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INTRODUCTION




Ferroelectricity was discovered in 1921 by Joseph Valashek [1]. Ferroelectricity is a
phenomenon of developing a spontaneous electric polarization in certain materials, mostly
dielectrics. The spontaneous electric polarization can be reversed in direction by the
application of the electric field. The effect resembles a more familiar magnetic polarization in
ferromagnets. By this analogy the materials were baptized “ferroelectrics” in spite of the fact
that most of them do not content iron at all [2].

In Ferroelectric materials the polarization is not determined by the applied field E
alone but depends upon the previous history of the material. If a virgin specimen (not subject
to an electric field previously) of a ferroelectric material subjected to an electric field, the
field is gradually increased[3], and then decreased through zero ,then the curve trace out
between P-E is known as Hysteresis loop for ferroelectric materials. The spontaneous
polarization of ferroelectric materials implies a hysteresis effect which can be used as a
memory function, and ferroelectric capacitors are indeed used to make ferroelectric RAM
[11].

Ferroelectric thin films have received considerable attention because of their use in
non-volatile memory applications (FRAMSs)[4,5]. Main applications of ferroelectric
materials are in: capacitor, non volatile memory, Piezoelectrics for ultrasound imaging and
actuators, electro optic application for data storage application, Thermistors , Switches known
as transchargers or transpolarizers, Oscillators and filters, Light deflectors, modulators and

displays[6] .

1.1. Dielectrics:

These materials provide electrical insulation between two media which are at

different potential and also act as stores of electrical charges (in capacitors). When main
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function is insulation, the materials are called as insulating materials, and when charge store

is the main function they are termed as Dielectrics [3].

In these materials the electron are bound so tightly to their respective atomic nuclei
that electrical conduction by electrons cannot occur. These materials show their effect under
the influence of an electric field, and they give rise to new phenomenon called polarization,
which helps in storing electrostatic energy (in dielectric). Under the influence of an

alternating field, their behaviour can be understood by complex dielectric constant [3].

1.1.1. General properties of dielectrics:

1.1.1.1. Dielectric Polarization:

In dielectric materials, all electrons are bound; the only motion possible in the
presence of an electric field is a minute displacement of positive and negative charges in

opposite directions.

The displacement is usually small compared to atomic dimensions. A dielectric in
which this charge displacement take place is said to be polarized, and its molecules are said
to be posses induced dipole moments. These dipoles produce their own field, which adds to

that of external field [3].

In addition to displacing the positive and negative charges, an applied electric field
can also polarize a dielectric by orienting molecules that posses a permanent dipole moment.
Such molecules experience a torque which tends to align them with the field but collisions

arising from the thermal agitation of the molecules tend to destroy the alignment. An




equilibrium polarization is thus established in which there is, on the average a net alignment

[3].

The magnitude of polarization P of dielectric materials numerically describes the
phenomenon of polarization of a dielectric in an external electric field. The action of an
external electric field forces the molecules of the dielectric in to a certain ordered
arrangement in space. The polarization P can be expressed quantitatively as the sum of the

electric dipole moment per unit volume V,

p==E (L1)

Compared to air filled capacitors, dielectric capacitors can store more electric charge
due to the dielectric polarization P. The physical quantity called the electric displacement D

is related to electric field E by following expressions [7]:

D=g, + P (1.2)
The relation between P and E for isotropic materials is:
P=c¢c,(s,—1)= y.c, E (1.3)

Where £, denotes the permittivity of free space = 8.854X 1072 F/m and the
constant of proportionality £,. being defined as the relative dielectric constant and ¥, is

dielectric susceptibility.

(1) Electronic polarization:

Electronic polarizaiton occurs in all dielectric materials. This type of polarization has
been explained with the help of rare gas atoms, in which it is assumed that the interaction
among the atoms is negligible. This is because the distance between the molecules is large

enough and any neighbour — neighbour reactions can be eliminated. A simple model of an




atom having a positive nucleus of charge surrounded by a spherical negative charge. It is
assumed that the charge cloud is of uniform density, with no external field, the nucleus is at
the centre of this sphere of charge. Under influence of the field E, the nucleus and electron
cloud shift with respect to one another by some distance [3], this effect will induce a dipole
moment. The strength of the induced dipole moment ., for an atom is proportional to the

local field in the region of the atom and is given by the equation where o is:

.|u's =(Ie Eiac (1'4)

called the electronic polarizability; it is sometimes also referred to as the optical polarizabilty.

Eioc is subjected to homogenous electric filed. Electronic polarization can follow alternating

fields with frequency up to THz — PHz (10* — 10® cycle/second, higher than visible light

wave) [8].
(2) lonic polarization:

lonic polarization exits only for those types of materials which have a net positive
charge. Even in the absence of electric field, HCL molecule has a permanent dipole moment
g.d; where d is the distance of separation of ions, q is the charge on the molecule. In an
electric field the resultant torque lines up the dipoles parallel to the field at absolute zero of
temperature. The field has induced an additional dipole moment, this induced dipole moment

is proportional to the applied electric field, and the proportionality constant, a;  is the ionic

polarizability [3].

Pind =g E (1.5)




Distribution of electrons in both atoms and molecules is almost completely
independent of temperature, so both electronic and ionic polarizibilities are independent of

temperature [3].
(3) Orientation/dipolar polarization:

Dipolar polarization involves reorientation of permanent dipoles. This polarization
occurs generally in liquids and solids which have asymmetric with permanent dipole
moments. A permanent dipole moment is caused by unbalanced sharing of electrons by
atoms of a molecule. In an absence of an external electric field, these moments are oriented in
a random order such that no net polarization is present. Under an external electric field, the

dipoles rotate to align with the electric field causing orientation polarization to occur [13].

