and fine particle size can be achieved by wet-chemical synthesis 

methods or so-called solution methods, which allow the maximum stoichiometric 

control over the starting materials to yield stoichiometric precursors such as 

mixed Ba-Ti oxalates, citrate and alkoxide salt. Also, because of the intimate 

atomic level contact between Ba and Ti by the participating ligands, the 

formation temperatures of BaliOs are much lower through wet-chemical routes.

The above mentioned wet-chemical syntheses require thermal 

decomposition of Ba-Ti precursors to prepare BaTiOs powders. Hydrothermal



synthesis, which involves the direct preparation of crystalline BaTiOs without 

high temperature calcination, has gained popularity recently. It involves the 

chemical reactions of Ba(0H)2, TiOz or gels of Ba-Ti acetate mixtures in a highly 

basic aqueous solution at temperatures of 80 ~ 150°C. The lower processing 

temperature has its advantages in producing finer particles with more uniform 

size. In addition, the synthesis allows one to control particle size via adjusting 

the synthesis parameters, such as the reaction temperature, time and pH values. 

Although the hydrothermal synthesis has the above mentioned advantages, its 

formation and growth mechanisms in the BaTiOs synthesis have not been well 

understood. It is one of the objectives of this study to understand how the 

various parameters influence the BaTiOs formation and subsequent growth of 

particles.

It has been reported [6-9] that the low temperature synthesized 

submicron-sized BaTiOs powders are often in a cubic-like structure and do not 

exhibit ferroelectricity. In contrast, the stable phase of single crystal BaTiOs or 

sintered samples with large grain sizes has a tetragonal structure which displays 

a typical ferroelectric behavior. Thus the unusual behavior for the fine BaTiOs 

powders and thin films with submicron crystal size appears to be particle size 

dependent. Various mechanisms have been proposed to explain the 

appearance of this cubic-like structure, including surface layer, surface tension.



defects, strains, depolarization field, etc. However, the exact reason is still 

unknown and is a subject of extensive debate in the literature.

In order to gain more insight into this size dependent phenomenon, it is 

desirable to be able to synthesize pure and well-crystallized BaTiOa powders 

with different sizes, so as to correlate the observed properties with particle size 

and crystal structure. Hydrothermal synthesis is one of the most appropriate 

methods as it allows an easy control over the particle size through adjusting the 

synthesis parameters. A combination of various characterization and analytical 

methods such as x-ray diffraction (XRD), electron microscopy (SEM and TEM), 

thermal analysis techniques (DSC, TG/DTA) and vibrational spectroscopy 

(Raman and IR) are essential in the study since it can provide valuable 

information about the microstructure, defects and strains, and changes of 

structure and related behaviors of the powders toward the phase transition.

Although BaTiOs powders produced by hydrothermal synthesis have been 

proved to be pure and homogeneous, limited studies have been conducted on 

the sintering behavior of these powders and the dielectric properties of the 

sintered body. It is important to study their sintering behavior and the influences 

of the starting powders with various characteristics (e.g., particle size, defect 

concentration and structure) on the sintering behavior and microstructure 

development, including the relationship between the microstructure and 

dielectric properties of the sintered body. An effort to optimize the dielectric



properties through microstructure control by adjusting the sintering conditions is 

also desired.

Recently, the renewed interest in ferroelectric films for nonvolatile 

semiconductor memory applications has led to intensive research in barium 

titanate for ferroelectric thin film applications, due to its relatively large dielectric 

constant and electrooptic coefficient. The research has focused on how to 

improve processing and properties of ferroelectric thin films. Various processing 

techniques have been studied such as thermal or electron evaporation, radio 

frequency ion beam and magnetron sputtering, laser ablation, chemical vapor 

deposition (CVD) and sol-gel method. The hydrothermal method is a new and 

promising technique for the processing of ferroelectric thin films, because it is an 

unique way to directly prepare crystalline films without the need for post­

deposition annealing, which is normally required for other techniques. However, 

more work needs to be done to understand the synthesis mechanism, 

microstructure and especially the electrical properties of the synthesized films.

Electrical properties of the dielectric materials, such as BaTiOs, are 

usually studied at a fixed frequency (typically at 1 kHz). This seems to be 

justified for a single crystal system where no grain boundaries are present. 

However, it has been reported [10-13] that the ferroelectric behavior depends on 

grain size, porosity and many other variables in the ceramic system. Immittance 

spectroscopy (IS) has been proven to be a powerful technique to separate



individual contributions of various physical regions to the overall electrical 

properties by analyzing the electrical data over a wide range of frequencies. IS 

combined with electron microscopy can provide a useful correlation between 

microstructure and electric properties.

The objectives of this research were:

• to synthesize BaTiOs powders with various sizes using the 

hydrothermal method and to investigate the influence of the synthesis 

parameters such as temperature, time, different anion sources and 

OH" concentrations on the powder characteristics;

• to characterize the synthesized powders in terms of phase purity, 

crystal symmetry and lattice distortions, as well as phase transition 

behavior using various characterization techniques, including x-ray 

diffraction, electron microscopy, thermal and vibrational spectroscopy 

analyses;

• to investigate the underlying mechanism for the size effect on the 

structure and ferroelectricity of fine BaliOs powders;

• to study the sintering behavior of the synthesized powders and the 

effects of sintering conditions on the microstructure development and 

dielectric properties;



•  to examine the synthesis and microstructure of BaTiOs thin films using 

the hydrothermal method and study their electrical properties;

• to analyze the frequency dependent dielectric behavior using 

immittance spectroscopy (IS) analysis to reveal a microstructure- 

property correlation.



CHAPTER II 

LITERATURE REVIEW

2.1. Review of Ferroelectricity, Ferroelectric Domain and Hysteresis,

Barium Titanate Structure and Phase Transition

2.1.1. Introduction

Ferroelectrics are an very important class of ceramic materials because of 

their large dielectric constants, normally greater than 1000. Their structure and 

properties have been reviewed by several authors [3, 14-15]. Their high 

dielectric constants originate from the spontaneous polarization or spontaneous 

alignment of electric dipoles in certain crystallographic directions, a 

characteristic most important for the ferroelectric materials. These electric 

dipoles are aligned parallel to each other within certain regions of a crystal 

called ferroelectric domains. When an electric field (E) is applied, the aligned 

electric dipoles within the domains can be switched, giving rise to a very large 

change in polarization along the electric field direction and thus a large dielectric 

constant. The switching of the ferroelectric domains, leading to a hysteresis 

behavior, is another important characteristic of the ferroelectrics. Since the

8



relation between the magnitudes of the polarization (P) and the applied electric 

field (E) is not linear, ferroelectrics are also referred to as nonlinear dielectrics. 

This nonlinear behavior resembles the nonlinear magnetic behavior of 

ferromagnetic materials.

2.1.2. Ferroelectricity

I. History of ferroelectricity

The phenomenon of pyroelectricity observed in some crystals, in which 

the spontaneous electric dipole moment is temperature dependent, has been 

known for a very long time. Studies to characterize the pyroelectric effect in a 

quantitative manner in the eighteenth and nineteenth centuries eventually led to 

the discovery of piezoelectricity. In 1880, J. Curie and P. Curie [16] first 

observed piezoelectricity manifested by a crystal exhibiting electric polarity when 

subjected to a stress. In 1920, Valasek discovered the first ferroelectric crystal: 

sodium potassium tartrate tetrahydrate (NaKC4H406-4H20), better known as 

Rochelle salt [17-18]. The main reason for the much later discovery of the 

ferroelectrics is because of the formation of domain structure with differently 

oriented polarization in virgin ferroelectric single crystals leading to a zero net 

polarization and very small pyroelectric and piezoelectric responses. Vaiasek 

recognized ferroelectricity by experiments which demonstrated a hysteresis 

effect in the electric field-polarization curve, a Curie temperature, 7c, and an
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extremely large dielectric and piezoelectric response in and near the 

ferroelectric temperature region of the Rochelle salt crystal, which are in many 

respects similar to corresponding effects in ferromagnetism.

Barium titanate (BaTiOs) was discovered in 1945 and its ferroelectricity 

was reported shortly thereafter [1-2]. Barium titanate is the first ferroelectric 

material ever found with a perovskite structure, and is of significant importance 

both in terms of simple structure and practical utility. Compared with other 

ferroelectric crystals, such as Rochelle salt and KH2PO4 (KDP), BaTiOs has 

many unique properties: (1) it has a cubic centre-symmetric perovskite structure 

which is highly symmetric above the Curie temperature, (2) there are only five 

atoms per unit cell, (3) it is chemically and mechanically very stable, (4) it is 

ferroelectric at room temperature and (5) it can be easily prepared in both 

polycrystalline ceramic and single crystal forms. Because of these structural 

and processing advantages, BaTiOs has become the most extensively studied 

ferroelectric material since its discovery. It also led to searches and discoveries 

of many other perovskite ferroelectric materials, such as KNbOs and KTaOs [19], 

LiNbOa and LITaOg [20], and PbTiOg [21].

Along with the discovery of BaTiOs, there was significant progress in 

ferroelectric theory. Lattice dynamics theory focusing on lattice modes (‘soft’ 

modes) is most successful in explaining ferroelectric behavior at a microscopic 

level [22-27]. At a macroscopic level ferroelectric theory has progressed more
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rapidly, overlooking the microscopic details such as Ionic or electronic 

displacement, long- or short-range Interactions, etc., but focusing only on 

thermodynamic concepts. The theory developed by Landau, Ginzburg [29-30] 

and further modified by Devonshire [31-33], also referred to as 

phenomenological theory. Is particularly successful In explaining the 

macroscopic properties such as dielectric, piezoelectric and elastic behavior at 

any temperature from a free-energy consideration. This phenomenological 

theory Is capable of describing both polar and non-polar phases with the same 

energy function. In 1966, Buessem, Cross and GoswamI [10] successfully 

applied this theory to fine-grained BaTIOs ceramics with the consideration of 90° 

domain and Internal stresses to delineate the observed high dielectric constant 

of the fine-grained ceramics.

Accompanying the rapid development of the ferroelectric theories, a 

tremendous amount of work was also done to Investigate the potential 

applications of ferroelectrics In the areas of capacitors, transducers. Infra-red 

detectors and various electro-optic devices. However, the problems associated 

with the difficulties involving process and microstructure control significantly 

hindered the commercial applications of these materials. Therefore, even more 

than fifty years after the discovery of ferroelectricity, there Is still active research 

on the synthesis, microstructure and electrical properties of these materials, as 

well as further applications In modern microelectronic Industries.
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II. Definition of ferroelectricity

All crystals can be classified into 7 crystal systems according to their 

minimum symmetry requirements: triclinic, monoclinic, orthorhombic, tetragonal, 

cubic, trigonal and hexagonal. These systems can be further divided into 32 

point groups according to their symmetry with reference to a point. Among them, 

11 are centro-symmetric and possess a center of symmetry. Thus they cannot 

maintain any polar properties or spontaneous polarization. One of the remaining 

21 noncentro-symmetric point groups, cubic 432, has symmetry elements which 

prevent polar characteristics. The other 20 point groups have one or more polar 

axes (Table 2.1) and therefore exhibit various polar effects such as 

piezoelectricity, pyroelectricity and ferroelectricity.

Piezoelectricity is the property of a crystal which exhibits electrical 

polarization when subjected to a stress. On the other hand, if an electrical field 

is applied, a strain will be produced in the crystal and whether it will stretch or 

compress depends on the orientation of the field with the polarization in the 

crystal.

Of the 20 piezoelectric crystal classes, 10 have a unique polar axis. 

Crystals belonging to these classes are called polar crystals because they
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Table 2.1. The 32 Crystal Point Groups [35]

Optical

axes

Crystal

systems

Centrosymmetric 

point groups

Noncentrosymmetric point groups

Polar Nonpolar

Biaxial

Triclinic T none

Monoclinic 2/m 2 m none

Orthorhombic mmm mm2 222

Uniaxial

Tetragonal 4/m 4/mmm 4 4mmm 4 42m 422

Trigonal 3 3m 3 3m 32

Hexagonal 6/m 6/mmm 6 Smmm 6 62m 622

Isotropic Cubic m3 m3m none 23 3m 432

Total number 11 groups 10 groups 11 groups

possess a spontaneous polarization (electric moment/unit volume), i.e. a 

spontaneous alignment of electric dipoles in certain directions. The magnitude 

of the spontaneous polarization is temperature dependent and thus electric 

charges can be induced on the crystal surfaces perpendicular to the polar axis 

upon changing the temperature. This is the so-called pyroelectric effect and all 

of the 10 polar crystal classes are pyroelectric.

Ferroelectricity is defined as the property of a crystal with a spontaneous 

polarization and its orientation can be reversed by an electric field. The 

spontaneous polarization usually cannot be detected by charges on the surface 

of the crystal because the depolarization field which results from the
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spontaneous polarization (charge distribution) can be compensated by the flow 

of free charge within the crystal and in the surrounding medium or by twinning 

(domain formation). Ferroelectricity requires the crystal to have at least two 

identical orientational states for polarization in the absence of the electric field 

so that the reversal of polarization by the electric field becomes possible. 

Ferroelectricity can be revealed only below a certain temperature, which is 

called the Curie temperature (7c), above which the randomizing effect of thermal 

energy (kT) is dominant and the spontaneous polarization no longer exists. The 

phase existing above Tc is said to be in the paraelectric state.

III. Dielectrics and ferroelectrics terminology

For an ideal dielectric material, when exposed to an electric field, there is 

no long-range transport of charge carriers [34-35]. Instead, there is only a 

limited rearrangement of these charges so that a dipole moment {ju) is produced 

and the material is said to be polarized. The rearrangement of the charges can 

be viewed as charges (Q) stored in the dielectric, corresponding to the 

capacitance (C) of the dielectric. Thus, capacitance is a measure of the charge 

storage ability of a particular material between two parallel conductors under an 

externally applied electric field {V).
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By considering the area {A) of the plates and the distance (d) between the 

plates (or capacitor thickness), a relation between the capacitance and 

permitivity {s) can be derived:

C = Q /V = ^^^^^^^ = zA/d  (2 .1)

The dielectric constant, K, also referred to as the relative permitivity, is defined 

as the ratio of the capacitance (or permitivity) of a capacitor and that of vacuum:

K  =  C / C o = - - j ^  =  z U o  (2 .2)

where Co and so are the capacitance and permitivity of vacuum.

The electric dipole moment, n, resulting from the separation of charge is 

defined as

f i = Q d x  (2.3)

where ôx is the distance between the opposite point charges. Polarization is 

defined as the dipole moment (//) per unit volume. The polarization here is 

induced by the applied electric field and is thus called induced polarization (P/), 

which is different from the spontaneous polarization (Ps) that a ferroelectric 

materials acquires naturally.

There are four principal mechanisms contributing to the induced 

polarization in materials [34-36]. Each of them involves a short-range 

rearrangement of charges and contributes to the total polarization of the
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material. These polarization mechanisms are (1) atomic polarization, (2) ionic 

polarization, (3) dipolar polarization and (4) space charge or interfacial 

polarization.

Atomic polarization, which occurs in all materials, is a small displacement 

of the electron cloud in an atom relative to the nucleus. Atomic polarization 

occurs in the ultraviolet optical frequency range with frequencies as high as 10̂ ® 

Hz. Ionic polarization involves the relative displacement of cations and anions, 

as in the S i-0 bond in Si02. Ionic polarization occurs at frequencies ranging 

from 10̂  ̂to Hz, which are in the infra-red range. Dipolar polarization, which 

is also referred to as orientational polarization, involves the rotation of molecular 

or ionic dipoles in the direction of the applied field, giving a net polarization. 

This polarization takes effect in the subinfra-red range of frequencies (~ 10” 

Hz). As one of the special cases here, spontaneously polarized dipoles in the 

ferroelectric materials give rise to dipolar polarization when an electric field is 

applied. Space charge or interfacial polarization involves a limited migration of 

charge carriers until they are inhibited at a potential barrier, possibly a surface, a 

grain boundary or a phase boundary. This process occurs at frequencies as low 

as 10'® Hz and gives rise to a very large capacitance. The various polarization 

mechanisms and their frequency dependence are shown in Figure 2.1 and 2.2, 

respectively.
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Figure 2.1. Schematic representation of different mechanisms of 
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Figure 2.2. Frequency dependence of the polarization mechanisms in 
dielectrics; (a) contributions to the dielectric constant; (b) contributions to the 
loss tangent [35].
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In dielectrics, the relationship between dielectric displacement (D), 

electric field (£) and total polarization (P) can be expressed as:

D = eoE + P  (2.4)

For normal dielectrics or the so-called linear” dielectrics, the total 

polarization arises entirely from the induced polarization, and is proportional to 

the applied electric field within the material:

P = %aG,E (2.5)

where Xe is the electric susceptibility, a dimensionless constant. However, in 

non-linear dielectrics or ferroelectrics, the polarization includes both 

contributions from the dipole moment (//) induced in the presence of a field- 

induced polarization. Pi, and from the spontaneous polarization, Ps.

P = P,+Ps =XgeoE + P s (E ) = xeoE (2.6)

Since Ps exhibits a non-linear dependence on E, the electric susceptibility % in

ferroelectric materials is no longer a constant and depends on the applied field.

The dielectric constant, K, is defined as

K = —  = 1 + x  (2.7)
Go

Combining Equations (2.5) and (2.7) with the above equation, the following 

equation can be derived:

K  = 1 +  P / s o E  (2.8)
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Equation (2.8) is very important since it describes a relationship between 

the dielectric constant and the total polarization in the material. The dielectric 

constant of a material will be large if the total polarization is significant, as in the 

case of ferroelectrics.

By considering the local field that individual atoms or ions are subjected 

to and its effect on the induced dipoles, the classical Clausius-Mosotti equation 

can be derived:

K - 1  ncL
K + 2 3bq

(2.9)

where a  is called the polarizability of the entity, i.e., the average dipole moment 

per unit of local field strength and n is the density of the dipoles. This equation 

can subsequently lead to the so-called Curie-Weiss law (by considering the 

temperature dependence of dipolar polarization):

X = ^ r V  (2.10)
T -  #0

where C is the Curie constant and To is called the Curie-Weiss temperature. 

The Curie-Weiss law describes an important relationship between the dielectric 

constant (= 1+%) and temperature in the paraelectric region (7  > Tc). However, it 

no longer holds when the temperature is near or below To, at which all the 

dipoles are aligned to some degree with each other. The aligned dipoles create 

a strong field within the boundary and thus the local field consideration is no 

longer valid. Two different approaches, phenomenological and ‘èoft mode”
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theories, have successfully elucidated the phenomena of ferroelectricity and the 

associated phase transition.

2.1.3. Ferroelectric Domain and Hysterisis

I. Ferroelectric Domains

When a ferroelectric crystal is cooled through the Curie temperature, Tc, 

from a paraelectric state in the absence of the applied field, spontaneous 

polarization may occur along several equivalent directions. In order to achieve a 

minimum energy state, neighboring regions of the crystal tend to polarize along 

each of these equivalent directions respectively. These various regions within 

which the dipoles are aligned in the same direction are referred to as 

ferroelectric domains. The boundaries separating adjacent domains are called 

domain boundaries or domain walls. Since there is an interruption or distortion 

of periodic lattice arrangement along the domain walls, there must be a certain 

amount of energy associated with them and this energy is termed the domain 

wall energy.

It has been observed that a complex domain configuration exists in 

BaTiOs and other ferroelectric single crystals [37-41] and ceramics [42-51]. The 

formation of the domains in ferroelectric materials is governed by free energy 

minimization. Without the applied electric field (£  = 0), the total energy {wrot) to 

be minimized can be expressed in a general form [45-46, 48-49]:
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W r o t = W x + W p + W o + W w + W s  (2 .11)

Here Wx and Wp are respectively bulk elastic and electric energies. The elastic 

energy, Wx is proportional to the square of the strain (ocX̂ ) and Wp is proportional 

to the square of the polarization (ocP̂ ). The surface energy of the bulk crystal, 

ws, can be ignored if crystals are relatively large in size, and ww and \Nd are the 

domain wall and depolarization energy, respectively. All energies are given in 

terms of energy density which has the unit of J/m .̂

Depolarization energy is related to the depolarization field, Ed set up in 

the crystal by the spontaneous polarization. In a perfect infinite ferroelectric 

crystal, the spontaneous polarization is uniform. However, at the surface of the 

crystal where Ps decreases to zero, or in regions close to defects where Ps may 

differ from the ideal crystal, a spatial variation of Ps (div Ps) leads to the 

presence of a depolarization field. This field can be compensated or partially 

compensated by the flow of free charges within the crystal or from the 

surrounding medium. However, in an insulating crystal (or insulating 

environment), the compensating process is extremely slow and therefore Wd can 

reach a very high value. The depolarization energy, Wo can be written as [3]:

W D = - \ D E d V / V  = - \ — Û P ^ d \ / / y  (2.12)
2 2  E q
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where L is a depolarization factor which equals unity with uniform polarization for 

a thin crystal wafer. Assuming a simple 180° periodic domain structure in the 

crystal, the depolarization energy can be rewritten as;

(2.13)

where d is the domain width, e* is a constant related to the dielectric constant of 

the ferroelectric, t is the crystal thickness and Po is the polarization at the center 

of a domain.

Domain wall energy, Ww, arises from the additional energy created due to 

the interruption or distortion of periodic lattice arrangement along the domain 

wall. It can be expressed as:

w ^ ^ = a /d  (2.14)

where cris the surface tension of the wall.

In most ferroelectric materials, such as BaTiOa, lattice unit cells deform 

slightly during the structural phase transition, i.e., the Curie transition at 130°C 

for BaTiOs, leading to a slight deformation of the crystallite that is built up by the 

deformed lattice cells. In the case of ceramics, since the grains are clamped by 

their neighboring grains in all three dimensions, they can only deform to some 

degree by cooperative motion of the adjacent grains. To maintain at least the 

gross shape of the grain, it leads to either high internal stresses by deformation.
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or mechanical twinning (domains) to release the stresses [46-49]. The 

depolarization energy of the grain is assumed to be negligible due to the 

compensation of the polarization charges at the grain (or domain) boundaries by 

free charge carriers. The surface energy is as well negligible as long as the 

grains are not very fine. The electric energy, wp, does not change during the 

domain formation; thus it will not be considered in energy minimization. 

Therefore, the minimum energy configuration corresponding to the domain 

formation is now being dominated by minimizing the sum of the elastic field 

energy (wx) and domain wall energy (wi^). The corresponding domain width can 

be thereby estimated as a result of the energy minimization. Assuming 90° 

simple alternating domains, which is most commonly observed in the ceramic 

BaTiOa, the domain width (cf) has been estimated as [46]:

where a is the grain size, Cn the average longitudinal elastic constant and s is 

the strain induced by the structural deformation (c/a - 1). This equilibrium 

domain width dependence on grain size is similar to that described in magnetic 

materials [52-54]. Since the homogeneous elastic energy (not energy density) in 

the grain increases with a  ̂ (volume energy term), while the domain wall or 

interface energy increases with a  ̂ (surface energy term). Therefore, there is a 

critical grain size, acnti below which the domain wall energy is larger than the
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elastic energy [48-49], Figure 2.3a illustrates this lower limit of the grain size 

dcriti which is at the intersection of the two curves. As a decreases below the 

critical size, no domains should exist since the energy of the system can no 

longer be lowered by domain formation.

It has been shown that above the critical grain size, the domain 

configuration is stable. However, it can occur in two different forms (shown in 

Figure 2.3b) depending on the grain size [48-49]. The first type of domain 

configuration exhibits lamellar twinning and the grain can only adjust its shape in 

two dimensions. The second one displays more complex interfaces with a 

banded twin or herringbone structure. It has higher interface energy and allows 

stress relief in the third dimension. Again a critical grain size, acrm sets in below 

which only the first type of domain configuration can exist. The elastic energy 

density of the two different domain configurations as a function of grain size is 

illustrated in Figure 2.3b.

On the other hand, in ferroelectric single crystals as well as free particles, 

the crystals can change their shape freely during the structural phase transition. 

Therefore, the elastic energy (wx) will not be a dominating term in energy 

minimization. In contrast, the depolarization energy term (wd) will be a major 

one in energy considerations, since there are few free charge carriers to 

compensate the polarization charges in single crystals. Therefore, in this case 

the sum of wd and ww will be considered in the energy minimization as long as
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log(a)

Figure 2.3. (a) The elastic energy and domain wall energy as a function of
grain size. The intersection of two curves determines the lower size limit, acnti', 
(b) Dependence of elastic energy on grain size with different domain 
configurations [48-49].
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the crystal is large enough to ignore the surface energy. The equilibrium value 

of the domain width assuming a simple 180° periodic domain structure (the 

dominant type in single crystal BaTiOs) can be written as [3]:

(2.16)

As the crystal or particle becomes smaller, the relative contributions of the 

various energy terms to the total energy change. Energies related to the surface 

become more important than volume energies [52]. Domain wall energy, Ww 

represents the energy of the boundary between domains, which is a surface 

energy term, while Wx and Wo are volume energy terms. Consequently, as the 

crystal becomes smaller, there will be a critical point at which it is favorable 

energetically to annihilate the domain walls so that the entire crystal becomes 

single domain. Similar behavior was predicted and observed in ferromagnetic 

materials [53-55]. As soon as the crystal becomes single domain, a strong 

depolarization field is present in the crystal and increases as the crystal size 

decreases, according to Equation (2.13). It has been estimated that without 

external charge compensation, a polarization with magnitude of 1 pC/cm^ will 

lead to a depolarization field ~10  ̂V/cm, under which ferroelectricity may be 

thermodynamically unstable [56].

The presence of the domain structure in BaTiOs ceramics has important 

effects on the dielectric properties [10, 45-50]. The room temperature dielectric
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constant of a single crystal of BaTiOa is about 4770 along the a axis (eg) and 230 

along the c axis {ec). In ceramic BaTiOs, where grains are randomly oriented, 

the dielectric constant should have an intermediate value [36]:

£a>e>ec  (2.17)

However, very high dielectric constants ranging from 4500 ~ 6000 have been 

reported for ceramic BaTiOs with a dense body and a fine grain size [58-59]. 

The anomalous high dielectric constant in fine-grained ceramic BaliOs was first 

explained by Buessem et al. by applying Devonshire’s phenomenological theory 

[10]. The authors claimed that due to the partial or complete disappearance of 

domains in fine-grained ceramics, the internal stress inside the grains becomes 

very high, giving rise to a high dielectric constant as predicted by the 

phenomenological theory.

Arit at ai. [45-50] further investigated the domain behavior and found that 

90°-domains exist even in very fine-grained ceramics. The width of the domains 

decreases as the grain size decreases (cf oc resulting in an increase in 

domain density. The internal stress was estimated to be of the same order of 

magnitude as predicted in Buessem’s stress model for the fine-grained ceramics. 

The authors ascribed both the contributions of the internal stress and the high 

density of 90°-domain walls to the high dielectric constants of fine-grained 

ceramics. As shown in Figure 2.4, K shows a maximum at 1 pm grain size, 

below which K decreases again due to the presence of pseudocubic phases.
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Figure 2.4. Dielectric constant as a function of grain size of ceramic 
BaTiOs [49].

II. Ferroelectric hysteresis

The appearance of the spontaneous polarization of a ferroelectric at Tc 

results in the presence of very high dielectric constant together with a hysteresis 

loop for polarization (Figure 2.5a). It is similar to the hysteresis loop observed 

for ferromagnetic materials and is due to the presence of ferroelectric domains 

aligned in different directions.

At low field strength, E, the polarization in unpolarized (or virgin) 

ferroelectric material is initially reversible and nearly linear with an applied field.
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The slope of the curve gives the initial low field dielectric constant, K,, as 

indicated in Figure 2.5a. This low field Ki is the one usually reported in the 

dielectric constant measurement. At higher E, the polarization increases more 

rapidly as a result of the switching of the ferroelectric domains, i.e., the 

polarization in different domains changes direction in order to be aligned with 

the applied field. This is achieved by domain boundaries moving through the 

crystal, as shown in Figure 2.5b. At even higher E, the change in polarization 

again decreases due to polarization saturation; that is, all the domains are 

aligned in the same direction as the applied field. Extrapolation of this curve 

back to £  = 0 gives Ps, the saturation polarization, which corresponds to the 

spontaneous polarization with all the dipoles aligned in parallel. Any further 

Increase in Ewill cause a linear increase in P, since the induced polarization still 

takes place with the TiOe sublattice distorted even further. This is different from 

ferromagnetic or ferrimagnetic materials where a further increase in magnetic 

field after saturation does not lead to an increase in the net magnetic moment of 

the material.

