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Preface

Recently, Bi based layered structure ferroelectécgived good attention because of
their many applications in electronic devices a#l a® due to environmental concerns with
Pb based materials. The SBTi (S/BiO;5) ceramics have attracted the attention for high
frequency and high-temperature applications dueh#r high Curie temperature (Tc =
540°C). Even the room temperature piezoelectric ptiggeof SBTi samples are interesting
compared to other layered structure ferroelectritsis well known that piezoelectric
coefficients depend on the mechanical propertieisiware related to the mechanical state of
such materials. Moreover, the mechanical behavmyspa crucial role in the delamination,
cracking or fracture, and polarization fatigue dfe t multilayer thin-film structures.
Consequently, the investigation on the mechaniogbpgrties of the bismuth layer-structured
ferroelectric bulk and thin films are of practicahportance in various situations and
particularly for the design of piezoelectric dewic&he importance of such samples has now
increased with their potential for application irEMS devices where they can be used not
only for sensing and actuation but also for endrggvesting even at elevated temperatures.
These applications require a closer study of thehawical properties of the deposited thin
films like the extent to which these material pndigs depend upon the substrate,
crystallographic orientation, grain size, processditions and the deposition procedure.

The potential applications of the dielectric thilmk in microwave devices have
accelerated the research for the development ofmaterials, thin film processing methods
and optimization. The reliable and reproducible sueaments on the dielectric properties of
the bulk and thin films of ferroelectrics at micrave frequencies have become an essential
requirement of these research activities. There caly few studies on the microwave
dielectric properties of their thin films even tlybuit is quite important in terms of
application and from an academic point of view. fEhare reports on low frequency
dielectric properties for layered structure feremdlic thin films but there are no reports on
the microwave dielectric properties, which againpbasize the relevance of the present
study.

Hence a suitable bismuth layered structure ferobdecomposition (SrBili4O1s)
was identified in this study to make both bulk ahth films. Mechanical and microwave

dielectric properties along with other basic chaazations were done for both bulk and thin
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films to see whether same bulk characteristicsgaténg retained in thin film form for this
composition. Most of the previous works are onghawth of poly crystalline SBTi films on
PUTI/SI/SIQ. The growth of these films on a low-cost substratich as fused silica is
important in the microwave application of thesen thims. However, growing crystalline thin
films on amorphous substrates is challenging amplires serious process optimization,
which is an important objective for this study.

This thesis consists of eight chapters and a briefview of each chapter of the thesis

is as follows.

Chapter | : This chapter discusses the electro ceramicsdification of electro ceramic
materials.This chapter also presents the details about thetsiicks of Pb-based materials
and application of layered structure ferroelectnaterials to electronics devices. It also
discusses the importance of the development of Bisntayered structure ferroelectric
materials. The importance of the SfBiyO;5based ferroelectric ceramics is also described. A
detailed review of the work being carried out oasth material systems is given. Based on

these understanding, the major objectives of teegmt study is identified and presented.

Chapter Il : The second chapter describes the preparatiorclaachcterization techniques
used in the study of SBTi ceramics and thin filfibe Retsch make (RS-200-Germany)
planetary ball mill was used for particle size retthn of SBTi ceramics. The parallel
capacitance (C) and the dissipation factor D fbthed bulk samples were measured using an
Agilent 4294A impedance analyzer in the frequeranyge of 100Hz-1MHz in a temperature
range of 50 to 60C with a Lab—Equip temperature control unit. Feleoic properties of
all the bulk samples were measured using P-E I@met made by Marine India Pvt Ltd. We
have used transmission/reflection method to measamplex permittivity in the X-band
using a WR-90 wave guide connected to the PNA nétwanalyzer (Agilent E8361C) at the
frequency range of 8.2 GHz-12.4 GHz. An introductitm the rf magnetron sputtering
technique employed during the preparation of SBin tfilms is also presented in this
chapter. Characterization techniques such as XRDSEM and AFM are used for the
structural, composition analysis and microstrudtuanalysis respectively in this study.
Envelope technique for optical properties and Rastadies for local structural analysis are
discussed in detail. The details on Nanoindentatiechnique and its significance for
mechanical properties are presented in this chaptes chapter also contains the details of

the split post dielectric resonator (SPDR) techaitpr measurement of microwave dielectric
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properties of these films. An Agilent 8722ES veatetwork analyzer was used for this

measurement.