The dipole reorientation can follow up to frequency (10° cycle/ sec). The frequency

dependence of orientation polarizationet; can be expressed as [9]:

X

&g =7—""T—
1+ jwt (1.6)

Where oy IS the low frequency polarizabilty and 7 is the time constant involved in

the reoriention process, w is field's frequency.
(4) Space Charge Polarization:

Free charge carriers, migrating through the crystal under the influence of an electric
filed may be trapped by, pile up against defect, such as lattice vacancies, impurity centres,
dislocations, and so on. The effect of this will be the creation of a localized accumulation of
charges which will be induce its image charges on an electrode and give rise to dipole
moments. This constitute a separate mechanism in dielectrics, called Space charge

polarization [3].. The relaxation frequencies can be as low as Hz — 1 KHz [ 11,12]. Any or all
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of the above mechanism may be contributing to the observed behaviour in an applied electric
field. Thus, polarizabilty is the sum of individual polarizibilities, each arising from one

particular mechanism and is expressed by the equation

a=ua, +a, +a; + a; (1.7)

Where @ represents the total polarizability of the respective polarization

mechanisms; electronic (a.), ionic (a;), dipolar (aq), and space charge polarization (as).

1.1.1.2. Dielectric constant and dielectric loss:

(1) Dielectric constant:

The relative permittivity of a material under given conditions reflects the extent to
which it concentrates electrostatic lines of flux. In technical terms, it is the ratio of the
amount of electrical energy stored in a material by an applied voltage, relative to that stored
in a vacuum. Likewise, it is also the ratio of the capacitance of a capacitor using that material

as a dielectric, compared to a similar capacitor that has a vacuum as its dielectric [14].

If the medium to which the field is applied is free space (vacuum), it is known as

dielectric constant of vacuum, ¢, of value 8.854*10? farad/meter, the dielectric constant of a

material may be expressed by £, relative to vacuum by: [3].

£ (1.8)

g is the permittivity of the medium in which the charge is placed, its unit is farad/meter. If dc
voltage V is applied across a parallel plate capacitor (fig 1.1) .A dielectric slab is placed

between the plates of a parallel plate capacitor. The dielectric material increases the storage
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capacity of the capacitor. The capacitance with the dielectric material is related to the

dielectric constant as indicated in the following equation [3,8]:

C, =—-¢&, (1.9)

C=C,&, (1.10)

Where C,C, are capacitance with and without dielectric, £, is the permittivity of the

dielectric medium, and A and d are the area of the capacitor plates and the distance between

them, respectively
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Fig. 1.1 : Parallel plate capacitor under DC field

When an alternating e.m.f. is applied across the capacitor plates, an alternating current will

flow; its value being:

[ =jwlC, g.v (1.11)




Where &, is relative permittivity of dielectric, * is frequency of applied signal, Co is

capacitance in vacuum, 17 is the applied ac voltage. In general, however, an inphase

component of current will appear corresponding to a resistive current between the capacitor
plates. Such current is entirely due to dielectric medium and is a property of it. Therefore, the

permittivity is characterized by a complex quantity [3]:

£ = &, — jg, (1.12)

Dielectric constant / relative permittivity (£,.) is equivalent to absolute permittivity (£)
relative to the permittivity of free space (£,). The imaginary part of permittivity ("', ) is
always greater than zero and is usually much smaller than (E’T), the current in the capacitor

then becomes :

i

i =jw(s —j&)Cv (1.13)
i =we, C v+ jowsvl, (1.14)

and this has a real component, which is a loss component of current.

(2) Dielectric loss:

Where an ac voltage is applied to a dielectric between two electrodes the dielectric is
subjected to alternating field (stress). The alternating of this stress involves molecular
arrangement with in dielectric. This involves energy loss with each reversal. This is because
the molecules have to overcome a certain amount of internal friction in the process of
alignment. The energy explained in the process is released as heat in the dielectric. This is
called dielectric loss. The dielectric loss is not applicable at 50 Hz but at higher frequency in

megahertz range it because appreciable for some dielectrics. Special dielectric materials are




available (like special plastic, ceramics, glass etc.) which have low loss at higher frequencies

[3].

It has been seen earlier that electronic, ionic, and orienational polarization lead to a
complex dielectric constant when a dielectric is subjected to an alternating field, the dielectric

constant which has real and imaginary parts is expressed as:
_ r I
Ep = Ep T JE (115)

Where E”T imaginary part of permittivity and =,. is real part of permittivity. It is customary to

characterize the dielectric losses at a certain frequency and temperature by a factor called loss

tangent, tané , defined as:

tan§ = —

q =

M

(1.16)

When complex permittivity is drawn as a simple vector diagram, the real and imaginary

components are 907 out of phase.

rr

Fig 1.2: Loss tangent vector diagram
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1.2. Ferroelectricity:

The phenomenon of reversal of direction of the spontaneous polarization by the

application of strong enough E is known as ferroelectricity [9]. The ferroelectric properties of
ferroelectric materials disappear above a critical temperatureT; this phase temperature is

called the ferroelectric curie temperature [15]. The phase transition from the ferroelectric to
the paraelectric phase is associated with anomalies in the physical properties like specific

heat, dielectric constant, spontaneous polarization, etc.

1.2.1. General properties of ferroelectrics

1.2.1.1. Crystal Symmetry:

Structural symmetry of a crystal depends on its lattice structure. The lattice structure
is described by Bravais unit cell of the crystal [16]. Though there are thousands of crystals in
nature, they all can be grouped together into 230 microscopic symmetry types or space
groups based on the symmetry elements [17]. Structural symmetry of a crystal affects
geometrically both structural and physical properties of the crystal, such as dielectric, elastic,

piezoelectric, ferroelectric and non linear optical properties, etc [16].
1.2.1.2. Spontaneous polarizarion and Pyroelectric effect:

The spontaneous polarization is given by the value of the dipole moment per unit
volume or by the value of the charge per unit area on the surface perpendicular to the axis of
spontaneous polarization. Since electrical properties are strongly correlated with the crystal

axis, the axis of spontaneous polarization is usually a crystal axis [16].