When the electrical field is cut off, P  does not go to zero but remains at a 

finite value called the remanent polarization Pr. This results from the aligned 

domains being unable to return to their original random state without applying an 

oppositely directed electric field. The strength of the electric field required to 

return the polarization to zero is called the coercive field Ec (Figure 2.5a).
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Figure 2.5. (a) A schematic representation of a typical ferroelectric hysteresis 
loop [34]; (b) Domain growth In the direction of an applied field [35].
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Temperature has a significant effect on the shape of the hysteresis loop. 

At low temperatures, the hysteresis loop is fatter with higher coercive field 

corresponding to a larger energy required to reorient domain walls. The 

hysteresis loop keeps on shrinking (i.e., Ec becomes smaller) as the temperature 

increases until at Tc no hysteresis remains and a linear relationship between P 

and E  results, which corresponds to a single valued dielectric constant 

characteristic of the paraelectric phase. This temperature dependent hysteresis 

behavior is shown in Figure 2.6.

2.1.4. Crystal Structure and the Origin of Ferroelectricity of BaTiOs

BaTiOa has a prototype cubic perovskite-type structure above the Curie 

temperature (point group m3m) (Figure 2.7). Each large barium ion is 

surrounded by twelve nearest-neighbor oxygen ions, with each titanium ion 

sitting in an octahedral site with six-fold coordination. It could also be viewed as 

the barium and oxygen ions together forming a face-centered cubic lattice, with 

titanium ions fitting into octahedral interstices (Figure 2.7a).

At temperatures above the Curie point, Tc (~130°C), due to the large 

randomizing effect caused by thermal energy (/cT), Ti ions tattle" around the 

center position of the TiOe sublattices, resulting in a cubic symmetry of the 

BaTiOs crystal. The large size of Ba ions increases the volume of the FCC unit 

cells, causing a lower stability of Ti ions in the octahedral sites. In addition, the
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Figure 2.6. The change in ferroelectric hysteresis with temperature for ceramic 
BaliOs [34].
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Figure 2.7. Perovskite structure of BaTIOs [35].
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open octahedral site allows the Ti ions to develop a large dipole moment when a 

electric field is applied, giving a relatively large dielectric constant, as compared 

with other simple oxides. However, due to the symmetry of the lattice, there is 

no spontaneous alignment of the dipoles in the crystal and thus the material is 

paraelectric (i.e., no net dipole moment when E  = 0).

When the temperature decreases below Tc, the BaliOa crystal transforms 

successively to three ferroelectric phases according to the different temperature 

ranges. It first distorts to the tetragonal symmetry (4mm) with the Ti ions moving 

to one of the six equivalent off-centered positions, resulting in distorted TiOe 

sublattices. This gives rise to spontaneous polarization with a dipole moment 

along the c direction. The BaTiOs crystals now possesses ferroelectricity 

compared to the paraelectric phase above Tc. As the temperature decreases 

further to near 0°C and -90°C, two other transformations occur as the structure 

changes to orthorhombic and rhombohedral symmetries, leading to the distorted 

TiOe sublattice as well as the polar axis parallel to a face-diagonal, [110] and a 

body-diagonal, [111] directions, respectively (Figure 2.8). The crystallographic 

changes at each transformation can be related with the changes in both the 

spontaneous polarization and the dielectric constant, which are shown in Figure 

2.9.

It is of great importance to understand the ferroelectric-paraelectric phase 

transition, or more often called the Curie transition, since it gives insight into how
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the spontaneous polarization is generated and coupled from unit cell to unit cell 

to form ferroelectric domains. X-ray [60-62] and elastic neutron diffraction 

studies [63-65] have demonstrated that, by taking the central plane of oxygen 

ions, i.e., 0| at (0, 1/2, 1/2) in the cubic phase as origin, all the other ions are 

slightly shifted from their original positions as the BaTiOa crystal changes from 

the cubic to the tetragonal structure. It has been observed (Figure 2.10) that Ti 

and Ba ions move up about 0.11 A and 0.06 A respectively, while the On ions at 

(1/2, 0, 1/2) and (0, 1/2, 1/2) are displaced downward about 0.03 A. Thus, a net 

dipole moment can be produced in the TiOe octahedron by the displacement of 

the Ti ion against its surrounding oxygen (On) ions. It is also clear that, if the 

central Ti ion moves closer to one of the 0 | ions, it will be energetically favorable 

for the Ti ion on the opposite side of that Oi ion to move away from it, thus giving 

rise to a similar displacement of all the Ti ions along the same direction in a 

particular column. Coupling between neighboring columns leads to all the Ti 

ions displaced in the same direction; in other words, all the permanent dipoles 

formed by the Ti distortion are aligned in one direction. Detailed studies of this 

structural transformation using thermodynamic, statistical mechanical and 

quantum-mechanical treatments have been reviewed by Burfoot [66].

In the tetragonal structure of BaTiOa, the energy of the Ti ion along the c 

axis has two minima, as shown in Figure 2.11. As an electrical field is applied in 

the direction along the c axis opposite to the polarization of a dipole, the Ti ion in
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Figure 2.11. Variation of the potential energy of Ti'** along the c axis [36].

the dipole may overcome the energy barrier between the two energy minima so 

that the direction of the polarization may be reversed. This will help to reduce 

the energy barriers for neighboring Ti ions such that the entire dipolar region 

may be affected by the field and eventually switch to the direction of the 

electrical field. A similar mechanism is available for changes of polarity through 

90° by applying the electrical field perpendicular to the c axis; however, in this 

case there is an accompanying dimensional change because the polar c axis is 

longer than the non-polar a axis. Switching of polarization direction by 90° can 

also be induced through the ferroelastic effect by applying a compressive stress
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along the polar axis without applying the electric field, while switching through 

180° is unaffected by mechanical stress.

An immediate consequence of the onset of spontaneous polarization in a 

material is the appearance of an apparent surface charge density and an 

accompanying depolarizing field Ed (Figure 2.12). The energy associated with 

the polarization in the depolarizing field, or so-called depolarization energy, can 

be minimized by twinning, a process in which the crystal is divided into many 

oppositely polarized regions or domains. The surface consisting of a mosaic of 

areas carrying apparent charges of opposite sign results in a reduction in Ed and 

the associated energy. This multidomain state can usually be transformed into a 

single domain by applying a field parallel to one of the polar directions. The 

domains with their polar moment in the field directions grow at the expense of 

those directed oppositely until only a single domain remains. The presence of 

mechanical stress in a crystal results in the development of 90° domains so as to 

minimize the strain. A polycrystalline ceramic that has not been subjected to a 

static field behaves as a non-polar material even though the crystals comprising 

it are polar. One of the most valuable features of the ferroelectric behavior is 

that ferroelectric ceramics can be transformed into polar materials by applying a 

static field. This process is called fDoling” The poling process is illustrated 

schematically in Figure 2.13.
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Figure 2.12. (a) Surface charge associated with spontaneous polarization; (b) 
formation of 180° domains to minimize electrostatic energy [36].

Figure 2.13. Schematic illustrating the poling process [36].
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2.1.5. Ferroelectric Phase Transition

I. Introduction

A phase transition often occurs in ferroelectric materials when the 

temperature approaches a critical temperature, called the Curie temperature 

(7c). During the transition, the phase changes from ferroelectric to paraelectric 

with a disappearance of the spontaneous polarization. This transition is termed 

the ferroelectric phase transition or the Curie transition. The ferroelectric phase 

transition is always accompanied by a structural change, such as from tetragonal 

to cubic in BaTiOa. Although several other phase transitions could occur at 

lower temperatures, only the phase transition from ferroelectric to paraelectric 

(the Curie transition) is of interest here.

II. Classification of phase transitions

For most pure materials, phase transitions can be classified as either first- 

order or second-order. A first-order phase transition is defined as the one in 

which there is a discontinuity in first-order derivative of the free energy (G) with 

respect to a given state variable (temperature, pressure, etc.) at the transition. 

To simplify terms, the quantities for the first- and second-order derivative of free 

energy are referred to as first and second order quantities hereafter. In a 

second-order transition, the change in first-order quantities such as volume or
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entropy is continuous at the transition, but there is a discontinuity in second- 

order quantities such as specific heat and thermal expansion coefficient.

In a first-order ferroelectric phase transition, a discontinuity in 

spontaneous polarization, Ps, has been observed at the transition due to its first- 

order nature. As a result, a latent heat AH associated with the transition is 

expected at Tc. AH is related to Ps by the following equation [66]:

= (2.18)
2C

where C is the Curie constant which is approximately equal to 1.4x10^" degree in 

good crystals, and (Pshc is the value of spontaneous polarization reached

immediately below Tc.

However, in a second-order ferroelectric transition, Ps goes continuously 

toward zero although dP, /dT  is discontinuous at Tc (due to the discontinuity in 

the specific heat at Tc). The behavior is illustrated in Figure 2.14a. The same 

trend of continuous and discontinuous properties can be seen for the dielectric 

constant e, which is shown in Figure 2.14b. Therefore, whether the transition is 

first- or second-order at the ferroelectric Curie transition, can be recognized by 

observing if there is a continuity or discontinuity of Ps at Tc..

A ferroelectric phase transition has also been described as a displacive or 

order-disorder type of transition. A displacive type of phase transition is one in 

which the displacements of the atoms in the low temperature phase from their
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Figure 2.14. (a) Ps vs. temperature and (b) K vs. temperature for a first- and 
second-order ferroelectric phase transition [67].
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positions in the high temperature phase are small compared to the nearest- 

neighbor internuclear distances. For an order-disorder transition, below Tc the 

displacements are comparable to the internuclear distance. The Curie transition 

in BaTiOs is said to be more similar to a displacive type phase transition [66].

III. Phenomenological theory

Most of the macroscopic properties of materials can be studied by 

applying thermodynamic principles. Phenomenological theory, or the Landau- 

Ginzburg free energy theory uses thermodynamic principles to describe the 

observed behavior upon phase transition in terms of change in the free-energy 

function with temperature. The phenomenological theory was first developed by 

Devonshire in a series of papers [31-33] around 1950 based on the Landau- 

Ginzburg phase transition theory [28-30]. Although such a theory does not give 

insight into mechanisms or the microscopic causes of the observed 

phenomenon, it provides a valuable framework for further development of 

microscopic theories.

In the phenomenological theory, an order parameter is used which 

measures the extent of the departure of the atomic (or electronic) configuration 

in the less symmetric (low temperature) phase from that in the more symmetric 

(high temperature) phase. In ferroelectrics, the appearance of the order 

parameter below To breaks the symmetry of the high temperature phase, while
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the order parameter approaches zero as the temperature goes above Tc. In a 

displacive type of ferroelectric transition, the order parameter could be some 

measure of the displacement of certain ions from their high temperature 

equilibrium positions, while in an order-disorder type transition the order 

parameter would be some measure of the amount of long-range ordering of the 

permanent dipoles. For most ferroelectric materials with either order-disorder or 

displacive type transition, the polarization P  can be taken as the order 

parameter. This is because P is a macroscopic quantity that can be easily 

measured.

Here, a simple ferroelectric case is considered, assuming a crystal with a 

perovskite structure where the transition is from a high temperature 

centrosymmetric (non-polar) cubic structure to a tetragonal ferroelectric structure 

with a polarization P. As P  is parallel to the tetragonal c axis, the elastic Gibbs 

free energy of the system (Gy) can be expanded according to the Landau- 

Ginzburg theory [67]:

G^(T,P)  = Gi o ( T )  + ̂ p U ^ p U I p U - -  (2.19)

where Gyo is the elastic Gibbs free energy term when P = 0, and the coefficients 

a, p and y are all temperature dependent. It should be noticed that y has to be 

positive and very small compared to a  and p in order to have a stable state (or 

minimum Gy). Only even powers appear in this expansion because the non-
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polar cubic phase above Tc has a center of symmetry, which gives the 

dependence of the free energy on even powers of the polarization.

A stable state of a thermodynamic system is achieved by the minimization 

of the free energy G. When an electric field E = 0, Gi can be replaced by the 

total Gibbs free energy G. So for a stable equilibrium configuration, the 

following two requirements have to be met [68]:

(dG /dP)p^=0 ,  and (2.20)

(d^G /  dP^ )p̂  = (dE  /  dP)p  ̂ = (eox)-'  > 0  (2.21 )

Combining Equation (2.19) with Equations (2.20) and (2.21), the following

equations can be derived:

P s(o i +  ^ P s ^ + y P s ^ )  =  0  (2 .22)

= e „ ra  + 3 p P / + 5 y P / ; > 0  (2.23)

There are two solutions of Equation (2.22). The first one is Ps = 0, 

corresponding to a paraelectric, and the second one, with Ps ^ 0, is for a 

ferroelectric phase.

A. Paraelectric phase

In the case of Ps = 0, which corresponds to the paraelectric phase, the 

dielectric susceptibility can be expressed as

X " ^ = 8 o a > 0  (2.24)
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It is shown by the equation that a  must be positive for a ferroelectric crystal to 

have a stable paraelectric phase. At the transition from a stable paraelectric 

toward a ferroelectric phase (T  >  Tc), the boundary condition can be expressed 

as

a ( T ) \ T , > 0  (2.25)

Here To is called the Curie-Weiss temperature. It will be shown later that To = Tc 

for the second-order phase transition, while To < Tc for the first-order one. 

Therefore, a(T) can be expanded into a Taylor series in terms of T-To and by 

taking only the first-order term into account, we have:

0.(7 )  = O o ( T - T o ) =  (2.26)

where ao = 4ti/C  in the CGS unit system and C is called the Curie-Weiss 

constant. Thus by considering Equation (2.24), the following expression can be 

obtained:

This equation describes an important relationship between % and temperature, 

and is often referred to as the Curie-Weiss law. The Curie-Weiss law applies to 

the dielectric susceptibility in a paraelectric phase. It has been experimentally 

proved that both and /  only have a very weak dependence on temperature and 

it is reasonable to assume that they are temperature independent.
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B. Ferroelectric phase

For the case where Ps is non-zero, which corresponds to the ferroelectric 

phase, the solution to the Equation (2.22) would be:

P j  = [ - ^ ± ( ^ ^ - 4 a y y ' ^ ] / 2 y  (2.28)

There are two situations which need to be considered: p  >0 and < 0. It 

can be shown that the solution P j  = ^ - p ~ ( p ^ - 4 a y y ^ ^ ^ / 2 y  has to be

discarded since it either results in Ps  ̂< 0 or corresponds to an unstable state 

(free energy Gi is maximum) according to Equation (2.21). Therefore the only 

solution needed to be considered is:

Ps" + - 4 a y y ' ^ ] / 2 r  (2.29)

In the following, two situations will be discussed : p >  0 and p < 0 .  It will 

be shown that by changing the sign of p, two quite different ferroelectric 

responses corresponding to second- and first-order phase transition can be 

produced.

(1) Second-order ferroelectric transition (/?>0)

As p  >0, a negative a  is also required {y is always positive as mentioned 

before) for the solution = [ -p  + f p ^ - 4 a Y / ' ^ ] / 2 y  to be valid. When

substituting this into Equation (2.19), and considering Gi = G {E = 0) and Gio = 

Go as Ps = 0, the following equation is obtained:
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G -  Go = [PfP ' - 6 a y ) ~  fp ' -  4 a y ] /  24y '  (2.30)

From the above analysis, several conclusions can be drawn:

(i) Ferroelectric phase is a stable phase

For a typical ferroelectric crystal, \ a j \ «  ^  [69]. Thus, the value of the 

right side of Equation (2.30) would be negative, resulting in a negative value of 

G-Go. G corresponds to a non-zero Ps, which is now smaller than Go 

corresponding to Ps = 0. Therefore the stable phase here is a ferroelectric 

phase with a non-zero spontaneous polarization. This is shown in Figure 2.15a 

where G-Go is plotted as a function of the polarization P at several temperatures. 

At 7  < To, there are two free energy (G-Go) minima with non-zero Ps 

corresponding to stable ferroelectric states.

(ii) Second-order phase transition

As a  tends to be infinitely small near the transition. Equation (2.30) can 

be simplified when substituted with Equation (2.26):

G -  Go = - a  V  4P = rT- -  To y  /  p (2.31)

The equation indicates that as the temperature approaches To, a ferroelectric- 

paraelectric phase transition will occur (G = Go). So the transition temperature
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Figure 2.15. The free energy as a function of polarization at several different 
temperatures: (a) for a second-order phase transition; (b) for a first-order phase 
transition [67].
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Te is equal to To in this situation. The entropy change (AS) upon the transition 

can be obtained by taking the first-order derivative of the free energy at 7  = To. 

AS = ( d G /d T ) - ( ô G o /d T ) \ r ^ = 0  (2.32)

However, the change in specific heat {ACp) at 7 =  To, which can be obtained by 

taking the second-order derivative of free energy, is discontinuous:

A C p = (d ^ G /d T ^ ) - (d ^ G o /d T ^ ) \ r ^  = - 2 ( ^ ) ^ / ^ ^ 0  (2.33)

Thus, in the case of yff > 0, the first-order derivative of the free energy is 

continuous while the second-order derivative is discontinuous, which well 

defines the transition as second-order. Since in most ferroelectrics, I 07! «  p̂ . 

Equation (2.28) can be thus simplified as

P / = - a / p  (a < 0, p > 0) (2.34)

Combining the Equations (2.31) and (2.34), the following expression can be 

obtained:

Ps' = - ^ ( T - T o ) / ^  (7<7o)  (2.35)

According to this equation, polarization should decrease continuously as the 

temperature approaches To and becomes zero at To, just as shown in Figure 

2.14 for a second-order phase transition.
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(iii) Susceptibility and hysteresis loop

In a stable ferroelectric phase region at the temperature below To, 

according to Equation (2.23), the reciprocal of the susceptibility can be 

expressed as

X"' = (dE  /  dP)p^p  ̂ = a  +  3 p P / + 5 y P /  (2.36)

As the temperature nears To, the term with Ps'' can be neglected. Thus by 

substituting Equation (2.35) into the above equation, we have:

= - 2 a  = - ^ ( T - T o )  {T<To)  (2.37)

Figure 2.16a shows the plot of as a function of temperature for the second-

order phase transition.

On the other hand, polarization P can be related to the electric field E  by 

the relation E = (dG^/dP)j-,  and by combining with Equation (2.19), we can 

obtain:

E  = a P  + pP^+yP® (2.38)

Thus, according to Equation (2.38), P-E curves at various temperatures can be 

represented as in Figure 2.17a.

(2) First-order ferroelectric phase transition (P < 0)

In the case of a  > 0, the crystal is in the paraelectric phase since it 

corresponds to T > To according to Equation (2.26). It is noteworthy that in the
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Figure 2.16. The temperature dependence of for (a) second-order phase 
transition: (b) first-order phase transition [67].
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Figure 2.17. Calculated P-E  curves for (a) second-order and (b) first-order 
phase transitions [68].
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former case where p > 0, Ps = 0 is the only solution to Equation (2.22), since 

other solutions will give the imaginary value of P. However, in the present case

of p < 0, besides the solution of Ps = 0, solution P j  = [ -P  + rP^ - 4 a y / ' ' ^ ] / 2 Y

is also valid. However, Ps = 0 corresponds to the lower energy state and thus 

the most stable configuration (Figure 2.15).

For a  < 0, which corresponds to the ferroelectric region (7  < To), by

substituting = | -P  + CP̂  - 4 a y / ^ ^ ] / 2 y  into Equation (2.19), Equation (2.30)

can again be obtained.

There is a non-zero solution of a  at the transition (7 =  Tc) where G = Go. 

a  = 3 p V ‘/6y (2.39)

This means that before the temperature decreases to the Curie-Weiss 

temperature. To, the ferroelectric phase transition already takes place at Tc 

(>7o), with a ferroelectric phase as the most stable phase which has a non-zero 

Ps.

The stable states can again be illustrated by plotting G-Go as a function of 

polarization, as shown in Figure 2.15b. At 7  < Tc, the lowest energies are at the 

two minima in Gibbs free energy (G) with non-zero Ps, which corresponds to a 

truly stable ferroelectric phase. At 7  > Tc, the lowest free energy is at Ps = 0, 

which corresponds to the stable paraelectric phase, although there are two
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metastable positions where Ps has non-zero values. Once again, several 

conclusions can be drawn from the above discussion:

(I) First-order phase transition

Assuming that (3 and y are temperature independent and no electric field 

is applied (E  = 0), the entropy change (AS) at the transition temperature Tc can 

be expressed as follows:

AS = (dG /  dT) -  (dGo /  dT)\

=
2 rJ d o i /d T )  (2.40)

=  2 n P s % / C ^ 0

and

AH = TcAS =  2nPs%  /C  (2.41 )

Therefore, this case (p > 0) describes a first-order transition with an abrupt 

change in entropy that gives a latent heat at the Curie transition (Tc).

(ii) Susceptibility and hysteresis

In this case the ferroelectric transition is of the first order, so there is a 

discontinuous change in polarization at Tc as shown in Figure 2.14. Since the 

polarization is still large at temperatures just below Tc, the term cannot be 

ignored in Equation (2.36). The value of the spontaneous polarization Ps at Tc
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can be obtained by substituting Equation (2.39) into (2.29) and subsequently 

simplified as:

P sU TJ = - 3 f i / 4 y  (2.42)

When substituting Equations (2.39) and (2.42) into Equation (2.36) and 

rearranging it, the expression for the susceptibility can be obtained as

X-’ = 4 a  {T<Tc)  (2.43)

The dependence of%' on temperature is shown in Figure 2.16b and it is obvious 

that the slope of the curve at T < Tc is four times that at T  above Tc.

The hysteresis or P-E  curves at several temperatures can also be 

obtained for the first-order phase transition according to Equation (2.38), as 

shown in Figure 2.17b.

It has been shown that by using a simple free energy expression with 

several adjustable expansion parameters (a, p and y), various kinds of rather 

complex ferroelectric behaviors can be predicted and coincide very well with the 

experimental results. By changing the sign of p, the ferroelectric behaviors 

associated with the first-order and second-order phase transition are well 

delineated such as the hysteresis behavior, the dependence of polarization 

on temperatures, etc. Additional terms can be added to take into account effects 

due to stress and other macroscopic variables.

Although the phenomenological theory provides no microscopic 

information such as its structural change during the ferroelectric phase
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transition, it can be used to explain a variety of macroscopic observation in 

terms of a few parameters. This is the strength of this theory. However, in order 

to really understand the ferroelectric behavior and the transition from a more 

microscopic point of view, the "soft" mode theory should be considered.

IV. Lattice dynamics theory (soft-mode)

One of the most striking features of the ferroelectric phase transition is 

the fact that the spontaneous appearance of an order parameter, Ps in the low 

temperature phase breaks an inherent symmetry of the high temperature phase. 

In other words, some symmetry elements of the high temperature phase are lost 

by very small displacements of atoms on cooling below Tc. The only way to 

accomplish the small displacements is by normal lattice vibration. Therefore, 

there may be a relationship between lattice dynamics and structural phase 

transitions, in particular the '^entle"displacive ferroelectric transitions such as in 

the case of BaTiOs and related materials.

In 1959 Cochran first made the connection between lattice dynamics and 

ferroelectricity [22], suggesting that the phase transition in some ferroelectrics 

might result from an instability of one of the normal vibrational modes of the 

lattice. The theory was further improved by him and many other investigators 

[23-27]. According to the Lyddane-Sachs-Teller (LST) relationship, the real part
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of the static dielectric constant e (0) and the optical dielectric constant s  (oo) are 

related to the vibrational frequencies:

e W  ^ (2.44)
efm) (Dj-0

where c o lo  and c o to  are the longitudinal and transverse optic modes (LO and TO), 

respectively. It can be shown that cow can be considerably reduced if only short- 

range forces were considered (i.e., the electrostatic dipole forces act to reduce 

c o to ) ,  while c o lo  is not affected very much. Therefore, the increase in dielectric 

constant as Tc is approached from above may be caused by a decrease in (Ow. 

In other words, normally the frequency of most lattice vibrational normal modes 

increase as the temperature decreases. However, the TO mode that is causing 

the phase transition must decrease in frequency with the temperature to be 

consistent with Equation (2.44). Such vibrational modes are called "soft modes".

The ‘feoft mode" concept has been verified experimentally by infrared, 

neutron and Raman measurements. If assuming that all the temperature 

dependence of s (0) is associated with one TO mode (i.e., (olo is temperature 

independent), the temperature dependence of cow can be derived according to 

Equation (2.54) together with the Curie-Weiss law for static dielectric constant 

as shown in Equation (2.39). The behavior in the high temperature phase is

= A ( T - T o )  (2.45)
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where >A is a constant. Fortunately, this temperature dependence has been 

confirmed experimentally, which gives a strong support to the “soft mode" theory.

To examine the soft mode idea more carefully, the lattice vibrational 

normal modes of a ABO3 unit cell with the perovskite structure is considered 

(Figure 2.18) [67]. It shows the displacements for all four of the allowed optic 

normal modes. All these modes are triply degenerate whereas only the motion 

along one <100> axis is shown in the figure. Similar displacements along the 

other two axes are allowed. Three of the four modes are infrared active, which 

means that there is a dipole moment oscillating at the particular TO frequency of 

the mode, and these modes contribute to ^(0) in Equation (2.44). The last mode 

is 'èilent” meaning it is not infrared or Raman active but can be seen with 

neutrons, and it is thus excluded in the consideration. The soft mode is referred 

to as the lowest frequency TO mode, which is shown in Figure 2.18a. As Tc is 

approached from above, the frequency of this soft mode decreases with 

temperature as given by Equation (2.45) and this determines the temperature 

dependence of e (0) via Equation (2.44). The decreasing frequency of g>to is 

another way to say that the restoring forces of this mode become weaker which 

causes the vibration of the mode to become slower. Finally, the restoring forces 

become so weak that the high temperature structure distorts into another 

structure (i.e., there is a phase transition).



63

A

A

(C) (d)

Figure 2.18. A unit cell of cubic BaTiOs (i.e., ABO3 perovskite) showing the 
atomic displacements of the four different normal modes. Only displacements 
along one of the cubic axes is shown; it also occurs also along the other two 
cubic axes. Thus the modes are said to be triply degenerate [67].
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One of the outcomes of the soft mode idea is that the displacements that 

occur in the low temperature phase are the result of the soft mode vibrational 

motion which is now frozen in" Therefore, the distortion of the crystal structure 

found below Tc is just the frozen displacements shown in Figure 2.18a with an 

additional macroscopic strain, in which the crystal elongates along the direction 

of Ps and contracts perpendicular to Ps. Since the eigenvectors of the normal 

vibrational modes can be calculated from a knowledge of the interatomic forces 

between the ions (which can be determined experimentally), the soft mode idea 

can be and has been verified.

It is also important to know that the wavenumber, k of these soft modes is 

nearly zero (/c » 0). This is because such modes used in the LST relationship 

(Equation 2.44) relates the macroscopic quantities (i.e., dielectric constants) to 

wave motion, and only wave motion with very large wave length (very small k) 

can directly affect macroscopic quantities. The fact that /c « 0 allows the normal 

modes of all neighboring unit cells to oscillate in the same direction with the 

same displacements as shown in Figure 2.18a. If such motion has a very low 

frequency and freezes in" the tetragonal phase with the observed 

displacements results. This gives rise to a static dipole moment in each unit cell 

which adds together to give a macroscopic polarization. Since the 

displacements are generally small, in fact a weak electric field can reverse them, 

thereby changing the sign of Ps.
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Figure 2.19 shows the temperature dependence of the lowest TO (soft 

mode) In a ferroelectric material. As Tc Is approached from above, the 

frequency of TO at /c = 0 decreases. Since the /r = 0 part of the phonon branch 

Is connected to the entire branch, the rest of the TO branch tends to move down 

as the figure shows.

It Is also notable that while a Ps Is observed along the z-axis of this 

normally cubic crystal, this distortion can have a very small effect on the 

vibrational motion In the x- and y-dlrectlons. However, the distortion Is small so 

the effects on motions In the two perpendicular directions are relatively small. 

Thus, TO modes with very small /( ( « 0) In these two directions can still be soft 

and at temperatures lower than Tc these modes can cause other transitions. 

