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Abstract

The fundamental aspect o f this research was to synthesize nano particles of certain 

materials and to investigate their properties related to potential use in spin-field effect 

transistor (Spin-FET). Barium titanate was doped with ferromagnetic material and nano 

particles o f this material were synthesized using a sol-gel process. Sol-gels were 

characterized for their size and shape using an atomic force microscope and a scanning 

electron microscope. Composition of these compounds and the distribution of dopents 

were investigated using x-ray fluorescence and the scanning electron microscope. 

Dielectric properties were measured using high precision impedance, capacitance, and 

resistance (LCR) meter.

Barium titanate, when doped with ferromagnetic materials, becomes ferroelectric 

material. Ferroelectric materials have finite polarization even in the absence of an applied 

electric field, which can be exploited for their use as source/drain in spin-FET. The 

sintering temperature and pH of the sol-gel solution play important roles in determining 

the dielectric constants, particle size and distribution of dopent in barium titanate. It was 

found that iron has advantage over nickel and cobalt as a dopent, as it has high electrical 

susceptibility.
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Chapter One 

Introduction

1.1 Spin-FET

What is spin-FET? It’s like a conventional field effect transistor (FET). It has a current 

source, a current drain, and a channel between them with, in principle, a tunable 

conductance.

The term ‘Spintronics’, short for spin electronics, refers to electronic devices where the 

spin direction of the electron is just as important as its charge. Instead o f two charged 

species (electrons and holes) providing the tunability o f conductance, however, the 

operation of spin-FET is based on the manipulation of the spin (up or down) o f electrons. 

This is achieved by gate tuning o f spin orbit coupling on the ballistic electrons in the 

quantum well. Strong spin orbit coupling is very important for its operation. When 

electrons propagate in the confining interfacial electrical field, they experience an 

effective magnetic field in its moving reference frame, which induces spin precession. 

This is called a Rashba field. The intensity of this field is directly related to the voltage 

applied on the gate.

All electrical devices depend upon movement of charge along the conducting medium 

under an applied voltage bias. In conventional electrical devices such as transistors, 

movement of holes or electrons through the conducting medium is initiated by an applied 

voltage to constitute electric current. But instead of using these charged species for 

electric current, spin of the electrons was exploited for electric current in transistors by 

Datta-Das in the early 1990’s.

In 1992, Datta & Das [1] proposed the basic model o f the spin-FET. It is very much like a 

conventional field effect transistor.
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Spin Polarized Current Flow

Ferromagnetic Source Drain

Fig 1.1: Spin-FET proposed by Datta & Das [1].

In the structure shown in Fig. 1.1, ferromagnetic contacts are used as the source and 

drain, or polarizer/ analyzer, which preferentially inject and detect the particular spin 

orientation. Figure shows the Schottky gate where the voltage bias is applied. A 

semiconductor channel o f GaAs to conduct the charge carriers between two ferromagnet 

contacts is present. The Density of states at the Fermi level for electrons of one spin 

exceeds that o f the other. This way source/drain injects or detects the electrons of single 

spin. The diffusion and drift of spin-polarized electrons from a 

ferromagnet/semiconductor contact spread the spin polarization region into the 

semiconductor. The polarization inside the semiconductor channel also depends upon the 

nature of passage o f carriers across the junction, thermionic or tunnel based.

1.2 Fermi Level

“Fermi level" is the term used to describe the topmost level o f the collection o f electron 

energy at absolute zero temperature. This concept comes from Fermi-Dirac statistics. 

Electrons are fermions and by the Pauli Exclusion Principle cannot exist in identical 

energy states. So, at absolute zero they pack into the lowest available energy states and



3

build up a "Fermi sea" of electron energy states. The Fermi level is the surface of that sea 

at absolute zero, where no electrons will have enough energy to rise above the surface. 

The concept o f the Fermi energy is a crucially important concept for the understanding of 

the electrical and thermal properties o f solids. Both ordinary electrical and thermal 

processes involve energies o f a small fraction of an electron volt. But the Fermi energies 

of metals are on the order of electron volts.

This implies that the vast majority of the electrons cannot receive energy from those 

processes, because there are no available energy states for them to go to within a fraction 

of an electron volt o f their present energy. Limited to a tiny depth o f energy, these 

interactions are limited to "ripples on the Fermi Sea”. [2]

Fig 1.2: Context o f Fermi level for a semiconductor. F (E) indicates Fermi function. [2]

In metals, the Fermi energy gives us information about the velocities of the electrons, 

which participate in ordinary electrical conduction. The amount o f energy, which can be 

given to an electron in such conduction processes, is on the order o f micro-electron volts; 

so only those electrons very close to the Fermi energy can participate in conduction. The 

Fermi velocity o f these conduction electrons can be calculated from the Fermi energy.
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1.3 Fermi Function

The Fermi-Dirac function f  (E) gives the probability that a given available electron 

energy state will be occupied at a given temperature. The Fermi function comes from 

Fermi-Dirac statistics and has the following form. [3]

(E-Ef)IKT 7e +1

The basic nature o f this function dictates that at low temperatures, most of the levels up 

to the Fermi level Ep are filled, and relatively few electrons have energies above the 

Fermi level. The Fermi level is on the order of electron volts (e.g., 7 eV for copper), 

whereas the thermal energy kT is only about 0.026 eV at 300K. If you put those numbers 

into the Fermi function at ordinary temperatures, you find that its value is essentially 1 up 

to the Fermi level, and rapidly approaches zero above it, but at E > Ef, it is 0.5 at any 

temperature.

The illustration below shows the implications of the Fermi function for the electrical 

conductivity of a semiconductor. The band theory of solids gives the picture that there is 

a sizable gap between the Fermi level and the conduction band o f the semiconductor. At 

higher temperatures, a larger fraction of the electrons can bridge this gap and participate 

in electrical conduction. [Fig 1.3]

Note that although the Fermi function has a finite value in the gap, there is no electron 

population at those energies (That's what is meant by the gap). The population depends 

upon the product o f the Fermi function and the electron density o f states. So in the gap 

there are no electrons because the density of states is zero.

In the conduction band at OK, there are no electrons, even though there are plenty of 

available states, but the Fermi function is zero. At higher temperatures, both the density
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of states and the Fermi function have finite values in the conduction band, so there is a 

finite conducting population.

Fig 1.3: Energy band gaps present in the material. (Importance of Fermi function) [2]

1.4 Density of States

Simply, density of states can be defined as the number o f allowed electron states per 

energy range with energies between E and Ef. E is the energy of the electron and Ef is the 

Fermi energy or the energy required to overcome the potential barrier. An electron state 

is defined both by an allowed energy level and by its spin. Z (E) denotes density of states

and given by CE1/2. [3]

Here density has the unusual meaning of per unit energy hence the unit J"1. In three- 

dimensional metal, the density o f states increases as E 1/2. A lot o f research has been 

undertaken to calculate the density o f states by solving the Schrodinger equation and 

using the wave functions. Density o f states per unit volume should not depend on the size 

or shape of the materials. The density of states in a semiconductor equals the density per 

unit volume and energy of the number of solutions to Schrodinger equation. The formula 

to calculate the density o f states of any material is given below,
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m * J2m* -
g v(E) = rV  , 7  i  E <= Ev

n  h

m * Jlin * 
gc(E) =     E > = E c

;r h

1.5 Spin-FET Operation

The basic operation o f spin-FET depends upon the manipulation o f the spin of electrons. 

When voltage is applied to the gate, the resistance o f the semi-conducting channel will 

decrease and the electrons with a particular spin will drift from the ferromagnetic contact 

into the channel. Because of the applied voltage at gate, electrons with a specific spin 

passing through the channel will experience an effective magnetic field, which flips the 

spin of the electrons. This magnetic field is called the ‘Rashba term’. The amount of 

electric current can be controlled by controlling the ‘Rashba term’, which can be in turn 

controlled by the applied voltage bias. [4]

The main cause that flips the spin of the carriers is the spin orbit interaction in the two- 

dimensional electronic gas o f the narrow gas heterostructures. Due to the ‘Rashba term’ 

the two-dimensional electron gas of the narrow gap is split to spin-up and spin-down 

states.

1.6 Rashba Field

An important ingredient for the realization of spin-transistors is the so-called Rashba 

effect. This is a spin splitting of the band edge state in the absence of externally applied 

magnetic fields induced by the gate voltage. Controlling the ‘Rashba field’ one can 

control the amount of current in spin FET and by controlling the voltage bias applied to 

gate the ‘Rashba term’ can be controlled. [4]
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1.7 Tunneling Phenomenon

Passage o f carriers through the semiconductor channel in between the source and drain of 

a spin-FET takes place due to a tunneling effect. So it is important to know the tunneling 

mechanism and its characteristics.

Tunneling is the quantum mechanical process by which a particle can penetrate a 

classically forbidden region of space (for example, passing from two separate points A 

and B without passing through intermediate points). The phenomenon is so named 

because the particle, in traveling from A to B, creates a sort o f "tunnel" for itself, 

bypassing the usual route.

The width of the junction barrier varies inversely as the square root of impurity 

concentration. Classically, a particle must have energy at least equal to the height o f a 

potential energy barrier if  it is to move from one side of barrier to the other. However, for 

barriers as thin as 5 microns, the Schrodinger Equation indicates that there is a large 

probability that an electron will penetrate through the barrier. This quantum mechanical 

behavior is called ‘tunneling’. [5]

In 1927, F. Hund was the first to notice the possibility of the phenomenon of tunneling, 

which he called "barrier penetration," in a calculation of the splitting of the ground state 

in a double-well potential. Although tunneling may seem abstract and far removed from 

reality, it is an actually a basic and important processes of nature. It is vital, for example, 

in the very first step of the thermonuclear reaction, which powers the Sun. [5]

1.8 Material Selection

Selection of material for source and drain was critical. We needed to choose the materials 

that have properties similar to a ferromagnet and have high dielectric constants. The gate 

material should have a high dielectric constant to provide the insulation as the voltage 

bias is applied. Also, it should help the precession of spin o f the electron.
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Barium titanate has a high dielectric constant and is a well-known ceramic. It is often 

called ‘perovskite’. In order to use it as source and drain in spin-FET it should have 

ferromagnetic properties. To achieve this barium titanate was doped with ferromagnetic 

material. For that we chose iron, nickel and cobalt, which are ferromagnetic at room 

temperature. This ferromagnetic-doped barium titanate becomes a ferroelectric material. 