Chapter 111 : This chapter describes the results obtainedndutine optimization of the
processing route of SBTi ceramic samples, realimedmprove its reproducibility. This
chapter contains two main parts. Part 1 deals stitilies on SBTi ceramics. Single phase
SBTi ceramic samples were prepared through corweaitisolid-state reaction technique by
optimizing the calcination and sintering conditiosgstematically. Dielectric constant,
remnant polarization and mechanical propertiese@meed as the sintering temperature
increases up to 118D. With further increase of sintering temperatuidlee properties are
degraded due to the presence of abnormal grain tgramd bismuth loss at high
temperatures. The influence of the Bi-loss and erygacanciescreases the pinning at the
domain wall. The presence of the pinning centeth@tomain walls can cause the decrease
in observed dielectric and ferroelectric properties

We have chosen alternate process routes suchdasing the particle size and
microwave sintering in order to get a finer micrasture and smaller grain size. This part
describes the effect of ball milling of SBTi cerasion different sintering processes and
resulting microstructure as well as on dielectigeroelectric, Raman modes and mechanical
properties The grain size of the sintered body is found torelase for the samples with
longer milling times for both microwave and convenal sintering except for 20 hours of
milling. The microwave sintered samples exhibitedalier grain size than conventional
sintered samples. The observed properties of S&®insics strongly depended on grain size.
The microwave sintering of SBTi ceramics milled éiferent time durations leads to higher
densification and fine microstructure in much séotime than conventional sintering. It is
interesting to note that when the average graie sizninimum (for 15hours milling case),
the density is maximum and the samples exhibitedt lmBelectric, mechanical and
ferroelectric properties for both conventional amidrowave sintered sampleBhe results of
microwave sintered samples are desirable for miect®nics industry such as capacitors

and actuators.

Chapter IV : This chapter explains the effect of Sm-substitutmn SBTi bulk ceramic
samples for their structural, morphological, Ramaodes, dielectric properties at low and
high frequencies, ferroelectric and mechanical erigs. The systematic comparison study

for conventional and microwave sintered sampleSBTi ceramics with various amounts of
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Sm-substitution have been studied and the depeadehtheir densification on sintering
conditions are also studied. There was no obsexvelihnge in structural properties as the
substitution increases up to x=0.75. With the fartincrease of x, structural distortion
changes are observed, and grain size decreasedsarhe samples when subjected to
microwave sintering yielded good densities, finecnostructure and smaller grain size at
lower temperatures with less socking time compapecbnventional sintered samples. With
the substitution of Samarium, the ferroelectricpaemies were degraded compared to pure
SBTi ceramics due to relaxor behavidhe temperature dependent dielectric measurements
exhibited a relaxor behavior in Sm-substituted SBd&iamics. As the frequency increases,
the Curie temperature increases for all Sm-sulsttuSBTi ceramic samples. The
experimental data were fitted with an inhomogenemirso region model which is well-
established and suitable for relaxor materials. Measured standard deviation of the Curie
temperature distribution was in good agreement Vitted values. Microwave dielectric
measurements were carried out in X-band range émges by a waveguide based
calibration comparison technique. From these tgstile Sm-substituted SBTi ceramics can

be seen not only as a good candidate for leadsisz®electric ceramics but also as a relaxor.