This Is what Is observed in BaTIOs. At about 0°C, there Is another phase 

transition where the displacements are along the y-axis, and the sum of the 

displacements along both the z- and y- axes gives a polarization along one of 

the <011>-type directions. At still lower temperatures displacements along the x- 

axls occur with a resultant Ps along one of the <111 >-type directions. Thus, a 

triply degenerate soft mode In the high temperature cubic phase of BaTlOa 

leads. In a very natural way via soft mode consideration, to the three different 

low temperature ferroelectric phases (tetragonal, orthorhombic and 

rhombohedral). Therefore, complicated phase transitions and crystal properties
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Figure 2.19. A schematic diagram of £  vs. k for the lowest TO branch in the 
paraelectric phase as the ferroelectric transition temperature Tc is approached 
from above. The successively lower dashed curves refer to temperature closer 
to Tc [67].
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can be understood in terms of the lattice dynamics with the simple soft mode 

concept.

V. Particle size effect on ferroelectric phase transition

It is well known that ferromagnetic or ferroelectric thin films or powders 

with small particle sizes may behave differently as compared to bulk materials 

[70-79]. For example, BaTiOs powders produced by wet-chemical syntheses are 

usually in submicron sizes, and have a cubic-like structure at room temperature 

[6-9]. The particles appear to be paraelectric as suggested from the 

disappearance of the Curie transition at Tc (the stable structure of large single 

crystals of BaTiOs is tetragonal and possesses ferroelectricity at room 

temperature). Similar cubic-like structure has also been commonly observed in 

synthesized BaTiOs thin films [80], and the tetragonality starts to show only when 

the crystallites become large in size [81-82]. Apparently there is a critical 

particle size below which the tetragonal structure cannot be sustained. This 

critical size has been estimated to be around 100 nm [83-85].

Although the size dependence of ferroelectricity for powders and thin 

films has been recognized for a long time, the exact mechanism responsible for 

the appearance of the cubic-like structure and disappearance of ferroelectricity 

has been debated in the literature. Various explanations have been offered and 

are summarized in the following:
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•  a ferroelectric surface layer with higher Curie transition exists around 

particles and the misfit between the surface layer and the interior 

gives rise to lattice distortion and broadening of the Curie transition 

[6]:

• a surface layer with cubic structure and low dielectric constant is 

present around the particles, smaller particles have a more severe 

surface layer effect, resulting in a “cubic-like" structure [7-8];

• surface tension acting as the hydrostatic pressure shifts the Curie 

temperature below the room temperature, causing the disappearance 

of the transition normally observed at ~ 130°C [83];

•  large surface energy / volume associated with small particles requires 

the particles to adopt cubic structure for energy reduction [87].

•  the presence of defects such as hydroxyl ions in the oxygen sublattice 

enforces a “loosely packed" cubic structure [88].

•  the creation of lattice microstrains associated with hydroxyl defects 

maintains the particles in the metastable cubic form [9, 89].

•  strong depolarization energy associated with the ferroelectric phase 

coerces the disappearance of ferroelectricity [56].

•  a surface disordered state reduces the ferroelectricity, which becomes 

more dominant as the particle size decreases (mean field 

consideration) [77-78, 90].
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Among them, defects and strain have been paid much attention recently. 

Hennings et al. [88] observed a large quantity of chemisorbed OH" groups in 

BaTiOs lattices by using both thermogravimetry analysis (TGA) and infrared (IR) 

spectroscopy. These adsorbed OH" groups and the compensating defects 

cause enlargement of the unit cell as well as stabilizing the cubic structure. 

Upon annealing of the BaliOs powders, dehydration occurred with a successive 

reduction of OH" concentration. A similar behavior was also observed by 

Vevekanandan at ai. [89], and it was explained as the incorporation of these 

defects with the crystal lattice leading to the distortion of the lattice and the 

accompanying microstrains which stabilize the cubic structure. Recently, 

vibrational spectroscopy has been applied to investigate the structural behavior 

of the submicron particles [84, 91-93,]. Raman spectra have demonstrated that 

the local distortion of the TiOe sublattice still exists in the small particles, though 

the XRD shows that the particles are in the cubic form. The additional structural 

information obtained by the vibrational spectroscopy has been and will certainly 

benefit the research as well as the understanding of this interesting nano-size 

phenomenon in ferroelectric materials.

2.2. Review of Low Temperature Powder Synthesis

Technology advances in electronic industry have imposed increasing 

demand on high performance ceramic components, which can only be achieved
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by improving the quality of the starting powders and the subsequent 

densification process. The traditional fnixing and calcination" approach has 

been commonly used to prepare ceramic powders [94-97]. Although the process 

is relatively simple, easy to scale-up and low cost, the powders produced have 

many problems, including large and non-uniform particle sizes, lack of chemical 

homogeneity and impurities.

To achieve higher quality powders, low-temperature wet chemical 

techniques for Ba0-Ti02 powder preparations are preferred and have been 

intensively studied. In wet chemical synthesis, intimate contact between Ba and 

Ti ions allows accelerated diffusion (short diffusion path) in the solution and 

complete mixing at the submicron level, leading to low reaction temperatures, 

fine particle sizes and a high degree of compositional homogeneity [98-100]. In 

the subsequent text, a brief review of various wet chemical synthesis techniques 

is presented.

2.2.1. Chemical Coprecipitation Process

The coprecipitation process involves simultaneous precipitation by mixing 

a number of different ions which are originally soluble in the aqueous solution. 

The formed precipitates should have a well-defined stoichiometry, so that the 

thermal decomposition of the precipitate results in the formation of the desired 

stoichiometric compound. Advantages of the coprecipitation process include a
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better control of stoichiometry, low impurity level, controllable particle size and 

ease of introducing dopants. However, since calcination at relatively high 

temperatures is required in the process, high weight loss and agglomeration 

associated with the calcination are inevitable. In addition, a small amount of 

BaCOs formed during the combustion process is another drawback of this 

process.

I. Oxalate process

High quality BaTiOs powder of nearly perfect stoichiometry has been 

produced by precipitating barium titanyl oxalate (BTC) followed by calcination at 

an appropriate temperature [101-108]. This process is referred to as the 

bxalate process” Since it is a relatively simple process, and powders with high 

purity and stoichiometry can be readily achieved, the process has been 

commercially used in preparing high purity powders in capacitor and thermistor 

industries.

The Ba:Ti ratio in BTO and in the resulting BaTiOs was found to depend 

greatly on reaction conditions, and the optimized synthesis condition was 

developed [101] by adding a mixture of aqueous solution of BaCb and TiCL to a 

hot aqueous solution (~ 80°C) of oxalic acid to form BTO precipitate. The BTO 

precipitate with a Ba:Ti ratio of 1 can be converted to high-purity stoichiometric 

BaTiOs at 700 ~ 900°C. The reactions are summarized in Table 2.2.
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Similar syntheses to form BTO have also been carried out with different 

concentrations of reagents or temperatures [102-107]. Furthermore, titanyl 

nitrate, Ti0 (N0 3 )2, instead of TiCU has been tried as the titanium source [105, 

108], and BTO has also been successfully prepared from ethanolic solutions 

[105, 109-110],

II. Citrate process

The citrate process [111-114] is also known as the Pechini [111] or liquid 

mix (LM) process and it is similar to the oxalate process. Typically the titanium 

precursor is obtained by mixing tetrabutyl titanate with citric acid and ethylene to 

form an aqueous solution, and the barium precursor is obtained by dissolving

Table 2.2. Synthesis of BaTiOs using the oxalate process [99].

Synthesis of mixed Ba-Ti oxalate 

TiCU + HgO -4. TiOCIz + 2 HOI

BaClz + TiOCb + 2 H2C2O4 + 4 H2O ^  BaTiO (0 2 0 4 )2-4 H2O + 4 HOI 

Thermal decomposition of oxalate to form BaTiOs

100 ~ 140°C: BaTiO (0 2 0 4 )2-4 H2O -4- BaTiO (0 2 0 4 )2-*- 4 HgO 

300 ~ 350°0: 2 BaTiO (0204)2 -> BaTi20g + BaOOg -*- 4 0 0  + 3 OO2 

600 ~ 700°0: BaTi20s + BaOOg -4 .2  BaTiOg + OO2
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BaCOa in formic acid and water. The barium precursor is then added to the 

titanium precursor (Ba:Ti ratio of 1), and by adjusting the pH, crystalline barium

titanyl citrate (BaTi(C6H607)3 4 H2O) is precipitated. Calcination of the citrate 

precipitate above 600°C results in the formation of BaTiOa.

2.2.2. Double Alkoxides Process

Stoichiometric BaTiOa powders and powders with various dopants have 

been prepared by using alkoxide process developed by Mazdiyasni et al. [115- 

120]. This route has also been applied to prepare many other ceramic powders 

[121]. The process for BaTiOa involves simultaneous hydrolysis of barium and 

titanium alkoxides mixed intensively in an alcohol solution (e.g., CaHyOH) by

adding them to an excess of water. The hydrated BaTiOa (BaTiOa H2O)

precipitate is formed immediately for removal by filtering. After drying the 

precipitate in vacuum at temperatures as low as 50°C, a finely divided, 

stoichiometric BaTiOa powder with fine particles (50 ~ 150Â) and of very high 

purity (> 99.98%) is subsequently produced. The typical overall reaction for the 

formation of BaTiOa using barium isopropoxide and titanium ethoxide (derived 

from titanium isopropoxide) can be written as

B a ( 0 C a H y ) 2  +  T i ( 0 C s H i i ) 4  +  H 2 O  ^ ^ H y O H   ̂ +  4 C 5 H 1 1 O H  +  2C a H y O H
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Since the organometalllc reagents can be easily purified, levels of most 

impurities in BaTiOa are minimized and this is the major advantage of this 

process. Polytitanate phases with Ba:Ti ratio of 2:1, 1:2, 2:9 and 1:5 have also 

been successfully prepared by the alkoxide route [120, 122]. However, due to 

the sensitive nature of barium alkoxides to moisture and carbon dioxide, the 

experiment should be performed in a moisture and CO2 free atmosphere (usually 

in Ar). Also, metal alkoxides require the use of large quantities of organic 

solvents [121]. Therefore, the preparation process suffers high costs of reagent 

materials and restricted operation conditions, which are the reasons that this 

process has not been developed on a large scale for industry.

2.2.3. Sol-Gel Process

The sol-gel process has been used to prepare a variety of glass and 

ceramic powders [123-128]. In the sol-gel process, colloidal sols of the mixture 

of different organic precursors are converted into monolithic gels (gelation) and 

the subsequent drying and calcination of the monolithic gels lead to the 

formation of crystalline powders.

The preparation of Ba-Ti gels is based on the hydrolysis of alcoholic 

solutions of titanium alkoxides (Ti(0R)4) in concentrated solution of barium 

hydroxide (Ba(0H)2) (pH ~ 14) at low temperatures (80 ~ 100°C) [129-134], The
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gels are calcined at above 600°C to from the crystalline BaTIOs powders. The 

hydrolysis and condensation reactions can be described as

Ti(0 R )4  + 4H2O + Ba"  ̂+ 20H" ^ 0 ~ 1 0 0 °C   ̂ -j-i(0 H)6='- + Ba"" + 4R0H

BaliOs + 4R0H + 3HzO 

In this process, the presence of a high concentration of 0 H “ is essential for gel 

formation. In neutral solutions, the reactions described above cannot occur and 

hydrated Ti02 formation results. The hydrolysis and condensation steps are 

relatively fast, so titanium alkoxide precursors with a long C-chain (C3 or C4) are 

used to decrease the hydrolysis rate and molecular associations (Ti-O-Ti 

bonds). Since less expensive and moisture-insensitive barium acetate 

(Ba(CH3COO )2 or Ba(Ac)2) is commercially available, the use of Ba(Ac)2 instead 

of Ba(0H)2 as the Ba source has been studied for BaTi0 3  formation [135-143]. 

Chemical additions such as acetic acid and acetylacetone are often used to 

control the hydrolysis kinetics so that fast hydrolysis and the precipitation of 

solid particles such as Ti(0H)4 can be avoided [126, 135, 141]. Since better 

control of hydrolysis rate can be achieved by this process, it is also used for 

BaTi0 3  thin film synthesis.

In the sol-gel process, barium and titanium precursors can be mixed in 

various ratios to form homogeneous sols, thus the process can be easily applied 

to form some solid solutions [131, 140] and other compounds in the Ba0-Ti02
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system, including BazTigOzo, BaTisOn and BaTi^Og for microwave applications 

[137, 143]. The organic precursors used in the process are not very sensitive to 

moisture and CO2, so the synthesis is much simplified as compared to the 

double-alkoxide method. The technique can be easily applied to prepare 

BaTiOg thin films by dipping or spinning the substrate, which is a simple and 

inexpensive process and easier for scale-up as compared to other thin film 

deposition techniques. A detailed description of the techniques used in thin film 

deposition can be found in the latter part of the chapter. However, the sol-gel 

process also has similar disadvantages compared with the other process 

techniques in terms of high temperature calcination for crystallization and 

associated BaCOg formation.

2.2.4. Aerosol Drying, Freeze Drying and Spray Drying

Aerosol drying, freeze drying and spray drying are three major 

approaches to convert a solution to a homogeneous solid form. In these 

processes, rapid drying of the solutions can be achieved, a step essential to 

prevent liquid mixtures from segregation during the drying process.

Aerosol drying involves the formation of aerosol, which is a colloidal 

suspension of particles in a gaseous phase, and subsequent drying of the 

aerosol to ultrafine powders. This technique has been widely used to produce 

superconductor powders [144-145]. An aerosol consisting of ultrafine droplets of
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the solution is produced by focusing an ultrasonic beam on the surface of the 

solution, and it is carried away by a purge gas [144]. As the size of the droplets 

in the aerosol is in the submicron range, the gravitational forces of the particles 

are not significant and particle movement resembles Brownian motion [127]. 

The aerosol is dried to ultrafine powders by passing it through a furnace. Since 

the droplets in the aerosoi are very small and any segregation during drying is 

limited to the individual droplet, powders of high chemical homogeneity can be 

achieved by this technique. However, the process is very time consuming as 

only a small amount of powder can be prepared in one process cycle, resulting 

in the high cost of the synthesized powders.

Freeze drying has been used on a large scale in the food, biological and 

pharmaceutical industries [146]. It has also been used to prepare ceramic oxide 

powders [147-150] including BaliOs. In the freeze drying process, the solution 

is initially frozen by exposing it to very cold air or an immiscible fluid. The 

solvent is removed as a vapor by sublimation from the frozen solution in a 

vacuum chamber below the triple point of the solvent.

Spray drying has long been used as a primary processing step in 

manufacturing ceramic products. Spray drying completes the required 

conversion from solution or slurry to powder in a single, continuous step [151- 

152]. In the spray drying process, the solution or slurry is first atomized into fine 

droplets, which are immediately contacted with a stream of hot drying air.
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resulting In a rapid evaporation of the solvent. The dried powder is then 

separated from the drying air stream and gets collected. Powder properties in 

terms of particle size, flowability and moisture content can be controlled by 

adjusting temperature and feeding speed, etc. Since a small amount of residual 

solvent can hold the powder particles to form a hollow spherical shape 

agglomerate with sizes from several micron to hundreds of microns, sometimes 

intensive milling is required, which is a major disadvantage of this process. 

However, its ability to dry almost any kind of solutions or slurries and the 

relatively small compositional segregation (at the submicron level) associated 

with this process make it a very popular drying technique in the ceramic 

industries.

2.2.5. Combustion Synthesis

Combustion synthesis is also known as self-propagating high-temperature 

synthesis (SMS) or the anionic oxidation-reduction method [98, 153-166]. It has 

long been used to make non-oxide materials such as carbides, nitrides, borides, 

silicides, etc. [98, 153]. However, only recently has this technique been applied 

to process oxide ceramic powders such as a-AbOa [159], aluminates [160], 

ferrites [161, 164], high-Tc superconductor [155-158, 162], perovskite dielectric 

[163,165] as well as microwave materials [166].
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In combustion synthesis, the precursor mixture is ignited at relatively low 

temperatures (< 500°C) and chemical reactions (usually oxidation-reduction) 

occur very rapidly with large heat release (exothermic reactions) which further 

drives the reaction to complete. During the process the maximum or combustion 

temperature may reach a very high level (e.g., > 2000°C), although the initial 

ignition temperature is low. Therefore, in this sense, the combustion synthesis is 

a high-temperature synthesis.

A commonly used combustion synthesis to form BaTiOa powder involves 

the reactions of metal nitrates, such as Ba(N03)2 and Ti0 (N03)2 and 

carbonaceous reductive fuel in a rapid, exothermic and self-sustained way. 

There are several advantages associated with this process technique. Since the 

rapid exothermic reactions provide the heat to complete the synthesis, there is 

no need for an external heat supply. The process is also very time efficient, 

which lowers the cost significantly. Very high combustion temperatures vaporize 

all volatile contaminants, thus the synthesized powders achieve high purity. 

Because the synthesis is rapid with a non-equilibrium characteristic, the powders 

produced are usually very defective.

2.2.6. Hydrothermal Process

The hydrothermal process was first given its name for the use of hot, 

pressurized water to precipitate various oxides. Numerous mineral systems
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such as quartz, feldspar, wallastonite and analcite were prepared hydrothermally 

about a century ago. However, most of the early investigations were engaged 

merely in the preparation of minerals, while the systems were usually very 

complex and the experimental conditions were not well defined. The landmark 

study of Morey [167] opened a new area of hydrothermal synthesis which 

directed the investigations toward acquiring systematic equilibrium data and 

controlled and reproducible synthesis conditions. His study covered numerous 

mineral systems which were based on exploration of the underlying theories of 

hydrothermal synthesis, in particular crystal growth mechanisms, pressure and 

temperature effects on the synthesis, and experimental apparatus for the 

synthesis. After that, many other investigations looked further into single-crystal 

growth and ceramic powder synthesis.

Hydrothermal synthesis is a wet chemical process involving chemical 

reactions in a strong alkaline solution to form crystalline and anhydrous ceramic 

powders. It can be easily distinguished from the other processes, such as the 

sol-gel and coprecipitation, by the temperature and pressure applied in the 

synthesis. The typical temperatures used in hydrothermal synthesis ranges from 

50 to 350°C with pressures up to 15 MPa. A flow chart below describes the 

hydrothermal steps used commercially (Figure 2.20) [168].

Hydrothermal formation of various ceramic oxides particles has been 

proposed based on a dissolution-reprecipitation mechanism [93, 168-169, 170].
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A variety of compounds can be chosen as precursor materials, such as oxides, 

hydroxides, chlorides, nitrides as well as organic precursors like acetates and 

alkoxides. In BaTiOs synthesis, inexpensive materials, typically Ba(0H)2 and 

TI02 or TI02 gels have been used as the precursor materials [167-186], The 

reactions are carried out in a strongly alkaline solution (pH>13) at mild 

temperatures (<350°C). During the synthesis, the precursors are first dissolved 

in the solution due to the increased solubility of the precursors at elevated 

temperatures. As the concentrations of the component ions (e.g., Bâ "" and Ti"*) 

reach a sufficiently high value, the formation of the desired ceramic oxide 

particles may occur. However, the aqueous environment should be controlled 

by adjusting the chemical process variables such as temperature, pressure, 

reactant concentrations and the pH value [171-172] so that the desired phase is 

thermodynamically the most stable phase (lowest Gibbs free energy) in a given 

environment. Therefore, thermodynamic data and stability diagrams in terms of 

these variables are necessary to avoid tedious experimental trial and error. 

Recent work by Lencka et al. [172] successfully applied the thermodynamic 

method to generate phase stability diagrams for BaTiOs and PbTiOs systems. 

Figure 2.21 shows a stability diagram of the Ba-Ti hydrothermal system which 

illustrates the temperature, pressure and pH effects on BaTiOs formation.
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Figure 2.20. A flow chart illustrating the hydrothermal steps used in 
commercial synthesis [169].
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Figure 2.21. Stability diagram for the Ba-Ti hydrothermal system [172].

The major advantage that distinguishes hydrothermal synthesis from 

other process techniques such as sol-gel or coprecipitation techniques is that 

the povirders thus produced usually have a high crystallinity, so that no high 

temperature calcination is needed for crystallization as required by other 

synthesis techniques, vyhich in turn eliminates the milling step in hydrothermal 

synthesis. By controlling the process variables, powders with various particle 

sizes, stoichiometries, or even particle shapes can be achieved. The synthesis 

can employ relatively inexpensive raw materials. The synthesized powders have
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high purity and good homogeneity, and have been demonstrated to be highly 

reactive toward sintering [168-170, 178, 180-182, 184-185], Unfortunately, the 

process is limited to oxides which can be formed under hydrothermal conditions, 

and the quantitative control of dopants introduced into the main phase ceramic 

powders is relatively difficult.

In this study, hydrothermal synthesis was used for the BaTiOs formation. 

There are several reasons for this choice, including: (1) the formation and 

growth mechanisms in hydrothermal synthesis are not well understood; (2) the 

synthesis has the ability to control particle size by varying synthesis parameters, 

which facilitates the study of the particle size effect on the structure and 

ferroelectricity that is observed for submicron particles; (3) it is of interest to 

study the sinterability of the produced tetragonal powders (instead of the cubic 

powder that commonly are produced) and the microstructure and dielectric 

properties of the sintered samples, and (4) the synthesis allows the direct 

formation of ferroelectric thin films.

2.3. Effects of Sintering on Microstructure and Dielectric Properties

Single-crystal single-domain BaTiOs has a dielectric constant of 230 in 

the polar direction and 4770 in the perpendicular directions. The random 

orientation of axes in a ceramic would lead to a dielectric constant of 1740 [36]. 

In practice the low-field dielectric constant of the BaTiOs ceramics lies in the
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range 2000-4500 and varies with the method of preparation. The higher than 

expected values of the dielectric constant of BaTiOs ceramic are believed to 

result from the presence of internal stresses and complex domains in the 

ceramic bodies [46-49]. A room temperature dielectric constant of approximately 

5000 ~ 6000 can be reached if the sintered BaTiOs has a high density and an 

optimum grain size around 1 pm [58-59]. Porosity is very detrimental to the 

dielectric properties in the way that it leads to low dielectric constant, low 

breakdown strength and high loss due to water permeability.

Uniform microstructure with a high density and controlled grain size is 

critical for a BaTiOs ceramic to achieve a high dielectric constant. Therefore, it 

is very important to optimize the sintering process in terms of sintering 

temperature, time and sintering rate, which are the main factors in determining 

the final microstructure of the sintered sample. The properties of the starting 

powders (e.g., the Ba/Ti ratio) also significantly affect the sintering behavior. In 

the following sections, some factors affecting the sintering and microstructure 

development are reviewed.

2.3.1. Ba to Ti Ratio

The Ba to Ti ratio is the ratio of the total number of Ba ions to that of Ti 

ions. The Ba to Ti ratio of pure BaTiOs under exact stoichiometry should be 1. 

According to the phase diagram of BaO-TiOz system given by Rase et al. [187]
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and later modified by Kirby et al. [188] (Figure 2.22), the solubility of either BaO 

or TiOz in BaTiOs is very limited. Excess TiOz (Ba:Ti < 1 ) leads to the formation 

of a second phase BasTiiyO^o together with BaTiOs, which results in liquid phase 

formation at about 1320°C by eutectic reaction. Therefore liquid phase sintering 

may take place at temperatures below 1350°C, giving rise to large grain size 

ranging from 5 to 50 pm. On the other hand, an excess of BaO (Ba:Ti > 1) 

results in the formation of BazTi0 4  which forms another eutectic point with 

BaTiOs at about 1563°C. Since BazTi0 4  is a separate insoluble phase in the 

BaTiOs matrix, it usually inhibits the grain growth of BaTiOs during sintering at 

temperatures up to 1450°C, which gives rise to a narrow grain size distribution of 

1 -  5 pm.

2.3.2. Sintering Mechanism and Schedule

Sintering converts a compacted powder into a denser structure of 

crystallites (grains) joined to one another by grain boundaries. Sintering is the 

result of atomic motion facilitated by high temperature. The driving force for 

sintering is the reduction of high surface energy associated with unsintered 

powder, which can be achieved by mass flow from the interior of grains along the 

grain boundaries to adjacent pores through surface and bulk transport [34,189]. 

Many variables influence the sintering rate, including initial density, material, 

particle size, sintering atmosphere, temperature, time and heating rate. In order
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to study sintering, it is important to monitor the density, surface area, shrinkage 

and some other measurable parameters that correlate favorably with the sintered 

properties in different sintering stages.

Ceramic powders of technical grade purity (97 ~ 99%) are usually 

sintered at temperatures approximately 10% below their thermodynamic melting 

temperatures for several hours. For commercial BaTiOs powders, the sintering 

temperature is around 1300 ~ 1400°C. In general, small and uniform grain sizes 

are preferred since they usually give better properties than large and non- 

uniform ones. Thus it is important to control the sintering variables, most 

importantly temperature and heating rate, to achieve the desired microstructure. 

For instance, the grain size of ferroelectric ceramics such as BaTiOs has a 

substantial effect on the dielectric constant, K, for the size range 1 ~ 50 pm [59]. 

A maximum dielectric constant values of 4500-6000 occurs at approximately 1 

pm grain size [58-59]. It has been discussed in section 2.1.3 that the abnormal 

high dielectric constant was attributed to the high internal stress and domain 

density associated with fine-grained BaTiOs ceramics [10, 45-49].

2.3.3. Hot-Pressing and Fast-Sintering

It is often difficult to obtain a low-porosity ceramic body by normal 

“f^ressureless sintering" i.e., by sintering at atmospheric pressure, or to achieve 

low porosity without significant grain growth. Hot-pressing, or pressure
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sintering, is a commonly used fabrication method that utilizes both thermal and 

mechanical energy to affect the densification process [190]. The pressure now 

provides the major part of the driving force to eliminate porosity so that the 

temperature can be kept at a low level at which grain growth is minimized. The 

advantages of the hot pressing process relate directly to the additional energy 

source and the accompanying increased densification rate. Fully dense, fine­

grained ceramics can be obtained at lower temperatures and at time cycles 

shorter than those required by conventional sintering techniques.

Two methods of hot pressing are typically used: uniaxial hot pressing and 

isostatic hot pressing (HIP). Uniaxial hot pressing uses a punch and a die made 

of certain materials to achieve desired pressures at high temperatures [191- 

192]. Molybdenum based alloys can be used up to 1000°C at pressures of 

about 80 MPa while alumina, silicon carbide and silicon nitride can be used up 

to about 1400°C at similar pressures. Graphite is widely used at very high 

temperatures up to 2200°C, although relatively low pressures, i.e., 10 to 30 MPa 

can be applied. In the HIP process, an inert gas such as nitrogen or argon is 

used to transmit pressure while the temperature is raised to the required level. 

Starting materials are typically in powder form or pieces containing 

interconnected pores, which are coated with a thin metallic layer or 

encapsulated in impervious envelopes of a ductile metal such as platinum to 

prevent the gas from penetrating into any voids in the processed body.
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Disadvantages associated with these processes are that a corrosive reaction 

often takes place between the die (or metallic coating) and the ceramic material 

to be compacted, and only simple shapes can be manufactured. Moreover, the 

processes are expensive and not very cost-effective for mass production.

A modified HIP method was described by Hardtl [193-194] in which no 

metallic layer is necessary. It does not suffer from the disadvantages mentioned 

previously. The body is directly brought to a state with no surface-connected 

porosity by preliminary processing steps such as pressureless sintering, and the 

HIP process can be carried out without separate encapsulation using a process 

called cladless HIP or sinter-HIP.

To restrict grain growth at high temperatures, a fast-sintering procedure 

has first been proposed for the fabrication of dense, fine-grained polycrystalline 

p-alumina [195]. This procedure has recently been applied successfully to 

prepare translucent aluminas [196-198], ferrites [199] and BaTiOs [200-203] 

while it was found not successful for preparing MgO [204]. During the fast- 

sintering, powder compacts undergo a rapid high temperature non-isothermal 

treatment by being passed through a short hot zone. Under such conditions, the 

densification process is enhanced relative to the grain growth process since a 

higher lattice diffusion coefficient responsible for the densification can be 

achieved compared to the surface diffusion coefficient associated with grain 

growth.
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Figure 2.23 shows a schematic diagram of the rates of two different mass 

transport mechanisms during sintering corresponding respectively to 

densification and grain growth as a function of temperature. The figure Indicates 

that at high temperatures, kinetic processes with a high activation energy are 

favored; thus the densification rate Is higher than the grain growth rate at high 

temperatures. This results In ceramics with high densities and fine grain sizes 

by using the fast-slntering procedure.
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!&H,)
UJ
<
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OO
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TEMPERATURE
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Figure 2.23. Schematic diagram of the rates of two different mass transport 
mechanisms during sintering corresponding respectively to densification and 
grain growth as a function of temperature [202].
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2.3.4. Additives for Sintering

Dopants are usually added to improve densification. In general, the 

effects of dopants on densification include preserving the ideal characteristic of 

the starting powder, increasing the packing density of powder compacts, 

enhancing lattice diffusion and thus mass transport rate, and preventing 

abnormal grain growth. However, when the dopant concentration exceeds the 

solubility limit, a second phase forms in the sample and it may cause 

deterioration of the properties. Therefore, it is very important to obtain the 

composition as well as phase relations of different compounds in the powder 

before sintering. Sometimes liquid sintering is purposely desired to achieve 

uniform structure and chemical homogeneity (i.e., for PTCR materials 

preparation), so liquid sintering aids such as a mixture of AI2O3, Si02 and Ii0 2  

(AST) is added to decrease the melting temperature by forming a lower eutectic 

point around 1260°C (Figure 2.24) [205].