The ferroelectric materials have finite polarization even in the absence o f external applied 

electric field or applied stress, and they have very high dielectric constants.

For the gate o f spin-FET, titania was used, as it has a high dielectric constant. In addition, 

the synthesized titania had a cationic vacancy, which in turn helps the electron spin to 

precess. All these materials were synthesized by a sol-gel process to get the 

nanoparticles.

1.9 Purpose of the Project

1. To synthesize the nanoparticles using a sol-gel process.

2. To measure the dielectric properties of the materials using several advanced

instruments.

3. To determine the effect of different parameters such as applied frequency and 

voltage on the dielectric properties of the materials.

4. To determine the effect o f sintering and calcination on the electrical properties of 

the materials.

5. To determine the effect of pH of the solution on the particle size distribution of 

the materials and the distribution of dopent in barium titanate.

6 . To determine the different phases using a x-ray diffraction technique and the

effect o f the phases on electric properties o f the material.
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Chapter Two 

Literature Review

2.1 Spin-Electronics (spintronics)

Spin electronic devices, which depend on spin transport, have been slowly developing. 

This thesis considers the devices where the current has an imbalance o f electron spins, 

and therefore a net magnetic moment during operation. The advantage o f such devices is 

that one device could provide magnetic storage of information and electronic readout. 

Spin FET can be manufactured by using conventional photolithography techniques. Datta 

and Das first proposed spin-FET. These two researchers led a new approach in nanoscale 

electronics. [1]

Fig 2.1: Spin-FET based upon Datta & Das proposal. [1]

These two researchers proposed that the injection and detection of spin-polarized current 

in a semiconducting material could make it possible to combine the magnetic storage and 

electronic read out on the same device. For a spin transistor to work, long spin relaxation 

in the semiconductor, gate voltage control of spin orbit interaction, and a high spin 

injection coefficient are required. While a long spin relaxation time, in seconds, in 

semiconductors is already theoretically established, the other two problems are still 

among the main concerns in the field of spintronics. The difference in densities of states
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of spin-up and spin-down electrons, on the other hand, can be utilized to realize 

nanoscale spin-based data storage elements, to be used along with the spin-based 

transistors.

In streamline spin-FET the idea is based on the spin flipping of the carriers injected from 

the polarizer (source electrode). However, Vlizadeh proposed that by having the 

magnetic cell in close proximity to the channel, the carriers can be magnetically spin- 

flipped. Taking into account the effect of the Rashba term and having an applied fixed 

gate voltage, the spin flipping can either be amplified or decreased. This makes it 

possible to effectively reduce or increase the amount of the drain current. In this scheme, 

by using fixed gate voltage, the value of the magnetic storage can be read through the 

drain current. [4]

This scheme essentially merges the magnetic memory cell and the read out circuitry 

together, which might create an opportunity to reduce the size o f these memories. The 

proposed device is illustrated in Fig 2.2.

Large band-gap
semiconductor S c h o ttk v

Fig 2.2: Magnetic cell readout device. [9]
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The structure, as already mentioned, is based on the Datta & Das proposal [1], with 

distinction that in this structure the functionality is not dependent on the spin orbit 

interaction and effect of the Rashba term, but on the spin interaction through the effect of 

the magnetic cell.

Many researchers have worked on new materials to replace the ferromagnetic 

source/drain and the Schottky gate. Presently, investigations are being undertaken to 

explore the magnetic and spin transport properties of a variety of thin-film systems, 

including Fe (Ni)/GaAs and Fe (Ni)/Ru/GaAs, etc.

2.2 Overview of the Progress of Spin-FET.

In 2003, Kritzer & Min stated that, there is a special benefit in spintronics: while the 

charge is constant, the spin can be manipulated. In a magnetic field, the states (spin-up) 

and (spin-down) can be distinguished. Materials that are composed of elements of the II 

and VI groups o f the periodic table of elements play an important part, because 

paramagnetic manganese (Mn ) can be implanted very easily, without contaminating the 

material. Consequently one can change the magnetization and the electrical conductivity 

independently. These manganese-containing materials are called semi-magnetic (or 

diluted magnetic) semiconductors. This term is applied to alloys in which one component 

is an ordinary semiconducting compound, and the second is a magnetic semiconductor.

Kritzer & Min stated four different material categories that can replace ferromagnetic 

contacts in spin-FET and have good spin transporting properties. Those four categories 

are stated below. [6 ]

1. Half metallic systems

2. Molecular magnets

3. Diluted magnetic semiconductors (DMS).

4. Half-metallic antiferromagnets (HM-AFM)
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Spin transport properties were investigated by employing a number o f experimental 

studies. Some of the HM-AFMs Prof. Min worked with were La^VRuC>6 a ,Sr, Ba), 

LaVCV/lRuOa [001] superlattice, Mn [CrV] S4.

Now, many researchers are working on synthesis o f materials using sol-gel processes.

Ray & Hing derived ferroelectric materials for infrared sensors. They developed iron 

modified barium titanate using the sol-gel technique and investigated its structural and 

dielectric properties to establish its suitability for pyroelectric sensor applications. Fine 

powders of iron modified barium titanate were prepared by the sol-gel process using 

barium acetate, iron isopropoxide and titanium butoxide. X-ray structural analysis of 

barium titanate with a different proportion of iron ion suggested the formation of single

phase compounds having tetragonal structure. The compounds were produced at a 

relatively low temperature, around 750°C, for 4 hours. The particle size o f the powders 

was found to be in the nanometer range. The sintering temperature of 1250°C for the 

above calcined powder was considerably lower than that for powders made by the 

conventional methods. The ferroelectric to paraelectric phase transition of iron modified 

barium titanate ceramics was confirmed using dielectric measurements. [7 ]

The value of the dielectric constant for iron modified barium titanate was found to be 

lower than that o f pure barium titanate and the transition temperature shifted downward 

with increasing iron ion concentration. A combination of low dielectric constant and a 

low transition temperature makes iron modified barium titanate materials attractive for 

room temperature pyroelectric sensor applications.

Kogure and Umezawa formed T i0 2 (B) nanocrystallites in a sol-gel derived S i0 2-T i02 

film. T i0 2 (B), one o f the polymorphs of T i0 2 was formed by annealing a sol-gel derived 

S i02-T i02 amorphous film on a silicon wafer at 900°C in air. Transmission electron 

microscopy (TEM) revealed that nanocrystallites with a size o f 5-10 nanometers were 

dispersed in the amorphous S i0 2 matrix in the film. The X-ray diffraction patterns and
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lattice fringe spacing in high-resolution TEM images corresponding to those of Ti02  (B) 

nanocrystallites are probably stable, due to the presence o f surrounding SiC>2 in the film 

at 900°C, because previous works reported that this phase should be converted to anatase 

at temperatures higher than 550-700°C. [8]

Dutta & Choudhury studied synthesis and characterization o f iron modified PLZT 

ferroelectrics. Iron modified nanocrystalline PLZT materials were synthesized by a high 

temperature solid-state reaction technique. X-ray studies of the compounds confirmed the 

formation o f single-phase, ultrafine (nano-sized) and homogeneous materials. 

Microstructural scanning electron microscopy study showed the uniform distribution of 

smaller grains on the surface of the samples. Detailed dielectric studies o f the compounds 

as a function of temperature (30-450°C) showed that the broadening of the permittivity 

peak and transition temperature depends on iron ion concentration. Analysis of 

diffuseness o f the broadened dielectric peaks of the materials gave a value between 1 and 

2, indicating the different degrees o f substitutional disorder in the system. The increase in 

iron substitution at the La-site o f PLZT showed many interesting and unusual dielectric 

relaxor behaviors o f the compounds. The transition temperature Tc o f PLZT ferroelectric 

shifts towards a higher temperature region on increasing iron concentration. The variation 

of D.C. and A.C. electrical conductivity of the material with temperature showed its 

semiconducting behavior, and hence the material has the potential for use in some 

electronic devices. [9]

2.3 Unique Properties

Maier et al o f the University of Miami investigated ferroelectricity and ferrimagnetism in 

iron-doped barium titanate. The structural and physical properties o f pseudocubic thin 

film of iron-doped barium titanate grown by pulsed-laser deposition were investigated. 

This material was of interest because the corresponding bulk compounds have hexagonal 

structure. [10]
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Ormancey & Jullien studied the electric and optic properties o f iron doped barium 

titanate. Electric and optic properties of iron doped barium titanate are very important to 

understand electro-optic effects in these materials. From the obtained results it seemed to 

be an electronic conduction due to injected electrons from the electrodes, and coloration 

appeared under voltage. The energy levels in different parts o f the crystal were studied in 

order to explain the electric properties. [11]

Dielectric relaxation in iron doped barium titanate and niobium doped barium titanate 

single crystals were studied by Godeffoy and Perrot. They reported several dielectric 

relaxation measurements in iron and niobium doped barium titanate grown either in KF 

flux (Remeika method) or in TiC>2 flux (pulling method). The mean field approximation 

was not found to be valid: the dipoles exhibited a collective effect, perhaps as in glass, 

but complicated by various compensation mechanisms. [12]

Dielectric measurements reveal relaxation phenomena in doped ferroelectrics and they 

may be explained by jumps of the dipole associated with the doping ion. The electrical 

properties of Fe203 doped barium titanate ceramics were found to be remarkably 

dependent on the sintering temperature. Heydrich studied interactions between firing 

temperature and grain growth, temperature dependence of permittivity, dielectric loss, 

ferroelectric hysteresis, Curie temperature and field dependence of permittivity at 

Siemens Research Laboratories, Munich, Germany. [13]

Barium titanate ceramics have been used as dielectric material for capacitors since about 

1950, being well suited for that application because o f high permittivity. The dielectric 

loss of such ceramics is, however, relatively high and their permittivity is dependent on 

temperature and applied frequency. For some years it has been known that the properties 

of these ceramics can be adapted to special applications by adding certain oxides. 

Thormann and Heydrich reported a barium titanate ceramic with high permittivity
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exhibiting no ferroelectric hysteresis. To study such a temperature-independent low-loss 

dielectric material, the system barium titanate with Fe20 3 was investigated in detail. 