Chapter V : The fifth chapter deals with the results of theistral, microstructural, optical
and Raman analysis of SBTi thin films deposited fased silica substrates at room
temperature. Two series of films were depositedaast of this work. They are designated as
() the temperature variation series and (ii) tHdPseries. All these films are post annealed
with either the conventional or the microwave fuma From the XRD analysis, it has seen
that the as deposited films were amorphous in adles. For films annealed at 800or
above, peaks of the orthorhombic structure coulddiected. The microwave annealed films
exhibited good Raman modes and reliable opticapgmees compared to conventional
annealed films, though they are annealed rapidiy Wwrief socking time (~20min). The
investigation on the influence of oxygen mixing gartage (OMP - the ratio between oxygen
and argon gases in the sputter chamber) on theostiacture of the rf sputtered SBTi thin
films revealed that the oxygen pressure could Baanitly alter the surface morphology of
the as grown SBTi thin films. The SBTi thin fiimseadeposited at room temperature by
varying the OMP in steps of 25%. The crystallireesiof the films are found to be varying
with the oxygen partial pressure during the depmsiind annealing processes. The rms
roughness was high for films deposited at 50% ORMBadth microwave and conventional
processes. The SBTi thin films exhibited refraciivéex within the range of 2.0-2.23 with an
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optical band gap value between 3.0-3.5eV. The et index and optical ban gap of the
films deposited at 50% & 75% OMP are higher comgpaoeother OMP percentages. Raman
modes were observed at ~92,129, 154, 270, 489, &b and 865 cthin SBTi thin films.

There were no reports of Raman spectra on amorpblobstrates. The observed Raman
modes in thin films are relatively of same intepsind same frequency compared to bulk
ceramic samples. These results suggest that there change in crystal structure and local
symmetry between bulk and thin film versions ofstaeompositions. As the OMP increases,
the phonon modes are shifted towards higher-freqjusite. The shift in the Raman modes
to the higher-frequency side is an indication @ stiffening of the bonds, i.e. it indicates the
shorter anion-cation distance which will resultvibbration at higher frequencies. Shorter

anion- cation distances also indicate that thesfilme under compressive stress.

Chapter VI : The sixth chapter describes the structural, moqgichl, optical, and Raman
studies of SBTi thin films grown at differeint situ substrate temperatures. Two sets of films
are grown on fused silica substrates, and theyiauamodified SBTi thin films and (ii) Sm-
substituted SBTi thin films deposited at varigassitu substrate temperatures from 600 —
725°C. The X-ray diffractograms of the SBTi thin filndeposited at different substrate
temperatures on amorphous fused silica substregesrgstallized into an obvious pervoskite
phase with a standard orthorhombic structure. Aes shbstrate temperature increases,
orientation of the grains changes from (119) tal@®O0The films were polycrystalline with a
preferred non c-axis orientation at lower substtateperatures, and the c-axis orientation is
found to be increasing with the increase of substiemperature. The degree of crystallinity
of (119) peak decreases as the temperature insrgaserespect to (0010) peak. The films
deposited at 70C exhibited lesser lattice distortion and valueshef lattice parameters are
well matched with standard JCPDS values comparedotteer films. The surface
morphologies of the films are also found to depemdsubstrate temperature during the
growth process. The grain size and surface roughineseased as the substrate temperature
increases from 600-726 irrespective of orientation. This could be thsuteof an increase

in the surface mobility available with increasimgnperatures, thus allowing the film to lower
its total energy by decreasing the grain boundaea aesulting in larger grains. Thus, the
films become more granular with the rise of tempeeg which results in increased surface
roughness. The Raman spectra for these samplescolieeted at room temperature. The
Raman active modes for the films deposited at idiffetemperatures are found to be slightly

different. All films exhibited the modes between&td 160 cr that are originated from the
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vibrations of the ions at the A site of the psepéosvskite blocks. But films deposited at 650
& 700°C show their phonon mode at 270 twhich arises from the torsional bending of
TiOg octahedra, while it was absent for the films dépdsat 600 & 72%C. The possible
reasons were mentioned throughout this chapteetiaild The optical band gap of the films
deposited at 600 and 7Z5shows the highest value compared to the othetéwperatures.
Indications are that the films deposited at ®DGhows higher band gap due to poor
crystallinity and films deposited at 7%5 exhibited the high band gap due to non-
stoichiometry of those films by losing Bi and oxygehich acts as defects. The refractive
index also changes as the substrate temperatussages. The low values of refractive index
for the as deposited films can be attributed to heputtering deposition process that
produces films with porous microstructure and cquosatly, with low packing density at the
ambient temperatures. However, as the annealingagature increases up to 7QQ the
refractive index increases. The relationship behwée packing density and the refractive
index has been discussed in detail by many resela,cand they have found that when the
film achieves the bulk value of refractive indes, packing density will be the highest.