Higher valency substituents (e.g., Lâ "̂  replacing for Ba^  ̂ or Nb^ for Ti""̂ ) 

at relatively high concentrations (>0.5 mol%) are sometimes introduced to inhibit 

crystal growth during the sintering process [36]. The resultant fine grain size 

has the effect of raising the dielectric constant below the Curie constant, which is 

very important in capacitor applications. On the other hand, low concentrations 

of higher valency substituents (<0.2 mol%) can cause a decrease in resistivity, 

leading to the important PTCR behavior [205-225]. Other additives are also
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added in the sintering to modify the dielectric properties, such as to broaden the 

transition peak or to shift the Curie temperature. Details of this can be found 

elsewhere [36].

2.4. Immittance Spectroscopy (IS)

Immittance spectroscopy is an analytical method involving the study of the 

electrical behavior of materials over a wide range of frequencies. In most 

studies on the electrical properties of dielectric materials, such as BaTiOs, the 

properties are usually reported at a fixed frequency, typically at 1 kHz. Although 

this is adequate for practical applications, a large amount of extra information 

could be obtained by analyzing electrical data as a function of frequency.

In polycrystalline materials, polarization and charge transport properties 

are strongly affected by microstructure. In order to correlate electric properties 

to the microstructure of the materials, it is necessary to separate the electrical 

contributions of the interfacial polarization at the electrode-bulk interface as well 

as the heterogeneity effects, such as grain boundaries, secondary phases and 

surface layers, from the bulk properties according to their frequency 

dependence. Impedance analysis can be used to distinguish the underlying 

competing phenomena through the use of lumped parameter/complex plane 

analysis (LP/CPA). When combined with other characterization techniques such
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as electron microscopy, IS provides a powerful means of correlating the 

electrical properties of materials to their microstructure and composition [225].

The use of IS to characterize solid state ceramic materials was first 

introduced by Bauerle in the study of yttria stabilized zirconia [226]. Since then, 

IS and LP/CPA have been extensively applied to other solid electrolyte materials 

[227-228], and further extended to other systems such as mixed conducting 

oxides [229-232], semiconducting oxides [233-235] and thermistor materials 

[236-237], Recently, IS measurements on BaTiOs and related materials, such as 

doped semiconducting BaTiOs, have also been reported [214-216, 217-219], 

and their ferroelectric behavior as well as PTCR (positive temperature coefficient 

of resistance) effect have been analyzed.

2.4.1. Lumped Parameter/Complex Plane Analysis (LP/CPA)

IS measurement can be performed using an impedance analyzer and the 

results can be obtained in terms of equivalent circuit parameters such as 

capacitance, C, resistance, R  (or conductance, G) in either series form (Cs and 

Rs) or parallel form {Cp and Gp) as a function of the frequency. These 

parameters are interrelated and can be transformed from one to another by the 

following expressions [238-240]:
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C ,=  '  _  (2.47)

m

and

faiïô = G p /oC p = o)/?s (2.50)

The impedance can be expressed in terms of these parameters:

Z * r© ;  = Z'-yZ" = R , - j ( 1 / o C J  (2.51)

and can be related to other immittance quantities, admittance, Y*, modulus, M*, 

and complex capacitance, C*. These quantities can be expressed by the 

following equations:

Y * ( & )  = 1 / Z *  = Y'+jY"=  Gp + yœCp (2.52)

c * r® ; = y * /y© = c'-yc"= Cp -  j(G^ /  © y (2.53)

M*( (ù )  = j(ùZ* = M’+ jM’'=1/C^+j (ùR^  (2.54)

In LP/CPA, the imaginary component of any of the complex quantities is 

usually plotted against the real component. This is the so-called Cole-Cole plot 

[241-242]. A single semicircular fit in any of the complex planes represents a 

relaxation phenomenon with a characteristic relaxation time, x. Ambiguity exists 

when a semicircle is obtained simultaneously in more than one complex plane.
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which suggests that the sample-electrode system can be represented by more 

than one equivalent circuit (Figure 2.25). Moreover, it has been reported that 

more than one form of an equivalent circuit can be constructed from a single 

semicircle in a complex plane [243]. In order to determine the appropriate 

equivalent circuit representation, the interpretation should be supported by other 

experimental evidences, such as electron microscopy, and basic knowledge 

related to the sample being measured.

Further complexity is often found in a system exhibiting multiple 

semicircles, indicating multiple relaxation phenomenon. In situations like these, 

it is always valuable to gather information in all four complex planes because 

each of these planes has a unique dependence on frequency, and therefore the 

significance within a given frequency range is different.

When a semicircular fit is obtained in a complex plane, several important 

parameters can be obtained by the simple geometrical analysis of the semicircle 

(Figure 2.26). These parameters include:

•  right and left intercepts of the semicircle with the real axis;

•  peak frequency (%);

•  relaxation time (time constant = t  = 1/o) = RC);

•  diameter of the semicircle

•  chord on the real axis for the depressed semicircle, and

• depression angle (0)
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Figure 2.25. Single relaxation semicircle is observed in multiple complex planes 
(Z* and Y*), suggesting the sample-electrode system can be represented by 
more than one equivalent circuit [243].
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When a semicircle exhibits zero degree depression angle (center lying on 

the real axis), the relaxation it represents is referred to as a Debye-type 

relaxation. Debye-type behavior is an ideal relaxation process characterized 

with a single relaxation time. However, most real materials exhibit more complex 

behavior, i.e., non-Debye type relaxations. This is indicated in a complex plane 

showing a depressed semicircle with a nonzero depression angle. The non- 

Debye type relaxation is commonly explained in terms of the distribution of 

relaxation times possibly caused by disorder in materials (e.g., glasses and 

amorphous thin films) or the non-uniformity of the electrical path [244-246]. 

Therefore, the depression angle gives valuable information on the degree of 

homogeneity/heterogeneity of the electrical path through the material.

2.4.2. Equivalent Circuit Modeling

By examining a sample’s electrical response through complex plane 

analysis, an equivalent circuit can be constructed to model the electrical 

behavior. The components within the equivalent circuit can be related to various 

types of polarization mechanisms as well as different conduction mechanisms, 

such as charge carrying species, physical regions for conduction and/or 

conduction paths. The following rules should be obeyed to characterize these 

phenomena [238]:
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each significant conduction path must be represented by a parallel 

equivalent circuit path (Figure 2.27a);

each significant charge carrying species must be represented by a 

parallel equivalent path (Figure 28b);

each region of significance within a path must be represented by a 

lumped parameter circuit with respect to the type of charge carrying 

species (Figure 2.27c);

each mechanism of polarization and relevant phenomena must be 

represented by either a series or parallel combination of resistors, 

capacitors, and/or inductors;

each of the components representing various conducting species and 

polarization processes each has its own composition, microstructure, 

temperature, voltage, pressure, environment and frequency 

dependence;

the electrical paths of significance are those yielding the least 

impediment to current flow;

the regions of significance within these electrical paths are those 

presenting the largest impediment to current flow; and
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Figure 2.27. Equivalent circuit modeling in polycrystalline materials [238].
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• complex plane plotting techniques can be used to elucidate an 

appropriate equivalent circuit representation from measured electrical 

quantities when used in conjunction with information obtained from 

other methods of study.

As discussed in the previous section, more than one equivalent circuit 

may be visualized for the same type of relaxation, where the components can be 

combined either in series or parallel or a resultant equivalent lumped parameter. 

In order to further identify the genuine nature of an equivalent circuit model, a 

number of guidelines with real physical considerations should be followed [240, 

243]:

• for each type of charge carrier, a parallel R-C leg must be designated;

• for each type of path that charge can traverse, a parallel R-C leg must 

be designated;

• for each type of physical region a specific type of charge carrier 

encounters within a conduction path, a separate R-C network in 

series must be used;

• admittance (V*) and complex capacitance (C*) plots are best used to 

define a R-C  series combination for each semicircle obtained; each of 

these legs will be in parallel in the equivalent circuit model; and
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• impedance (Z*) and complex modulus {M*) plots are best used to 

define a R-C parallel combination for each semicircle obtained; each 

of these legs will be In series In the equivalent circuit model.

As also mentioned before, In order to obtain more Information for 

appropriate equivalent circuit construction, all four complex planes should be 

carefully examined, since each plane has Its own significant representation over 

a given frequency range. However, a general rule can be followed as shown In 

Table 2.3.

Table 2.3. Conditions for satisfying equivalent circuit modeling [238].

Conditions on magnitudes of Series Parallel

resistance {R’s) and capacitance (C’s) representation representation

R's equal: Ri = Rz orR i = Rz Z* plane y* plane

C’s varied: Cj »  Cz or Cz »  Ci

R’s varied: Ri »  Rz or Rz »  Ri /W* plane C* plane

C’s equal: C, = Cz or Cz =  C,

2.5. Review of Thin Film Synthesis of BaTIOs

Because of renewed Interest In ferroelectric films for nonvolatile 

semiconductor memories, extensive research Is undergoing to Improve 

processing and properties of ferroelectric thin films. Nonvolatile memories have
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the potential advantages of high access speed, high density, radiation hardness, 

and low operating voltage. Applications include large-volume thin-film 

capacitors [247-249], microactuators [250], optical waveguide devices [251-252], 

spatial light modulators [253], DRAM’s (dynamic random access memories) 

[254-258], pyroelectric detectors [252, 259], SAW (surface acoustic wave) [260- 

261] devices and chemical sensors [262-265], Barium titanate, due to its 

relatively large dielectric constant and electro-optic coefficient, is a good 

candidate for the ferroelectric thin film applications.

2.5.1. Methods for Thin Film Fabrication

Thin film technologies for the fabrication of complex electronic oxides can 

be divided into two categories [266-267]: (i) physical and (ii) chemical 

techniques.

In physical techniques, precursor materials (source) to the desired films 

are vaporized and deposited on a substrate by various vaporization methods. It 

is also generally termed as physical vapor deposition (PVD). The physical 

techniques include thermal and electron beam evaporation; do, radio frequency 

ion beam and magnetron sputtering; and laser ablation. PVD has been one of 

the most common deposition methods and has advantages in terms of quality of 

thin films and compatibility with semiconductor integrated circuit processing. 

However, a major disadvantage is that virgin films deposited by PVD are often
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amorphous and high temperature post-deposition annealing is needed to 

achieve the desired crystallographic structure.

Thermal evaporation is achieved by heating the source material above its 

vaporization point in a vacuum or oxidized atmosphere either by resistive 

heating or by the impact of an electron beam. This technique has been widely 

applied to the deposition of metals (Cu or Al), simple oxides (SiO, Si02 and 

Y2O3. etc.) and compounds (ZnS, etc.), and ferroelectric films [268-271]. Radio 

frequency and dc sputtering techniques [272-281] employ high-energy ions to 

bombard a target source (normally oxides). The transfer of atoms from the 

target to a substrate is accomplished by momentum transfer. Radio-frequency 

{rf) sputtering is used for insulating the target so that electrons and positive ions 

impact on the target surface on alternate half cycles of the power cycle. This 

nullifies the surface charges that otherwise build up on the target as deposition 

proceeds. Magnetron sputtering is a recently developed technique which uses 

static magnetic fields to deposit thin films. It significantly increases deposition 

rate and has better quality control [272]. The laser ablation technique applies 

high-power lasers to evaporate ceramics at ambient pressures, or in controlled 

partial pressures of oxygen. The incident laser beam focuses on the target 

surface so that all elements within a small volume vaporize simultaneously and 

subsequently deposit onto a substrate. This technique is most extensively used
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in high temperature (7c) superconductor [282-283] and recently ferroelectric thin 

films [284-285],

Chemical techniques include spray pyrolysis, chemical vapor deposition 

(CVD), sol-gel and hydrothermal processes. The common feature in these 

methods is that they all involve chemical reactions between the sources (vapor 

or liquid) and the substrate. The principal advantages of the chemical methods 

are their relatively low cost and their suitability for large-area thin film 

production. However, except by the hydrothermal synthesis, the films thus 

produced are often amorphous and need annealing at higher temperatures to 

achieve crystallinity.

Spray pyrolysis is the simplest among these chemical techniques and it 

involves the reaction of chemical vapor streams with a heated substrate. It has 

been used to form simple oxides such as SnOa coating on glass plates. For 

more complex compounds, the difficulty of controlling the reactions limits its 

further application.

Chemical vapor deposition (CVD) has a potential ability to fabricate all 

types of oxide and nitride films. The process involves transporting several 

volatile reactants, such as metal/organic lead compounds, titanium tetrachloride 

and zirconyl chloride in PZT, through a reaction chamber by a carrier gas such 

that the desired complex compound grows in an equilibrium manner on a heated 

substrate. It is a well-established industrial process for epitaxial growth of
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semiconductors such as GaAs. Recently, this technique has been applied to 

produce ferroelectric thin films [286-298]. Advantages of CVD include textured 

growth of the films, rapid deposition rates, good composition control and ability 

to produce complex compounds. However, relatively high processing 

temperatures limit the choice for substrate materials and introduce interdiffusion 

problems between the substrate and the film.

Sol-gel synthesis has been used to produce high quality powders for 

ferroelectric applications [129-143]. The sol-gel method involves the preparation 

of mixed solutions of organometallic precursors, often metal-alkoxides such as 

titanium isopropoxide (Ti[(CH3)2CHO]4), in a suitable organic solvent [299-300]. 

This solution then undergoes hydrolysis and condensation to form a structured 

solution or gel containing long chain length metal/organic polymers. The 

viscosity and surface tension of the solution is adjusted by adding modifying 

agents before the solution is coated onto the substrate by spinning, dipping or 

spraying. The property of the polymer can be modified by adjusting the type of 

solvent and pH value of the solution. The resulting polymeric film is then dried 

and fired in a furnace to burn off the organic components, and it forms an 

inorganic ceramic film by subsequent oxidation. However, the film thus 

produced is amorphous or partially crystallized and post-deposition annealing is 

required to achieve complete crystallization as well as densification. The sol-gel 

method has the advantages of low cost and fast processing speed; however, the
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requirement of post-deposition annealing is its major drawback. The sol-gel 

process has been applied to prepare various ferroelectric films such as BaTiOa 

[80. 82, 301-309], PbTiOs [310], PbZrOa [311], PZT [299, 312-316] and PLZT 

[317-318],

Hydrothermal synthesis is another chemical synthesis technique that has 

been used successfully in producing large quantities of perovskite and other 

structure electronic powders [168-186]. More recently, this method has also 

been adopted to prepare ferroelectric thin films such as BaTiOs and PZT. Since 

most of the ferroelectric films have a perovskite structure (ABO3), in 

hydrothermal preparation, a substrate of the B metal (such as titanium in 

BaTiOs) or B-coated glass, crystalline silicon or polymer is placed in a strongly 

alkaline solution (pH>10) containing the A component. Hydrothermal reaction 

takes place at temperatures of ~ 100-250°C to form a crystalline layer of ABO3. 

Hydrothermal synthesis has a major advantage of eliminating the high 

temperature annealing procedure that is often required by other thin film 

synthesis techniques. In addition, it shares the advantages that most of the wet 

chemical syntheses (sol-gel, etc.) have: easy composition control, low 

processing temperature, easy fabrication of large-area thin films, and low cost.
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2.5.2. Preparation of BaTlOa Thin Films Using Hydrothermal Synthesis

There are many perovskite ferroelectric thin films that have been 

synthesized using the hydrothermal technique. Among them, BaTiOa has been 

most intensively studied. For BaTiOa thin film preparation, a thin plate of high 

purity Ti metal is commonly used as a substrate [321, 326, 328, 330] mainly 

because of its convenience. Prior to use, the Ti substrate is cleaned 

ultrasonically in acetone and etched in 6 N hydrochloric acid (MCI). However, 

Ti-coated glass [325], crystalline Si [319, 322-323, 329] or a polymer [320] 

formed by a sputtering technique has also been employed as a substrate 

material. Ba(OH)z is most commonly used as a barium source and to maintain a 

high pH value (>11). Other barium sources include high purity Ba(N03)2 and 

Ba(CH3COO )2 [323, 330]. The Ba(0H)2 solution can be obtained by dissolving 

high purity (>98%) Ba(0H)2.8H20 powder in a certain amount of distilled and 

deionized water. The solution is boiled to remove dissolved CO2 which might be 

responsible for the formation of insoluble BaC0 3 , one major impurity present in 

BaTiÜ3. The hydrothermal synthesis is carried out in a pressure chamber, 

usually a Teflon lined acid digestion bomb, in which the Ti or Ti-coated substrate 

is placed. The temperature and time of the synthesis can be varied around 80 to 

250°C and 0.5 to 24 hours respectively to adjust the thickness and quality of the 

films. At lower temperatures, the formation of TiÛ2 instead of BaTiÛ3 was 

observed [319].
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In order to increase the deposition rate and thickness of the thin films 

deposited on the substrate, a voltage is applied between the Ti substrate 

(anode) and Pt, which acts as a counter-electrode (cathode). This modified 

synthesis is called electrochemical-hydrothermal synthesis. In the synthesis, 

electrolysis along with the hydrothermal reaction takes place galvanostatically 

with a current density being controlled at 10 ~ SOmA/cm .̂ Here a Ba(0H)2 

solution is also used as a liquid electrolyte for the electrolysis reaction. 

Electrochemical synthesis without the hydrothermal condition has also been 

studied to form BaTiOs films [328, 330].

The BaTiOs thin films prepared by hydrothermal, electrochemical or 

hydrothermal-electrochemical methods are generally of cubic structure. The 

films thus formed are pure, uniform and with high crystallinity. The thickness of 

the films are often around 0.5 pm or less. The films with tetragonal structure and 

greater thickness have been formed with higher temperature or longer reaction 

time [321, 328]. The dielectric constant of the film prepared has been reported 

to be around 100-300 [324, 328].



CHAPTER III 

EXPERIMENTAL PROCEDURES

3.1. Hydrothermal Synthesis of BaTlOa Powders and Thin Films

BaTiOs powders and thin films were produced by using hydrothermal 

synthesis. The synthesis was mainly carried out by Dr. R. Asiaie in Professor P. 

K. Dutta’s group in the Department of Chemistry. Only a brief description is 

given here. For more detailed information about the synthesis method, one can 

refer to Dr. R. Asiaie’s Dissertation [331].

Although the fundamental requirements for the synthesis of BaTiOs 

powders and thin films are the same, there are some modifications of the 

synthesis going from the powder to the thin film. In the following, the syntheses 

for BaTiOs powders and thin films are described separately.

3.1.1. Hydrothermal synthesis of BaTiOa powders

As mentioned in the literature review, hydrothermal synthesis of BaTiOa 

involves chemical reactions of barium and titanium source materials in a very 

strong basic environment. In order to investigate the various possible effects on

112
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the hydrothermal synthesis, various synthesis temperatures, reaction times, 

different barium sources and base concentrations were studied in each of the 

hydrothermal experiments.

I. Synthesis with varying temperature and reaction time

Hydrothermal synthesis was done in two different experimental set-ups, 

corresponding to two different temperatures. For the experiment performed at 

95°C, a Teflon (P IPE) bottle with 125 m l capacity was used as a container for 

hydrothermal reactions. 0.05 mole of NaOH (J. I .  Baker) was first dissolved in 

50 m l of degassed and deionized (double-D) water in the Teflon bottle. After 

cooling the solution to room temperature, 0.0125 mole of BaCb (99.999%, 

Johnson Matthey) and anatase TiOz (99.999%, Johnson Matthey) were added 

into the solution. Nz (99.999%) was purged though the solution before the 

Teflon bottle was capped to prevent COz dissolved in the solution, which would 

have been responsible for the formation of the BaCOs phase during synthesis. 

The solution was shaken vigorously before being placed in an oven at 95°C. 

The precipitate was taken out after 48 hours and washed with hot deionized 

water. After washing, the precipitate was dried at 95°C for 1 hour.

For the hydrothermal synthesis performed at 240°C, an acid digestion 

bomb (Parr Instrument Co.) with a 23 mL capacity was used as the hydrothermal 

reactor. 0.003 mole of hydrated TiOz, which was prepared by hydrolyzing
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titanium (IV) isopropoxide (99.999%, Johnson Matthey) with 1 M MCI (J. T. 

Baker) and washing the precipitate intensively with deionized water, was added 

with 0.005 mole of BaCl2 into the digestion bomb. 10 mL double-D water was 

then added to dissolve the mixture. N2 (99.999%) was again purged though the 

solution before and during the addition of 0.01 mole of NaOH. This gives a 

concentration of NaOH of 1M. Right after the NaOH addition, the bomb was 

sealed and placed in the oven preset at 240°C for a period of time. The time 

was controlled from 1 week up to 8 weeks. The precipitate was then removed 

and extensively washed with the double-D water to get rid of any absorbed anion 

species. X-ray fluorescent analysis was done once on the recovered BaTiOa 

from the BaCb source to make sure no trace of Cl" was left and this washing 

procedure was then followed by the following hydrothermal experiments.

II. Synthesis with different barium sources

In this set of experiments, various barium sources were used, including 

Ba(OH)z (99%), Ba(C2H302)2 (99.999%) and BaFz (99.999%) from Aldrich 

Chemical Company, Inc.; Ba(N0a)2, BaClz, BaBrz and Balz from Johnson 

Matthey Company, Inc. Hydrated TiOz from hydrolyzing titanium (IV) 

isopropoxide was again used as the titanium source. The procedure followed 

was the same as the one described above at the synthesis temperature of 

240°C. The time was fixed for 7 days.
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III. Hydrothermal synthesis with different NaOH concentrations

The NaOH concentration was also adjusted in the hydrothermal 

experiments to study its effect on particle sizes and properties. By using the 

same barium (BaCb) and titanium (hydrated Ii0 2 ) sources as mentioned above, 

three different sized powders were produced by varying the OH" concentrations 

for the synthesis carried out at 240°C. The first two powders, which are labeled 

powder A and B, used 0.003 mole and 0.005 mole of NaOH respectively with 10 

mL double-D water. These powders were heated for a period of one week. The 

last powder (labeled powder C) was prepared by modifying the powder A 

synthesis procedure by adding 0.003 mole of NaOH to the mixture after one 

week of synthesis and continued hydrothermal reactions for another week. The 

purpose of adding NaOH in the middle of the synthesis is to maintain the amount 

of OH" in the solution. Normally the constant pH can be accomplished by 

providing a buffer solution, which is difficult to carry out at such high pH's (> 

13). Here the term "buffered" 0.5 M NaOH is used to refer this procedure.

3.1.2. Hydrothermal synthesis of BaTiOa thin films

I. Substrate preparation

Titanium foil (99.99+%, Johnson Matthey) with a thickness of 0.25 mm

was chosen as the substrate material for BaTiOa thin film synthesis. Square 

shaped plates with dimensions of 3 x 3 cm  ̂ were cut from the Ti metal. The
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plates were finely polished for 8 hours to achieve a mirror-like surface using a 

vibratory polishing machine with 0.05 pm alumina polishing agent. They were 

subsequently cleaned ultrasonically in acetone for 3 hours and etched in 6 M 

HCI (J. I .  Baker) for 12 hours to activate the surface. The plates were then 

oxidized in a calcination chamber at 500°C under flowing oxygen for 12 hours in 

order to form a titanium oxide layer, which is essential for BaTiOs formation. The 

plates were finally washed with double-D water and placed in the Teflon bomb.

II. Thin film synthesis

The synthesis procedure for BaTiOs powders at 240°C was adopted and 

modified for thin film formation. The oxidized Ti plates described above were 

used as the titanium source and BaCb (99.999%, Johnson Matthey) was used 

as the barium source. In the experiments, 0.005 mole of BaClg was added in the 

Teflon bomb with 10 mL boiled water. Then nitrogen gas was purged through 

the solution before the addition of 10 moles NaOH. The bomb was immediately 

sealed and placed in the oven at 240°C for 1 to 4 weeks.

3.2. Characterization of BaTiOa Powders

3.2.1. Powder X-ray Diffraction (XRD)

Powder X-ray diffraction was done using an X-ray diffractometer (PAD-V, 

Scintag). The XRD patterns were collected using CuKx radiation (1 .5405Â) at a
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voltage and current of 45 kV and 20 mA, respectively. A single crystal of Si 

(Scintag Inc.) with low background noise and no diffraction peaks in the applied 

diffraction range was used as the sample holder. The sample for XRD was 

prepared by placing a small amount of the powder on the sample holder and 

using ethanol to disperse it. After the evaporation of ethanol, a thin layer of 

powder was formed and adhered well to the sample holder.

For structure and phase purity determinations, the experiments were done 

in a continuous scan mode between 20 ~ 100° {20) at a rate of 1°/min. 

Sometimes continuous scans were also done between 44 ~ 46° at a lower rate 

of 0.1°/min to study the peak splitting of BaliOs crystals with a tetragonal 

structure.

For lattice parameter and line broadening experiments, continuous scans 

between 20 ~ 100° {29) at a rate of 0.2°/min were used. Si powder (99.999%, 

Johnson Matthey) was used as the internal standard to correct for line position, 

which is essential for accurate lattice parameter determination. In the line 

broadening measurement, LaBg (99.95%, Johnson Matthey) was used as the 

external standard to correct for instrumental broadening. Prior to use, the LaBe 

was annealed to 800°C in Ar for 5 hours to eliminate any residual strains.

The lattice refinement method (DMS-2000 software) was used to compute 

the lattice parameters. From the broadening, crystal sizes and lattice strains 

were calculated using the Hall-Willamson or Gaussian squared method
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assuming a Gaussian-Gaussian profile. The peaks were first deconvoluted and 

the full widths at half maximum of the peaks (FWHM) were calculated by profile 

fitting. Assuming a Gaussian peak profile, the Hall-Willamson method uses a 

square relationship written as [332-333]:

(p  f/gCOS e / X /  = (0 .8 9 /d )^  + e ^ (4 s in  Q / k ) ^  (3.2)

where /?,/2 is the true breadth of diffraction line at half-maximum intensity using 

Warren’s method for instrumental correction [334-336], d is the crystal size and e 

is the elastic strain. When (PmCOsO/Af was plotted vs. (4sinO/Xf for different 

diffraction planes, a linear fit was obtained. From the slope and intercept of the 

line, lattice strains and crystal sizes were calculated.

3.2.2. Elemental Analysis

I. X-ray fluorescence spectroscopy [337]

Chloride (Cl') and strontium (Sr^*) ion impurities were examined by X-ray 

fluorescence spectroscopy (XRF) for the synthesized BaliOs powders. The 

experiment was performed using an energy dispersive XRF instrument (Kevex 

0700/7000) with a Rh anode in the X-ray tube. The X-ray fluorescence was 

detected using a lithium-drifted silicon detector and was analyzed by a 

multichannel analyzer. Ge was used as the secondary target at 45 keV and 0.02 

mA for C r detection, while the target Ag was used at 37 keV and 0.5 mA for Sr *̂ 

detection. The samples for the XRF analysis were prepared by mixing 70%
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BaTiOs powder with 30% CigHssON binder (Spectroblend, Chemplex Industrial 

inc.).

II. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)

A. Decomposition of BaTiOg sample with HCI under pressure

0.5 gram of BaTiOg powder was weighted and added to 5 mL

concentrated HCI solution (« 12M) in a Teflon-lined digestion bomb. After the 

bomb was sealed, the solution was heated at 160°C for 14 hours under high 

vapor pressure. The solution was then cooled down to room temperature and 

transferred to a volumetric flask, where it was diluted to 25 mL. High-purity HCI 

and distilled-deionized water (>18Mn) were used for sample preparation.

B. Standards preparation and calibration [338]

BaCl2.2H20 (99.999%, Johnson Matthey) and Ti metal (99.7%, Johnson 

Matthey) were used as the barium and titanium standards for ICP analysis. 