Therefore a sintering study with various firing temperatures and amounts of iron content 

was prepared by conventional ceramic methods. [13]

Free & Walker studied dielectric properties of titania ceramics at microwave frequencies 

at Oxford University Engineering Laboratory. The determination o f the permittivity (K) 

and tangent loss o f the ceramics titania and magnesium titanate by Hoi mode and ‘ghost’ 

techniques was outlined. The results were presented for the frequency range 3 to 35 GHz 

at room temperature. It was noted that K varies by 5% in both materials. Tangent loss 

rose significantly but remained at a relatively low value as the frequency was raised from 

3 to 35 Gc/s. Experiments were described in which 1.8 cm wavelength cavities loaded 

with single glazed titania disks had been successfully operated at electric field strengths 

up to 10 MV m 1 with 20 KeV axial electron beams. Ceramics are often used in 

microwave circuit elements, vacuum and tube structure. For any of these applications the 

relative permittivity K and the loss tangent must be known. Further, for uses in high 

power devices the stability of possible ceramics has to be carefully assessed. [14]

Sol-gel synthesis is widely used for making transition metal oxide solids with fine-scaled 

microstructures. Wang et al studied inhibition o f crystalline growth in the sol-gel 

synthesis of nanocrystalline metal oxides. Crystal growth upon firing of hydrous 

transition metal oxide gels can be effectively inhibited by replacing the surface hydroxyl 

group before firing with another functional group that does not condense and that can 

produce small secondary-phase particles which restrict the advance o f grain boundaries at 

elevated temperatures. Accordingly, fully crystallized Sn02, T i02; and Z r0 2 with mean 

crystallite sizes of 2 0 , 50 and 15 angstroms, respectively, were synthesized by replacing 

the hydroxyl group with methyl siloxyl before firing at 500 0 C. An ultrasensitive Sn02. 

based chemical sensor resulting from the microstructural miniaturization was 

demonstrated. [15]
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Won & No studied effects of different sol-gel variables on texture growth. Lithium 

niobate is one o f the leading materials for electro optic and surface-acoustics devices 

because o f its excellent electroptic and piezoelectric properties. Present applications of 

this material are in optical waveguides, light modulators and surface acoustic wave 

devices (SAW). For optical wave guide and SAW device applications lithium niobate 

single crystals have usually been used as substrates, but it is difficult to control the 

lithium concentration in the single crystal growth process. This is because there is a solid 

solution range near the stoichiometric lithium niobate composition and the congruent 

melt composition is not the stoichiometric composition. The properties o f lithium 

niobate, such as Curie temperature, refractive index and SAW velocity, are sensitive to 

the lithium concentration. [16]

Highly oriented lithium niobate thin films were fabricated using sol-gel spin coating 

method. The effects of sol-gel processing variables, such as reflux time, crystallization 

temperature and substrate, on the development of texture on the thin film were 

investigated. A thin film made from the solution refluxed for 5 hours and deposited on a 

sapphire (0 1 2 ) substrate showed highly oriented growth at crystallization temperature of 

500° C. The film had homogeneous and pore free microstructure. The film made from the 

solution refluxed for 1 hour showed only preferred orientation and porous microstructure 

under the same processing conditions. The thin films deposited on MgO (100) substrates 

were polycrystalline. The crystallization temperature and the thin film thickness 

significantly affected the crystallinity and the orientation o f the films. [18]

Chou & Wang prepared the SnC>2 gate pH-ISFET (ion sensitive field effect transistors) by 

sol-gel technology. The sol-gel prepared SnC>2 films were first applied for pH sensing. 

SnCl2-2H2 0  was used as the precursor. The resulting solution was dropped on the gate 

pH-ISFET. After baking, thin films were converted to Sn0 2 . A thermal evaporation 

system was used to prepare the Sn02 gate MOSFET. The Keithley 236 instrument was 

used to measure the IDs-VG (current-voltage) curves of the S n0 2 gate MOSFET and pH-
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ISFET for the different pH buffer solutions. Since MOSFET and pH-ISFET are fabricated 

on the same silicon wafer, the properties of these devices are identical. Therefore, 

experimental results and the theoretical model of the pH-ISFET can be used to find the 

pH sensitivity and pHpzc (pH at the point of zero change) of the sol-gel prepared SnC>2 

gate pH-ISFET, which were about 57.36 mV/pH and 11.3 respectively. [17]

Choldini et al investigated properties of erbium doped nanostructured tin-silicate-glass- 

ceramic composite. Er-doped tin-silicate-glass-ceramic composites were synthesized 

from Si, Er and Sn molecular precursors by following a sol-gel method. Optical 

spectroscopy showed that the resulting material is composed of an amorphous silica 

network that encloses submicrometric Sn0 2  crystalline clusters. Analysis o f the 

luminescence properties shows that Er ions are, at least partially, trapped in the 

crystalline phase. Raman spectra showed that nanostructured tin-silicate composites act 

as low phonon energy hosts for rare earth ions and are thus suitable for photonic 

applications. [18]

Miller & Lakshmi did spectroscopic characterization of sol-gel derived mixed oxides. 

Mixed oxides such as alumina-silica, alumina-titania, titania-silica, zirconia-titania, etc, 

have been studied by the various investigators as they found extensive application as 

advanced materials. These materials were found to exhibit high thermal stability, surface 

acidity, porosity, surface area and catalytic activity. Different techniques such as 

mechanical mixing of the component oxides, coprecipitation o f alkoxide precursors, sol- 

gel synthesis, etc, were used for preparation of mixed oxide. Sol-gel processes are 

promising for synthesizing catalytic materials with a homogeneous distribution of 

components. [19]

Alumina, titania, silica and zirconia based mixed oxide supports were synthesized by sol- 

gel processes using 2, 4-pentanedione as a complexing/templating agent. These materials 

have been investigated by employing nitrogen absorption, 27Al, 29Si, and 'H solid state
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magic angle spinning nuclear magnetic resonance (MASNMR), diffuse reflectance 

Fourier transform infrared spectroscopy (DRIFTS) and Fourier transform laser Raman 

spectroscopy (FT-Raman). Nitrogen absorption isotherms of the mixed oxides alumina 

silica and titania-silica were of type IV, with hysteresis loops o f type I, indicating well- 

defined pore structure, while other mixed oxides exhibited type II hysteresis loops, 

indicating pores o f undefined nature. [19] DRIFTS spectra o f these mixed oxides, where 

vibrations corresponding to Si-O-M bonds were observed, are in conformity with 29Si CP 

MAS results. FT Raman studies indicated the amorphous nature of the oxides, except in 

the case of the Ti0 2 -Si0 2  samples, where the peaks corresponding to titania 

microcrystallites were noticed.

Meng et al derived pyroelectric Bao.gSro^TiOj thin films from a 0.05 M solution 

precursor by sol-gel processing. Tetragonal Bao.8Sro.2Ti03  thin films with large columnar 

grains, 100-200 nm in diameter, have been prepared on Pt/Ti/Si02/Si substrates using a 

0.05 M solution precursor by sol-gel processing. The ferroelectric phase transition in the 

prepared Bao.gSro^TiC^ thin films is broadened and suppressed to 40° C with a maximum 

dielectric constant sr (100 KHz) of 680. The observed low dissipation factor, tan 8 = 

2.6%, and high pyroelectric coefficient, p = 4.586 X 1 0 4 C/m 2 K at 33° C, rendered the 

Bao.8Sro.2Ti03  thin films promising for uncooled infrared detector and thermal imaging 

applications. [20]

Meng at al derived pyroelectric barium strontium titanate thin films for infrared detector 

applications by sol-gel techniques. Quality pyroelectric Bao.8Sro.2Ti03  films have been 

successfully fabricated by a sol-gel processing using a highly diluted precursor solution. 

The remnant polarization o f the films decreases with the temperature increasing, which 

results in a large pyroelectric coefficient at room temperature. Infrared response 

measured using a 500-K chopped black body at room temperature exhibits a typical 

pyroelectric response waveform. Frequency dependence o f the infrared response 

measurement for a pixel with area o f 2.5 X 10 3 c m 2 showed that the maximum response
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output voltage of 3.2 mV was obtained at 6 Hz. Better infrared responses can be expected 

by improvement in thermal isolation of the pixels and electrode material. [2 0 ]

2.4 Applications

Xu & Wang studied humidity sensors based on a composite material o f nano barium 

titanate and polymer RMX. The composite material made o f nanocrystal barium titanate 

and polymer material quaternary acrylic resin (RMX) can be used to make humidity 

sensors. The infrared (IR) and X-ray photoelectron spectroscope (XPS) spectra of the 

material were analyzed and compared with those of nanocrystal barium titanate. An 

equivalent circuit was given by analyzing the complex impedance plots of the composite 

material sensor. The electrical properties of the sensor were investigated, including 

resistance versus relative humidity hysteresis, response-recover time and long-term 

stability. The results indicated that the humidity sensing properties of the composite 

materials are better than those of nanocrystal barium titanate. [2 1 ]

Baskaran et al studied chemical sensors based on the dielectric response o f functionalized 

mesoporous silica films. Dielectric responses of mesoporous silica films were monitored 

as a function o f several gas phase chemical species. The effects o f humidity, ammonia 

and methane on dielectric constant and dissipation factor o f films subjected to different 

chemical treatments were described. Dielectric constant and dissipation factor of 

partially dehydroxylated films were found to be highly sensitive to both water vapor and 

ammonia in air. The capacitive devices based on mesoporous silica films showed 

potential for use in chemical sensors. Since the discovery of molecularly templated 

processing for producing silica materials with ordered meso scale porosity, a number of 

ceramic materials containing surfactant-templated porosity have been considered for 

applications in chemical sensors. Surfactant-derived “mesoporous” silica materials have 

been evaluated in piezoelectric and optical sensor devices. [2 2 ]
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Yoon and Kim studied growth of highly textured lithium niobate thin film on Si with 

MgO buffer layer produced through the sol-gel process. Highly textured ferroelectric 

lithium niobate thin films have been grown on MgO-buffered Si (100)/ (111) through the 

sol-gel process under optimum conditions. These films show a high degree of C-axis 

orientation regardless of the orientation of Si substrates. Structural properties of the films 

were strongly influenced by the thickness of the MgO buffer layer probably due to the 

strains induced by the lattice and the thermal mismatch. The optimum thickness of the 

MgO buffer layer was found to be about 50 nm for the growth of a highly textured 

lithium niobate film. An epitaxial-like growth was observed by x-ray pole figure analysis 

for the film on MgO/Si (111) obtained under a rapid thermal process above 900 0 C. The 

surface morphology investigated by atomic force microscopy showed a growth behavior 

o f crystalline grains as the thermal process was varied. [23]

Recent advances in thin film processing techniques have stimulated extensive research on 

ferroelectric oxide thin films because of their potential applications in various fields. 