The Sm-substituted SBTi thin films are also dejgasin fused silica substrates by
varying the substrate temperature from 675 —°@50he structural, morphological, optical

and Raman studies of these films are also discuksedghout this chapter.

Chapter VII : This chapter describes the mechanical and microwalectric properties of
the SBTi and Sm-substituted SBTi thin films depeditinder different processing conditions
with variations in (i) annealing, (i) OMP and Jiiin-situ deposition temperature. The
nanoindentation study allows us to estimate thes#ify of nanoindentation method in the
determination of some mechanical characteristicthege thin films. More precisely, the
elastic or Young’'s modulus of film as well as itartiness (H) which is also an important
mechanical parameter and coefficient of frictioe abtained. The load-displacement curve
can be used to extract mechanical properties ofnidierials. The presence of discontinuities
in the load-displacement response reveals infoona#ibout cracking, delamination, and
plasticity in the film and substrate. The hardnelsthe amorphous films is less than that of
the crystalline films. As the annealing temperatmeases the values of the hardness and
Young's modulus also increases. These resultsviollee microstructure of the same films
that are mentioned in Chapter 5. These resultsroorthat the mechanical properties of the
films are improved after annealing due to grainnglo The increase in grain size leads to a

hardening of the material. Scratch test was perarto identify the tribological properties of
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these thin films which supported the hardness aodny’'s modulus values measured. The
microwave dielectric constant and loss tangentsthef films were measured at spot
frequencies of 10 & 20 GHz using SPDR (Split Postl€ztric Resonator) technique.
Microwave dielectric properties have increased ay@FC. With further increase of the
temperature, dielectric properties are decreasedabismuth loss and oxygen vacancies at
higher temperatureén case of OMP varying, films deposited at 50% ObMPibited good
mechanical properties than other values of OMRs dbserved that the microwave dielectric
constant and loss tangent is strongly dependeniygen mixing percentage during
deposition. The dielectric constant varied from%0for 10GHz and 66-80 for 20GHz and
loss tangent varied from 0.0052-0.0081 for 10GHA &24-0.056 for 20 GHz for films
deposited at 50% OMP.

Sm-substituted SBTi thin films were deposited layying the substrate temperature
from 675-756C. The mechanical properties of these films impdovempared to pure SBTi
thin films as the substrate temperature increales.addition of samarium seems to reduce
the effects of Bi-volatization even at higher temgteres, which led to improvement of the
mechanical properties. We have observed the sané in bulk ceramics samples which are
discussed in chapter 4. Though, the orientatiotheffiilms deposited at 780 exhibited the
(0010) direction which is different from the oriation (119) of films deposited at 700
&725°C, the mechanical properties of these films weredecreased as we observed in the
previous section. One possible reason for thisha& the samarium content suppresses
porosity, which led to improve the grains in sizé&haut pores and cracks. Microwave
dielectric properties also increased as the substeanperature increases up to T25With
further increase in temperature, the dielectricstamt is decreasing. Generation of oxygen
vacancies at high temperature must be dominatirgdiblectric properties of these films
even though they are mechanically strong. Finattyssibstituted SBTi thin films deposited
at 725C exhibited good dielectric and mechanical propsrtompared to pure SBTi thin
films. An interesting observation is that the trezxhibited by these films as well as their
bulk counterparts in their mechanical and microwdietectric properties with respect to the
corresponding processing conditions are same. Bdlibw the same trend with only some
deviations whose cause can easily be traced. Tbisssthe inter relation between these two

sets of properties even though in the first loaythre unrelated.

Chapter VIII : The eighth chapter presents the major conclusioasrdfrom the present

study, and it also gives some scope for future workthese systems.
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Chapter 1

INTRODUCTION

1.1 Electroceramics:

The term ‘electroceramic’ is used to describe cé&ramaterials that have been
specially designed for specific electrical, magnetr optical applications. Ceramic
materials are mainly polycrystalline, non-metailiorganic substances typically prepared
by solid-state chemical reaction followed by aesiimg process at elevated temperatures.