Dissolution of Ti metal in concentrated HCI was promoted by mild heating at 

150°C for approximately 8 hours. Assuming that 0.05g BaTiOg sample is 100% 

pure and with a Ba/Ti ratio of 1, the amounts of Ba and Ti in the powder are both 

2.14 X 10“* mole. However, if the powder is not pure or the Ba/Ti ratio is different 

from 1, the amounts will deviate from 2.14 x 10'" moles correspondingly. In order
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to cover the entire range of concentrations, Ba and Ti standards each with three 

different concentrations (1, 2, 3 x 10"̂  moles) were made.

The calibration curves for the amounts of Ba and Ti were constructed 

using a blank (» 2.4M HCI) and three standard solutions for Ba and Ti, 

respectively. The atomic emission spectra of Ba and Ti were taken three times 

for each BaTiOs sample, from which the concentrations of Ba and Ti can be 

calculated according to three emission lines (Ba: 230, 233 and 413 nm; Ti: 334, 

336 and 368 nm). The final concentrations are the mean values calculated and 

the standard deviations are the root mean square values of two error sources 

coming from different measurements and using different emission lines.

0. Instrumentation

A sequential spectrometer with Ar plasma source (PE Optima 3000XL, 

Perkin-Elmer) was used. The instrument is equipped with a vertical torch for 

plasma generation and a cross flow nebulizer for sample introduction to the 

spray chamber. Detection was done using a modified CID (charge injection 

detector). A high order monochrometer was used, by which ultraviolet (UV) and 

visible can be detected separately.

The operating conditions for the measurements are described in Table

3.1.
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Table 3.1. Operating conditions for ICP-AES measurement

Power 1100 W

Primary flow rate 15 L/min

Auxiliary flow rate 1 L/min

Nebulizer flow rate 1 L/min

Fluid uptake rate 1 mL/min

3.2.3. Thermal Analysis

I. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to determine the 

enthalpy change associated with the Curie transition (AH) [331]. The

experiments were performed with a differential scanning calorimeter (DSC 91 OS, 

TA Instruments). The data were acquired and processed with TA Instruments 

9900 Computer/Thermal Analyzer. Sample weights of approximately 20 mg 

were used in crimped aluminum pans. DSC signals were measured against a 

crimped reference aluminum pan filled with 10 mg alumina. The alumina content 

of the reference pan was used to adjust the baseline. Thermal scans were 

measured from 50 to 200°C at a heating rate of 20°C/min. Enthalpy values at 

the transition peak were calculated by integrating the area under the curves. All
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the samples were heated once to 200°C before DSC analysis to eliminate any 

water content and to ensure reversibility.

II. Thermogravimetry and differential thermal analysis (TG/DTA)

A thermal analysis system (SSC5200, Seiko) with TG/DTA module (320, 

Seiko) was used for the thermogravimetric experiments [331]. Approximately 20 

mg of the powder was used in a platinum pan under 100 mL/min of air. 

Measurements were obtained from 20 to 1050°C at a heating rate of 10°C/min.

3.2.4. Electron Microscopy

I. Scanning electron microscopy (SEM)

The microstructure and morphology of the BaTiOs powders were 

examined using a scanning electron microscope (Hitachi S-4000) with a field 

emission gun. An accelerating voltage of 5 keV was used. Powder samples for 

SEM were prepared by diluting a small amount of the powders in ethanol and 

dispersing them ultrasonically. A drop of suspension was subsequently placed 

onto an aluminum stub and dried at 120°C for 30 minutes. Before the SEM 

analysis, a gold layer was sputter-coated onto the sample for electron 

conduction. The images of the particles were obtained and the average particle 

sizes were calculated as the mean values of measured diagonals of about 30 

particles.
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II. Transmission electron microscopy (TEM) and convergent electron beam

diffraction (CBD)

Lattice images and convergent beam diffraction patterns of various sized 

hydrothermal BaliOa particles were obtained using an Hitachi high resolution 

electron microscope (H-9000 NAR) with 1.8 A resolution. The microscope was 

operated at a voltage of 300 kV. A small amount of the powder was first 

suspended with isopropyl alcohol in a 3.5 mL vial and allowed to settle for 24 

hours. Then a drop of the supernatant solution was placed onto the carbon grid. 

The specimen was baked in an oven for several hours before study to minimize 

contamination.

3.2.5. Vibrational Spectroscopy

I. Infrared (IR) spectroscopy

The infrared spectra were obtained [331] on an FT-IR instrument (Mattson 

Cygnus) with a MCT detector. Samples of 2% synthesized powders were diluted 

in KBr and the mixtures were pressed into pellets and placed in an air-tight cell 

with NaCI windows. The IR pellets were heated at 110°C under vacuum (lO"* 

torr) for 3 hours to evaporate any surface absorbed water. Transfer of samples 

from the vacuum tube to the IR cell was done in a glove bag under nitrogen 

atmosphere.
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II. Raman spectroscopy

Raman spectra were obtained [331] using a Spectra-Physics Model 171 

argon ion laser as the excitation source. For all samples, the 514.5 nm line at 

an initial power of 800 mW and slit widths of 150-300 nm were used. A Spex 

1403 double monochrometer and a RCA 0131034 GaAs photon counting 

photomultiplier tube were used to filter and detect the scattered light. The 

temperature controlled Raman experiments were performed with an in-house 

Raman cell made from a MACOR jacket, copper tube heating element, and 

quartz window. The cell is capable of temperatures ranging from 150 to 200°C.

3.3. Sintering of BaTiOs Powders

Hydrothermaliy synthesized BaTiOs powders were compacted and 

sintered at various conditions. For comparison, two kinds of commercial BaTiOs 

powders: TAM HPB (TAM Ceramics, Niagara Falls, NY) and Ferro (Transelco 

Ferro Corp., Penn Van, NY), were sintered together with the hydrothermal 

powders.

3.3.1. Powder Compaction

Prior to sintering, the synthesized powders were pressed uniaxially into a 

disc 7.06 mm in diameter and approximately 2 mm in thickness. The pressure 

during pressing was calculated to be approximately 173 MPa. No binders and
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additives were used for purity considerations. The pressed powder discs were 

dried at 120°C in the oven for 5 hours before sintering.

3.3.2. Dilatometry measurement

Dilatometry describes a continuous measurement of the length of a 

sample as it is subjected to a controlled linear heating rate. It gives information 

including the shrinkage of the sample and, more importantly, the onset and 

completion of the sintering cycle. The percent linear shrinkage is given as [190]: 

s = (L t -L o ) /L o X lO O %  (3.1)

where Lo is the initial sample length and Lt the length after a time t. The 

dilatometry measurements were performed on various synthesized powders 

using a high temperature dilatometer (1600D, Orton Ceramic Foundation). The 

measurements were performed at a rate of 5°C/min for both the heating and 

cooling runs. Shrinkage information was acquired and analyzed using a 

computer with commercial software provided by Orton.

3.3.3. Sintering of Powders under Different Conditions

I. Conventional sintering

Conventional sintering of the pressed powder discs was done using a 

high temperature box furnace (1700°C, Lindberg) with an integral temperature 

controller. The sintering was done in air in a temperature range of 1200 to
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1350°C. The dwell time was controlled from 2 to 5 hours. The heating and 

cooling rates were maintained at 5°C/min for all the runs.

II. Fast sintering with very high sintering rate (~ 200°C/min)

Fast sintering of the hydrothermally synthesized cubic BaTiOs powders 

was performed under various sintering temperatures and sintering times. A high 

purity alumina rod (99.99%) was used as a sample holder. Its front end was cut 

flat and samples were placed on the flat surface of the rod. The samples were 

then covered by another piece of alumina and the assembly was gently 

tightened by platinum wires. Two pieces of platinum foil were placed between 

the samples and alumina surfaces to avoid possible high temperature reactions. 

A high temperature tube furnace (1600°C, CM Inc.) was used for the sintering. 

The thermal gradient in the tube of the furnace from the outer low temperature 

zone toward the central hot zone of the tube was measured for each sintering 

temperature, and calibration curves of temperature versus position in the tube 

were constructed accordingly. For fast sintering experiments, the sample 

assembly was pushed into the center hot zone from the outer low temperature 

zone within a controlled period of time, which resulted in an estimated heating 

rate of about 200°C/min. After a short dwell time, the furnace was shut down to 

cool the assembly before taking it out of the tube.
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3.4. Characterization for Sintered Ceramic BaTiOa

3.4.1. Bulk Density Measurement by Archimedes Method

The Archimedes method was used to measure the density of the sintered 

BaliOs samples. The Archimedes principle describes the density of solids 

based on buoyancy of the solids in a certain fluid. According to the principle, the 

apparent density of the sample (considering only closed porosity) can be 

calculated as following:

IV.
Apparent Density( p ) = ——̂  (3 2)

where Wd is the sample's dry weight measured in air. Wi is the sample weight 

measured in a liquid and pnquid is the density of the liquid.

In the measurements, the sample was first cleaned in isopropyl alcohol 

and dried in an oven at 120°C for 30 minutes. The dry weight {Wd) was then 

measured in the ambient air using an electronic balance { A E 163, Mettler). The 

sample was subsequently submerged in isopropyl alcohol for 15 minutes with 

extensive stirring in order to fill the open pores completely with the liquid. The 

saturated sample was then suspended in isopropyl alcohol by a wire basket and 

the weight in the liquid (Wi) was measured. The apparent density for each 

sample was calculated according to equation 3.2.
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3.4.2. Scanning Electron Microscopy (SEM) of Sintered BaTiOa

For the SEM experiments on sintered ceramic samples, the samples were 

first ground and roughly polished using diamond paste to 1 pm finish. Then the 

samples were fine polished using a vibratory polishing machine with 0.05 pm 

alumina polishing agent for 12 hours. After polishing, the samples were 

thermally etched at 1200°C for 1 hour followed by ultrasonically cleaning in 

acetone. A gold layer was sputter coated on the samples for conducting 

purposes. SEM was done in the same Hitachi 8-4000 machine using an 

accelerating voltage of 5 keV. The grain sizes of the sintered specimen were 

calculated according to the SEM images as an average of about 30 grains using 

a linear interception method.

3.4.3. Dielectric Property Measurement

I. Dielectric constant and loss measurement as a function of temperature 

The dielectric properties of the sintered samples were studied as a 

function of temperatures using an LCR meter (HP 4263A) with 50 mV signal 

level at a frequency of 1 kHz. The samples were first surface polished using 

#1000 grinding papers. Electrodes were made by applying silver paste and fired 

at 700°C for 1 hour. Prior to applying the electrodes, the thickness and the 

diameter of the samples were measured. Two tiny silver foils (5 mm in diameter) 

were then spring clamped to the sample by an alligator clip (with thin sheets of
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alumina placed in between the sample and the clip for insulating) to form ohmic 

contacts, with two lead wires attached to the LCR meter. The temperatures of 

the samples were controlled from room temperature to 500°C with 0.5°C 

accuracy by a temperature controller (Orton Model 29). The samples were first 

heated to 250°C and kept at that temperature for 30 minutes to remove any 

surface-adsorbed water. The measurements were done during the cooling cycle 

in the ambient environment with a rate of 1°C/min.

II. Immittance spectroscopy analysis

The immittance data were obtained using an impedance analyzer 

(HP4192A) in an experimental set-up as mentioned above. A signal level of 100 

mV was used. The parallel capacitance (Cp) and conductance (Gp) were 

recorded over the frequency range from 5 Hz to 13 MHz. The analyzer was 

interfaced with a computer (PC/XT, IBM) through an HP-IB interface card. Both 

data acquisition and data analysis were done using computer programs 

developed in our laboratory. Unlike most commercial software, this program is 

capable of extracting all the necessary parameters without assuming or 

simulating any equivalent circuit configuration a priori.

Some scatter in the data was observed at low frequencies (< 100 Hz) or 

with AC power on for heating. Thus longer time intervals were allowed for 

equilibration at low frequencies and DC heating was used. In order to obtain the
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maximum information, four complex plane (impedance, admittance, capacitance 

and modulus) analyses were done and the desired electrical parameters were 

thus extracted.

3.5. BaTiOs Thin Film Characterization

3.5.1. Room-Temperature and Hot-stage X-ray Diffraction

Room-temperature X-ray diffraction for hydrothermally synthesized 

BaliOs thin films was performed using the Scintag powder X-ray diffractometer 

(PAD-V). The operation conditions and procedures were similar to those used 

for the powder XRD experiments (45 kV and 20 mA). The films with the Ti metal 

substrates were directly placed on the diffraction machine without any kind of 

sample holder. The thin film samples were cleaned with acetone and dried in air 

prior to the diffraction experiments.

X-ray diffraction at various temperatures was done using a hot-stage X- 

ray diffractometer (HT-PAD, Scintag). The samples rested on a platinum strip. 

By controlling the current through the platinum metal, the temperatures could be 

controlled from room temperature to 1300°C. To study the evolution of the cubic 

structure from the tetragonal, the experiments were done at 30, 50, 80, 120, 150 

and 200°C from 44 to 46° (26) at a rate of 0.1°/min.
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3.5.2. Scanning electron microscopy and energy dispersive analysis (SEM/EDS) 

Strips of the synthesized films were cut from the samples and sputter-

coated with gold. Scanning electron microscopy was done on the strips using an 

SEM instrument (SL-30, Phillips) with an EDS detector. An accelerating voltage 

of 20 keV was used. Elementary analysis was done using the energy dispersive 

spectroscopy system with the SEM instrument.

3.5.3. Electrical Properties of Thin Films

The electrical properties of the synthesized films were studied both as a 

function of temperature and frequency using an impedance analyzer (HP4192A) 

with an ac signal of 100 mV. Prior to the measurement, gold dots of 1 mm  ̂ in 

area were vacuum-evaporated onto the films to form top electrodes. The 

titanium substrate acted as the counter electrode. The films were then placed 

on the platinum coated surface of a hot chuck, which controlled the sample 

temperature from room temperature to 300°C with an accuracy of 0.1 °C. The 

measurement was performed with the help of a probe station (MC System) using 

two probes to form ohmic contacts with the sample with a metal-insulator-metal 

(MIM) configuration. For the measurement as a function of temperature, two 

fixed frequencies of 1 kHz and 100 kHz were used. Only one time the sample 

was measured during the heating cycle to examine the humidity effect on the 

electrical properties. For all subsequent measurements, the samples were first
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heated up to 220°C and kept at that temperature for 30 minutes to remove any 

surface-adsorbed water. The measurements were taken during the cooling 

cycle in the ambient environment with a rate of 1°C/min.



CHAPTER IV 

RESULTS

4.1. Characterization of BaTiOs Powders

BaTiOs powders with different characteristics were synthesized using the 

hydrothermal synthesis under various synthesis conditions. The produced 

powders were extensively studied using various characterization techniques. In 

the following, the results of these experiments are presented.

4.1.1. Method for Quantitative Determination of Tetragonal BaTiOs

Since one of the objectives of this research was to produce tetragonal 

BaTiOa powders, it was necessary to establish a method which can be used to 

quantitatively determine the tetragonality of the produced powders. The typical 

way of distinguishing tetragonal structure of BaTiOs from the cubic is by X-ray 

diffraction (XRD). Figure 4.1 shows the diffraction patterns of BaTiOs powders 

with tetragonal and cubic structure, respectively. The tetragonal powder was 

synthesized at 240°C for a week and annealed at 1300°C for 5 hours, while the 

cubic powder was synthesized at 95°C for 48 hours. The insets in Figure 4.1

133
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highlight the characteristic reflections of (200) type planes of BaTiOs crystals 

with 26  ranging from 44 to 46°. The splitting into two peaks around 44-46° for 

tetragonal BaTiOs is due to the separation of reflections of (200) + (020) and 

(002), whereas there is only a single peak for cubic BaTiOs due to the equal unit 

cell dimensions along 3 crystal axes.

Although the diffraction method can be used to differentiate the cubic from 

tetragonal structure, quantitative determination of the tetragonal content or 

tetragonality of the powders is not possible. This is because of the line- 

broadening effect associated with small particles, which makes the peak splitting 

ambiguous, and the insensitive nature of the diffraction method, particularly 

when the concentration of a phase is low (< 5 wt%). Dielectric measurement is 

another way to distinguish these two polymorphic forms; however, difficulty in 

achieving high density for the powders to minimize the contributions from 

trapped air in pores makes the measurement unrealistic.

In this study, differential scanning calorimetry (DSC) was found to be a 

practical method to quantitatively determine the tetragonal phase. It is known 

that the Curie transition occurring at about 130°C gives rise to an enthalpy 

change (,AH) which can be measured by DSC. Figure 4.2 shows the DSC results 

of the tetragonal and the cubic BaTiOs samples used in the XRD measurement 

shown in Figure 4.1. There is a clear endothermie peak around 125°C 

corresponding to the tetragonal to cubic phase transition for the tetragonal
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Figure 4.1. X-ray diffraction patterns of the BaTiOs powders with (a) tetragonal 
and (b) cubic structure, respectively. The insets highlight the characteristic 
reflections of {200} planes of BaTiOs crystals with 26  ranging from 44 to 46°.
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Figure 4.2. DSC patterns of the (a) tetragonal and (b) cubic BaTiOs samples 
which were also used in XRD measurement as in Figure 4.1.
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sample, whereas the cubic sample shows no apparent transition. The AH value 

associated with the transition for the tetragonal sample is 0.9 J/g.

An effort was made to roughly correlate the tetragonal contribution or 

tetragonality of the BaTiOs powders to the measured AH associated with the 

transition. Assuming that the sample annealed at 1300°C for 5 hours is 100% 

tetragonal, while the cubic sample synthesized at 95°C has zero percent 

tetragonality, a calibration curve was constructed by physically mixing various 

amounts of 100% tetragonal sample with the cubic sample (Figure 4.3). It shows 

a good linear correlation between AH and percent tetragonality. According to 

the calibration curve, the tetragonality of each powder can be evaluated by 

measuring AH associated with the Curie transition.

4.1.2. BaTiOs Powders Synthesized by Varying Reaction Temperatures and 

Times

BaTiOa powders were synthesized at two temperatures, 95°C and 240°C. 

Well crystallized powder was obtained at 95°C for 48 hours which is of the cubic 

form determined by XRD and DSC mentioned earlier. Powders synthesized at 

240°C for various synthesis time were tetragonal according to both XRD and 

DSC. Detailed characterization results are presented below.
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Figure 4.3. The calibration curve of AH as a function of tetragonal content 
obtained by physically mixing various amounts of 100% (annealed) tetragonal 
sample with the cubic sample.
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I. BaTiOs powder synthesized at 95°C

As shown in the X-ray diffraction spectra (Figure 4.1), there is no 

apparent peak splitting at 20  of 45° for the BaTiOs powder synthesized at 95°C. 

In addition, there is no evidence of the Curie transition around 130°C (Figure 

4.2). So the powder is concluded to be in a cubic-like structure. The SEM 

micrograph of the powder is shown in Figure 4.4. The particles are 

agglomerated to some degree and the average size was calculated to be 

approximately 0.1 pm. Since the cubic-form BaTiOa powder synthesized 

hydrothermally has been well studied by other investigators [88-89, 92, 184-185] 

and it is not the principal interest in this research, further characterization of the 

cubic BaTiOa powder was not attempted.

II. BaTiOa powders synthesized at 240°C for various times

The microstructure and properties of BaTiOs powders were studied as a 

function of the reaction time. Figures 4.5 and 4.6 show the SEM micrographs of 

powders synthesized for 3 and 7 days, 3 and 8 weeks, respectively. The very 

long synthesis time (up to 8 weeks) is not practical for real industrial production, 

but it is important for study of underlying synthesis mechanism. Figure 4.7 

shows the XRD patterns of the powders. The sharp diffraction peaks with 

relatively high intensity indicate that the powders produced hydrothermally have 

good crystallinity. It is noticed that a peak at ~ 24° is present in the diffraction
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patterns in the early synthesis (< 7 days), which corresponds to the second 

phase BaCOs. As the synthesis proceeds, the peak disappears. The 

intermediate carbonate may be caused by the residual COg trapped in the 

reaction solution. Average particle sizes (with standard deviation) were obtained 

from the SEM micrographs for the powders and are shown in Table 4.1. AH was 

obtained from the DSC measurement which was then converted to percent 

tetragonality according to the calibration curve (Figure 4.3). The results are 

shown in Table 4.1 and Figure 4.8.

Table 4.1: Particle size and tetragonality as a function of synthesis time for 
hydrothermally synthesized BaTiOs.

Synthesis time Particle size (pm) % Tetragonal

1 day 9

3 days 13

5 days 19

6 days 23

1 week 0.23 + 0.07 37

2 wks 0.26 ±0.11 68

3 wks 0.31 ±0 .13 69

5 wks 0.34 ±0 .10 76

8 wks 0.52 ±0.11 99
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Figure 4.4. The SEM micrograph of BaTiOa powders synthesized at 95°C.
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(b)

Figure 4.5. SEM micrographs of the BaTiOa powders synthesized for various 
times: (a) 3 and (b) 7 days.
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(a)

(b)

Figure 4.6. SEM micrographs of the BaTiOs powders synthesized for various 
times: (a) 3 and (b) 8 weeks..
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Figure 4.7. Powder XRD patterns of hydrothermally synthesized BaliOa 
powders as a function of reaction time at 240°C for (a) 1 day; (b) 3 days; (c) 5 
days; (d) 7 days; (e) 2 weeks and (f) 8 weeks.
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Figure 4.8. Particle size and percent tetragonality of BaTiOs powders as a 
function of synthesis time.
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4.1.3. BaTiOs Powders Synthesized with Different Barium Sources

To study the effects of various anions on the hydrothermal synthesis and 

powder properties, barium salts with different anions (I", Br", Cl', C2H3O2', NO3', 

and OH") were used as the barium source in the synthesis.

Figure 4.9 shows the XRD patterns of the powders synthesized with 

different barium salts for one week. All the powders display good crystallinity 

with no indication of second phases. The powders synthesized with I", Br", Cl", 

C2H3O2" ions are suggested to be in the tetragonal structure based on the 

splitting of the (200) peak. More precise determination of the tetragonality of the 

powders was done by DSC and the results are presented in Table 4.2. The 

particle sizes of the powders were obtained from SEM micrographs shown in

Table 4.2. Particle size and percent tetragonality of the BaTi0 3  powders 
synthesized with various barium sources.

Barium source Particle size % Tetragonality

Bab 0.37 ±0.19 39

BaBr2 0.31 ±0 .10 38

BaCb 0.23 ± 0.07 37

Ba(C2H302)2 0.19 ±0 .07 23

Ba(N03)2 0.17 ±0 .04 8

Ba(0 H )2 0.15 ±0 .04 0

Commercial BaTiOs (TAM) 0.46 ±0 .18 14
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Figure 4.9. XRD patterns for BaTiOs powders synthesized hydrothermally at 
240°C from various barium sources in one week period.
(a) Bab: (b) BaB%; (c) BaCb; (d) Ba(C2H302)2: (e) Ba(N03)2 and (f) Ba(0H)2.
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Figure 4.10. The BaTiOs powder synthesized with Bab shows the largest 

particle size (~ 0.37 pm) as well as the highest tetragonality (~ 39%), while the 

powder synthesized with Ba(N03)2 gives the smallest size (~ 0.15 pm) and is 

nearly cubic. A commercial BaliOs powder (TAM HPB) synthesized via 

coprecipitation is also included in Table 4.2. The average size of the TAM 

powder is about 0.5 pm, and it shows a low level of tetragonality (< 27%). The 

nature of the TAM powder is very different from the hydrothermal powders, since 

it was synthesized by a coprecipitation method where the powder was subjected 

to a high temperature calcination (~ 1100°C) for a complete conversion to 

BaTiOa.

Figure 4.10 shows SEM micrographs of the BaTiOs powders synthesized 

from hydroxide (OH"), nitrate (NO3"), acetate (C2H3O2 ), chloride (Cl ), bromide 

(Br ) and iodide (I ) anions, respectively, together with a commercial powder 

(TAM HPB). All powders synthesized hydrothermally exhibit well dispersed 

particles with relatively uniform size distributions. The SEM micrographs of 

samples (a) to (d) at higher magnification gives a more clear view of the 

particles’ morphology. The TAM powder synthesized display irregular particles 

with a non-uniform size distribution, which is completely different from the 

powders synthesized hydrothermally.
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(a)

Figure 4.10. SEM micrographs of the BaTiOa powders with different barium 
sources: (a) Ba(0H)2; (b) Ba(N0 3 )2; (c) Ba(C2H302)2i (d) BaCb; (e) Bab, and (f) 
commercial (TAM HPB). Note that two magnifications are shown for samples (a) 
to (d).
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Figure 4.10. (continued),

(b)
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Figure 4.10. (continued),
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4.1.4. BaTiOs Powders Synthesized with Different NaOH Concentrations

As mentioned in previous sections, the tetragonal BaTiOa powders can be 

synthesized hydrothermally at 240°C with various barium sources. And it was 

found that by increasing the synthesis time, the powders show an increased 

particle size and a higher tetragonality. However, all these experiments were 

done under the same OH" concentration (1.0M). It is known that the pH of the 

solution is a critical factor for the hydrothermal formation of BaTiOs powders and, 

therefore, it is certainly beneficial to investigate the influence of the OH" 

concentration on the synthesis and properties of the produced powders.

Three different BaliOs powders, labeled A, B and C, were synthesized 

with various OH" concentrations (0.3, 0.5 and ‘buffered’ 0.5 M). The detailed 

description can be found in section 3.1.1. The Ba to Ti ratio determined by ICR 

are 0.531, 0.988 and 1.004 for samples A, B and 0, respectively. The results of 

the characterization of these powders are presented in the following.

I. Microstructure and phase determination

Figure 4.11 shows SEM micrographs of powders A, B and C. Particles in 

powder A appear to be agglomerated, whereas those in powders B and C are 

well-dispersed. Particle sizes calculated from the SEM micrographs are on the 

average of 0.1, 0.3 and 0.5 pm, respectively.
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(a)

(b)

Figure 4.11. SEM micrographs of the BaTiOs powders synthesized with various 
OH" concentrations: (a) powder A (b) powder B and (c) powder C.
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Figure 4.11. (continued),

(c)
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Figure 4.12 shows the XRD patterns of powders A, B and C. No apparent 

second phases are present in the spectra. The insets highlight the (200)-type 

reflections around a 20  of 45°. The splitting of (200) reflections is apparent for 

powders 8 and C, suggesting a tetragonal structure. However, for powder A, the 

splitting is difficult to distinguish because of the broadening effect associated 

with small particles.

It is also noteworthy that in the XRD pattern of powder A, the signal to 

noise ratio seems to be lower, indicating the possible existence of an amorphous 

phase in powder A. To further confirm this, BaTiOs powders (20 mg) were mixed 

with 10 mg Si (99.999%) powder and their XRD patterns were obtained as 

shown in Figure 4.13. The intensity ratio of two neighboring peaks due to 

BaTiOs and Si (IsaTiOa / Isi) are calculated to be 2.27, 2.33 and 0.82 for powders 

A, B and C, respectively. The significant decrease in the intensity ratio for 

powder A confirms the existence of the amorphous material in powder A. The 

amorphous material is assumed to be the unreacted TiOz, which remains in the 

powder, and may be the cause of the low Ba/Ti ratio (0.531 ) detected by ICP.

The powders were also examined under transmission electron microscopy 

(TEM) and high resolution TEM (HREM). Representative TEM micrographs 

show the morphology of the particles from powders A and B ( Figure 4.14). The 

particles can be easily dispersed in ethanol, suggesting that the powders are not
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Figure 4.12. XRD patterns of powders: (a) A; (b) B and (c) C. The insets 
highlight the characteristic reflections of (200)-type planes of BaliOa crystals 
with 20  ranging from 44 to 46°.
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Figure 4.13. XRD pattern with Si internal standard: (a) powder A; (b) powder B 
and (c) powder C. It indicates the partial crystallinity of powder A,
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(b)

Figure 4.14. TEM micrographs of the hydrothermal powders; (a) A and (b) B. 
Note the gray area in (a) corresponding to the unreacted amorphous Ii02 .
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hard agglomerates, which is often the case for the powders produced by some 

other wet-chemical syntheses (such as coprecipitation and combustion 

methods). It appears that there is some material with amorphous nature in 

powder A (middle gray area shown in Figure 4.14a). This gives additional 

evidence to support the assumption that there is some unreacted amorphous 

Ii0 2  present in powder A.

The powders were also examined using high resolution transmission 

electron microscopy (HREM), and the micrographs are shown in Figure 4.15 for 

a representative particle from powder B. At such a high resolution, a periodic 

fringe image is produced as a result of phase interference between transmitted 

and diffracted beams. Under certain well-defined conditions the spacing of the 

fringe image corresponded to that of the reflecting planes. The presence of 

ferroelectric domains thus could be observed due to the phase contrast 

produced from boundary walls between domains with a right focusing condition.