Lithium niobate is one of the important ferroelectric materials, since it possesses a wide 

variety of electrical, optical and acoustic properties. In many applications, it is desirable 

to grow the ferroelectric thin films epitaxially on foreign substrates in order to form 

hybrid-type devices. In recent years, there have been numerous attempts at depositing 

high-quality lithium niobate thin films by various techniques, such as epitaxial growth 

from melt, molecular beam epitaxy, RF sputtering, chemical vapor deposition, sol-gel 

process, and pulsed laser deposition. Because of its chemical properties and the crystal 

structure; it was used in the majority o f these works for the growth of epitaxial thin films.

Das et al did synthesis o f nanocrystalline nickel oxide by controlled oxidation of nickel 

nanoparticles and studied their humidity sensing properties. The sol-gel route prepared 

nickel-silica nanocomposites. By subjecting these to an oxidation treatment in the 

temperature range 723-1023 K, nickel oxide films of estimated thicknesses in the range 

0.5-1.5 nm were grown on nickel nanoparticles. DC electrical resistivity was measured in
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the temperature range 300-570 K. The data indicate that an amorphous phase in the 

interfacial region o f the oxide-coated nickel nanoparticles determines the electrical 

conduction. A small polaron hopping conduction was found to be operative. The 

humidity sensing properties o f these nanocomposites were measured at 300 K in the 

relative humidity (RH) range of 3% to 87%. Electrical conductance in all specimens 

showed an increase of about three orders of magnitude as the RH was raised. Specimens 

subjected to higher oxidation treatment showed a higher conductance for a specific value 

of RH. This was previously ascribed to the presence o f a larger number o f N i 3+ ions in 

such specimens. [24]

Nanocrystalline materials have been the subjects of intense research in recent years. The 

interest has arisen because of their unusual properties and also new physical phenomena 

generated by these systems. A number o f techniques -  both physical and chemical have 

been developed for preparing these materials. The principal technique used was to subject 

a glass or a gel containing the metallic ion to a reduction treatment in hydrogen. It was 

found that DC resistivity changed when the material was subjected to different 

humidities. Free electron behavior of carriers in antimony doped tin (IV) oxide was 

studied by Cox et al using electron microscopy. Conduction electrons introduced by 

doping 3% antimony into tin (IV) oxide have been shown by photoelectron spectroscopy 

to occupy a band whose density o f states profile approximates well to that predicted by 

free-electron theory. The surface plasmon excitation associated with the carriers gives 

rise to a feature o f 0.55 eV in high-resolution electron energy loss spectra. [25]

2.5 Current & Future Developments

Tin (IV) oxide heavily doped with antimony is a material with high electrical 

conductivity and good optical transparency in the visible region. The electrical transport 

properties suggest that the carriers introduced by doping are not trapped by the antimony 

ions, but occupy the conduction band, which is empty with undoped tin oxide. Ultraviolet
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photoelectron spectroscopy (UPS) provides a means of directly probing the density of 

occupied states in both valence and conduction bands. However, the detection of carriers 

with concentrations of the order o f 10 20 cm “3 typical, for highly doped tin oxide imposes 

some strain on instrumental sensitivity o f photoemission techniques.

Prasad et al studied the electrical properties of LaBisFe2Ti3 0 i8. The compound, 

LaBi5Fe2Ti3 0 i8, is a five-layered material belonging to the family o f bismuth layered 

structure ferroelectromagnetics. D.C. and A.C. conductivity measurements were 

performed on the samples. Dielectric measurements were also performed on these 

samples. Combined impedance and modulus plots were used as tools to analyze the 

sample behavior as a function of frequency. Cole-Cole plots showed non-Debye 

relaxation. [26]

The plot (Fig.2.3) given below illustrates the variance of dielectric constant with 

increasing temperature. The ferroelectric phase transitions of these materials are reported 

as displacive phase transitions. The phase transition temperature o f BFT was reported to 

be 805°C. However, the ferroelectric transition temperature o f the present compound is 

considerably lower than that o f BFT compound and is 550°C. The dielectric constant vs. 

temperature graph shows broad maxima, which is the characteristic feature of diffuse 

phase transition.



23

Temperature (K)

Fig 2.4: Variation o f dielectric constant with temperature. [26]

Huang and Tsai studied the effect of sintering temperature on CaO: Li0 2 : Sni203 : TiC>2 

microwave dielectric ceramics. [32] The effects of sintering temperature on the 

microwave dielectric properties and the microstructure of CaOLi02- Sm20 3 - T i0 2 

ceramics were investigated. CaO: L i02: Sm20 3: T i0 2, with the composition CaO: L i02: 

Sm2 0 3: Ti02  =  16: 9: 12: 63, was previously proposed as an excellent microwave 

dielectric material. Although the proposed composition was reported to consist of the 

perovskite phase, with residual Ti0 2  as the second phase, the X-ray reflection lines of 

Ti0 2  were not detected in our specimens. The structure o f our specimen was that o f an 

orthorhombic perovskite throughout the entire range of sintering temperature (1250°C ~ 

1370°C). The dielectric properties were found to strongly depend on the sintering 

conditions. The dielectric constant and temperature coefficient for the resonant frequency 

were found to decrease as the sintering temperature increased.
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Sintering Temperature (°C)

Fig 2.5: Variation of dielectric constant and density of the material with sintering 
Temperature. [27]
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Chapter Three 

Experimental Procedure

3.1 Outline of the Project

A flow chart o f the project is outlined in Fig 3.1. The experimental work was planned 

according to the flow chart. Sol-gel of titania, iron doped barium titanate, nickel doped 

barium titanate and cobalt doped barium titanate were prepared using different organic 

precursors. Samples were prepared and characterized with an atomic force microscope 

(AFM) and scanning electron microscope (SEM). These sol-gels were heated to 750°C 

with calcium carbonate in a muffle furnace to obtain the powders; this process is called 

‘calcination’. Using these powders qualitative and quantitative analyses were done. This 

analysis was carried out using X-ray fluorescence (XRF) and SEM. Distribution of 

dopent (Fe; Co; Ni) in barium titanate determined using EDAX ESEM.

Pellets were made out of these powders using a hydraulic press. Then the pellets were 

sintered in a furnace where the temperature could be controlled precisely. The porosity of 

the pellet was measured before and after sintering. Then, using a high precision LCR 

meter and a dielectric fixture, electrical properties such as dielectric constant, capacitance 

and tangent loss were measured. These electrical properties were also measured under the 

application of a magnetic field. Electrical properties were measured by changing 

different parameters such as applied frequency and applied voltage.

Mossbauer spectroscopy is underway to determine the ordering of dopents in barium 

titanate, and whether they are ferromagnetic/paramagnetic at room temperature. Phase 

analysis was done using x-ray diffraction (XRD) and the effect o f different phases on 

electrical properties was investigated. Using plasma enhanced chemical vapor deposition 

unit, a prototype spin-FET on GaAs substrate can be built. During synthesis of the 

materials by sol-gel processes, it was observed that the pH o f the solution has a great
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effect on the particle size and distribution of the dopents in barium titanate. Also, it was 

observed that the dielectric constant of the material depends upon the sintering 

temperature o f the pellets and also on the porosity of the pellet.

Fig 3.1: Flow chart showing outline of the project
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3.2 Sol-gel Process

The term sol gel was first coined in the late 1800s. It generally refers to a low- 

temperature method, using chemical precursors that can produce ceramics and glasses 

with better purity and homogeneity than high temperature conventional processes. This 

process has been used to produce a wide range of compositions (mostly oxides) in 

various forms, including powders, fibers, coatings and thin films, monoliths and 

composites, and porous membranes. One of the most attractive features of the sol-gel 

process is its capability to produce compositions not possible with conventional methods. 

Another advantage is that the mixing level of the solution is retained in the final product, 

often on the molecular scale. [19]

The sol-gel process is a versatile solution process for making ceramic and glass 

materials. In general, the sol-gel process involves the transition o f a system from a liquid 

sol (mostly colloidal) into a solid "gel" phase. The sol-gel process allows synthesizing 

ceramic materials o f high purity and homogeneity by means of preparation techniques 

different from the traditional process of fusion of oxides. This process occurs in liquid 

solution of organometallic precursors (TMOS, TEOS, Zr (IV)-Propoxide, Ti (IV)- 

Butoxide, etc.), and, by means of hydrolysis and condensation reactions, leads to the 

formation of a new phase, ‘SOL’. The SOL is made of solid particles of a diameter of 

few hundred o f nm suspended in a liquid phase. Then the particles condense in a new 

phase, ‘GEL’, in which a solid macromolecule is immersed in a liquid phase (solvent).

Three main reactions take place in sol-gel process; they are hydrolysis, water 

condensation and alcohol condensation. These reactions are as follows,

M-O-R + H2O ^M -O H  + R-OH (hydrolysis)

M-OH + HO-M M-O-M + H2O (water condensation)
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M-O-R + HO-M M-O-M + R-OH (alcohol condensation)

3.2.1 Synthesis of Titania Nanoparticles

The organic precursor used for synthesis of titania was titanium butoxide and the reagent 

used was butanol. The first synthesis produced large aggregates of smaller Ti02  

nanoparticles. The aggregate particles were roughly spherical or oval and were estimated 

to measure 800nm in diameter upon SEM visualization. Resolution was not adequate to 

characterize the smaller particles. Using AFM, the particle size was measured to be 

around 100 nanometers. Electron microprobe analysis of atomic ratios described the 

compound as TiOi.6-

Then a different method was adopted; the amount o f chemicals used was changed for the 

synthesis. [19] 7.0 mL Titanium butoxide 97% was mixed with 3.0mL butanol, with 

rapid stirring for 5 minutes. Then 0.5mL distilled water was added, resulting in 

immediate precipitation o f white particles. The molar ratio o f titanium: butanol: water 

was 1:9:3.