Although a crystal with polar axes exhibits piezeoelectric effect, it does not

necessarily have a spontaneous polarization vector, because the net result of electric moments
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along all polar axis may be equal to zero. Therefore, only a crystal with unique polar axis
exhibits a spontaneous polarization. In general, this spontaneous polarization cannot directly
be measured from the charges are compensated by external and /or internal carriers carrying
an electric current, or by charges on the boundaries of twins. The value of spontaneous
polarization depends on temperature [16]. . If the temperature of crystal is altered, a change in
polarization occurs and electric charges can be observed on those crystal faces. This is the
pyroelectric effect, a pyroelectric material is one which exhibits a spontaneous polarization
in the absence of electric field and changes its polarization on heating, All crystal that shows

ferroelectric behaviour is pyroelectric, but not vice versa [3,18].

1.2.1.3. Ferroelectric Domains:

As described above, pyroelectric crystals show a spontaneous polarization Ps in a
certain temperature range. If the magnitude and direction of P can be reversed by an external
electric field, then such crystals are said to show ferroelectric behaviour. From a physical
point of view, ferroelectric crystal are those crystal which posses one or more ferroelectric
phases. The ferroelectric phase in particular state exhibiting spontaneous polarization which
can be reoriented by an external field. A reversal of polarization is considered as a special

case of polarization reorientation [16].

In general, uniform alignment of electric dipoles only occurs in certain region of
crystal, while in other region of crystal spontaneous polarization may be in the reverse
direction. Such region with uniform polarization are called ferroelectric domain. The

interface between two domains are called the domain wall [16].
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1.2.1.4. Hysteresis Loop:
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Fig 1.3: A Polarization vs. Electric Field (P-E) hysteresis loop for a typical ferroelectric
crystal. [19]

Ferroelectric materials, in which polarization is the unique function of the field.
Ferroelectric materials exhibits hysteresis loop analogous to ferromagnetic materials. In these
materials the polarization is not determined by the applied field E alone but depends on the
previous history of the material. If a specimen (not subjected to an electric field previously)
of a ferroelectric is subjected to an electric field, and the field is gradually increased, the
polarization P increases along the curve OABC. When the field is then gradually decreased, it
is found that If E=0, there is a polarization still left. This Polarization is called as the remnant
polarization, P, .In the other words, the materials is spontaneously polarized. An electric field
Ec is required to reduce the polarization to zero. Ec is called as the coercive field and has to
be applied in opposition direction. The existence of a dielectric hysteresis loop in the material
implies that the substance possesses spontaneous polarization, i.e. polarization that persists

when applied field is zero [3].
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1.2.1.5. Curie temperature and phase transition:

Another important characteristic of ferroelectric materials is the temperature of
phase transition called Curie temperature. When temperature decreases through the curie
point, a ferroelectric crystal undergoes a structural phase transition from a paraelectric phase
to ferroelectric phase. When the temperature is above the curie point the crystal does not
exhibit ferroelectricity. It is generally believed that the ferroelectric structure of a crystal is
created by a small distortion of the paraelectric structure such that the lattice symmetry in the

ferroelectric phase is always lower than that in paraelectric phase [16].

In some ferroelectrics, a simple law, called the curie — Weiss law, can describe the
temperature dependence of the dielectric constant above the transition temperature fairly

accurately:

c
T_ Tu

e=¢g, + (1.17)

Where the temperature- independent part £, can often be neglected, C is the curie
constant and Ty the curie — Weiss temperature [3,12] .
1.2.2. Application of ferroelectric materials:

Applications of ferroelectric materials utilize their unique properties, like dielectric,
piezoelectric, pyroelectric, and electro-optic properties. In the following section, application

have been discussed on the basis of the properties.

14



(1) Ferroelectric memories:

The spontaneous polarization of ferroelectric materials implies a hysteresis effect
which can be used as a memory function, and ferroelectric capacitors are indeed used to make

ferroelectric. memories [11].

One of the problems with ferroelectric memories is the tendency to lose its ability to
store data after a certain number of read/ write cycles, this phenomenon is called fatigue. To
avoid this problem, now a days SBT is using in ferroelectric memories as a ferroelectric

material due to their anti fatigue properties.

(2) Capacitor:

Ferroelectric can be used to make capacitors (usually pervoskite). Their value of
dielectric constant can be changed depending on changes in the magnitude and direction of
electric field. Under these condition they can be behave like a varactors. Such capacitor may
be also used as radio frequency power amplifier. In this application electric field changes the

dielectric constant and thus, in turn changes the power supply [3].

(3) Electro-optic Applications:

The requirements for using ferroelectric thin films for electro-optic applications
include an optically transparent film with a high degree of crystallinity. A great deal of work
has been done on making ferroelectric thin film waveguides from LiNbO3 and Li(Nb,Ta)O:s.
PZT and PLZT thin films are even better candidates for optical waveguide applications

because of their large electro-optic coefficients [20-22].

15


http://en.wikipedia.org/wiki/Hysteresis
http://en.wikipedia.org/wiki/Ferroelectric_RAM

(4) Pyroelectric devices:

Pyroelectricity is utilized in the fabrication of pyrodetectors like temperature /
infrared light sensors and infrared image sensors. Pyroelectric detectors are thermal detectors.
That is, they produce a signal in response to a change in their temperature. Below a
temperature Tc known as the Curie point, ferroelectric materials, exhibit a large spontaneous
electrical polarisation. If the temperature of such a material is altered, for example, by

incident radiation, the polarisation changes [23].
(5) Piezoelectric Devices:

Piezeoelectric crystal is used in numerous devices, such as High voltage and power

sources, Sensors, Actuators, Frequency standard, Piezoelectric motors, Surgery and so on.