However, as shown in Figure 4.15, there are no observable domain 

boundaries and lattice fringes run continuously toward the interior of the particle. 

The image of the bottom part of the particle is shown in the left inset of the figure 

for clarity. Since the lattice fringes at two different edges of the crystallite are 

similar and no domain boundary contrast was observed, it is reasonable to 

assume that the crystallites have a single domain configuration. For larger 

particles, as in powder C, the high resolution image of the whole particle could
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not be obtained because the sample was too thick for the electron beam to 

transmit. Only areas very close to the edges of the particles were observed. 

Convergent beam diffraction was also performed to confirm that the particles are 

single crystals. The upper left inset in Figure 4.15 shows the diffraction spot 

pattern with [001] incident beam direction obtained from the particle. The 

diffraction patterns also suggest monodomain characteristics, since doubling of 

diffraction spots, which may be caused by multidomain structure, are not 

observed.

II. Lattice parameters and strain measurement

Lattice parameters and strains associated with the powders were 

calculated from the XRD data using Si and LaBe as internal and external 

standards, respectively, to correct for the peak position and instrumental 

broadening. The results shown in Table. 4.3 indicate that the c/a ratio for 

powders A, B and C increases from 1.0078 to 1.0105. The lattice parameters 

reported for tetragonal BaTiOs single crystal are a = b = 3.9920 and c = 4.0361 

A (and a = b= a = 3.996 A for the cubic unit cell) [339]. The c/a ratio is 

calculated to be 1.0110. Therefore, the lattice parameters and the c/a ratio of 

crystals in powders B and C are close to the values of the tetragonal single 

crystal, while the c/a ratio calculated for powder A is significantly lower.
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Figure 4.15. HREM micrograph of a representative particle from powder B. 
Insets showing an area In bottom edge and converged beam diffraction pattern 
along [001] direction, respectively.
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Table 4.3. Lattice parameters, lattice strain and crystal size calculations of the 
BaTiOs powders A, B and C as determined by XRD.

Powders A B C

Particle size by SEM (pm) 0.1 0.3 0.5

Lattice parameter (A) a = 3.9977±0.0021 3.9941 ±0.0006 3.9940±0.0003 

C = 4.0272±0.0022 4.0362±0.0008 4.0357±0.0005

c/a ratio 1.0078 1.0105 1.0104

Lattice strain (X I0 )̂ 0.763 0.408 0.216

Particle size by XRD (pm) 0.055 0.064 0.098

The plots of (Pi/2COs6 / ^ f  versus (4sin&Xf for each powder are shown in 

Figure 4.16. A linear dependence was obtained, assuming that the strains in the 

three powders are distributed uniformly (along the different crystallographic 

directions). The values of lattice strain and crystal sizes were calculated from 

the slopes and the intercepts using the linear regression method (Table 4.3). It 

is noticed that there is some scatter in the obtained data, especially for samples 

A and B, and this may result from the structural heterogeneity of the powders 

and the error associated with the experiment. It appears that there is a decrease 

in strain values from powders A to C, though the overall magnitude is very small 

(<0.001 ). The crystal sizes of the powders obtained are smaller than the mean 

values measured from the SEM micrographs (Table 4.3). This discrepancy may 

be attributed to the experimental limitations associated with the X-ray
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Figure 4.16. Hall-Williamson plot with Gaussian-Gaussian profile for the BaTiOs 
powders: (a) A; (b) B and (c) C.
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broadening method. Crystal size measurement via X-ray line broadening 

method is applicable and accurate only for very fine particles (< 2000 A). For 

particles with larger sizes, SEM gives a better size estimation. In this study, the 

particle sizes of 0.3 and 0.5 pm obtained by SEM for powders B and 0  are 

believed to be more accurate than those obtained by X-ray line broadening 

method.

III. Thermal Analysis

A. Differential scanning calorimetry (DSC) measurement

DSC curves around the Curie transition for powders A, B and C are 

presented in Figure 4.17. A phase transition around 125 to 130°C was observed 

in each case. The enthalpies of transition (AH) were calculated to be 0.07, 0.50, 

and 0.85 J/g for powders A, B and C, respectively. The amorphous content in 

powder A was roughly estimated and taken out from the total sample amount for 

the calculation. The enthalpy change associated with the Curie transition (AH) 

has been reported to be 0.73 and 0.84 J/g by DSC and specific heat 

measurements, respectively [174, 340]. A dependence of AH on the particle 

size is once again observed with AH increasing with the particle size.
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Figure 4.17. DSC curves around the Curie transition for BaTiOs powders: 
(a)A (b) B and (c) C.
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B. Thermogravimetric analysis

Hydroxyl content of the particles of powders A, B and C were obtained 

from the TGA measurement (Figure 4.18), by estimating the weight loss between 

200 ~ 600°C. The percentage weight losses calculated are 0.6, 0.1, and 0.06 

wt.% for the powders A, B, and C respectively. The corresponding weight loss in 

terms of OH" groups are 8.2, 1.4 and 0.8 mole % for the samples A, B and C, 

respectively. The weight loss above 800°C due to CO2 released from the 

decomposition of carbonate species is constant for all samples (about 0.25 

wt.%).

IV. Vibrational spectroscopy

A. Raman spectroscopy

Figure 4.19 shows Raman spectra of powders A, B and C, respectively. 

The spectra have been displaced from each other vertically to illustrate the 

similarities, both in peak frequencies and relative intensities. The amorphous 

material in sample A is not contributing to the spectrum. The spectra display a 

weak peak around 715 cm'\ two strong and broad peaks around 515 and 260 

cm'\ and a sharp peak at 305 cm'\

The Raman spectra of samples A, B and C are consistent with that of the 

tetragonal BaTiOs reported in the literature [341-345]. The bands around
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Figure 4.18. TGA measurement of weight loss in the BaTiOs powders: (a) A (b) 
B and (c) C, as a function of temperature.
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515 and 260 cm"’ are assigned to the TO modes of Ai symmetry, whereas the 

sharp peak at 305 cm'  ̂ has been assigned to the Bi mode. The weak band 

around 715 cm'  ̂ has been associated with the highest frequency longitudinal 

optical mode (LG) of Ai symmetry. The bands at 305 and 715 cm'  ̂ disappeared 

upon heating above the Curie temperature (Figure 4.20). The presence of the 

two remaining bands above Tc, though the selection rules forbid Raman bands 

in the cubic form, has been noted before and assigned to second order 

transitions. The Raman spectrum of the sample synthesized at 95°C, which has 

been referred to as the metastable cubic form, is shown in Figure 4.21. Note 

that the sharpness of the 305 cm'̂  is reduced, indicating partial tetragonality. 

The quantitative analysis of the Raman spectra of the three powders (A-C) was 

attempted, but the precision of the method was too poor to make any judgment. 

This arises from the difficulty in focusing the laser beam reproducibly. The use 

of an internal standard (NaNGs) did not alleviate this problem, as it was difficult 

to mix the two solids uniformly.

B. Infrared spectroscopy

The two regions of the infrared spectrum of interest are the framework 

bands and the GH" stretching region. Figure 4.22 shows infrared data of the 

GH" stretching vibration around 3600 cm'\ Since the samples for IR 

spectroscopy were prepared from powders heated to 110°C under vacuum for 3
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Figure 4.19. Raman spectra of the BaTiOs powders: (a) A (b) B and (c) C.
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Figure 4.20. Raman spectra of the tetragonal BaTiOs powder: (a) at room 
temperature; (b) upon heating above Tc (~ 130°C) and (c) upon cooling back to
room temperature. Note that the 
temperature above Tc.

peaks at ,305 and 715 cm disappear at
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Figure 4.21. Raman spectrum of the BaTiOs powders synthesized at 95°C.
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hours, no interference from surface water is expected. The much higher IR 

absorption peak for powder A indicates that it contains considerably more 

hydroxyl groups than the other two powders, which supports the results obtained 

from the TGA measurement. However, it is difficult to determine whether the 

hydroxyl groups arise from the BaTiOs crystallites or from the amorphous 

unreacted titanium dioxide.

Figure 4.23 shows infrared spectra of the sampies A, B and C in the 

framework region. Two broad bands around 560 and 431 cm’’ are observed. It 

has been pointed out [346-347] that there are three types of optical phonon 

modes, transverse, longitudinal and surface modes. The frequencies that were 

observed agree with the literature [346-350] and have been assigned to the 

surface modes. As the size of the particles becomes smaller compared to the 

wavelength of infrared radiation, there is uniform polarization of the particle, and 

this results in the surface or Frohlich modes. The profiles of the observed bands 

for all three particles are similar, except that the half-widths of the bands in 

sample A are about 25% greater, with components mostly in the higher- 

frequency parts of the bands.
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Figure 4.22. Infrared spectra of the OH stretching vibration region for the 
BaTiOs powders: (a) A (b) B and (c) C.
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Figure 4.23. Infrared spectra of the framework region of BaTiOs powders: (a) A 
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The infrared spectra shown In Figure 4.23 for samples A, B, and C were 

obtained from the same amounts of powder under Identical conditions, and these 

Intensities were reproducible to within 10% for different sample preparations. 

There Is an Increase In band Intensities with Increasing particle size. Correcting 

for the presence of unreacted TIO2 In sample A, the Integrated band Intensities 

for the 560 cm'  ̂ Increases In the order 1: 9: 13 for samples A, B and 0, 

respectively.

4.2. Characterization of Sintered Ceramic BaTIOs

BaTlOa powders synthesized hydrothermally with different barium sources 

and OH" concentrations were sintered at various conditions and the 

microstructure, and dielectric properties of these sintered ceramics were studied. 

Attempts were made to understand the effects of powder properties and 

sintering conditions on microstructure development of the BaTIOs ceramics, as 

well as to correlate the microstructure (grain size and distribution, porosity, etc.) 

to the dielectric properties of the ceramic BaTIOs.
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4.2.1. BaTiOs Ceramics from Hydrothermally Synthesized Powders with 

Different Barium Sources

The sintering and dielectric property studies were carried out using the 

BaTiOs powders synthesized hydrothermally with various barium sources: BaCb, 

Ba(C2H302)2 and Ba(N0 3 )2, together with the commercial powder (TAM HPB).

I. Sintering and Microstructure

The BaTi0 3  powders were pressed uniaxially into discs with a pressure 

calculated to be 173 MPa. No binders or additives were used in the sintering. 

The green density was calculated to be roughly 55% of the theoretical density, 

with a small variation associated with different particle sizes (samples with 

smaller particle size show slightly higher green densities).

The densification behavior of the hydrothermally synthesized powders 

was studied using the dilatometry method, where the linear shrinkage of a 

sample was continuously monitored with time during sintering. Figure 4.24 

shows the dilatometric curves of the powders synthesized hydrothermally with 

BaCb, Ba(C2H302)2 and Ba(N03)2 as barium sources, which are labeled as 

BaTi0 3  (Cr), BaTi0 3  (C2H3O2") and BaTi0 3  (NO3"), respectively. The sintering 

(shrinkage) began at 800-1000°C for all the powders, but it did not go to 

completion even above 1400°C. This may be due to the relatively large particle 

sizes of the powders. A careful examination reveals that the shrinkage takes
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Figure 4.24. Dilatometric curves of the BaTiOs powders synthesized with 
various barium sources.



181

place earlier for BaTiOa (NO3"), followed by BaTIOs (C2H3O2') and BaTi0 3  (Cl ), 

which corresponds well with the increasing particle sizes of the powders (0.15,

0.17 and 0.23 pm). This behavior may be due to the fact that small particles 

have higher surface energy per unit volume, thus they tend to be sintered at 

lower temperatures and with higher sintering rates. It is interesting to note that 

the shrinkage of BaTi03  (NO3I  slowed down at 1200°C, suggesting that another 

mechanism might take over at higher temperatures. In addition, it achieved the 

lowest final density toward sintering (~16% linear shrinkage compared to ~19% 

for the other two powders), which is not consistent with the fact that powders 

with smaller particles usually result in higher density. Finally, it is noticed that 

there is a small peak in all the dilatometric curves at around 1450°C and this is 

most probably due to the cubic to hexagonal phase transition that occurs at 

1460°C.

The powder compacts of the hydrothermally synthesized powders were 

sintered at 1300°C for 5 hours, together with the commercial powder (TAM HPB) 

for comparison. The densities of the sintered BaTi0 3  samples are 5.23 (87%), 

5.75 (96%), 5.81 (97%) and 5.68 g/cm" (94%) for BaTi0 3  (NO3I ,  BaTi03  

(C2H3O2"), BaTi0 3  (C r) and TAM HPB, respectively. The values in parentheses 

are the relative densities compared to the theoretical density of BaTi0 3  (6.02 

g/cm^). Figure 4.25 shows SEM micrographs of the sintered BaTi03  samples. 

The sintered BaTi0 3  (NO3") sample reveals a high porosity, as shown in the
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microstructure and density measurement. This correlates well with the 

dilatometric curve where a shrinkage slow-down was observed. This may be 

due to some impurities in the powder which decomposes at about 1200°C, 

creating pores that inhibit further densification. Further characterization of this 

powder is necessary but was unintended in this study. The BaTiOs (C2H3O2 ) 

and BaTiOs (Cl") samples show relatively high densities; however, the BaTiOs 

(C2H3O2") sample gives large grain sizes in the range of 10-20 pm, whereas the 

BaTi0 3  (Cl") sample displays much smaller grain sizes which are in the range of 

1-5  pm. The commercial powder shows a bimodal size distribution with small 

particles of about 1 pm, and large particles around 10 pm. This results from the 

abnormal grain growth that might occur during sintering.

Since the BaTi0 3  (Cl ) sample exhibits a high density and a limited grain 

growth during sintering, which is desired for the dielectric properties, its sintering 

behavior was further investigated by adjusting the sintering conditions. The 

powder was sintered at temperatures in the range of 1200 to 1350°C for a fixed 

time of 5 hours, together with the commercial BaTi0 3  (TAM HPB) for 

comparison. Figure 4.26 shows the SEM micrographs of the powder sintered at 

1200, 1250 and 1350°C and the densities were calculated to be 5.52 (92%), 

5.95 (99%) and 5.76 (96%), respectively. A decrease in density at higher 

temperatures may be caused by the rapid abnormal grain growth at high 

temperatures which traps the pores permanently in the grains during sintering.
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Figure 4.25. SEM micrographs of the BaTiOs powders sintered at 1300°C for 5 
hours: (a) BaTiOs (NOsl; (b) BaTiOs (C2H3O2I :  (c) BaTiOs (Cl ) and (d) 
commercial (TAM HPB).
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Figure 4.25. (continued),

(c)

(d)
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Figure 4.26. SEM micrographs of the BaTiOs (Cl ) powder sintered at various 
temperatures; (a) 1200°C; (b) 1250°C and (c) 1350°C.



186

Figure 4.26. (continued),

(c)
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Average grain sizes were calculated from the SEM micrographs of the powder 

sintered at 1200, 1250 and 1350°C and found to be roughly 0.6, 2.5 and 20 pm. 

The density of the commercial BaTiOa (TAM HPB) sintered at 1200, 1250 and 

1350°C were measured to be 4.43 (74%), 5.27 (88%) and 5.79 (96%), 

respectively. The microstructure of the samples sintered at 1200 and 1250°C 

were examined and found to be very porous with grain sizes around 1 pm, 

indicating the final sintering stage was not reached. The sample sintered at 

1350°C shows a relatively dense structure with grain size around 10 pm.

II. Dielectric properties measurement

The dielectric constant and loss tangent as a function of temperature 

were measured for samples obtained from the various powder sources and 

sintered at different temperatures. Figure 4.27 shows the results of samples 

from various barium sources sintered at 1300°C for 5 hours. There is a clear 

phase transition around 125°C, at which the samples transform from the 

ferroelectric to the paraelectric phase. The rise of dielectric constant in the 

paraelectric regime as temperature decreases obeys the Curie-Weiss law, and it 

goes to a maximum at the Curie temperature. Below the Curie temperature, 

spontaneous polarization occurs and domain structure starts to form. This leads 

to the decrease of the dielectric constant, since now dipoles are less polarizable 

by applying a small electric field. However, if a large enough field is applied, a
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maximum dielectric constant can be obtained. The BaTiOs (Cl") sample shows a 

high dielectric constant around 1940 at room temperature, which may stem from 

the fact that it possesses the highest density and relatively small grain size (1~5 

pm), as shown in Figure 4.25c. The BaTiOa (NO3 ) sample exhibits the lowest 

dielectric constant which is about 677 at room temperature, corresponding to its 

lowest density (87% of the theoretical density). Thus, a high grain density and a 

fine grain size are essential for the high dielectric constant of the samples. The 

loss tangents (tanô) (Figure 4.27) are comparable at lower temperatures for 

these samples, but at elevated temperatures, the BaTiOs (NO3 ) sample displays 

the highest loss which may be caused by the high porosity. The results are 

summarized in Table 4.4.

Table 4.4. Dielectric properties, grain size and density of the BaTi03  powders 
with various barium sources sintered at 1300°C for 5 hours.

BaTi03

samples

K

(30°C)

tanô

(30°C)

Grain size 

(pm)

Density*

(g/cm^)

BaTi03  (NO3-) 677 0.019 3-15 5.23 (87%)

BaTi0 3  (C2H3O2-) 1162 0.028 10-20 5.75 (96%)

BaTi0 3  (Cl ) 1938 0.029 1-5 5.81 (97%)

Commercial (TAM) 1525 0.011 1-10 5.74 (95%)

*: values in parentheses are the relative densities compared to the theoretical
density.
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Figure 4.27. Dielectric properties: (a) dielectric constant and (b) loss tangent as
a function of temperature for the BaTiOs samples synthesized from various
barium sources.
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Figure 4.28 shows the dielectric property measurement as a function of 

temperature for the BaTiOs (CF) sample sintered at 1200, 1250 and 1300°C. 

The result is compared with that obtained for the BaTiOs (TAM) sample (Figure 

4.29). The BaTiOa (Cl") sample sintered at 1250°C gives the highest dielectric 

constant of 2960. This corresponds to the highest density (almost 100% of 

theoretical density) and near optimum grain sizes (~ 2.5 pm). The dielectric 

constant decreases at either lower and higher sintering temperatures, resulting 

from the high porosity and large grain size of the sintered samples, respectively. 

The loss tangent of the sintered samples is roughly proportional to the porosity 

with a higher porosity yielding a higher loss tangent. The results are 

summarized in Table 4.5.

Table 4.5. Dielectric properties, grain size and density of the BaTiOa (01 ) 
powders sintered at various temperatures for 5 hours.

Sintering 
temperature (°C)

K

(30°C)

tanô

(30°C)

Grain sizes 
(pm)

Density*

(g/cm^)

1200 1365 0.050 < 1 5.52 (92%)

1250 2960 0.027 2 5.95 (99%)

1300 1938 0.029 3 5.88 (98%)

1350 1745 0.034 20 5.76 (96%)

*: values in parentheses are the relative densities compared to the theoretical
density.
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Figure 4.28. Dielectric properties: (a) dielectric constant and (b) loss tangent as
a function of temperature for the BaTiOs (CF) sample sintered at various
temperatures.
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Figure 4.29. Dielectric properties: (a) dielectric constant and (b) loss tangent as
a function of temperature for the BaTiOa (TAM) sample sintered at various
temperatures.
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On the other hand, the BaTiOs (TAM HPB) sample shows an increase In 

dielectric constant toward higher sintering temperatures (Figure 4.29). This may 

relate to the highly porous structure of the TAM samples sintered at 

temperatures lower than 1300°C, as evidenced by the density measurement 

(74% and 88% of the theoretical density for samples sintered at 1200 and 

1250°C, respectively). The need for higher temperature sintering is due to the 

much coarser and more irregular-shaped particles in the powder, leading to the 

sintering occurring at higher temperatures (> 1300°C), as compared to the 

BaTiOs (Cr) sample. Again, the much higher loss tangent for the sample 

sintered at 1200°C is due to its high porosity.

4.2.2. BaTiOs Ceramics from Hydrothermally Synthesized Powders with Various

OH" Concentrations

The sintering and the dielectric properties of the BaTiOs powders 

hydrothermally synthesized at 240°C with various OH" concentrations (A, B and 

C) were studied together with the cubic powder synthesized at 95°C. The 

sinterability of the powders: cubic, B and C was first investigated using 

dilatometric measurements and the results are shown in Figure 4.30. It was 

noticed that powder A melted at 1340°C, and therefore the dilatometric 

measurement was not performed on this powder. For the temperature up to 

1400°C, the cubic powder shows the highest shrinkage of about 24%, whereas it
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Figure 4.30. Dilatometric curves showing the linear percent shrinkage as 
a function of temperature for BaTiOa powders: cubic, B and 0.
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is about 20% and 15% for powders B and C, respectively. This may be 

attributed to the fact that the cubic powder has the lowest packing density (48%) 

compared with powders B and C (53% and 59%, respectively). The low green 

compact density of the cubic powder may result from the higher resistance of 

these rough, porous solid agglomerates to sliding and fracture [189]. The cubic 

powder obviously shows two stages of shrinkage, which may correspond to two 

different shrinkage mechanisms. This Is typically observed for powders with fine 

particles [165, 351], and the reason has been suggested to be Inhomogeneous 

densification of the agglomerates In the powders. The first shrinkage took place 

between 600~700°C; this Is expected because of the ultraflne particles existing 

In the powder. There Is a slowdown (shrinkage) between 700~1000°C, followed 

by a second shrinkage until the temperature Is slightly above 1300°C. The 

second shrinkage Is believed to be caused by the densification between 

relatively large agglomerates In the powder. It Is also noticeable that the 

shrinkage rates of the powders B and C decrease as the temperature exceeds 

1000°C (shown by decreasing slopes of the dilatometric curves), while the cubic 

powder shows a high shrinkage rate up to 1300°C. This indicates that powders 

B and C can reach relatively high density at lower temperatures as compared to 

the cubic powder.
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I. Microstructure and dielectric properties of hydrothermal powders by

conventional sintering

Hydrothermally synthesized powders, cubic, A, B and C, were sintered at 

temperatures ranging from 1200 ~ 1350°C for 2 hours at a heating rate of 

5°C/min. Figures 4.31-4.33 show the SEM micrographs of the cubic powder 

sintered at 1250, 1300 and 1350°C, and B and C powders sintered at 1200, 

1250 and 1300°C. Powder A, having significant excess of Ti (as indicated by 

ICP), melts at the sintering temperature of 1350°C; thus, its microstructure was 

not pursued in this study. Figures 4.34-4.37 show the dielectric constant and 

loss measurement as a function of temperature of selected sintered samples 

from the cubic. A, B and C powders. The results of sintering, density and 

dielectric property measurements are summarized in Table 4.6. The results 

indicate that the cubic powder gives a maximum dielectric constant of 2814 

when sintered at 1250°C, corresponding to 93% of theoretical density and about 

5 pm grain size. It is interesting to note that the density does not improve much 

at higher sintering temperatures (for the cubic powder). Instead, sintering at 

higher temperatures leads to rapid grain growth that lowers the dielectric 

constant. Powder A shows very low dielectric constant and high loss. It has 

been reported that BaTiOs powders with excess Ti form BaeTiiyO^o (second 

phase) during sintering, which is very detrimental to the dielectric properties of
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Figure 4.31. SEM micrographs of the cubic powder sintered at different 
temperatures: (a) 1250; (b) 1300 and (c) 1350°C.
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Figure 4.31. (continued),
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Figure 4.32. SEM micrographs of powder B sintered at different temperatures 
(a) 1200; (b) 1250 and (c) 1300°C.
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Figure 4.32. (continued),

(c)
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Figure 4.33. SEM micrographs of powder C sintered at different temperatures: 
(a) 1200; (b) 1250 and (c) 1300°C.
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Figure 4.33. (continued),

(c)
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Figure 4.34. Dielectric constant and loss measurement as a function of 
temperature of the sample from the cubic powder sintered at 1250°C for 2 hours.
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Figure 4.35. Dielectric constant and loss measurement as a function of
temperature of selected sintered samples from powder A.



205
12000

10000
1250 C

•g 8000 1300 C

1350 Cü 6000

f  4000

0 4— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— H 

30 50 70 90 110 130 150 170 190
Temperature (degree C)

(a)
0.5

0.4 + 1250 C

1300 C

1350 C

«  0.2 4-

30 50 70 90 110 130 150 170 190
Temperature (degree C)

(b)

Figure 4.36. Dielectric constant and loss measurement as a function of
temperature of selected sintered samples from powder B.
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Figure 4.37. Dielectric constant and loss measurement as a function of
temperature of selected sintered samples from powder C.
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the samples [188, 352]. However, for powders B and C, a relatively high density 

can be reached at the sintering temperature of 1250°C, and approaches even 

higher values as the sintering temperature increases. More importantly, a 

limited grain growth was also noticed for powders B and C, and appears to 

become more significant as the tetragonality of the powders increases. A 

maximum dielectric constant of 3027 was observed for powder C sintered at 

1300°C; the sintered sample achieves 97% of the theoretical density and has an 

average grain size of approximately 3 pm.

II. Fast-Sintering

Fast-sintering was performed on the hydrothermally synthesized cubic 

powder in an effort to enhance the densification during sintering. Figure 4.38 

shows the SEM micrographs of the cubic powders sintered at 1250, 1300 and 

1350°C for 5 miriutes. Their dielectric properties are shown in Figure 4.39. The 

results are summarized in Table 4.7. It is remarkable that all samples show very 

limited grain growth and relatively high densities. The sample sintered at 

1250°C gives a very high dielectric constant close to 3500 with almost an 

optimum grain size of 1 pm.
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Table 4.6. Density and dielectric properties of the powders cubic, A, B and C 
sintered at various temperatures for 2 hours.

BaTiOa Sintering K tanS Density* Grain

Samples temperature (°C) at 30°C at 30°C (g/cm^) size (pm)

cubic 1200 1783 0.085 5.18(86% ) --------

(95°C 1250 2814 0.038 5.61 (93%) ^ 5

synthesis) 1300 2663 0.039 5.63 (93%) - 2 0

1350 2558 0.037 5.59 (94%) - 2 8

A 1200 505 0.259 4.92 (82%) --------

(tetragonal) 1250 561 0.238 5.07 (84%) --------

1300 654 0.170 5.12 (85%) ---

1350+ ——— --- ———

B 1200 1862 0.102 5.32 (88%) ---

(tetragonal) 1250 2168 0.057 5.54 (92%) ^ 4

1300 2676 0.025 5.69 (95%) -  10

1350 2710 0.019 5.78 (96%) ———

C 1200 2034 0.089 5.38 (89%) - - -

(tetragonal) 1250 2887 0.037 5.71 (95%) - 2

1300 3027 0.021 5.82 (97%) - 3

1350 2846 0.024 5.81 (97%)

*: values in parentheses are the relative densities compared to the theoretical 
density; sample melted; — : data not obtained.
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Table 4.7. Density and dielectric properties of the cubic powders fast-sintered 
at various temperatures for 5 minutes.

Sintering 
temperature (°C)

K

(30°C)

tanS

(30°C)

Grain sizes 
(pm)

Density*

(g/cm^)

1250 3476 0.020 ~1 5.53 (92%)

1300 3174 0.026 ~ 2 5.65 (94%)

1350 2392 0.009 ~ 4 5.71 (95%)

*: values in parentheses are the relative densities compared to the theoretical 
density.

The cubic powder was also fast-sintered at 1250 and 1300°C for 15 

minutes. The sintered samples have high densities of 5.76 (96%) and 5.89 

g/cm^ (98%), respectively. However, the grain sizes of the samples were 

estimated to be larger than 10 pm, leading to the decrease of the dielectric 

constant of the samples. The result of the dielectric property measurement as a 

function of temperature is shown in Figure 4.40.
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(a)

Figure 4.38. SEM micrographs of the hydrothermally synthesized BaTiOs cubic 
powder sintered at various temperatures for 5 minutes (~ 200°C/min): (a) 1250, 
(b) 1300 and (c) 1350°C. Each one is shown in two different scales.
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Figure 4.38. (continued),

(b)
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Figure 4.38. (continued),

«g

(c)
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Figure 4.39. Dielectric properties: (a) dielectric constant and (b) loss tangent as 
a function of temperature for the hydrothermally synthesized cubic BaTiOs 
sample sintered at various temperatures for 5 minutes with a rate of about 
200°C/min.
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Figure 4.40. Dielectric properties: (a) dielectric constant and (b) loss tangent as
a function of temperature for the hydrothermally synthesized cubic BaTiOs
sample sintered at various temperatures for 15 minutes (» 2G0°C/min).
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4.2.3. Impedance Spectroscopy Analysis

In the electrical measurement of polycrystalline materials, the electrical 

data obtained are the response of the whole measurement assembly, including 

electrodes, lead-wires, and the sample. Moreover, in polycrystalline ceramics, 

both grains and grain boundaries contribute to the electrical properties. In order 

to extract the intrinsic properties of the materials, impedance spectroscopy 

analysis was used to separate the various contributions from these components 

according to their frequency dependence.