A second synthesis was performed in an attempt to make a product with more ‘gel’ 

character. Separately, 2mL titanium butoxide was mixed with 1.33mL butanol and 

0.42mL DI-H2O was mixed with 1.33mL butanol & 1 drop acetic acid. Each solution was 

stirred for 30 minutes. Gelation was immediate in the final mixture, for which the molar 

ratio of titanium: butanol: water was 1:5:4. After this synthesis, AFM was used to 

measure the particle size, which was about 50-70 nanometers.



29

3.2.2 Synthesis of Iron Doped Barium Titanate (BFT) Nanoparticles

The organic precursors used for the synthesis o f BFT were iron isopropoxide, titanium 

isopropoxide and barium acetate. Trial and error was used to obtain a particle size 

between 50-100 nanometers. The first synthesis produced particles o f a few hundred 

nanometers in diameters. The following procedure produced particles about 50 

nanometers in diameter. In the successful experiment, 8.7 mL of iron isopropoxide was 

mixed with 8.7 mL of titanium isopropoxide under constant stirring. Then 3.4 mL of 

barium acetate was added to the solution. That was followed by the addition of 15 mL of 

butanol under constant stirring, which produced more gel-like solution and then the 

addition o f 3.4 mL citric acid and a drop of acetic acid followed to produce a more 

colloidal solution. The final solution was stirred for half an hour. A magnetic stirrer was 

used to stir the solution continuously. By changing the amount o f precursors, the 

percentage of iron in barium titanate could be modified.

3.2.3 Synthesis of Cobalt Doped Barium Titanate (BCT) & Nickel Doped Barium 

Titanate (BNT) Nanoparticles

Cobalt acetate, titanium isopropoxide and barium acetate were used as organic precursors 

to synthesize BCT nanoparticles. Barium acetate and cobalt acetate were in powder 

forms, which were soluble in water. First o f all, the solutions o f these precursors were 

prepared. [2 0 ]

Several methods were adopted to synthesize the nanoparticles but the following method 

produced particles o f a size between 70-100 nanometers. A 7.8 mL volume of titanium 

isopropoxide was mixed with cobalt acetate under constant stirring, followed by the 

addition of 14 mL o f n-butanol. The solution was stirred for about half an hour, and then

3.2 mL of barium acetate was added to the solution. After stirring the solution for 15
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minutes, 3.2 mL o f citric acid and a drop of acetic acid were added to the solution, which 

enhances the rate of reaction. The final solution was more gel like and colloidal.

Nickel acetate, titanium isopropoxide and barium acetate were used as organic precursors 

to synthesize BNT nanoparticles. An aqueous solution of nickel acetate was prepared 

from its powder (97%). The final method that produced particles of 70 nanometers in 

diameter is listed below. A 7.6 mL volume of nickel acetate solution was added to 7.6 

mL titanium isopropoxide under constant stirring. It was followed by the addition of 15 

mL of n-butanol, and then the solution was stirred for about half an hour. Then 3.4 mL of 

barium acetate was added to the solution and it was stirred continuously for 15 minutes. 

The addition 3.2 mL of citric acid and a drop of acetic acid followed. A gel-like solution 

was produced. The concentrations o f dopents (iron, nickel and cobalt) could be changed 

by changing the amount of the organic precursors.

As was mentioned before the sol-gel process takes place in a liquid solution of 

organometallic precursors. Different precursors can be used, other than the precursors 

used here. Titanium isopropoxide can be replaced by titanium butoxide, as just one 

example. The pH o f the final solution was measured after each synthesis. It was observed 

that if the pH o f the solution is between 4 and 5, then the particles produced were of a 

size between 50-100 nanometers. The pH plays an important role in the distribution of 

these particles in barium titanate. The distribution also depends upon the stirring of the 

solution, as is explained in later sections.

3.3 Sample Preparation & Characterization

After the synthesis o f these materials by sol-gel processes, sol-gels were characterized by 

using the atomic force microscope (AFM) and scanning electron microscope (SEM). 

Particle size and shape were determined using these instruments. Sample preparation for 

AFM was different than that for SEM. Sol-gel or a powder cannot be characterized by the
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AFM. The sample should be a solid or liquid solution dried on glass slides, so samples 

were prepared on float silica glass slides. These slides are very good for use at high 

temperature (above 100°C.). A sol-gel or powder can be characterized using SEM [16]. 

As was mentioned before, samples were prepared on a glass slide for characterization 

using AFM. The glass slide used was 2 mm thick and 10 mm in width and length. 

Actually a thin film was prepared on this slide manually. The glass slide was dipped in 

the sol-gel and removed from the solution. As the slide was mostly covered by duct tape 

only a very small portion was exposed, and a very thin film o f the sample was produced 

on the exposed portion o f the slide. After that the sample was dried in the muffle furnace 

at about 100°C. The glass slide was heated very slowly in a muffle furnace to avoid 

burning o f the samples, kept at 100°C for about 15 min, and then cooled down to room 

temperature at very slow rate. These samples were scanned with the use of an atomic 

force microscope. The following section is an introduction to the atomic force 

microscope, its operation and basic operating principle.

3.3.1 Atomic force microscope

Fig 3.2: Atomic force microscope & stage of an AFM. [33]
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a) AFM Theory

In an AFM (Fig. 3.2) a constant force is maintained between the probe and sample while 

the probe is raster scanned across the surface. By monitoring the motion of the probe as it 

is scanned across the surface, a three dimensional image o f the surface is constructed. 

Measuring the force with the “light lever” sensor and using a feedback control electronic 

circuit to control the position o f the Z piezoelectric ceramic maintain the constant force. 

The motion o f the probe over the surface is generated by piezoelectric ceramics that 

move the probe and force the sensor across the surface in the X and Y directions.

The theory and operation o f an atomic force microscope are similar to those of a stylus 

profiler. The primary difference is that in the AFM, the probe forces on the surface are 

much smaller than those in a stylus profiler. Because the forces in an AFM are much 

smaller, smaller probes can be used, and the resolution is much higher than can be 

achieved with a stylus profiler.

X
Y
Z

Fig 3.3: Primary components of light lever atomic force microscope. [33]

Measuring the motion of the cantilever is possible with the "light lever" method. In the 

light lever method, light is reflected from the backside o f the cantilever into a photo

detector. The motion of the cantilever is then directly proportional to the output of the
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photo-detector. Motions as small as 1 nm are routinely measured with the "light lever" 

method in AFM. [33]

Fig 3.4: Light lever sensor o f an AFM. [33]

b) Scanning Modes

There are two modes by which a sample can be scanned using an AFM. One is the 

deflection mode and the other is the vibrating mode.

Deflection Mode: In this mode the cantilever is actually is in contact with the surface of 

the sample (Fig. 3.5). Using the feedback control in the AFM, it is possible to scan a 

sample with a fixed cantilever deflection. Because the deflection o f the cantilever is 

directly proportional to the force on the surface, a constant force is applied to the surface 

during a scan. This scanning mode is often called the "contact" mode. However, because 

the force of the probe on the surface is often less than a nanonewton, the probe is 

minimally touching the surface.

Car



Fig 3.5: Deflection mode (contact mode), tip touches the surface of the samples. [33]

Vibrating Mode: In this mode, the cantilever actually vibrates over the surface of sample 

with certain magnitude and frequency (Fig. 3.6). The cantilever in an AFM can be 

vibrated using a piezoelectric ceramic. When the vibrating cantilever comes close to a 

surface, the amplitude and phase of the vibrating cantilever may change. Changes in the 

vibration amplitude or phase are easily measured and the changes can be related to the 

force on the surface.

This technique has many names, including non-contact mode and intermittent contact 

mode. It is important that the tip not "tap" the surface because the probe may be broken 

or the sample may be damaged. [33 ]

Fig 3.6: Vibrating mode, tip vibrates above the surface o f the samples. [33]

The cantilever was used as the scanning probe in the atomic force microscope. It was 10 

microns in length and 2 microns in width. The radius at the tip was about 10 nanometers.
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c) Governing Parameters

The strongest forces between the probe and surface are mechanical, which are the forces 

that occur when the atoms on the probe physically interact with the atoms on a surface. 

However, other forces between the probe and surface can have an impact on an AFM 

image. These other forces include surface contamination, electrostatic forces, and surface 

material properties.

Surface contamination: In ambient air all surfaces are covered with a very thin layer, < 50 

nm, o f contamination. This contamination can be comprised o f water and hydrocarbons 

and depends on the environment of the microscope. When the AFM probe comes into 

contact with the surface contamination, capillary forces can pull the probe towards the 

surface.

Electrostatic forces: Insulating surfaces can store charges on their surface. These charges 

can interact with charges on the AFM probe or cantilever. Such forces can be so strong 

that they "bend" the cantilever when scanning a surface.

Surface material properties: Heterogeneous surfaces can have regions of different 

hardness and friction. As the probe is scanned across a surface, the interaction of the 

probe with the surface can change when moving from one region to another. Such 

changes in forces can give a "contrast" that is useful for differentiating between materials 

on a heterogeneous surface. [3 3 ]

3.3.2 AFM Images

The following images are AFM scanned images o f Titania (Fig. 3.7), iron doped barium 

titanate (BFT) (Fig. 3.8), nickel doped barium titanate (BNT) (Fig. 3.10) and cobalt 

doped barium titanate (BCT) (Fig. 3.9). The scale is marked on the images. Resolution 

for all these images was 256X and scan rate was 1 Hz / min. These images are planarized 

using the ‘SPM_COCKPIT’ software. A three-dimensional image o f nickel doped barium



titanate is also shown (Fig. 3.11). By varying some of the parameters while scanning, 

can get good images o f the samples.

Fig 3.7: Titania AFM scan image, the particle size was observed to be 50 nm.

Fig 3.8: Iron doped barium titanate AFM scan image, particle size = 50nm.
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Fig 3.9: Cobalt doped barium titanate AFM scanned image, particle size = 70nm.

Fig 3.10: Nickel doped barium titanate AFM image, particle size = 50-60 nm.
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The following is a three-dimensional image of the BNT scanned image, from which the 

height o f the particle and size of the particle can be estimated.

Fig 3.11: Three-dimensional image of nickel doped barium titanate sample.

3.3.3 Image Analysis

The scanned image was analyzed using image analysis software. Using this software the 

image can be planarized, and the particle size can be measured, and a three-dimensional 

image o f the sample can be obtained. As the AFM is a very sensitive instrument, the 

scanned image is affected by noise, vibrations and even by air movements. Hence a lot of 

noise can be seen in the sample image. If there is too much noise in the image, the correct 

features o f the sample cannot be determined. Using an advanced version of the software, 

the noise that appears in the scanned image can be reduced.