1.2.3. Type of Ferroelectric materials:

There are four main type of ferroelectric materials according to their structure.

(1) Perovskites:

w @ Batn {b}

Fig 1.4 :(Peroskites structure),(a) A cubic ABO3; (BaTiO3) perovskite-type unit cell and

(b) three dimensional network of corner sharing octahedra of O? ions[14]
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Perovskite is a family name of a group of materials and the mineral name of calcium
titanate (CaTiO3). Many piezoelectric (including ferroelectric) ceramics such as Barium
Titanate (BaTiOgs), Lead Titanate (PbTiOs3), Lead Zirconate Titanate (PZT), Lead Lanthanum
Zirconate Titanate (PLZT), Lead Magnesium Niobate (PMN), Potassium Niobate (KNbO3),
Potassium Sodium Niobate (KxNa;xNbOs3), and Potassium Tantalate Niobate (K(TaxNb;-
x)O3) have a perovskite type structure. These oxide ceramics have the general formula ABO;
[14]. A represents a cation with a larger ionic radius while B represent a cation with smaller

ionic radius. Figure 1.4(a) shows a cubic ABOs . e.g. Ais Baand B is Ti in BaTiO3 [16].

A perovskite structure is essentially a three dimensional network of BOg™ octahedral
as shown in fig 1.4(b): it may be regard as a cubic close packed arrangement of A and O ions

with B ions filling the octahedral interstitial position [16].

(2) Tungsten Bronze type Compounds:

Ny
B
: M 2
Oxygen actahedron B,
/ﬁ_’ " 5 )
T .
b 2 ~
< o € D
a9 i 3

Fig:1.5 Schematic diagram showing a projection of the tungsten-bronze structure on the
(001) plane. The orthorhombic and tetragonal cells are shown by solid and dotted lines

respectively[16].
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There are many tungsten bronze type ferroelectric crystal. The tungsten bronze type
ferroelectric crystals have a structure similar to tetragonal tungsten bronze K,WOj3; (x<1).
Lead niobate (PbNb,Og) was one of the first crystals of the tungsten bronze type structure to
show useful ferroelectric properties. The oxygen octahedral frame work of TB type niboate is
shown in fig 1.5, there are three type of sites A;,A; and C. The central site of the oxygen
octahedron is also of two type B, B, each having different symmetry positions. A tetragonal
unit cell includes two Al sites four A2 sites ,Four C site two Bl site , eight B2 site and thirty
oxygen ions (at the corners of the octahedral). The site occupancy formula for this type of
structure is given by (A1)2(A2)4(C)4(B1)2(B2)sO30. For lead niobate the B; and B, sites are
occupied by Nb>* ions or Ta>* ions. While A;, A; and C sites are occupied by either alkaline

earth ionsor alkali ions or both.[16] .

(3) Bismuth Oxide Layer Structured Ferroelectrics:

These ferroelectric do not have oxygen-octahedra structure. With the exception of the
bismuth layer structured ferroelectric family. These crystals have rather unique properties
especially their variable optical anisotropic properties make them extremely attractive in
applications such as memory and display devices etc [16]. The two most important
piezoelectric materials with the (Bi,02)*" layer structure are bismuth titanate (Bi,TisO12) and
lead bismuth niobate (PbBi,Nb,Og). The plate like crystal structure of these compounds leads

to highly anisotropic ferroelectric properties [16].

(4) Lithium Niobate and Tantalate:

Lithium niobate (LiINbO3) and lithium tantalate (LiTaO3) have similar structures. In

view of their excellent piezoelectric, pyroelectric, and optical properties. They are well
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known ferroelectric crystals and have been extensively studies for various device

applications. Ferroelectricity in these crystal was discovered in 1949 [16].

Currently many devices such as high frequency and high temperature tranducers,
infrared detectors, laser modulator, laser frequency multiplier, optical parameter oscillator,
optical wave guide etc, are made with Lithium niobate (LiNbOg3) and lithium tantalate
(LiTaOs), These crystals are very stable with very high Curie points of 1240° C for

LiNbO3[16].

Fig. 1.6 : Structure of Ferroelectric LINbO3 and LiTaO3[24]

The structure for both LiNbO3z and LiTaO3 are shown in fig 1.6, the crystal structure
of ABO; is composed of oxygen octahedral and the neighbouring oxygen octahedra are

connected to each other through an oxygen ion [16].
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1.3. Strontium bismuth tanatalate, SrBi, Ta,Og :

Lead zirconate titanate (PZT) has attracted a great deal of attention for use in non-
volatile memory and microelectromechanical system (MEMS) applications due to its large
remnant polarization (Pr) and small coercive field (Ec) [25]. However,PZT films with Pt
electrodes suffer from fatigue in which the remnant polarization declines after about 10°
switching cycles. Recently, bi-layered perovskite ferroelectric films such as strontium
bismuth tantalate (SrBi2Ta,Oq, SBT) have become attractive candidates due to their low
leakage current, minimal tendency to imprint, and, in particular, the small amount of fatigue
with platinum electrodes [26]. It exhibits Almost no fatigue after 10* cycle, good retention
characteristics [5]. SBT belongs to the Aurivillius family of bismuth oxide layered structures

[29].
The chemical formula of this family is given by:
(Bi202)2+(Am-leo3m+l)2-,

Where A and B represent the ions with suitable chemical valances and ionic radii. Usually A
represents Pb, Ba, Sr, Ca, Na, K, and rare earth elements, B represents
Ti,Nb,Ta,W,Mo,Fe,Co,Cr etc [14]. m denoted the number of octahedral layers with in

pervoskite sublattice of the structure and (m=1,2,.....5)[16,5].