The field of electroceramics is application drivand technology oriented. Its
foundations are the material sciences, the sciehceramic processing, chemistry, and
solid-state physics. The tools in the hands of dleetro ceramist include majority of
elements of the periodic table, inorganic chemjssolid state physics, crystallography
and other structural, physical, chemical and dldtrcharacterization tools, as well as
modeling and device engineering [1]. The fieldridyt an inter-disciplinary one in both
its fundamental and application aspects. The @eetamics today constitute about
ninety percent of the value of the total ceramiesafactured. Although we hardly notice
them, they are ubiquitous and touch our daily lie¢svery step. Essential, and often
critical, components in devices ranging from thee gas lighter to the sophisticated
cellular phone make use of these electroceramhus.ifsulating, dielectric, piezoelectric,
magnetic, optical, and lately, superconducting proes of these ceramics have led to
their widespread use in electrical and electrongvicks [2]. These include the
piezoelectric lead zirconate titanate (PZT) elemdntthe gas lighter, telephones and
autofocus cameras, capacitors made of barium téaceramic in televisions, radios and
almost all the electronic equipment, the microwalelectric ceramics used in highly
selective filters for cellular base stations antelite communication systems [3]. Soft
ferrites are used in sensitive radio antennas emtsformers; hard ferrites are used in
many small electric motors as many as such motogsused in some models of
automobiles for functions such as power seats ammt tbcks. In the past decade,
electroceramic materials have not only been inttedunto microelectronic products like
integrated capacitors, but also electroceramic mesbdave already reached the market,
and researchers are at present developing fertoelgansistors (Terabyte memories). In

parallel, the vast areas of electroceramics sersmilsactuators are expanding into the

2



field of microelectro mechanical systems (MEMS).chdi sensors and micro actuators
based on electroceramics are being fabricated, evhrerelectroceramic materials and
micro technologies are combined to form efficiencnm devices for production control,
environment monitoring and biomedical applicatiohg.meet the increasing demand for
the multifunctional materials, complexity of matdsi had to be increased by integrating
different materials. This integration of functioial through materials leads to

miniaturization of devices.

1.2 Classification of electroceramics

The electroceramic materials are widely used in ynapplications. Based on their
applications, these electro ceramics are classaféefllows.

Ceramics insulators:

The basic function of insulators is physical sepamna of conductors and
regulation, mechanical support, heat dissipatioml @mvironmental protection for
conductors. Ceramic insulators include glasses;gt@ins, oxide and nitride materials.
The advantage of ceramics as insulators is theattulity for high temperature operation.
High-k ceramic dielectrics:

High—K dielectric ceramics play a key role in eteaic industry for high voltage
capacitors, used in color TV, computer monitors] sers and so on. The trend in the
miniaturization of electronic devices and compoageist the driving force for high-K
dielectric ceramics.

Piezoelectric ceramics:

Ceramics which generate electric potential on apfibn of pressure across its
surfaces and vice versa are known as piezoelemramics. Piezoelectric ceramics are
extensively used as transformers, piezoelectricatilns, SAW devices, actuators and
sensors. The well known piezoelectric ceramicsBagum titanate (BaTig) and Lead
Zirconate Titanate (PZT).

Ferroelectric ceramics

Ceramics which show hysteresis loss and spontargalasization are known as
ferroelectric ceramics. The spontaneous polarigaginoses due to dipole coupling with
local field and impending ionic displacements. Belectric ceramics have promising
applications as high permittivity capacitors, felertric memories, sensors, electro-

caloric fridges, electro-optical devices and so on.



Magnetic ceramics (Ferrites):

Ceramics that contain iron oxide compounds and diditianal metallic ion are
known as magnetic ceramics. Magnetic ceramics hadseya place in microwave
applications due to its low cost and ability to mirze eddy currents at high frequency
range. Ferrites are semiconductors or insulatord @nat give scope for potential

applications in power electronics and telecommuinoasystems.