In this study, a BaTiOs ceramic pellet from the hydrothermally synthesized 

cubic powder sintered at 1250°C for 2 hours was used, since it has relatively 

high density and good dielectric properties. Plot of the capacitance vs. 

frequency is shown in Figure 4.41. An obvious dispersion of capacitance over 

the frequency range from 10 Hz to approximately 1 kHz was observed at 

elevated temperatures (> 200°C). The dispersion becomes more significant and 

shifts to higher frequencies as the temperature increases.

Figures 4.42-4.46 show the ac electrical data of the sample obtained at 

temperatures of 250, 300, 400, 450 and 500°C and plotted in the impedance 

plane, modulus plane, capacitance plane and admittance plane, respectively. 

Two plots corresponding to different temperature regimes are used for each 

plane in an effort to clearly delineate the relaxation behavior at various
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Figure 4.41. The capacitance versus frequency for the cubic sample sintered at 
1250°C for 2 hours.
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Figure 4.42. Impedance plots of the sintered ceramic sample measured at 
various temperatures. For the purpose of clarity, two separate plots are shown 
to illustrate the entire measuring temperature range.
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Figure 4.43. Modulus plots of the same sample as in Figure 4.42 at various
temperatures.
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Figure 4.44. Capacitance plots of the same sample as in Figure 4.42 at various
temperatures.
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temperatures. In the Impedance plane (Figure 4.42), two semicircles were 

observed at temperatures above 250°C, with the low frequency semicircle (right 

side) emerging at 250°C and becoming more dominant at higher temperatures. 

When the same data are displayed In the modulus plane, M* (Figure 4.43), a 

single semicircle corresponding to high frequency relaxation was prominent at all 

temperatures. However, there Is small Inflection of the spectrum In the low 

frequency range, corresponding to the low frequency relaxation observed In the 

Z*-plane. When the electrical data are plotted In the capacitance plane (C*- 

plane) (Figure 4.44), an Incomplete semicircle In the high frequency region and 

a nearly vertical line In the low frequency region are observed. A similar 

behavior Is evident In the admittance plane (V*-plane) (Figure 4.45); however, 

now the semicircle Is In the low frequency region and the vertical line 

corresponds to the high frequency region.

The relaxation behavior of the sample at different temperatures was 

analyzed and the electrical parameter associated with the relaxations at various 

temperatures were extracted. To better Illustrate the relaxation behavior and 

mechanisms associated with them, the electrical parameters obtained will be 

shown and discussed In Chapter V (Discussion).
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4.3. Characterization of Hydrothermally Synthesized BaTiOs Thin Films

4.3.1. Microstructure

The morphology of the thin-film samples synthesized for 1 to 4 weeks are 

shown in Figure 4.46. The size and shape of the grains were found to be 

dependent on the synthesis time. For samples synthesized for 1 and 2 weeks, 

the grain shapes were very irregular and the average size increases from 

approximately 1.0 to 2.0 pm. It was also observed that for the sample 

synthesized for one week, there are some regions where the substrate is not 

completely covered with the BaTiOs film. As the time increases to 3 weeks, the 

grains are more regular in shape; however, the size distribution is more like 

bimodal with small grains sitting between the large grains. When the time 

increases further to 4 weeks, the grains remain regular in shape while the grains 

readjust the structure to achieve a more uniform distribution. Figure 4.47 shows 

the film surface at a low magnification, indicating that the films thus produced 

were reasonably smooth, dense and also free of cracks. It is interesting to note 

that the thickness of the film varies very little with the synthesis time; the film 

thickness remains about 0.5 pm for all the samples synthesized for 1 to 4 weeks. 

Figure 4.48 reveals the cross-sectional view of a representative film sample 

synthesized for 2 weeks.

The X-ray diffraction results are shown in Figure 4.49. No diffraction 

peaks corresponding to other phases are detected except those for BaTiOs and
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Figure 4.46. The SEM micrographs showing the morphology of the thin-film 
samples synthesized for various times: (a) 1 ; (b) 2; (c) 3 and (d) 4 weeks.
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Figure 4.46. (continued),

(c)

(d)



225

Figure 4.47. Low magnification SEM micrograph showing the smooth, dense 
film surface without observable cracks.



226

# ^ 0If if  ----

Figure 4.48. SEM micrograph of the cross-sectional view of the thin-fiim sample 
synthesized for 2 weeks.
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Ti substrate. The intensity of the BaliOa peaks increases with the synthesis 

time, suggesting improved crystallinity as it may correlate with the more regular 

grain shapes observed. The XRD scans between 44 and 46° of 2#  at different 

temperatures are shown in Figure 4.50. The evolution from the tetragonal to the 

cubic structure is observed for the sample synthesized for 2 weeks as 

temperature is raised above the Curie temperature ( ~130°C). Similar behavior 

is also observed for the samples synthesized for 3 and 4 weeks, suggesting the 

tetragonal nature of the thin films after 2 weeks synthesis.

4.3.2. Electrical Properties

I. Temperature dependence of dielectric constant (K) and loss tangent 

(tanâ)

The capacitance, C, and the loss tangent, tanS, were measured as a 

function of temperature for all the films and their dielectric constant values, K, 

were calculated. The sample synthesized for one week exhibits a very high loss, 

high leakage current and low dc resistance. This may result from the short 

circuit formed during the measurement due to the incomplete film coverage over 

the substrate. Thus, further characterization on the sample was not pursued. 

Figure 4.51 shows the results of the measurement on the sample synthesized for 

2 weeks at a frequency of 100 kHz from the room temperature to 200°C and 

subsequently cooled to room temperature. The data obtained during the heating
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Figure 4.49. XRD patterns of the BaTiOa thin films synthesized for 1 , 2 , 3  and 4 
weeks, respectively. BaTiOs and Ti phases are indicated as BT and Ti, 
respectively.
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cycle does not coincide with that obtained during the cooling cycle. This may be 

because of the humidity effect associated with surface-adsorbed hydroxyl 

groups on the sample [353-354]. Figure 4.52 shows the dielectric constant of 

the samples synthesized for 2, 3 and 4 weeks, measured at 100 kHz, and that of 

the sample (synthesized for 2 weeks) measured at 1 kHz. In all the runs, the 

paraelectric to ferroelectric transition, or the Curie transition, is not clearly 

observed from room temperature to 200°C, even though XRD suggests that the 

films are of the tetragonal symmetry.

II. Immittance spectroscopy analysis

In order to study the microstructural heterogeneity effects, such as 

defects and grain boundaries, the dielectric measurements were carried out as a 

function of frequency at several temperatures for samples synthesized for 2 

weeks. Figure 4.53 shows the measured capacitance data of the sample as a 

function of frequency at 4 temperatures ranging from 150 to 3G0°C. In all cases, 

an obvious dispersion of capacitance over the frequency range from 10 Hz to 

approximately 1 kHz was observed at high temperatures (> 200°C). The 

dispersion becomes more significant as temperature increases. The behavior is 

similar to that observed for the sintered ceramic BaTiOs. However, for the bulk 

BaTiOs, the dispersion is more steep compared to that of the films and tends to
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Figure 4.51. Dielectric properties of the film synthesized for 2 weeks at a 
frequency of 100 kHz from the room temperature to 200°C and subsequently 
cooled back to room temperature.



500

ro 400
(/)
c

ü
o

■(J
0)
.9? 300 
Q

232

o o o o o a o

2 wks @  1 kHz

2 wks @ 1 0 0  kHz

3 wks @ 1 0 0  kHz

4  wks @  100 kHz

200 H 1 f- 4-----1-----1-----1-----1-----1-----1-----h

30 50 70 90 110 130 150 170 190 210
Temperature (degree C)

Figure 4.52. Dielectric measurement results of the films synthesized for 2, 3 and 
4 weeks at a frequency of 100 kHz, together with that of 2 week's film at a 
frequency of 1 kHz.



233

8E-09

150 C

6E-09 -
200  C

25 0  C

300 Cro 4E-09 -
O(0
Q .

2E-09 -

1E2 1E4 1E61E1 1E3 1E5 1E7

Frequency (Hz)

Figure 4.53. Measured capacitance data of the BaTiOs films synthesized for 2 
weeks as a function of frequency at temperatures ranging from 150 to 300°C.



234

shift to higher frequencies as temperature increases.

In order to obtain more understanding of the film sample, immittance 

spectroscopy (IS) analysis was performed. Figures 4.54-4.57 show the ac 

electrical data plotted in the impedance (Z*), modulus (/W*), complex capacitance 

(C*) and admittance (V*) planes, respectively. More detailed analysis will be 

given in Chapter V  (Discussion).
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illustrate the entire measuring temperature range.
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CHAPTER V  

DISCUSSION

5.1. Hydrothermal Synthesis of BaTiOa Powders

5.1.1 Effect of Synthesis Conditions on Hydrothermal Synthesis of BaTiOa 

Powders

The hydrothermal formation of BaTiOs has been suggested to follow a 

dissolution/precipitation mechanism with the dissolution of the precursors in the 

solution and the formation of BaTiOs as precipitates. The chemical reactions for 

this process can be depicted as [93, 178, 328]:

T1O2  + 2 H 2 O o  T i(O H )^ (aq )  (5.1 )

+ Ti(O H (a q  )  o  BaTiO^ +  2W+ + H^O (5.2)

It is evident from the reactions that high pH and high concentration of Ba ions 

are favored for the BaTiOs formation (forward reaction of Equation 5.2). Lower 

OH" concentrations may result in the formation of a stable phase of Ti02 instead 

of BaTiOs. Therefore, it is crucial to maintain a high pH value (pH > 13 )  during 

the hydrothermal synthesis reactions. In this study, pressure is fixed by adding 

the same amount of water in the digestion bomb. According to the stability

239
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diagram calculated by Lencka et al. [172], both high pressure and pH are 

preferable for BaTiOs formation (Figure 2.21). Temperature may shift the 

boundaries between phase stability regions so that BaTiOs can be formed at 

slightly lower pH values (1-1 .5  pH units). The reaction rate is also controlled by 

the temperature. Higher temperatures usually result in more rapid hydrothermal 

reactions, and thus BaTiOa crystals can be formed in a shorter time. The Ba/Ti 

ratio is also found to be important for hydrothermal synthesis. An excess 

amount of barium (Ba/Ti>1) promotes completion of the reactions during 

synthesis, while an excess amount of titanium (Ba/Ti<1) will cause formation of 

TiOz.

Hydrothermal synthesis involves not only the chemical reactions to form 

the crystals (nuclei) of desired composition. It also provides a transport process 

essential for the crystals to grow. The driving force for the crystal growth is the 

reduction of the interfacial free energy or surface tension. From the 

thermodynamic point of view, smaller crystals possess higher chemical 

potentials and thus are more soluble compared to the larger crystals. As a 

result, smaller crystals tend to dissolve in the solution to form solute, which is 

subsequently transported (precipitated) onto the larger crystals. The growth of 

larger crystals at the expense of the smaller one is known as Ostwald ripening, 

which has been suggested to be the mechanism for particle growth in 

hydrothermal synthesis [93, 331]. The Ostwald ripening process is also
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evidenced from the more homogeneous particle size observed in this study for 

the powders synthesized for a long time (e.g., 3 and 8 weeks) (Figure 4.6). The 

chemical reaction associated with this process is written as:

BaTiOj (small) => Ba*^ + TI*'* species => BaTiO^ (large) (5.3)

The transport rate of the solute is believed to be faster than the reaction rate in 

aqueous solution, and thus the rate-limiting step of the particle growth in 

hydrothermal synthesis is assumed to be the dissolution of the smaller particles.

Well known factors that play an important role in particle growth are the 

time and temperature of the synthesis. Higher temperatures and longer 

synthesis time ensure the completion of the ripening process, thus giving rise to 

larger particles. It has been found that an increase in particle size from 5 nm 

nuclei to the size of 200-300 nm occurs during a time period of 10 -  15 hours for 

the hydrothermal synthesis of BaTiOs with a Ba-Ti acetate gel precursor at 

150°C [179]. Little increase in the particle size has been observed for longer 

processing times. Hydrothermal synthesis at 600°C has been reported to 

produce particles with sizes in the millimeter range [173], while only submicron 

particles can be produced at a temperature of 95°C [89, 174-175, 177]. In this 

study, BaTiOs powder synthesized at 95°C displays very fine particles of an 

agglomerate nature, and the morphology does not change upon longer synthesis 

times. On the other hand, powders synthesized at 240°C exhibit dispersed



242

particles of larger particle sizes which increase with time (Figure 4.8). The 

growth of particle sizes saturates slowly as the synthesis time further increases.

Not only temperature and synthesis time play important roles in the 

particle growth behavior in hydrothermal synthesis. The presence of different 

barium sources and OH" concentrations are also found to affect the growth of 

BaTiOs particles. Since particle growth is governed by the dissolution of smaller 

particles in the solution, the influence of varying the synthesis conditions on the 

particle growth behavior can be related to the change in the dissolution behavior 

of the smaller particles. It is found that powders can be produced with 

increasing particle sizes by using various barium sources according to the 

following order; Ba(N0 3 )2. Ba(C2H302)2, BaCb. BaB% and Bab.

Correspondingly, it is found that the solubility of the barium sources in aqueous 

media exhibits the same trend, i.e., Ba(N03)2 (34.2) < Ba(C2H302)2 (75) « BaCb 

(60) < BaB% (149) < Bab (170). The numbers shown in parentheses are the 

solubility values in g/100 m l obtained in 100°C hot water [355]. This suggests 

that the more soluble barium salts may promote the dissolution of the smaller 

BaTi0 3  particles, which allows more a rapid particle growth process. The 

influence of the solubility on the dissolution process may be understood as 

follows: there is an overall equilibrium of the various species in the solution, 

including Ba^, Ti^* and the anion of the barium salt (X"). As the smaller BaTi03 

particles dissolve and form Ba^* and T f*  species, the equilibrium of the system
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is destroyed. Two competing processes are present in the solution, where the 

dissolved species can either join with X species or recombine with Ti'*'' 

species on the larger particles. The latter is believed to be favored if the barium 

salt has high solubility. In other words, barium ions will have less possibility to 

combine with X  species.

It is surprising at first sight that Ba(0H)2 shows a high solubility in 100°C 

hot water (95 g/1 OOmL), whereas very small particles are produced. This seems 

to contradict the solubility argument. However, one may consider the fact that 

the solubility of Ba(OH)z is significantly limited by the high pH of the 

hydrothermal solution, and the resultant small particles are again expected. 

Indeed, for many hydrothermal processes applied in industry, a complex agent 

(or fnineralizer"in hydrothermal terminology) is added to increase the solubility 

of otherwise sparingly soluble compounds to promote hydrothermal reactions 

[171].

Using Ba(0H)2 as both the barium and base sources, it has been shown 

that the pH of the solution influences both the formation [129] and kinetics of 

crystal growth of BaTiOs [356]. Herit has reported that the rate of formation of 

BaTiOa becomes independent of Ba(0H)2 at concentrations greater than 1 M of 

the base [357]. Hydrothermal formation of BaTiOs is stable under high pH 

conditions [129, 173], whereas neutral conditions destabilize these crystals [129, 

173, 178].
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In the preliminary investigation, it was found that an 0 H “ concentration of 

1 M produces the largest particles; however, it took a long time (8 weeks). It is 

expected that an optimum pH may exist for rapid particle growth. Moreover, 

according to Equation 5.2, the formation of BaTiOs is accompanied by a 

reduction of pH of the aqueous solution (by yielding Ĥ  ions), suggesting that 

maintaining a constant pH level during the synthesis period is very important for 

continuous particle growth. Usually this can be achieved by providing a buffer 

solution. However, the procedure is difficult to carry out at such high pH's (> 

13). An alternative way was employed in this study by adding NaOH in the 

middle of the synthesis in an effort to maintain a sufficiently high pH level for 

continuous particle growth to take place.

Three sets of BaliOs powders were synthesized with various OH" 

concentrations: 0.3M, 0.5M and buffered"0.5M at 240°C, and the powders were 

labeled as powder A, B and C in this study. The sizes were found to be 

approximately 0.1, 0.3 and 0.5 pm (Figure 4.11). Particle growth is apparently 

promoted at higher OH" concentrations. The significant increase in particle size 

of powder C demonstrates the importance of maintaining the high pH during the 

synthesis. It also proves that the use of the buffered” solution is an effective 

way to promote particle growth.
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5.1.2. Particle Size Effect on the Structure and Properties of BaTiOs Powders

I. Particle size and tetragonality

As mentioned above, in this study powders with various sizes were 

produced by controlling temperature, time, barium precursor and pH of the 

solution. A common and important characteristic of these powders is that they 

are not completely tetragonal. This is supported by the measurement of 

enthalpy change (AH) associated with the Curie transition using the DSC 

method. The AH value obtained for a well sintered BaTiOa ceramic sample 

(supposed to be completely tetragonal) is about 0.9 J/g, while those for the 

powders synthesized hydrothermally are smaller than this value (Table 4.1). 

The cubic powder synthesized at 95°C represents an extreme case where the 

complete disappearance of the Curie transition occurs with AH equal to zero. 

The tetragonality of these powders has been calculated by assuming the well 

sintered ceramic sample to be 100% tetragonal. It is found that the tetragonality 

of the powders increases with synthesis time (Figure 4.8). Also, by varying the 

barium sources and OH" concentrations used in the synthesis, the tetragonality 

can also be changed.

When further examining the particle size and tetragonality data of the 

synthesized powders, there is a clear trend indicating an increase in the 

tetragonality with particle size. The powder of 37% tetragonality was obtained 

for a one week synthesis at 240°C with a particle size of about 0.23 pm, whereas
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almost 100% tetragonality was achieved for the sample synthesized at 240°C for 

8 weeks, with an average size of about 0.52 pm (Table 4.1). This size- 

tetragonality relationship is also followed for powders synthesized with various 

barium sources (Table 4.2), with the highest tetragonality corresponding to the 

largest particle size (in the case of Balz) and vice versa (in the case of Ba(0H)2). 

In addition, the powders synthesized using various OH" concentrations (powders 

A, B and C) also show an increase in tetragonality from less than 1% to almost 

100%, with particle size increasing from 0.1 to 0.5 pm.

On the other hand, when the particle size is below a certain critical value, 

the powder may become cubic-like and display no ferroelectricity. This has 

been reported in the literature [6-9, 88-89]. In this study, the powder 

synthesized at 95°C shows very fine particles (~ 0.1 pm) with cubic-like structure 

and exhibits no transition upon heating though the Curie temperature.

II. Defects and microstrains

Stabilization of the metastable cubic structure has been attributed to 

hydroxyl defects and microstrains associated with the lattice [9, 88-89). The 

structural defects associated with the crystal lattice may lead to the distortion of 

the lattice and accompanying microstrains, which consequently stabilize the 

cubic structure.



247

The possible defect association with the BaTiOs lattice was examined for 

the powders A, B and C by using TGA and IR spectroscopy (Figures 4.18 and 

4.22). Powder A has a relatively large amount of hydroxyl groups (8.2 mol%), 

which probably arises from the unreacted amorphous material (1102) as 

suggested by TEM (Figure 4.14). However, for powders B and C, the 

concentration of OH" groups is reduced significantly and becomes practically 

constant (1.4 and 0.8 mol%, respectively). The reason for the lower defect 

concentration in this study as compared with the others reported in the literature 

could be ascribed to the fact that the synthesis in thus study was carried out at 

relatively higher temperature (240°C) and for longer time (one week). Since the 

ripening process corresponds to a general reduction of the free energy of the 

system, defect association with the lattice may cause the lattice distortion, which 

is not favored thermodynamically. As the process proceeds, the defects have a 

tendency to diffuse out of the interior of the particles, resulting in a low defect 

concentration of the powders.

The lattice strains were also measured for powders A, B and C and found 

to decrease slightly with an increase in particle size (Table 4.3). However, the 

values are overall very small (<1.0x10'^), possibly due to the relatively low defect 

concentrations of the powders. Therefore, in this study, the lattice strains and 

the defect concentration cannot be major factors to account for the stabilization 

of the cubic structure.
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III. Crystal and molecular structure

TEM micrographs show that particles are well dispersed for powder B, 

whereas powder A has an agglomerate nature (Figure 4.14). High resolution 

TEM (HREM) reveals the lattice image of a particle from powder 8, which is 

representative for all the particles (in powders B and 0). The particle has a 

single crystal structure (from the diffraction pattern) and there is no indication of 

the presence of ferroelectric domains. Moreover, the existence of a surface 

layer around the particles, as reported in the literature [6], was not observed.

Raman spectroscopy provides further structural information at the 

molecular level. Although DSC data seem to imply a partial tetragonality of the 

powders, Raman data indicate that, at a molecular level, all powders are of a 

tetragonal symmetry. This is shown by the appearance of two Raman bands at 

305 and 715 cm'  ̂ (Figure 4.19), which is typical for the tetragonal BaTiOa 

structure and is caused by the distortion of the TiOe sublattice in a BaTiOs unit 

cell. As the tetragonal powder was heated up above the Curie temperature, 

these bands disappeared completely (Figure 4.20). The relatively low intensity 

of the bands for the powders synthesized at 95°C indicates the presence of the 

cubic phase in the powder (Figure 4.21 ).
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IV. Size effect on AH of transition

It has been shown that AH associated with the Curie transition of the 

hydrothermally synthesized BaTiOa powders decreases with the particle size. 

However, the Raman data show the tetragonal symmetry of all the powders 

synthesized at 240°C. It has also been demonstrated in the previous section 

that arguments based on surface layers, defects and microstrains cannot be 

adopted for the AH decrease for the powders from 0  to A, since their 

contributions are relatively insignificant. A different interpretation has to be 

offered to explain what has been observed in this study.

Two sources of the size effects could be taken into account for this 

behavior. One is due to depolarization fields which may be present when 

surface charges caused by spontaneous polarization are not completely 

compensated. As mentioned in section 2.1.3, as particles get smaller, the 

domain configuration may not be favored due to the higher domain wall energy 

and single domain structure results. This has also been confirmed by the HREM 

study of powders B and C with no domain boundary region being observed. 

Therefore, as the particles become single domain, a strong depolarization field 

is set up in the particles. It has been calculated [56] for a ferroelectric thin film 

with partial charge compensation that the polarization, P, decreases as the film 

becomes thinner due to increasing depolarization field. Under a certain critical
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dimension, the strong depolarization field may destroy the polar state, causing 

the polarization to drop to zero.

Another source of size effects is the change in the local polarization near 

the surface which is expected to occur over a distance comparable to the 

correlation length  ̂ of polarization fluctuations. Landau-Ginzburg’s mean field 

theory [28-30] has been successfully applied to study this effect on the magnetic 

properties of ferromagnetic particles [70-74]. Recently, attempts have been 

made to apply this theory to ferroelectric thin films [75-77] and particles [78-79]. 

According to Landau’s theory, the total free energy for a homogeneous 

ferroelectric of finite size can be expressed by the phenomenological equation 

using polarization (P) as an order parameter. The polarization at a certain 

position from the bulk toward the surface can be expressed in terms of two 

parameters: correlation length (^) and extrapolation length (5). The correlation 

length  ̂ is considered as a measure of the average distance over which the 

fluctuations of polarization are correlated. Larger  ̂means a longer distance for 

the dipoles to interact with each other. This length is responsible for the 

dominating temperature dependence of all physical quantities near the transition 

temperature (oc | T-Tc I u>0). For typical ferroelectrics, the value of  ̂ is

estimated to be of the order of a few lattice spacings at temperatures far away 

from Tc , whereas at temperatures close to 7c. this effect is expected to become 

more significant (since  ̂ diverges there) [75-78]. The extrapolation length 5
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describes the difference in coupling or ordering strength between the surface 

and the bulk. Figure 5.1 shows the variation of the local polarization P(z) in the 

vicinity of a free plane surface (z = 0) as a function of z, a distance from the 

surface to interior (bulk) of a particle. The values of polarization at the surface 

and the bulk are denoted as Pi and respectively.

If the coupling strength of the bulk is larger than that of the surface, which 

is assumed to be the case in BaTiOs, the bulk will order before the surface does, 

or in other words, the surface will tend to be disordered in contrast to the bulk. 

Furthermore, the surface disordering will force the bulk to disorder to a certain 

degree within a range defined by the correlation length Therefore, as 

particles become smaller, relatively more bulk will be disordered. Eventually, the 

disordering will consume the entire bulk and the entire polar state will be 

destroyed. This behavior can be better illustrated by a schematic diagram as 

shown in Figure 5.2. Recently, Wang et al. [90] studied the dependence of the 

polarization on the particle size based on the rnean-field theory and found that 

polarization decreases as the particles become smaller. Three assumptions 

were made in their calculations: each particle has a spherical shape, the 

polarizations are along the same direction and their magnitudes depend only on 

the radius of each spherical particle. Based on the above calculations, it was 

found that the polarization decreases as a function of the particle size and below
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Figure 5.1. Variation of local polarization as a function of length from the 
surface to the Interior of a ferroelectric particle [75].

]  Surface disordered state 

I Ordered Interior

a

Large Particle Size Small

Figure 5.2. Schematic diagram to Illustrate a particle from ordered to partially 
disordered and completely disordered as particle size decreases.
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a critical particle size, 44 nm for BaTiOs, the polarization drops to zero (shown in 

Figure 5.3) and ferroelectricity cannot be sustained. This state is called the 

superparaelectric state. Thus, in these ferroelectric materials, a size-driven 

transition from a polar to a non-polar state can occur.

It was shown in section 2.1.5 that AH of the Curie transition can be related 

to the polarization according to the following equation:

AH = 2 % P X /C  (2.38)

where Tc is the transition temperature and C is the Curie-Weiss constant. It can 

be seen that AH decreases with decreasing polarization.

f 20
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Particle size (nm)

Figure 5.3. Size dependence of the polarization of a ferroelectric particle with 
first order transition; P  (r=0), P  (r=d/2) and P are the polarizations at the center, 
at the surface and the average value, respectively [90].
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In summary, the BaTiOs powders A, B and C examined in this study 

remain tetragonal down to a size of about 100 nm, with distorted TiOe octahedra 

in the lattice (as indicated by Raman spectroscopy). The decrease in AH could 

result from the decrease in polarization caused by the presence of the strong 

depolarization field, or the disordering of the bulk dipoles. The disordering 

becomes more severe as the particle size becomes smaller (Figure 5.2), 

resulting gradually in a transition from a polar to a non-polar state. This is 

coupled with an expected decrease in c/a ratio as observed from sample C to A. 

There is also a modest increase in strain as the particles become smaller in size, 

which could arise from the increased disordering of the dipoles. The more 

disordered dipoles result in an overall decrease in P, which causes the decrease 

in AH.

5.2. Sintering, Microstructure and Dielectric Properties of BaTiOs

5.2.1 The Effect of Powder Characteristics and Sintering Conditions on

Microstructure Development

It is generally believed that powders with fine and uniform particles can 

usually be sintered to a higher density at a lower temperature, as compared with 

powders with large and non-uniform particles. However, this rule was not 

exactly followed in this study. The cubic powder synthesized at 95°C has the 

smallest particle size, but only a low density (93%) was achieved upon sintering
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at 1300°C (Table 4.6). Sintering at higher temperatures only results in 

exaggerated (abnormal) grain growth (Figure 4.31), with little improvement in the 

density. The behavior can be understood by considering the defective structure 

(hydroxyl defects) associated with the cubic powder, which cannot be modified 

during sintering until the temperature reaches very high values (>1100°C) [89]. 

This defective structure may hinder complete densification. Apparently, the 

agglomeration of the powder and inability to control the exaggerated grain 

growth are other possible accounting factors for the low final density observed in 

the cubic powder. The rapid abnormal grain growth may trap the pores inside 

the grains without eliminating them (as occurring in continuous grain growth), 

resulting in the low sintered density.