Using image-processing software a line can be drawn across the image and a particular 

particle. After drawing a line, it gives a Z-direction profile. For instance, if  the line 

crosses a particle, then in profile there will be a bump in the Z- direction. Markers can be
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placed on either end of the bump and software displays the distance between two 

markers. At the most three lines can be drawn at a time. Hence several particle sizes can 

be measured and the heights of the particles can be measured.

The following image gives us an idea how a scanned image can be analyzed for its 

particle size.

Fig 3.12: Particle size measurement using image analysis software.
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In the above image (Fig 3.12) the line drawn across the image can be identified clearly. 

Below the image the Z direction and markers are shown. Measurements are displayed in 

the upper right hand comer o f the figure.

3.3.4 Characterization using SEM

The samples were characterized with the use of scanning electron microscopy. While 

AFM uses several intermolecular forces to characterize an image, SEM uses scattered 

electrons to characterize the samples.

a) Basic principles & operation of SEM

The SEM uses a beam o f electrons to scan the surface o f a sample to build a three- 

dimensional image of the specimen. The electron gun is housed on the top of the column 

and generates the beam of electrons that rushes towards the sample housed in the 

specimen chamber. Electrons are very small and easily deflected by gas molecules in the 

air. Therefore, to allow the electrons to reach the sample, the column is under a vacuum. 

The vacuum is maintained by two vacuum pumps: a rotary pump and oil diffusion pump 

which is housed inside the SEM and is water-cooled. Thus, the SEM needs a water- 

cooling line (far right), which filters the water before it cools the oil diffusion pump. 

Within the electron gun is the filament, which is the source o f the beam o f electrons. [34 ]

The filament is made of tungsten and is heated to generate a fine beam o f electrons. As 

the filament gets used, it becomes brittle and coated. If the filament is overheated or too 

old, it will break.

Periodically the electron gun of the SEM will needs to be carefully cleaned and have a 

new filament installed before more images can be generated. To extend the life of the 

filament, the amount of current flowing through it is tightly regulated. As the filament 

current increases, there will be a point at which a maximum number of electrons is
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emitted from the filament. This is called filament saturation. Beyond this point, the 

filament current can be increased, but no greater electron flow is generated.

Unlike the ordinary microscope in which light forms an instant "real image" of the 

specimen, the electrons in an SEM don't form a real image. Instead the SEM scans its 

electron beam line by line over the sample. It's much like using a flashlight in a dark 

room to scan the room from side to side. Gradually the image is built on a TV monitor 

(cathode ray tube or CRT for short). The spot size refers to the width o f the electron beam 

that comes from the filament. These electrons will be scanning the surface of the 

specimen. The smaller the spot size, the greater the resolution. The SEM has the ability to 

magnify the sample all the way up to 300,000 times. A conventional type o f SEM uses a 

high vacuum with pressures as low as 10'5 Torr. This means that to get a good image, the 

specimens to be viewed must be electrically conductive, and devoid o f water and solvents 

that could vaporize in the vacuum, causing problems in the column.

b) Principle of SEM Imaging

When the electron beam hits the sample, the interaction o f the beam electrons from the 

filament and the sample atoms generates a variety o f signals. Depending on the sample, 

these can include secondary electrons (electrons from the sample itself), backscattered 

electrons (beam electrons from the filament that bounce off nuclei o f atoms in the 

sample), x-rays, light, heat, and even transmitted electrons (beam electrons that pass 

through the sample). [34]
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Fig 3.13: Principle o f SEM imaging. [34]

3.3.5 SEM Images

The following images are SEM scanned images o f titania (Fig.3.14), iron doped barium 

titanate (Fig. 3.15), and cobalt doped barium titanate (Fig. 3.16) and nickel doped barium 

titanate. Magnification o f the image and size of the particle is indicated on the image 

itself. Mostly the magnification is between 6000 X and 25000 X. The size of the particle 

can be measured using an advanced version of image analysis software.

From the scale indicated in the image, the particle size is o f the order of 150 nanometers 

and the magnification o f the image is about 8000 X. By using higher magnification 

smaller particles (less than 100 nanometers size) can be seen in the image.
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Fig 3.14: Titania SEM image. The particle size was measured to be about 150 nm.

The following image is of iron doped barium titanate (Fig.3.15). The particle size 

measured is about 3 microns. As there are large clusters of particles in the image, at a 

higher magnification, a single particle or single cluster can be seen and then size of a 

single particle can be estimated. The magnification of the image is 10000 X.

Fig 3.15: Iron doped barium titanate SEM image, particle size: 100 nm.



Fig 3.16: Cobalt doped barium titanate SEM image, particle size: lOOnm.

The above image (Fig.3.16) is of cobalt doped barium titanate. As shown in the image the 

particle size is about 1 micron, and the magnification o f the image is o f the order of 

22,000 X. The following image (Fig.3.17) is of nickel doped barium titanate. The scale 

on the image indicates 5 microns. The magnification of the image is about 6000 X.

Fig 3.17: Nickel doped barium titanate SEM image, particle size: 70nm.
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3.4 Qualitative Analysis

The samples made for the target were analyzed for their quality and quantity. Quality 

stands for different elements present in the sample and quantity stands for the actual 

weight percentage or concentration of these elements in the sample. The samples were 

analyzed by using SEM_EDAX (scanning electron microscope with x-rays, Fig.3.18) and 

XRF (x-ray fluorescence, Fig.3.19). The basic principles of the former greatly differ from 

the latter’s. The following figures explain how theses two instruments differ in basic 

principles of operation.

Fig 3.18: Scanning electron microscope
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Fig 3.19: ‘Kevex’ XRF equipment.

When light hits the target, the target produces x-rays by emitting an electron. These

electrons are used by the electron gun of the ESEM to target the sample in the chamber
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and in turn to produce the scanned image of the samples. Alternatively the x-rays 

produced can be used for qualitative and quantitative analysis by the EDX system 

(Fig.3.20). XRD (x-ray diffraction) also works on the same principle. The following 

figure explains the basic principle of XRF (Fig. 3.21). [2]

X-rays bombard the target and X-rays are emitted without emission of an electron. This is 

the basic difference in XRD, SEM_EDX and XRF. In XRF and in SEM_EDX, when an 

X-ray hits a particle of particular element, and the rays are emitted with a particular 

wavelength and this wavelength is used to determine that specific element. Powder is 

used as the sample in SEM analysis, as mentioned before, but for XRF analysis sol-gel 

and powder both can be used as the sample.

Using different advanced software and databases one can identify the phases of particular 

compounds. The following figure (Fig. 3.22) represents the qualitative analysis of titania 

using SEM EDX.
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Fig 3.22: SE M E D A X  spectrum for titania.

In the above spectrum [Fig 3.22] sharp peaks for titanium are observed. Another sharp 

peak on the left is noise, not an elemental peak. This spectrum is used for quantitative 

analysis, which is given in tabular form later in this section.

The following image [Fig 3.23] represents the SEM qualitative analysis of iron doped 

barium titanate, in which sharp peaks for Fe, Ba and titanium were observed. A spectrum 

is actually a plot o f channels (at which emission has occurred) against the energy (KeV) 

indicated on the x-axis o f the spectrum. Using the information from this spectrum and 

quantative analysis, a rough chemical formula for the particular compound can be 

determined. Exact determination of the chemical formula can be done using the 

microprobe technique.
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Fig 3.23: SEM ED AX spectrum for iron doped barium titanate (BFT).

The following two plots [Fig 3.24 & 3.25] represent the elemental analysis o f cobalt 

doped barium titanate and nickel doped barium titanate using the XRF technique. These 

are the plots of the data gathered from the XRF. The data were plotted as intensity against 

the number o f channels. The sharp peaks for barium and titanium were observed. Those 

peaks overlapped each other and had almost the same intensity. Two small peaks for 

nickel were observed in the plot for nickel doped barium titanate (Fig. 3.24). A ‘Kevex’ 

XRF machine was used for this analysis. 10 Kv was the applied voltage and 0.10 ampere 

was the current. Sample analysis was carried using different currents, for example from

0.30 to 0.60 amperes, but no major difference was observed.

Fig. 3.25 represents the XRF spectrum for cobalt doped barium titanate. As it was 

observed in nickel doped barium titanate, peaks of barium and titanium overlap. Peaks 

for cobalt were observed in the spectrum.
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Fig 3.24: XRF plot for nickel doped barium titanate.
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Fig 3.25: Cobalt doped barium titanate (BCT) XRF plot.
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3.5 Quantitative Analysis

As samples were analyzed qualitatively for the elements present, they were also analyzed 

quantitatively for elemental composition. ESM_EDAX and XRF techniques were used to 

determine the quantities of elements in respective the compounds. Those elemental 

quantities are tabulated and presented below for each sample.

Table 3.1: Quantitative analysis of titania.

Element Element % Atomic %

Ti 64.71 37.98

0 35.29 62.02

Table 3.2: Quantitative analysis of nickel doped barium titanate

Element Line Intensity (c/s) Concentration

(%Wt)

Ba La 178.80 39.800

Ti Ka 908.66 58.095

Ni Ka 88.05 2.105

Table 3.2 contains values for the last analysis of the nickel doped barium titanate sample. 

Barium titanate was doped with varying amounts o f nickel but to get the desired 

properties barium titanate was doped with higher amounts of nickel, the adopted sol-gel 

process used was able to dope barium titanate with as much as 2.105 % by wt. nickel and 

as little as 1.02 % by wt.
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The following two tables (Table 3.3 & 3.4) include the analysis results for cobalt doped 

barium titanate and iron doped barium titanate. The sol-gel process was able to dope 

barium titanate with as much as 2.059 % iron and as little as 0.76 % iron. For cobalt 

doped barium titanate, cobalt ranged from 2.09 to 6.169 % by wt.

Table 3.3: Quantitative analysis of cobalt doped barium titanate.

Element Line Intensity (c/s) Concentration 

(% Wt)

Ba La 106.82 17.751

Ti Ka 1584.51 76.080

Co Ka 263.15 6.169

Table 3.4: Quantitative analysis of iron doped barium titanate.