Superconductor ceramics:

Ceramics which show zero resistivity are known agesconducting ceramics.
Since the introduction of superconducting ceramig8ednorz and Muller in 1986, the
research on high temperature superconductors hasedyamomentum. The
superconducting ceramics can provide high magnéittdd and high transition
temperature. It provides scope for high potentigpliaations in power systems,

electronics and high magnetic field applications.

1.3 Crystallographic considerations of polar effect in Electroceramics

It is well known that crystals are divided into B@int groups based on symmetry
elements like center of symmetry, axes of rotatimirror planes and combination of
these three. Out of 32 crystal classes, 11 haventercof symmetry and hence cannot
possess polar symmetry or spontaneous polariza®oe. of the remaining 21 crystal
classes which lack a center of symmetry has a syrreéement which prevents polar
characteristics. One or more polar axes are présdhe remaining 20 point groups and
hence these exhibit various polar effects such iagoplectricity, pyroelectricity and
ferroelectricity.

Piezoelectricity is the property of a crystallimaterial to exhibit electric polarity
when brought under a stress, i.e when a compressigss is applied, a charge flows in
the opposite direction. On the other hand, if acteic field is applied, a piezoelectric
crystal will stretch or compress depending on thentation of the field with polarization
in the crystal [4]. All of the 20 crystal classesieh lack center of symmetry are
piezoelectric. However, spontaneous polarizatiomas guaranteed in a material just

because of its piezoelectric response. For exarmplkgme cases as in quartz, which is a



piezoelectric material, the polar directions areaaged in such a way that they self-
compensate and cancel out spontaneous polarizatidnonly exhibit a piezoelectric
response. Out of the 20 piezoelectric crystal elgs$0 possess a unique polar axis i.e the
properties measured along that axis is differashfthe others. As these types of crystals
are spontaneously polarized, they are termed aar pmlystals. The magnitude of
polarization depends up on temperature and heniteiié is a change in temperature it
imposes an electric charge on the faces perpemdituthe polar axis of the crystal. This
is called pyroelectric effect and each of the 1@ssés of the polar crystals are
pyroelectric [5].

All ferroelectric crystals are pyroelectric in ne¢g and have the additional
property than an external field can reverse th@ongneous polarization. Hence,
ferroelectrics are spontaneously polarized matensith reversible polarization. This
reversible polarization response manifests itselh dysteresis loop in the presence of an
external electric field which is similar to the bgesis loop generally observed for

ferromagnetic materials.

1.4 Ferroelectricity:

Sodium Potasium Tartrate Tetrahydrate (NaHf0s.4H,O) was the first solid
which was recognized to exhibit ferroelectric bebavand was observed by Joseph
Valasek [6] in 1923. This crystal was discovered.@anRochelle, France in 1655 by Elie
Seignette who was an apothecary. Joseph Valasekhed#st to establish the analogy
between the magnetic properties of ferromagnetisith the dielectric properties of
Rochelle salt and hence the name ferroelectricsalde demonstrated the hysteretic
nature of the polarization and its marked depengl@mctemperature.

Ferroelectricity has also been called Seignetetetity, as Seignette or Rochelle
Salt (RS) was the first material found to show defectric properties such as a
spontaneous polarization on cooling below the Cpamt, ferroelectric domains and a
ferroelectric hysteresis loop. In 1935 ferroelextyiin Potassium dihydrogen Phosphate
(KH,POy) (KHP) and its sister crystal (KIPO,) (KDP), was observed by Busch and
Scherrer [7]. A huge leap in the research on féemdec materials came in the 1950’s
after Wul and Goldman [8] discovered many anomaldietectric properties in BaTi)
leading to the widespread use of barium titanat@T(B;) based ceramics in capacitor

applications and piezoelectric transducer devi&sTiO; belongs to the family of



materials called perovskite. BaTi@s the prototype of many oxide based ferroelectric
perovskites which are characterized by the chenfiazatula ABG;. Since the discovery
of ferroelectricity in BaTi@ ceramic, many other ferroelectric ceramics inaigdiead
titanate (PbTi@), lead zirconate titanate (PZT), lead lanthanurmoziate titanate (PLZT)
and relaxor ferroelectrics like lead magnesium aiel(PMN) have been developed and
utilized for a variety of applications [9]. The bigst use of ferroelectric ceramics have
been in areas such as dielectric ceramics for dapapplications, ferroelectric thin films
for non-volatile memories, piezoelectric materitds medical ultrasound imaging and
actuators, and electro-optic materials for dataagi® and displays. In the past few
decades, many books and reviews have been writkptaieing the concepts of
ferroelectricity in the materials [10-13].