Exaggerated grain growth has long been observed in BaTiOs [352, 358- 

360]. In this study, the cubic and commercial (TAM HPB) powders showed a 

significant abnormal grain growth upon sintering, which are indicated by 

extremely large grains shown in the microstructure (Figure 4.31 and 4.25d). The 

exaggerated grain growth is more likely to occur when normal grain growth is 

inhibited by the presence of impurities or pores so that only a few grains with a 

curvature much larger than the average (exaggerated grains) are able to grow 

rapidly to very large sizes, whereas the smalier grains practically remain in their 

initial condition until they are consumed by the large grains [34]. Therefore, the 

exaggerated grain growth observed for the cubic and commercial powders may
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be triggered by the defective structure of the powders which impedes the normal 

grain growth.

On the other hand, high sintered densities could be obtained for the 

tetragonal powders (Table 4.6). This may be attributed to the more ideal 

structure of the particles (with lower defect concentration), so the densification is 

not impeded by the rearrangement of the defective structure during sintering, 

which takes place in the cubic powder [184]. Limited grain grov\4h was observed 

upon sintering the powders of high tetragonality. The resultant microstructure 

shows fine, uniform grains with the absence of the very large (exaggerated) 

grains (Figure 4.33). The powders of higher tetragonality represent more 

dispersed and homogeneous particles with a less defective structure, and 

therefore may allow more uniform grain growth and prevent the exaggerated 

grain growth from occurring. The relatively larger particle sizes of the tetragonal 

powders may be another factor that favors continuous grain growth [358].

Sintering temperature is always a controlling factor in the sintering 

process. Higher sintering temperatures usually result in higher sintered density, 

though it is not always true if an abnormal (exaggerated) grain growth takes 

place (Table 4.5). Since higher sintering temperature always promotes grain 

growth and results in larger grains, the choice of the sintering temperature 

should be carefully considered if both high density and fine grain size are 

required.
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The effect of the sintering rate on the microstructure was also explored in 

this study. Extremely high sintering rate (~200°C/min), as compared with 

5°C/min for conventional sintering, was used during the sintering of the 

synthesized cubic powder from 1250 to 1350°C. All fast-sintered samples 

display uniform grains with much smaller sizes compared to those obtained in 

conventional iow-rate sintering (Figure 4.38). Also, relatively high densities 

have been achieved in a very short time by employing the fast-sintering scheme. 

Table 4.7 shows that a 94% density was achieved for sintering at 1300°C for 

only 5 minutes. This is because of the enhanced densification process caused 

by a high lattice diffusion coefficient at high temperatures, in contrast to a 

relatively low surface diffusion coefficient responsible for the grain growth 

process (Figure 2.23). The dwell time is a non-negligible factor in fast-sintering 

process, since a relatively longer time results in much larger grain sizes upon 

the sintering (>10 pm when sintered at 1300°C for 15 minutes).

As mentioned above, efforts have been made to achieve a desired 

microstructure (fine grains and high density) of the sintered samples by 

controlling the sintering conditions in terms of temperature, time and heating 

rate. As will be shown in the next section, these efforts are necessary due to the 

significant influence of the microstructure on the dielectric properties of the 

BaTiOa samples.
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5.2.2. The Influence of the Microstructure on Dielectric Properties

The results obtained for the sintered BaTiOs samples well illustrate the 

influence of grain size on the dielectric properties. Samples with smaller grain 

sizes usually show higher dielectric constant compared to those with larger grain 

sizes. This has been explained by an internal stress model developed by 

Buessem et al. [10] and later modified by Arit at al. [45-49] incorporating the 

domain density contributions. The theory postulates that the high dielectric 

constant in the fine-grained ceramic BaTiOa is caused by high internal stresses 

present in the fine-grained BaTiOs as a result of the balance of free energies. 

The maximum dielectric constant has been expected to occur around 1 pm grain 

size, below which K  decreases again due to the presence of pseudocubic 

phases.

Grain size distribution may also affect the dielectric constant. Very 

uniform size distribution eliminates the presence of unwanted very large grains, 

which is detrimental for achieving a very high dielectric constant. This is 

supported by the fact that the highest dielectric constants have been achieved in 

this study for the fast-sintered samples which display a uniform size distribution, 

though not very high densities (Table 4.7).

Density is another factor that affects the dielectric properties. The effect 

of porosity on the dielectric constant has been investigated by several authors 

[11-13]. Okazaki at al. concluded that porosity reduces the polarization per unit
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volume but enhances the depolarization field. Therefore, a decrease in 

dielectric constant with increasing porosity was predicted. Banno and co­

workers introduced a modified fcubic” model assuming a two-phase composite 

system made of a bulk ceramic material and pores. Once again a decrease in 

dielectric constant with increasing porosity was predicted. Moreover, the 

internal stresses in the grains, which give rise to high dielectric constants, are 

also expected to be reduced by the presence of a porous structure. Therefore, 

high density is another important factor to achieve a high dielectric constant.

On the other hand, according to the data obtained in this study, loss 

tangent of the samples seems to be determined by sample density. High loss 

occurs for the samples sintered at low temperatures, which correspondingly 

have high porosity (Tables 4.5-4.6). Similar behavior has been reported by 

other authors [361-362]. However, the reason for this is not well understood. It 

may be because more space charges accumulate around the boundaries in the 

pore area, leading to higher dielectric loss.

5.3. Synthesis, Microstructure and Electrical Properties of BaTiOs Thin Films

5.3.1 Synthesis and Microstructure of BaTiOs Thin Film

BaTiOs thin films have been prepared after one week of synthesis under 

hydrothermal conditions. The films are well crystallized and no apparent second 

phases were observed (Figure 4.49). The grain size of the films is around 1 ~ 2
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lam (Figure 4.46). The thickness of the films is found to be around 0.5 |am 

(Figure 4.48), with a slight decrease for the films synthesized for 3 and 4 weeks. 

The films synthesized for 2 weeks or longer are of a tetragonal symmetry as 

determined by XRD (Figure 4.50).

The mechanism of BaTiOs nuclei formation follows the one described in 

the powder synthesis. The amorphous titanium oxide on the surface of the 

substrate is first dissolved into the solution to form an aqueous Ti(0H)4 complex, 

which further reacts with barium ions in the solution to form BaTiOa (Equations 

5.1-5.2). The high OH" concentration again plays a vital role in the BaTiOs 

formation, since the films were not formed for pH lower than 13. The formation 

of BaTiOs nuclei may take place in the solution and newly formed nuclei are 

subsequently deposited (adsorbed) onto the substrate surface so as to reduce 

the overall surface energy of the system. However, it is more likely that the 

Ti(0H)4 complex first gets adsorbed onto the surface, followed by the nucléation 

reaction that takes place directly on the surface. After the nucléation, the 

BaTiOs crystals start to grow on the substrate (as the synthesis proceeds).

It was noted that second phase segregation along grain boundaries 

occurred if the Ti substrate was not well polished before synthesis. This is 

because unpolished substrate has many defect regions where the Ti(0H)4 

complex can easily be absorbed. The accumulation of the titanium complex 

around the defect regions may cause the nucléation of Ba2Tig0 2 o, which may
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later segregate along the BaTIOs grain boundaries [324]. Such behavior was not 

observed in the polished samples.

It is believed that in the early stage of crystal growth, the grains grow 

freely along the substrate with a relatively rapid rate. However, once the BaTiOs 

film completely covers the substrate, the rate of growth is dramatically reduced. 

This is because further dissolution of the titanium ions into the solution (which is 

vital to the BaTiOs nuclei formation), requires the diffusion of the Ti ions through 

the film, which is a very slow process. Therefore, there is a critical time beyond 

which the thickness of the films remains almost constant.

Although the thickness ceases to increase, the ripening process can still 

take place. It was observed that the grains preferably grow laterally along the 

surface due to the limited nuclei in the solution. The grains re-adjust their 

structure through the dissolution/recrystallization process, resulting in a more 

regular shape of the grains (for the films with 3 and 4 weeks synthesis time).

BaTiOs films with greater thickness have been reported when electric 

current [81, 325-326, 328] or higher temperatures [81] were used. Applying the 

electric current can promote the oxidation of the Ti electrode, which ensures 

more Ti ions for the BaTiOs film formation [321]. Higher temperatures enhance 

the solubility of the titanium and also increase the supersaturation point. 

Therefore, more critical nuclei can be formed in the solution according to the 

classical nucléation theory, resulting in an increase in the film thickness.
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5.3.2. Electrical Properties of BaTiOs Thin Films

The dielectric constant of the films was measured as a function of 

temperature (Figures 4.51-4.52), and it was found that there is no strong 

evidence of a dielectric constant anomaly near the Curie transition as observed 

in the ceramic BaTiOa samples. The diffuseness or disappearance of the Curie 

transition for BaTiOs thin films has been reported and a variety of mechanisms 

have been suggested to explain this abnormal behavior, such as a Schottky 

barrier layer [3, 307, 363], defects and microstructural heterogeneity [364], 

crystalline quality [364], internal and external stress effects [82, 280, 309], and 

the intrinsic size effect [367-369]. In this study, the films have relatively large 

grain size of around 1 to 2 pm. They are well-crystallized as evidenced by the 

sharp diffraction peaks with relatively higher intensities (Figure 4.49) and have a 

tetragonal symmetry as shown In Figure 4.50. In addition, since the synthesis 

was conducted at low temperatures for relatively long times, the structure is 

expected to be not very defective, which is yet to be confirmed by further 

experiments.

Therefore, several plausible explanations for the absence of the Curie 

transition can be proposed. One is based on the existence of the Schottky 

barrier at the film-electrode interface which may significantly modify the 

ferroelectric behavior of the thin films. The Schottky barrier results in a surface 

region consisting of space-charge carriers, and its dielectric properties are
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invariant with temperature [3, 363]. The capacitance of the films may be 

expressed by the binomial series:

C = (5.4)

where Cs and C* represent the capacitance of the surface layer and the bulk, 

respectively. It is assumed that Cb > Cs for the ferroelectric thin films at room 

temperature. The temperature dependence of C is governed by Cs and the term 

in the parentheses. At the transition temperature, assuming the bulk to behave 

as a normal ferroelectric, Cb has a value many times higher than that at room 

temperature {Cb °c (T-To)'^) and therefore the term in the parentheses becomes 

unity. As a result, films with a surface layer of low dielectric constant do not 

show the usual dielectric anomaly near the Curie transition. It should be noted 

that this barrier layer effect cannot be very significant for the bulk ferroelectric 

materials. This is because the assumption of Cb > Cs for the thin films is no 

longer valid for the bulk materials due to their much smaller Cb (resulting from 

much larger thickness of the bulk).

The second possible explanation comes from the stress consideration. 

The potentially large two-dimensional stresses involved in the thin film materials 

have been shown to alter the equilibrium domain structure, shift the Curie 

transition toward higher temperatures and cause the broadening of the transition 

[280, 364-366]. Desu [280] found an increase of the Curie temperature by 29°C
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for an increase of compressive stress of ~ 350 MPa. However, in this study, 

there appears to be no transition in the temperature range from room 

temperature to 200°C. Further experiment is needed to characterize the stress 

behavior of the synthesized film samples.

As discussed earlier, the depolarization field may cause the instability of 

the ferroelectric phase for very fine BaTiOs particles. In a similar manner, a 

strong depolarization field has been suggested to be present in the ferroelectric 

thin films (which are slightly conducting) [8, 56, 364]. Batra et al. [56] performed 

a numerical analysis based on thermodynamic considerations and found that the 

associated depolarization field is size dependent and can change the magnitude 

of the polarization, the transition temperature and the coercive field. The strong 

depolarization field may destabilize the ferroelectric phase even for relatively 

thick films (~ 1 pm).

5.4. Impedance Spectroscopy Analysis

5.4.1. Ceramic BaTiOs by Sintering the Hydrothermally Synthesized Cubic 

Powder at 1250°C for 2 hours.

As shown in Figure 4.42, two semicircles appear within the measuring 

frequency range (5Hz-13MHz) above 250°C, corresponding to two different 

relaxation mechanisms. The relaxation time constants, xi (= RiCi) and i 2 (= 

RzCz) associated with the high and low frequency relaxations, respectively, are
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obtained by fitting the semicircles using a least squares method. When the log 

of time constant (xi and T2) is plotted as a function of 1/T, an Arrhenius-type 

linear relation is obtained (Figure 5.4), indicating that the relaxations are 

thermally activated. The activation energies of the high and low frequency 

relaxations (Exi and Exz) are calculated from the slope and found to be 1.05 and 

1.47 eV, respectively. The constituent components {R and C) of the time 

constants t  (= RC) for the two relaxations are also examined. The resistance 

values {Ri and Rg) are obtained from the intercepts of the two semicircles and 

their temperature dependencies are shown in Figure 5.5. Once again, the 

resistances R, and Rg exhibit Arrhenius-type temperature dependence and their 

activation energies (Eri and Erz) are calculated to be 0.88 and 1.43 eV, 

respectively. It was noticed that the activation energies of the low frequency 

relaxation obtained from the t and R representations (E% and Erz) are very 

close, while those for the high frequency relaxation {En  and Eri) are 

distinguishable. The thermal behavior of r, R and C can be expressed as:

X = RC = exp[(E„ + E c  ) / k T )  =  x ° ex p (E x /k T )  (5.5)

The equation shows that if the activation energy Ex is equal to E r, it will result in 

Ec = 0, suggesting that the capacitance, C, is temperature invariant. Therefore, 

from Equation (5.5), it can be deduced that Cz is temperature invariant, whereas 

Ci is temperature dependent.
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In order to gain more insight into the mechanisms responsible for the high 

and low frequency relaxations, the capacitance values of the two relaxations (C, 

and C2) were calculated according to the relation of r  = RC, and their 

temperature dependence is shown in Figure 5.6. While Ci exhibits a fairly good 

Curie-Weiss behavior, Cz is temperature independent. Therefore, the high 

frequency relaxation may be attributed to the grain (bulk) contribution as its 

constituent capacitance displays a ferroelectric behavior. The low frequency 

relaxation, on the other hand, may be associated with grain boundaries due to 

the relatively large and temperature-independent Cz values [237].

The temperature dependence of the depression angles associated with 

the two relaxations {9i and %) are shown in Figure 5.7. 6 1  at all the

temperatures is less than 6°, suggesting a nearly Debye-type relaxation. The 

low frequency relaxation shows a larger depression angle of $ 2  around 10 to 20°. 

The large depression angle indicates a non-Debye type relaxation or a 

distribution of relaxation time caused by the defects or other heterogeneities in 

the conduction path, and this has been commonly observed in the grain 

boundary region [237]. Both Oi and 0 2  show a slight increase as a function of the 

temperature, indicating that the degree of heterogeneity increases with 

temperatures.
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As shown in Figure 4.42, the high frequency relaxation associated with 

the grain contribution at 250°C covers the whole frequency range, whereas the 

low frequency relaxation (grain boundaries) is not observed. However, as 

temperature increases, the low frequency semicircle becomes visible and more 

nearly complete. The underlying reason for this can be given by examining the 

time constants for both relaxations (xi and X2). As shown in Figure 5.4, both xi 

and X2 decrease as temperature increases, implying an increase in peak 

frequencies of the semicircles (cox = 1 at the peak). As a result, more low 

frequency relaxation data are brought into the measuring range as the 

temperature increases, and thus the corresponding semicircle becomes more 

nearly complete at higher temperatures. Since all the impedance analysis 

instruments have frequency limitations, different relaxation mechanisms may not 

be revealed in a given frequency range for a specific instrument. However, by 

varying some experimental parameters, such as temperature (as in this case), it 

is possible to display the various relaxations in the given frequency range.

It is known that the band gap energy of BaliOs is about 3.0 eV [370]. The 

activation energies for the two relaxations (E ri and Er2) are calculated to be 0.88 

and 1.43 eV, which are smaller than half of the band gap value. This suggests 

that the conduction mechanism may not be intrinsic electronic conduction. Since 

the BaTiOs ceramic prepared here was of high purity, the extrinsic conduction
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due to impurities could not be significant. The defect equilibrium can be 

described by Schottky type disorder:

0 = 3 V o -+ V s ," + V r r ’ ' (5.6)

It has been experimentally verified that for undoped BaliOa at the ambient (po^

~ 1 atm), the electrical conductivity is dominated by a p-type conduction [370- 

371]. Smyth and coworkers [371] claim that the defect disorder is governed by 

simple charge neutrality based on an assumption that acceptors are the 

predominant impurities. However, Nowotny et al. found [370] that there is a 

large discrepancy between the reciprocal of the po2 exponent predicted by 

Smyth and that determined experimentally in the p-type regime. Thus, in this 

regime, the concentration of electron holes assumes substantial values which 

cannot be ignored. It can be related with the ion concentrations by

h '= 2 [V B ," ]  +  4 [V r,"" ]  (5.7)

The p-type conductivity involves both concentration and mobility terms 

associated with electron holes, and both can be temperature dependent. This 

means that the activation energy obtained from the conductivity measurement 

may include both the formation and migration energy terms:

Eg = Ef + E„  (5.8)

The migration energy of electron holes, assuming a hopping mechanism, has 

been given as 0.11 eV [370]. Therefore, the strong temperature dependence of
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conductivity (activation energy of about 1.43 eV for the bulk) may come mainly 

from the formation energy of the electron holes, which is yet to be verified.

By performing a similar analysis in the modulus plane, M*, the 

capacitance values associated with the two relaxations can be directly obtained 

from the intercepts on the x-axis. Their temperature dependence is shown in 

Figure 5.8. The capacitance from the grains again exhibits the Curie-Weiss 

behavior, similar to the one shown in Figure 5.6. The values are comparable to 

those obtained from the Z*-plane. The values obtained from the Af-plane, 

however, give a better fit for the linear dependence of the Curie-Weiss behavior 

associated with the grains (Figure 5.8), as compared to that shown in Figure 5.6. 

The line intersects the temperature axis at about 125°C, from which the Curie- 

Weiss temperature was determined to be To = 125°C. The capacitance values 

derived from the grain boundaries have the same invariant nature with 

temperature as shown in Figure 5.6, which results from the totally non- 

ferroelectric component associated with the grain boundaries.

One point worth mentioning is that in both the Z*-plane and the /W*-plane 

at the elevated temperatures, one semicircle (e.g., low-frequency relaxation in 

the Z*-plane) is dominant over the other (as the high-frequency relaxation in the 

Z*-plane is hardly observable). This illustrates two important criteria in the IS 

analysis [233]:
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• two semicircles can be completely resolved and clearly represented in Z*- 

and y*-planes if the resistance values of the two physical regions are very 

close to each other {Ri »  R2 ) and the capacitance values are significantly 

different {Ci Cz).

• two semicircles can be completely resolved and clearly represented in M*- 

and C*-planes if the capacitance values of the two physical regions are very 

close to each other (C , »  Cz) and the resistance values are significantly 

different {Ri t^Rz).

From the foregoing discussions, a plausible electric circuit configuration is 

constructed for the material system. The circuit can be represented by a voltage 

dividing model consisting of grain and grain boundary regions. The model is 

based on the electrical parameters extracted from the Z*- and IW*-planes, and 

represented by a parallel R-C  combination in series with another parallel R-C 

combination (Figure 5.9). The high frequency relaxation has been attributed to 

the bulk (grains) and the low frequency relaxation to the grain boundaries.

Grain region G. B. region

Ri Ro

Figure 5.9. Equivalent circuit model corresponding to the two semicircular 
relaxations in the impedance plane. R 1-C 1 and R2-C2  combinations constitute 
the high- (grain) and low- frequency (grain boundary) relaxations, respectively.
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The complex Impedance of the circuit shown in Figure 5.9 can be 

expressed by the equation:

Z*((ù) = (Ri~  ̂+ ifflC, )-^ + (R2~  ̂+ yo Cj

where:

Z' =

=Z-yZ"
(5.9)

2" _ Cl ^ g)/?g Cg
1 + ((ùRiCi)^ f  + fmRgCg/

A) is the angular frequency and j = V-1. The complex capacitance C* can be 

related to Z* by:

C - (a ) =  . I  =C'-yC" (5.10)
ymZ*fmy

Thus:

c ' = — a ---------- ^ ----------------7 - T -  (5M1)

This equation can be further simplified by considering Ri «  Rz, which is the 

case in this study:

C f'+ (« ,R ,C ,)U C ,- ’ +C2~') 
c r '+ C ( bR ,C , j V C f " ' + C 2 ' ' /
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According to the equation, the frequency dependence of real capacitance can be 

simulated by assigning the R and C values. The results are shown in Figure 

5.10. They can be characterized by:

• a low frequency plateau (when <y -> 0), where

C '=C 2 (5.13)

•  a dispersion centered at a frequency, which also corresponds to a 

maximum C":

f„ = fa>CjfC,-’ + C r’>R,C,r’
=i2idi,(c,+c2)r'

• a high frequency plateau (when <y -> oo), where

C' = (Ci-^ + C f^)-^  (5.15)

The simulated capacitance spectra are very similar to those

experimentally obtained at various temperatures (Figure 4.41). Although the low

frequency plateau is not clearly displayed (due to the frequency limit of the 

instrument), the high frequency plateau, the shift of dispersion toward high 

frequencies and the increased magnitude of dispersion (Figure 4.41 ) sufficiently 

support the proposed equivalent circuit model.
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5.4.2. Hydrothermally Synthesized BaTlOa Thin Films

IS analysis was also carried out on the BaTiOs thin film samples produced 

by hydrothermal synthesis for a time period of 2 weeks. There is only one 

semicircle observed in the impedance, Z* plane (Figure 4.54), suggesting a 

complete dominance of one relaxation mechanism in the Z*-plane. However, 

two relaxations can be resolved in the modulus, M* plane (Figure 4.55). Based 

on the results of IS analysis on the bulk sample, the high frequency relaxation 

(right side) observed for the thin film sample is assigned to the grain 

contribution, while the low frequency relaxation corresponds to the grain 

boundary contribution. It is found that at low temperatures, the low frequency 

relaxation is more nearly ideal (smaller depression angles), which resembles a 

Debye-type relaxation. However, the relaxation departs from the ideal Debye- 

type behavior as temperature increases, as evidenced by a more depressed 

semicircle (Figure 4.55). This indicates an increase in the degree of 

heterogeneity at the grain boundaries, which are thermally activated at high 

temperatures (> 200°C). In the C*-plane, it is found that at the high frequency 

end (left side), the capacitance values keep on decreasing toward the negative 

values, suggesting that an inductive component may set in at the high frequency 

limit. This inductive component may arise from the coupling of lead wires at high 

frequencies.
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The analysis of the electrical data obtained from the immittance spectra is 

preliminary. Further analysis needs to be carried out to derive the capacitance 

and resistance values associated with grain and grain boundary contributions 

and their temperature dependence. It is also important to investigate the 

mechanism responsible for the thermally dependent phenomenon which occurs 

in the grain boundary region.



CHAPTER VI 

SUMMARY AND CONCLUSIONS

Barium titanate powders were synthesized using the hydrothermal 

synthesis technique. The synthesis mechanism was examined in terms of 

various synthesis parameters such as temperature, time, pH and anion sources. 

The microstructure and properties of the powders were studied using different 

characterization techniques, including electron microscopy (SEM, TEM), thermal 

analysis (DSC, TG/DTA) methods, XRD and vibrational spectroscopy (IR and 

Raman) techniques. The mechanism responsible for the decrease in enthalpy 

change (AH) associated with the Curie transition and the appearance of the 

cubic-like structure of fine (submicron) size powders were examined.

The sintering behavior of these powders has also been investigated and 

compared with that of commercial powders. Correlations between the sintering 

conditions, microstructure and dielectric properties were established. The ac 

electrical data obtained from the sintered samples were analyzed using an 

immittance spectroscopy (IS) technique, and the electrical contributions from

281
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different physical regions were differentiated based on their frequency 

responses.

Thin BaliOs films were synthesized using hydrothermal synthesis, and 

their microstructure and electrical properties were examined. Their frequency 

dependent electric behavior was also investigated using the IS analysis.

Based on the results obtained, the following conclusions are made:

1. Well-crystallized tetragonal BaTiOa powders with high purity were 

synthesized at 240°C under hydrothermal conditions. The hydrothermal 

formation of BaTiOs is suggested to follow a dissolution/precipitation mechanism 

with the dissolution of the precursors in the solution and the formation of BaTiOs 

as precipitates. An Ostwald ripening process is responsible for the growth of the 

particles. The size of the particles could be controlled by adjusting the synthesis 

parameters, including temperature, time, pH, etc.

2. The enthalpy change {AH) associated with the Curie transition was 

determined and found to be proportional to the tetragonality of the powders. 

There appears to be a correlation between the particle size and AH (or 

tetragonality), with AH decreasing with the particle size. Although a near zero 

value of AH was obtained in smaller particles, Raman spectroscopy indicates a 

tetragonal symmetry of unit cells.
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3. Hydroxyl defects and related lattice strains may not be the major 

factors responsible for the decrease of AH (or tetragonality) with particle 

size, as their magnitudes are relatively low. The decrease in AH (with particle 

size) is attributed to the depolarization field and/or the surface-disordered state 

(mean-field consideration). A strong depolarization field may be present in fine 

particles with a single-domain configuration, which results in the instability of the 

ferroelectric phase and a decrease in AH. The surface disordered state will 

cause more disordering of the dipoles in the particles as the particle size 

decreases, resulting in a decrease in AH and eventually a size-driven 

transition from the polar (ferroelectric) to non-polar (paraelectric) form.

4. Tetragonal powders showed better sinterability as compared to the cubic 

powder. This is because the tetragonal powders have a more ideal and 

homogeneous structure with fewer defects, which promotes low temperature 

sintering and prevents exaggerated grain growth. Sintering conditions (e.g., 

temperature, time and heating rate) have a strong influence on the 

microstructure development. Fast-sintering (with a heating rate around 

200°C/min) has been shown to be an effective way to limit the grain growth and 

achieve relatively high density of the samples.
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5. There is a correlation between the microstructure and the dielectric 

properties. As anticipated, samples with finer grain size (close to 1 pm) and 

higher density possess higher dielectric constant and lower loss.

6. Well-crystallized tetragonal BaliOs thin films were directly produced 

using hydrothermal synthesis at 240°C. The film thickness was around 0.5 pm 

and remained constant as the synthesis further proceeded. The formation and 

growth mechanisms are suggested to follow those of the powders.

7. Thin-film BaTiOs had a dielectric constant around 400 ~ 500 with no 

indication of the Curie transition. This has been attributed to the influence of the 

Schottky barrier, stress and/or strong depolarization field.

8. Two semicircular relaxations were shown both in the impedance (Z*) and 

modulus {M*) planes for sintered samples, from which the capacitance {Ci and 

C2) and resistance {Ri and R 2 ) values corresponding to the two relaxations were 

derived. The capacitance of the high frequency relaxation (Ci) exhibited a 

Curie-Weiss temperature dependence, and the relaxation is thereby associated 

with the grains. The capacitance of the low frequency relaxation (Cg) was 

relatively large and temperature invariant, and the relaxation might be 

associated with the grain boundary region. The equivalent circuit model of the 

sintered sample system is proposed to be a parallel R-C  combination (grain) in 

series with another parallel R-C  combination (grain boundary).
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SUGGESTIONS FOR FUTURE WORK

Barium titanate is often doped with other aliovalent cations to inhibit grain 

growth, or to obtain semiconducting properties. Although hydrothermal process 

has been used successfully to produce pure BaTiOs powders in this study, it 

would be important to know whether it can be adopted to introduce low level 

dopants into BaTiOs and to study their sintering behavior.

Barium titanate based positive temperature coefficient thermistors 

(PTORs) have found numerous applications as temperature sensors, current 

limiters, current attenuation devices, etc. Although significant progress has 

been made in understanding the PTCR behavior, there are still discrepancies in 

the explanation of the temperature-resistivity behavior. Advances in wet- 

chemical synthesis of BaTiOs-based powders with better characteristics in terms 

of chemical homogeneity, structural uniformity, and stoichiometry control will 

facilitate the study of the mechanism and properties of the PTCR thermistor.

In this study, hydrothermal synthesis of BaTiOs films has been 

investigated. The films showed low dielectric constant (300 ~ 400) and no

285
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transition around the Curie temperature. It is necessary to understand the exact 

mechanism responsible for the disappearance of the Curie transition, which is 

not apparent based on the results of this study. Therefore, it is useful to further 

characterize the electrical behavior of the films, such as their hysteresis 

behavior, capacitance dependence on bias voltage (C-V measurement), and 

also the stress in the films.

The immittance spectroscopy (IS) analysis on the thin film samples in this 

study is preliminary. Further analysis is needed to extract relevant electrical 

parameters (e.g., capacitance and resistance) associated with microstructural 

features, such as grains and grain boundaries, substrate and electrode 

interface, and their temperature dependence.
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