Element Line Intensity (c/s) Concentration 

(% Wt)

Ba La 181.01 30.137

Ti Ka 1415.98 67.804

Fe Ka 72.14 2.059

The amount o f each element is indicated in the last column o f every table in terms of % 

wt. The intensity o f the peaks is given in the third column of each table. These XRF 

results were compared with SE M E D X  results, but there wasn’t any dramatic difference 

in the values observed. Samples were analyzed using SEM at different angles and 

quantitative analysis was carried out. There wasn’t much difference in the measured
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concentrations o f the elements. With these known quantities of elements, a chemical 

formula of each compound can be determined.

3.6 Pellet Making & Sintering

The proposed materials were synthesized using sol-gel processes and powder was made 

out of these sol-gel samples by the calcination process. To measure the electrical 

properties of these materials, they to be in some compact form. A high precision 4284 

LCR meter with its dielectric fixture was used to measure the dielectrical properties such 

as capacitance, tangent loss or dielectric loss, and capacitance value, the dielectric 

constant. [2] To make the sample suitable for measurement, pellets of the powdered 

materials were made using a compression press. A picture o f the compression press and 

the particular die used is shown in Fig 3.26.

Fig 3.26: Compression press and die

Polyvinyl alcohol was used as a binder. It is advisable to add binder to the powder before 

compaction in order to get good compaction density. The powder was placed into the die
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and then a load o f 3.5 tons was applied hydraulically. After maintaining that load for 2 

minutes, it was released. The pellet was slowly removed from the die. The powder was 

weighed before compaction. Then the height of the pellet was calculated knowing the 

dimensions of the die. Also the height was measured using digital vernier calipers.

The heights o f pellets differ with the powder mass. The heights of the pellets for the 

materials are given in the table 3.5, with the respective masses o f the powders. It is 

clearly evident that measured values of dielectric properties change with the height of the 

pellet.

Table 3.5: Heights of the pellets of the materials.

Material Mass of the powder (gm) Height of the pellet (mm)

Ba (Fe) T i0 3 8.9 6.12

Ba (Ni) T i0 3 9.02 7.02

Ba (Co) T i0 3 4.85 3.21

T i0 2 5 4.02

It is normal practice to do sintering after the pellet making, to make sure that pellet will 

not break during the measurements. The pellet before sintering is called a ‘green’ pellet, 

as binder is present in the pellet. Sintering gives added strength to the pellet. Sintering 

was carried out in a muffle furnace, which has good control over temperature. A picture 

of the furnace is shown in Fig 3.27.
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Fig 3.27: Sintering furnace.

This furnace can be used at temperatures in the range 700-1200°C, but it can also be used 

below 700°C. The sintering steps are given below.

1. Loading o f the pellets contained in a crucible, into the furnace at room 

temperature.

2. Heating up to 500°C at a heating rate of 1°C per minute.

3. After 500°C is reached, one either can ramp up to the desired temperature or

continue heating at the same heating rate.

4. Holding pellets at the desired temperature for 2.5 hour.

5. Then cooling to room temperature at a cooling rate of 1°C per minute.

Pellets were sintered at several temperatures, such as 750, 900 and 1000°C. The pellets 

were heated to 500°C at a very slow rate, as the binder bums at about 500°C. To avoid 

cracking of the pellet, this method is useful. If the heating rate is high, the binder will 

bum out, leaving cracks behind in the pellet during slow cooling may break the sample.

A graphical presentation of sintering cycle is given in Fig 3.28.
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Fig 3.28: Representative sintering cycle.

3.7 Dopent Distribution

Barium titanate was doped with iron, nickel and cobalt by a sol-gel process. The quantity 

of dopent was found using SEM ED AX . To determine the distribution o f dopent (Fe, Co, 

Ni) in barium titanate, SEM_EDAX was also used. The sample used for this study was 

made from powdered materials. The x-rays reflected from dopent particles were 

collected. By concentrating on different areas o f the sample, the pattern of the reflected x- 

rays was obtained. By examining these patterns distribution can be determined (whether 

it is even or uneven).

The distribution was found to be even by examining the x-ray pattern. The following 

images present the x-ray pattern and corresponding SEM secondary image. Two patterns 

of each material are given to illustrate the distribution.



Fig 3.29: Cobalt doped barium titanate. Right hand images are the x-ray patterns for

cobalt and the left hand images are the SEM secondary images.
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Fig 3.30: Nickel doped barium titanate. Right hand images are the x-ray patterns for

nickel and the left hand images are the SEM secondary images.
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As observed in the above x-ray patterns, dopents are evenly distributed throughout 

barium titanate. Eight patterns for each sample were collected. The following images 

present the distribution o f iron in barium titanate. The left hand side images are the SEM 

secondary images and those on the right are the x-ray patterns o f dopent particles.

Fig 3.31: Iron doped barium titanate. Right hand images are the x-ray patterns for

iron and the left hand images are the SEM secondary images.
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3.8 Porosity Measurement

Basically porosity is the volume of pores trapped inside the pellet. Porosity was measured 

before and after sintering of the pellet. It was observed that porosity decreases as 

sintering temperature increases. If the porosity of a pellet is high, the dielectric constant 

values will be large, and if  it is low dielectric constant values will be less. Air is trapped 

in the pores and air has high dielectric constant, so dielectric values appear to be higher 

than expected.

There are various methods available to calculate porosity o f the pellet. The simplest 

method was adopted. The pellet was weighed with a digital weighing balance and then it 

was put in beaker containing water. It was soaked in water till the bubbles stopped 

coming out o f the pellet, which indicates that the pores were filled by water by driving 

out air. Then the pellet was removed from the beaker and weighed. Using the following 

formula, porosity was calculated.

Porosity = Wt. o f the pellet after soaking in water -  Wt. o f the pellet before soaking

Wt. of the pellet after soaking in water.

As the pellets were sintered at different temperatures, porosity was calculated for varying 

sintering temperatures and the tabulated results are given below. Similarly porosity was 

calculated after sintering at each temperature. Porosity decreases by a considerable 

amount with increased temperature. Porosity also can be calculated using different media 

instead of water. There can be measurement errors in choosing the time of soaking and in 

observing bubbles; those can be avoided using advanced equipment.

Table 3.6 indicates the porosities of the pellets before and after sintering at different

temperatures.
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Table 3.6: Porosity o f the pellet.

s intering temperature (° C) % Porosity before sintering % Porosity after sintering

750 17.64 12

900 12.56 9

1000 11.23 7.5

These results represent the porosity of the iron doped barium titanate pellet. For cobalt 

doped barium titanate the porosity varies between 15 % and 11 % before sintering and 

between 7.2 % and 9.8 % after sintering. Porosity before sintering was between 10 % & 

14% and after sintering it was 7% and 10 %,for the nickel doped barium titanate pellet. 

[3,5]

Porosity vs Sintering Temperature

Sintering Temperature

Fig 3.32: Relationship between porosity of the pellet and sintering temperature for BFT 

samples.
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3.9 Measurement of Properties

Using the pellets, dielectrical properties such as dielectric constant, capacitance and 

tangent loss (dissipation factor) of these materials were measured. From measured 

capacitance, the dielectric constant was calculated using simple formula.

6 =  T * C / g  * A 

Where,

e  = dielectric constant o f the test material

T = average thickness of the test 
material

C = measured capacitance value (F)

A = area of the electrode (II * d/2 * d/2 ), where d is the diameter o f the electrode (5mm)

£ =8.85 E-12

These properties were measured using a high precision LCR meter and its dielectric 

fixture. Fig 3.33 illustrates the LCR meter and its dielectric fixture.

Silver epoxy paste was applied on the surface of the pellet to provide a conducting layer. 

Electrodes of different diameters can be used to measure the capacitance. Before 

measurement, the electrodes of the dielectric fixture should be parallel to each other. Two 

types of electrodes were used in the measurement; one is an unguarded electrode and the 

other is a guarded electrode. The unguarded electrode is fixed to the fixture and the 

guarded electrode can be changed according to the application. A guarded electrode of

0.5 mm diameter was used in this case.
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Fig 3.33: High precision LCR meter and dielectric fixture.

Open and close correction should be carried out using the proper attachment before 

measurement o f the properties. Different types of corrections, such as area correction and 

capacitance correction, were taken into consideration. Methodology to calculate these 

corrections and their respective values are discussed in the user’s manual of the 

equipment. Dielectric properties were measured under the application o f a magnetic field. 

Two electromagnets were used to apply the magnetic field. The experimental set up is 

shown in the following image (Fig. 3.34). Dielectric properties were measured under the 

application of forward and reverse magnetic fields. The magnitude o f the magnetic fields 

was measured using a gauss meter. Changing the applied electric field across the magnets 

changed the magnitude o f the magnetic field. Electromagnets were cooled by a constant
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flow of water. The dielectric fixture was placed in between two electromagnets with the 

pellet as shown in Fig. 3.34.

Fig 3.34: Experimental set up to measure properties under the application of a magnetic 

field.
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Chapter Four 

Results & Discussion

4.1 Dielectric Constant

The relative permittivity (dielectric constant) sr is the quantity used to evaluate the 

charge-storing capacity o f a dielectric in a capacitor.

£r = £ / So

Where s is permittivity o f the dielectric and so is that of a vacuum. In absolute values, for 

a parallel-plate capacitor, the capacitance C is given by following relation.

C = 0.224 sr A (n-1) / 106 d

Where C = capacitance (pF), A = area of one plate in square inches, d = distance between 

plates in inches, n = number of plates, and sr = dielectric constant. The value of the 

dielectric constant depends on the ability of the dipoles o f the dielectric material to react 

and orient themselves to the applied field. The greater the reaction, the greater the energy 

stored, and hence higher the dielectric constant. The behavior o f the dielectric can be 

explained based on the of following effects:

1. Electronic polarization: This is present in all dielectrics. The field affects the 

position o f outer-shell electrons around atoms. Electronic polarization takes place 

very rapidly.

2. Ionic polarization: Ions of opposite sign move elastically because of the effect of 

the field. This is also rapid and takes place only in ionic solids.

3. Orientation of molecules: When asymmetric (polar) molecules are present, their 

orientation is changed by the field.
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4. Space charge: This is the development of charge at the interface of phases.