1.5 General Properties of ferroelectric materials:

Ferroelectric materials are non-centrosymmetrigjeha unique polar axis and
therefore contain electric dipoles that are spadasly polarized, which can be reversed
by application of a field in the opposite directidm these materials, there exists a
particular temperature called the Curie temperalige where the materials undergo a
transformation from a higher crystal symmetric péeatric phase to a lower crystal
symmetric ferroelectric phase. The ferroelectriag#h shows hysteresis in polarization
and is more useful in memory application whereas pharaelectric phase shows no
hysteresis and the polarization changes with tipdiexpfield making it useful in DRAM
application. This nature has been summarized inrdigl.1. Dielectric permittivity
drastically increases in the vicinity of Curie tesngiure and above that it decreases
according to the well-established Curie-Weiss lawgi@en below [14].

€ =g (1+ C/T-Ty) (1.2)
Where C is the Curie constant, i$ the Curie-Weiss temperature,{T,)

In the ferroelectric state i.e below,, Tspontaneous polarization occurs. The
structural transformation from a higher to lowemsgetry causes a change in the cell
volume leading to a strain in the system and héineesystem exhibits domain structure
in order to minimize this strain. Existence of damastructure is a hallmark of
ferroelectric materials. Domains contain uniforndyigned electric dipoles and are
separated by domain walls across which the spootsnpolarization is discontinuous.
The thickness of the domain wall ranges typicatlynf 1-10 lattice parameters across.
The 180 domains are considered to have an abrupt chantie ipolarization direction
and the 90 domain walls are thicker than that of the A8®main walls. The angle
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between the directions of polarization on eithelesof the wall is a characteristic of
domain walls. A schematic of diagram of ferroeliecinaterial at different length scales
is shown in figure 1.1These domain walls are generally formed to redheeenergy of

the system. The grain size, crystal symmetry, magdai of spontaneous polarization,
defect structure, as well as the sample geomethtla method of preparation contribute

to the size and structure of these domains [15].
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Figure 1.1: (a) Permittivity verses temperature @nythe corresponding polarization

characteristics of phase transition.



1.6 Lead-free ferroelectric materials:

A major breakthrough came with the discovery of Rl BaTiQ in the 1950s
[16-17] and the family of these materials exhibitedy high dielectric and piezoelectric
properties. To date, PZT is one of the most widekploited and extensively used
piezoelectric materials, having secured permankxtepin the field of material science
and engineering. They are widely used as sensoraatghtor devices [18-21], in
multilayered capacitors, as hydrophones, etc. aftlestimated market of tens of billions
of dollars worldwide. However, lead oxide, whicheigomponent of PZT, is highly toxic
and its toxicity is further enhanced due to its afitization at high temperatures
particularly during calcination and sintering cangsienvironmental pollution [22].
According to the recent developments, European tUfiJ) is planning to restrict the
use of hazardous substances such as lead as wétlenheavy metals [23, 24]. However,
there is no equivalent substitute for PZT. Therefds use is still continued. This may be
a temporary respite, but the legislation certainfpressed the researchers to develop
alternative lead-free ferroelectric materials inlarto replace lead-based materials [25,
26]. There had been many attempts by researchég ipast to develop alternative lead-
free materials but the properties are nowhere teetre PZT system. Basically, the lead-
free systems are (i) perovskite type, i.e., BNTTiBg (BT), KNbQO;, NaTaQ, etc., (ii)
tungsten-bronze type ferroelectrics (iii) bismuiidred structure ferroelectrics (BLSF).
Perovskite type materials: The perovskite-type (AB$) ferroelectrics such as BaT{O
(BT), (BiosNaps)TiOsz (BNT), KNbO;, NaTaQ, etc. are well-known lead-free
ferroelectric materials. These ceramics show radti large piezoelectric constant.
However, the main drawbacks generally are low Cteraperatures (J, difficulties in
poling treatments and/or low relative densitied[25
Tungsten-bronze type ferroelectrics: The tungsten bronze type ferroelectric crystals
have a structure similar to tetragonal tungstemzed{,WO;3 (x<I). BaNkOs (BaNbOs¢)
was one of the first crystals of the tungsten beoiype structure to show useful
ferroelectric properties. For barium niobate theaBd B sites are occupied by Rbions.
The open nature of the structure as compared tepéhevskite allows a wide range of
cation and anion substitutions without loss of detectricity. The ferroelectric crystals
grown from solid solutions of alkali and alkalinerth niobates have shown great
potential for being used as a material for laserdutetion, pyroelectric detectors,