It is well known that the Aurivillius composition SrBi,Ta,Og (SBT) is a bismuth
layered pseudo pervoskite oxide with m=2 and show ferroelectric behaviour at room

temperature [27,28]. In the SBT crystal, pseudo-perovskite blocks, (SrTa,07)*, composed of

double TaOg octahedra with Sr at the A-site are interleaved with (Bi,O,)** layers [30,5],

strontium bismuthetantalate SrBi,Ta,O9 (SBT) have a (pseudo) tetragonal perovskite
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structure[29]. Bismuth layer is responsible for determining the ferroelectric and electrical

properties of these ceramic [31] Nature of bismuth layer is paraelectric while structures of

perovskite unit cell are ferroelectric [31,32].

TaOg

Sr

Bi

Fig 1.7: Bismuth layered oxide SBT structure
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EXPERIMENTAL TECHNIQUES
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2.1. Composition Prepared:

Strontium Bismuth Tantalate (SrBi,Ta,Og):

The starting chemical used were strontium carbonate (SrCos), Bismuth oxide
(Bi202) and Tantalum oxide (Ta;Os). All the chemical acquired were from Aldrich chemical

company, USA.

2.2. Experimental Procedure:

2.2.1. Solid state reactions method:

Mixing of

Calcinations Mixing
raw
materials q (900°C ) - with PVA

Structuraland Sintering
electrical _ (1150°C ) and _ palletization

characterization Silver pasting

Fig; 2.1: Block diagram of Solid State Reaction Technique

The high purity raw materials (oxides and carbonates) are first weighed according to
the stoichiometric formula of the composition. The particle size of the powders must be in the
submicron range for the solid phase reactions to occur by atomic diffusion. The next step is

mixing, eliminating aggregates and /or reducing the particle size by thoroughly grinding the
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mixture. Calcination Process helps in the decomposition of the constituent carbonates

resulting in the formation of oxides and removal of the carbon dioxide. For example,
SrCoz —— SrO + CO» ;4

During the calcinations step, the solid phase reaction takes place between the
constituents giving the partial/ complete ferroelectric phase. Calcination causes the

constituents to interact by interdiffusion of their ions.

After calcinations, lumps are crushed and grinded it is necessary to add an organic
binder like Polyvinyl Alcohol (PVA) for sufficient adhesion during pelletization. After
shaping the compactive powder in to pellet it sinter at high temperature to form a denser
structure of crystallite join to one another by grain boundary. The sintered pellets are polished

by silver paste to provide electrical contact.

2.2.2. Mechanical Activation Techniques:

Powderin
stichiometric Ball milling ‘ Mixing
proportion ‘ at300 rpm with PVA

Structural and Sintering

electrical _ (1100°C) _ palletization
characterization and Silver
pasting

Fig; 2.2 : Block Diagram of Mechanical Activation Technique
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In this technique the formation of the desired compound is due to the reaction of the
oxide which is activated by mechanical energy, instead of heat energy required in the
conventional solid state reaction method. Highly pure powders of SrCOs, Bi,O3, Ta,0s (all
from M/s Aldrich) were mixed to yield SrBi,Ta,Og. This mixture of powders was milled in a
high-energy planetary ball mill (Retsch, PM 100) for 5, 10, 20 hrs at a milling speed of
300rpm. Milling was carried out in toluene medium with a high wear-resistant 10mm
zirconium oxide balls in a zirconium oxide vial with a ball-to-powder weight ratio of 10:1.
The mixture was then admixed with 2wt% polyvinyl alcohol as a binder and then pressed at
200 MPa into a disk shaped pellet. These pellets were then sintered at 1100°C for 2 hrs in air

on alumina crucibles.

2.3. Experimental Techniques used for characterization.

X-ray diffraction technique: used for the phase identification of synthesized

specimen.

2.3.1. XRD:

X-ray crystallography is a technique in which the pattern produced by diffraction of
X- rays through the closely spaced atoms of crystals is recorded and then analyzed to reveal
the nature of the lattice. The spacing in the crystal lattice is determined by the well known

Bragg’s law [44].

In an X-ray diffraction measurement, a crystal is mounted on a goniometer and
gradually rotated while being bombarded with X-rays, producing a diffraction pattern of

regularly spaced spots known as reflections [44].
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The two-dimensional images taken at different rotations are converted into a three-
dimensional model of the density of electrons within the crystal using the mathematical

method of Fourier transforms, combined with chemical data known for the sample [44].

The pattern of diffraction peaks can be used to identify the material using JCPDS
(Joint committee of powder diffraction standards) pattern database and change in peak width

and position can be used to determine crystal size and phases.

Phase identification:

The most widespread use of this technique is the identification of crystalline solid.
Each crystalline solid produces its own diffraction pattern. Both the position and the intensity
of the lines are characteristics of that particular phase and the pattern thus provides a

fingerprint of the material.

2.3.2. Scanning Electron Microscope:

Fig 2.3: Scanning Electron Microscope
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The essential parts of SEM are shown in the figure 2.4. In SEM electrons emitted
from a hot filament are usually used. In SEM backscattered electrons or secondary electrons
are detected (in some cases it is also possible to use sample current). Due to interaction of
focused beam with solid, the backscattered electrons are somewhat defocused resulting in to

lowered resolution than one would expect [44].

In an electron microscope, the electron beam can be focused to a very small spot size
using electrostatic or magnetic lenses. Usually the electromagnetic lenses are used for SEM.
The fine beam is scanned or rastered on the sample surface using a scan generator and back

scattered electrons are collected by an appropriate detector [44].

Signal from scan generator along with amplified signal from the electron collector
generates the image of sample surface. In order to avoid the oxidation and contamination of
filament as well as reduce the collision between air molecules and electrons, filament and
sample have to be focused in a vacuum chamber. Usually vacuum -10 torr or better is
necessary for a normal operation of SEM. This makes electron microscopes rather

inconvenient [44].