Every dielectric mechanism has a characteristic relaxation frequency. So, faster 

mechanisms will contribute to the dielectric constant and dissipation loss at high 

frequency and slower mechanisms will drop out. Electronic polarization is a faster 

mechanism. Hence it occurs at high frequencies. The interfacial mechanism is slower and 

it is the most prevalent mechanism at low frequencies.

During interfacial polarization charge carriers get trapped at interfaces o f heterogeneous 

systems. Due to the accumulation o f the charge at the interfaces, there will be distortion 

in the electric field, which is reflected as high dielectric constant values. Interfacial 

polarization also induces losses to the material. Hence, high dissipation values were 

observed at low frequencies.

Of the foregoing effects, the orientation of molecules contributes most heavily to the 

differences in the dielectric constant. As an example, a greater charge can be built up on 

the plates of a capacitor when a material with a strong dipole is placed between the 

plates. In other words, the material with larger dipoles has a higher dielectric constant. 

Similar reasoning suggests that liquids have a higher dielectric constant than solids, 

because dipole orientation is easier.

The following plot (Fig.4.1) represents the relationship between capacitance and 

frequency and variation o f the dielectric constant of iron modified barium titanate with 

frequency.
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Fig 4.1: Capacitance and frequency relationship at room temperature.

The effect o f frequency on the dielectric constant is different for each material. The 

above plot indicates that, as frequency increases, the dielectric constant decreases. [2] 

The small physical movement encountered with electronic and ionic polarization suggests 

that these changes take place over a broad range of frequencies. This is not the case, for 

the dipole motion of molecules. Dielectric constant decreases with increasing frequency 

because it becomes difficult for the dipoles to shift at high frequencies.

When a ceramic (BaTiCb) is doped with a ferromagnetic material, it replaces titanium 

ion. Ionic radii o f ferromagnetic materials (Fe, Co, Ni) are larger than that of titanium 

ion, so when they replace titanium, the neighboring oxygen atoms come closer to the 

ferromagnetic atom. So, oxygen experiences higher attraction force, and high energy is 

required to overcome this increased attractive force. This is reflected as high dielectric 

values at low frequencies.



68

Dielectric constant vs Frequency
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Fig 4.2: Variation of the dielectric constant with frequency at room temperature.

4.2 Dissipation Factor

The dissipation factor is an expression for frequency dependence o f the dielectric 

constant. It is also defined from the vector diagram of the circuit containing the dielectric 

material, as shown in Fig. 4.3.

I

Fig 4.3: Vector diagram.
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It is also defined as the ratio of imaginary part of the dielectric constant to its real part, or 

as the loss tangent.

tan 5=  82 / 8 i

Fig. 4.4 represents the relation between tangent loss and frequency. It was observed that 

as frequency increases tangent loss decreases. It’s due to the same reason that movement 

of the dipoles is difficult at higher frequencies.

Fig 4.4: Relation between tangent loss and frequency.

High tangent loss and high dielectric constant were observed at microwave frequencies. 

From the defect chemistry o f these compounds, the ferromagnetic dopent replaces the 

titanium position. As these ferromagnetic dopents (Fe, Co, Ni) have a higher ionic radius 

than that o f Ti+4, the unit cell volume increases as the concentration of dopent increases.
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Because of this, there is greater internal stress. Initially high energy is required to 

overcome this stress, and due to this high values were observed in the microwave 

frequency range. [2, 10]

Electrical properties were also measured under the application o f a magnetic field. 

Negligible changes in the values of properties were observed. As barium titanate was 

doped with ferromagnetic materials, there might have been magnetic interference 

between the ferromagnetic properties and the applied magnetic field. But this interference 

was negligible did not cause changes in the property values, as the amount of dopent was 

very low (about 3% - 5%).

The following plot gives the relationship between capacitance and frequency. The values 

were observed constant over the frequency range 1 KHz -  1 MHz.

Frequency vs Capacitance

Frequency (KHz)

Fig 4.5: Capacitance vs. frequency under the application o f a magnetic field.
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The properties were measured under the application of a forward magnetic field and a 

reverse magnetic field. Changing the applied electric current to both the electromagnets 

changed the magnetic field. The high precision LCR meter gives 98 % accurate results. 

The error in the measured values is only about 2 %. The variation of the dielectric 

constant values was observed to be negligible under the application o f a magnetic field.

4.3 Sintering Effect

Sintering is defined as the fusion of particles by diffusion bonding (solid state) or by the 

formation of a small amount of a liquid phase (liquid state).

In any sintering process following changes occur:

1. Chemical changes: The powder surfaces desorb any previously adsorbed gases. 

Organic lubricants bum off.

2. Relief of internal stresses: The particles lose their work-hardened structure from 

compaction, and elastic strains are relieved.

3. Dimensional changes: Shrinkage occurs.

4. Alloying: In non-prealloyed systems, the individual elemental species diffuse to 

form an overall bulk composition.

5. Phase changes: Examples are liquid formation in liquid-state sintering and any 

phase changes predicted by the appropriate phase diagram.

Sintering can be done with different sintering aids, to achieve fast sintering and to control 

different parameters of sintering.

Porosity o f the pellets was measured before and after sintering as mentioned in the 

previous chapter. It was observed that porosity of the pellet decreases as sintering 

temperature increases and, because of this, the dielectric constant decreased as sintering 

temperature increased. [2]
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As sintering temperature increases, pores become more and more round (volume 

decreases) and crystal to crystal contact increases. As pore size decreases air trapped 

inside the pores decreases. The dielectric constant o f air is 1. Ultimately it adds to the 

total value o f dielectric constant of the material. That’s why the dielectric constant of the 

material as a whole decreases. [17]

The following plots [Fig. 4.6 & 4.7] represent the relationship between porosity and 

sintering, and sintering temperature and dielectric constant o f the material.

Fig 4.6: Variation of dielectric constant with frequency.
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Fig 4.7: Effect o f sintering temperature on porosity of the pellet.

4.4 Effect of pH on the Particle Size of Dopents and their Distribution

The pH of a solution is a measure of the molar concentration of hydrogen ions in the 

solution and as such is a measure o f the acidity or basicity o f the solution. The letters pH 

stand for "power o f hydrogen" and the numerical value is defined as the negative base 10 

logarithm of the molar concentration of hydrogen ions.

pH = -log10[H+]

The measurement o f the pH of a sample can be done by measuring the cell potential of 

that sample in reference to a standard hydrogen electrode, as in the accepted procedure 

for measuring standard electrode potential. But here pH was measured using a pH meter. 

The proposed materials were synthesized by a sol-gel process and different 

methodologies were used to get the minimum particle size. After every synthesis pH of



74

the final solution was measured using a pH meter. It was observed that minimum particle 

size was obtained if  the pH of the solution was in the range o f 5 to 6.

All oxides tend to be positively charged at low pH and negatively charged at high pH. 

Obviously, then, there is normally a pH somewhere on the scale where the particles have 

no charge. That is called the isoelectric point or IEP. [19]

Initially the particles had very little charge and showed a rather high apparent particle 

size. As pH has rose, the charge (or zeta potential) became more negative and the size fell 

to its minimum value. When the pH was lowered the charge fell to zero at some value o f 

pH and then became positive. At the same time the size increased to a maximum and then 

fell to the same minimum value as was recorded at the high pH. It is this reproducibility 

at either end o f the pH scale that gives confidence that the final estimate of size 

corresponds to the maximum dispersion. That’s why at low pH o f the solutions, larger 

particle size was observed, and at high pH values, smaller size.

To prevent the aggregation of fine particles into much larger, undesirable units, steps 

must be taken to prevent particles from sticking together (aggregating) due to inter

particle collisions in the liquid medium. Creating an interparticle electrical and/or steric 

energy barrier can accomplish this. For very fine particles, a combination of both 

electrical and steric barriers may be necessary to prevent aggregation. The strength of the 

particle electrical barrier is measured in terms of an electrical potential, termed the “zeta 

potential.

Due to this particle size and its distribution are dependent on the pH of the solution. 

Distribution of the particles is also dependent on the stirring process used while 

synthesizing material. Mechanical and magnetic stirring was employed during synthesis.
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So if  proper pH of the solution is maintained and a suitable stirring procedure is used 

during synthesis, this assures even particle distribution in the parent solution. The 

following plot (Fig. 4.8) represents the relationship between pH of the solution and 

particle size of the material.

Fig 4.8: pH dependent particle size. Particle size falls to its minimum value with 
increase in pH o f the solution.
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CHAPTER FIVE 

Conclusions & Recommendations

5.1 Conclusions

1. Particle size of the material and distribution of ferromagnetic dopents in barium 

titanate is dependent on the pH of the sol-gel. As pH increases particle size 

decreases.

2. The dielectric constant and dissipation factor decreases with increasing frequency 

as the dipole motion is restricted at high frequencies and interfacial polarization 

occurs at low frequencies.

3. The amount of ferromagnetic materials present in the barium titanate was very 

low. Hence negligible change in the values of dielectric constant and dissipation 

factor was observed under the application of a magnetic field.

4. As sintering temperature increased porosity o f the pellets decreased.

5. The dielectric constant value of the material decreased with an increase in 

sintering temperature, as the porosity of the materials decreased with increasing 

sintering temperature.

6. Barium titanate doped with ferromagnetic materials (Fe, Co, Ni) is a good 

replacement for ferromagnetic contacts.

Electrical properties and ferromagnetic properties o f barium titanate doped with 

ferromagnetic materials make it very useful for use in spin-FET as source/drain.

From the microprobe analysis sol-gel synthesized titania showed a cationic vacancy. This 

is very useful in flipping the spin of the electron and in getting the electrons with one 

particular spin at the drain end. Therefore titania is very useful as a gate material in spin- 

FET.
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5.2 Recommendations

1. To lay thin films of the proposed material using a plasma enhanced chemical 

vapor deposition unit (PECVD) on gallium arsenite substrate and measure its 

electrical and ferromagnetic properties. PECVD provides high homogeneity in 

deposited thin films.

2. To build a laboratory type spin-FET, with barium titanate doped with Fe/Co/Ni 

as source/drain and titania as gate material, using PECVD. Measure electric 

current across the source and drain.

3. To use substrates o f different orientations and measure effective current across 

source and drain. Substrates of different orientation may have effects on the 

amount of electric current through the device.

4. To determine the phases o f the material using XRD and determine their effect on 

the properties of the materials. Different phases are stable at different 

temperatures. Each phase has different dielectric properties. So, it is important to 

know the phases present in the compound.
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