One disadvantage of electron microscopes is that insulating samples cannot be
analyzed directly as they get charged due to incident electrons and images become
blurred/faulty. Therefore insulating solids are coated with a very thin metal film like gold or
platinum (<10 nm) making them conducting without altering any essential details of the
sample. The metal film is usually sputter coated on the sample to be investigated prior to the
introduction in to the electron microscope. This enables even biological sample to be

analyzed using an electron microscope [44].
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Fig 2.4: Essential Parts of Scanning Electron Microscopy

2.3.3. LCR meter:

A LCR meter (Inductance (L), Capacitance (C), and Resistance (R)) is a piece of
electronic test equipment used to measure the inductance, capacitance and, resistance of a
component. In the usual versions of this instrument these quantities are not measured directly,
but determined from a measurement of impedance. The necessary calculations are, however,
incorporated in the instrument’s circuitry; the meter reads L, C and R directly with no human

calculation required [45].

Usually the device under test (DUT) is subjected to an a.c. voltage source. The meter
detects the voltage over, and the current through the DUT. From the ratio of these the meter

can determine the magnitude of the impedance. The phase angle between the voltage and
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current is also detected and between that and the impedance magnitude the DUT can be
represented as an L and R or a C and R. The meter must assume either a parallel or a series
model for these two elements. The most useful assumption, and the one usually adopted, is
that LR measurements have the elements in series (as would be encountered in an inductor
coil) and that CR measurements have the elements in parallel (as would be encountered in
measuring a capacitor with a leaky dielectric).It can also be used to judge the inductance

variation with respect to the rotor position in permanent magnet machines [45].

Working Principle of LCR Meter:

Fig 2.6: Measurement of unknown impedance using LCR Meter

LCR meters for electrical properties measurement at low frequencies are based on
Auto balancing bridge method and the one for measurements at high frequencies employ the
RF 1-V method. In automatic balancing bridge method, the device under test (DUT) is placed
in a bridge as shown in Figure 2.6. The DUT impedance is represented by Zx. The impedance
Z, and Z;3 are known, and Z; is changed until no current flows through D i.e. the terminals of
D are made equi-potential. Zpyr is then calculated using the equation [46]:

Zput = (Z3lZ,) Z4
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2.3.5. Ball milling:

It is one of the simplest ways of making nanoparticles of some metals and alloys in
the form of powder. There are many types of mills viz. planetary, vibratory, rod, tumbler, etc.
Usually one or more containers are used at a time to make fine particle. Size of container, of
course, depends upon the quantity of interest. Hardened steel or tungsten carbide (in our
experiment zirconium oxide ball is used) balls put in containers along with powder or flakes
(<50um) of a material of interest. Initial materials can be of arbitrary size and shape.
Container is closed with tight lids. Usually 2:1 mass ratio of balls to the materials is
advisable. If the container is more than half filled, the efficiency of milling is reduced. Heavy
milling balls increase the impact energy on collision. Larger balls, used for milling, produce
smaller grain size produce smaller grain size and larger defects in the particles. The process
may add some impurities from balls. The container may be filled with air or inert gas.
However this can be an additional source of impurity, if proper precaution to use high purity
gases is not taken. A temperature rise in the range of 100°C to 1100°C is expected to take
place during collision. Lower temperature favours amorphous particle formation. The gas like
0., Ny etc. can be the sources of impurities as constantly new, active surfaces are generated.
Cryo-cooling (low temperature cooling) is used sometimes to dissipate the generated heat.
The containers are rotated at high speed (a few hundred of rpm) around their own axis.
Additionally they may rotate around some central axis and are therefore called as ‘planetary

ball mill [44]".

When the containers are rotating around the central axis, the material is forced to
walls and is pressed against the walls. But due to the motion of the container around their
own axis, the material is forced to other region of the container. By controlling the speed of
rotation of the central axis and container as well as duration of milling, it is possible to

ground the material to fine powder whose size can be quite uniform [44].
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2.3.5.Hysteresis Measurements of Multi-Layer Ceramic Capacitors

Using a Sawyer-Tower Circuit:

=]

Q

Fig 2.6 A Polarization vs. Electric Field (P-E) hysteresis loop for a typical ferroelectric

crystal. [17]
J Oscilloscope
Ko D
Reference Capacitor HHI I
Earth | |
g " «——— Ferroelectric

Wi

Signal generator

Fig 2.7: Block Diagram of Sawyer Tower Circuit

A ferroelectric hysteresis loop can be observed by means of a Sawyer Tower circuit.
An alternating voltage V is imposed across a pair of electrodes on the surfaces of a

ferroelectric crystal sample Cx placed on the horizontal plates of oscilloscopes; thus the
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quantity plotted on the horizontal axis is proportional to the field across the crystal. A linear
capacitor Co is therefore proportional to the polarization of the crystal Cx. This voltage is
monitored by vertical plates of the oscilloscopes. If we first apply a small electric field is not
large enough to switch any domain and the crystal will behave as a normal dielectric material
(Para electric). This case corresponds to the segment OA of the curve as in fig2.6; As the
electric field strength increases, a number of the negative domains (which have a polarization
will increase rapidly (segment BC). This is a state of saturation in which the crystal is
composed of just a single domain. As the field strength decreases, the polarization will
generally decrease (at the point D in the figure2.6) but does not return back to zero. When the
field is reduced to zero, some of the domain will remain aligned in the positive direction and
the crystal will exhibit a remanent polarization Pr. The extra- polation of the linear segment
BC of the curve back to the polarization axis (at the point E on the vertical axis in the fig2.6)

represent the value of the spontaneous polarization Ps [16].

The remeant polarization Pr in a crystal cannot be removed until the applied field in
the opposite direction reaches a certain value (at the point F in the fig2.6). The strength of the
field required to reduce the polarization P to zero is called the ‘coercive field strength’ Ec.
Further increase of the field in the negative direction will cause a complete alignment of the
dipoles in this direction and the cycle can be completed by reversing the field direction once
again. Thus the relation between P and E is represented by hysteresis (CDFGHC) as shown in

figure2.6 [16].
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RESULTS AND DISCUSSIONS
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3.1. Optimization of milling duration:

It is well known that material’s performances are dependent on their processing.
Therefore, method of synthesis of ferroelectric materials played a significant role in
determining the microstructural, electrical and optical properties of ferroelectric ceramics

[33-35].

In the present work, SBT ferroelectric ceramics was synthesized by both the
techniques i.e. Solid state reaction technique and Mechanical activation technique. Solid state
reaction technique was used to synthesize the samples in the polycrystalline form and
mechanical activation technique to synthesize the samples in the nanocrystalline form.
Mechanical activation technique (high energy Ball milling) was used to synthesize various
ferroelectric ceramics such as Lead Zirconate Titanate (PZT), Bismuth Titanate, Barium

Titanate, Strontium Bismuth Tantalate etc. in its nano crystalline form.

The aim of the project is to optimize the milling duration for the synthesis of nano
crystalline SBT ferroelectric ceramics. In the present work, samples of SBT were synthesized
for three milling durations (5, 10, 20 hrs). Structural and electrical characterizations were

carried out to optimize the best milling duration.
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3.2. Structural characterization:

3.2.1. Solid State Reaction Technique:

Sintering Temperature: 1150°C

(115)

Intensitv Counts (A. U)
(200)

(315)

10 20 30 40 50 60
Degrees (20)

Fig 3.1 : XRD patterns of polycrystalline SBT sample

Fig. 3.1 shows the XRD patterns of synthesized polycrystalline SBT sample. The obtained
XRD pattern is similar to the standard XRD pattern of SBT matched from JCPDS card file
no.- 072-7073. Single phase layered pervoskite structure is formed without any secondary

phase.
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DTU_S3700 15.0kV 11.9mm x7.50k SE

Fig 3.2: SEM image of the synthesized SBT sample

Fig 3.2 shows the SEM image of the synthesized SBT sample. It is observed that the
grains are not homogeneously arranged. Porous and loosely packed morphology is observed.

The approximate grain size (calculated from nearly 20 grain) is in the range of 3- 5 um.

3.2.2. Mechanical Activation Technique.

Sintering Temperature: 1100 °C and 1150°C

Milling Hours: 5, 10 and 20 hrs:

As discussed above, the starting oxides were taken in stoichiometric proportion and

were milled in ball mill for various milling durations such as 5hrs, 10hrs and 20 hrs.
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XRD pattern of 5 hrs milled powder
10 20 30 40 50 60 70

Degrees (20)

XRD pattern of 10hrs milled powder
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Intensity Counts (A. U)

10 20 30 40 50 60 70
Degrees (20)

XRD pattern for 20hrs milled powder

Figure 3.3: XRD pattern of sample of SBT milled for 5hrs, 10hrs, 20 hrs

Fig. 3.3 compares the XRD pattern of the SBT powder milled for different duration

of 5hrs, 10hrs and 20 hrs. It can be seen that phase development start from 5 hrs and improve
with milling duration, because Particle size was decreasing as the milling duration increased

so that grains arranged in more homogenously, and less porosity is observed..
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DTU_S3700 15.0kV 13.6mm x10.0k SE 5.00um

SEM Micrograph for 5 hrs milled powder

DTU_S83700 15.0kV 12.1mm x7.00k SE 5.00um

SEM Micrograph for 10hrs milled powder

SEM micrograph for 20hrs milled powder

Figure3.4: SEM micrograph of sample of SBT milled for 5, 10 & 20 hrs
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Fig. 3.4 show the SEM images of the specimen milled for different durations. The

size of the particle can be seen to be getting reduced with increasing milling time. It is
observed that sample milled for 20 hours shows slight agglomeration of particles. In Solid

state reaction method Polycrystalline particle were formed, due to their rough grains, these

powder require relatively high sintering temperature to obtain ferroelectric ceramic [33-35].

To reduce the sintering temperature, it is necessary to use the powder with small
particle size. As the particle size decreases, surface to bulk atom ratio increases dramatically
because more grain boundaries are formed. It can be easily understood that the number of
surface atoms is quite large in nanoparticles and surface to bulk atom ratio goes on increasing
with decreasing the particle size. Large surface related to large surface energy. This energy

can be lowered by melting [44].

Fig 3.5: SEM micrographs of nanocrystalline SBT samples sintered at 1150°C

Fig 3.5 shows the SEM micrographs of nanocrystalline SBT samples sintered at
1150°C. After obtaining the milled powder, the pellets were formed for sintering. As
discussed above, polycrystalline SBT sample was sintered at 1150°C. Same procedure was

applied to nanocrystalline SBT powder. It is observed that sample sintered at 1100°C exhibit
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homogeneous microstructure. The grains are densely packed with well defined grain
boundaries. However, sample sintered at 1150°C, exhibit poor morphology. As can be seen
grains have started diffusing in to another. This is due to melting of sample at higher
temperature because nanocrystalline powder sample was originally mechanically activated.
Hence the sample was sintered at lower temperature i.e. 1100°C, as can be observed in SEM

micrograph.

DTU_S3700 15.0kV 9.9mm x10.0k SE 5.00um

SEM micrograph of sintered (1100°C) sample of 10 hrs
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DTU_S3700 15.0kV 12.8mm x6.50k SE

SEM Micrograph of sintered (1100°C) of sample of 20 hrs
Fig 3.6: SEM micrographs of sintered samples (1100°C) milled at different
milling hrs.

Figure 3.6 shows the SEM micrographs of sintered samples (1100°C) milled at
different milling hrs. It is observed that the average grain size decreases as we increases the
milling duration. The average grain size was found to be in the range of approximately 5-
6um, 900nm-1um and 700-800 nm for sample milled at 5, 10 and 20 hrs respectively. Before
palletization particle size was small, However after sintering increased particle size was
observed due to melting, because within ball milling machine temperature raised in the range
of 100°C to 1100°C [44] ,s0 that sample was already mechanically activated, and after
sintering at 1100°C some slight amount of melting may be happened due to this reason
particle size was increased, after palletization and sintering. It was also observed that sample
sintered by mechanical activation technique has dense and relatively porosity free
microstructure as compared to sample synthesized by polycrystalline SBT samples (Fig.3.1).
Due to the above discussed reason we did not perform the calcinations in mechanical
activation technique because within the ball milling machine due to internal friction

temperature raised up to near about to calcinations temperature, however calcinations was
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required in solid state reaction technique, Further, it is also observed that 20 hrs milled

sample has better microstructure.

3.3 Electrical Characterization:

3.3.1. Dielectric studies:
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Fig 3.7: Temperature dependence of dielectric constant (g,) at 100 KHz

Figure 3.7 shows the temperature dependence of dielectric constant (g;) at 100 KHz
measured for all milling duration. The compound show dielectric anomaly at a temperature
called Curie temperature Tc indicating the occurrence of ferroelectric — paraelectric phase
transition. It is observed that the value of dielectric constant increases with increase the
milling duration and achieved maximum in the sample milled for 20 hrs. It is known that in
the fine grained ferroelectric ceramic ¢, increase due to an increase in the residual stress
[36-39], thus increase in g value due to decrease in average grain size with milling time is
observed. Also, as can be observed in figure 3.6, sample milled for 20 hrs milling duration
exhibit porosity free microstructure as compared to lower milling duration samples. Thus the
effect of space charges has been reduced because of less lattice vacancies, impurity centre
[3]. Hence higher dielectric constant is observed in 20 hrs milled sample. Further, it is also

observed that curie temperature is decreased, with increased in milling duration, because of
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reduction in particle size. Curie temperature is dependent on the crystalline size, it decreases
with reduction in crystalline size [39,40]. As particle size decreases, surface to bulk atom
ratio increases [3], and more grain boundary are form which contain more grain boundary
energy and large surface related to large surface energy, it required smaller amount of

thermal energy [39,41,44].

1100
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Fig: 3.8 Dielectric constant values as compared to polycrystalline SBT sample
Further in Fig 3.8 it is also observed that nanocrystalline sample milled for 20 hrs exhibit

higher dielectric constant values as compared to polycrystalline SBT sample.
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3.3.1.2. Dielectric loss:

Figure 3.10 shows the variation of dielectric loss as a function of temperature for all the

studied samples.
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Fig 3.9: variation of dielectric loss as a function of temperature

It is observed that dielectric loss decreases with increasing milling duration and is
minimum in the sample milled for 20 hrs. In all the samples it is observed that loss remains
nearly constant in the lower temperature region and thereafter increases rapidly at higher
temperature. Sample milled for 20 hrs did not show the increment in higher temperature
region as compared to lower milling duration sample. The sharp increase of dielectric loss at
high temperature region can be attributed to the increased mobility of space charges arising
from defects or vacancies (oxygen vacancies) in the sample [39,42]. Also, the specimen
milled for longer duration shows lower loss possibly because of improved and dense

mirostructure having less porosity [39].
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3.2.2. Ferroelec
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Fig 3.10: P-E Hysteresis loop for all the sample
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Fig 3.11shows P-E hysteresis loops for sample milled for 5hrs, 10hrs, 20hrs.It is
observed that all the samples exhibit ferroelectric nature. Further, remnant polarization (Pr) is
observed to increase with increase in milling duration. Sample milled for highest milling
duration (20 hrs) exhibit highest Pr values. This is possibly due to variation in application of
electric field and smaller grains induce strong internal stress which would results in increased
degree of dipole orientation [43]. As seen earlier, sample milled for 20 hrs has better
microstructure. Hence it was observed that the breakdown voltage of the sample was higher
as compared to lower milling hrs samples. Thus better switching of domains resulted in
higher saturation and polarization values. Further, sample milled for 5hrs and 10hrs has poor
microstructure. Therefore space charges are trapped in the vacant space resulting pinning of

domain walls. Thus lower remnant polarization value is observed [16].
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CONCLUSIONS
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From the above experimental result and discussion it is concluded that synthesis of
nanocrystalline SBT ferroelectric ceramics has been done successfully using mechanical
activation technique and synthesis of polycrystalline SBT ferroelectric ceramic done
successfully using solid state reaction method. XRD, SEM was used to determine the
structure of synthesized samples. In solid state reaction method the size of the polycrystalline
SBT particle was found in range of 3-5um. In mechanical activation method, the particle size
has been observed to decrease as we increased the milling duration successively from 5hrs to
20hrs and particle size was observed for 20 hrs sintered pellet 700 — 800nm; it is also

observed that agglomeration was started, From SEM micrograph of 20 hrs milled powder.

Electrical studies of both types of samples were also performed. In, electrical
studies, such as the values of dielectric constant, the value of dielectric loss and P-E
hysteresis loop confirms that enhanced properties are observed for sample milled for higher
milling duration. It is observed that the value of dielectric constant increases with increase the
milling duration and achieved maximum in the sample milled for 20 hrs. It is also observed
that dielectric loss decreased due to increased milling duration, dielectric loss was minimum
for 20hrs milled powder. From P-E hysteresis loop analysis it is also observed that remnant
polarization (Pr) increased with increasing in milling duration. Sample milled for highest
milling duration (20 hrs) shown highest Pr values 7.8pc/cm?® in comparison to 5 hrs milled
sample. A comparison of Dielectric properties of nanocrystalline sample and polycrystalline
sample was also done and it was found that dielectric constant of 20hrs milled powder was
higher than polycrystalline sample. So finally we can say that nanocrystalline SBT sample

has better structural and electrical property in comparison to polycrystalline sample.
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