hydrophones and ultrasonic applications. The highieCpoint (T. = 460°C for barium



niobate) of their compounds makes them suitablehfgh temperature applications. A
problem associated with this type of materialshis farge volume change due to phase
transformation on cooling below the Curie poingding to cracking of the ceramic [27-
28].
Bismuth layered structure ferroelectrics: Bismuth layered structure ferroelectrics
(BLSFs) are materials of interest as they exhibitrdelectricity, pyroelectricity and
piezoelectricity. Lead based ferroelectrics havenbextensively studied, but recent issues
with fatigue, environmental safety, and health @ns have prompted interest in layered
perovskite family. Pb based compounds present nong&dion and hazardous problems
during fabrication. The bulk bismuth layer-typerémiectric compounds are discovered
in 1959 [29-32]. The family of bismuth layered os#dhas the formula
)" (Mem1RmOam+1)* (1.2)

Where

Me = Mono-, di-, or trivalent ions,

R = Tf*, Nb**, Ta* etc.., single or in combination

m = 2,3,4,5 etc.

The structure for m= 3 layered compound system3&J3is shown in figure 2.
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Fig.2. Schematic drawing showing the crystal strreeof BLSF (n = 3).



These compounds have a structure comprised ofc&isgaof m perovskite-like
units of O-R-O chains between ,Bgp layers along the pseudo-tetrahedral c-axis. The
perovskite like units continue only in the planesgendicular to the c-axis. Along c-axis,
the continuous extension of O-R-O chains is infged not only by the presence otBj
layers but also by the translation of the peroeskke units in the planes perpendicular to
the c-axis. Because of the presence of B@ahedrons in perovskite layers, spontaneous
polarization can occur in the planes of these ky€he layered perovskite materials are
attractive because of their good fatigue, retentaond electrical characteristics [36-39].
The ceramics fabricated from the 8 top layer compounds do not have good
piezoelectric properties because of very low pokfiiciency. The bismuth oxide layer
compounds may become important piezoelectric cesmecause of their high stability,
higher operating temperature (because of higramd higher operating frequency. These
ceramic samples are mainly useful for piezoelectgonators, which need to exhibit a
very stable resonance frequency.

BLSF compounds with differentt values form a large group of ferroelectric
materials and the properties of these materialy d®pending upon the number of
perovskite layers that exist between the two bismagide layers along the pseudo
tetragonal c-axis. On the other hand, unbrokennshai O-R-O are present in the plane
perpendicular to the c-axis. The presence of Bithase compounds enhances the
transition temperature and hence most of these congs have high Curie temperatures.
The c-axis is generally found to be the polar aristhese compounds. Hence, the
spontaneous polarization observed along the csuggests that BD, layers also take
part in the co-operative phenomenon responsibleéhroccurrence of ferroelectricity in
the mixed bismuth oxides. It is also observed imegal that the Curie temperature
decreases with increasing the separation betweeBi0, layers, other things being the
same. According to Newnham R.E [40], odd layer coumgls belonging to orthorhombic
space group B2cv show a single first order tramsjtwhere as even layer compounds
with space group A2am show two phase transitions above “@0@part. The lower
transition is generally found to be first order lwiarge thermal hysteresis. The upper
transition in the even layer is considered to lee @urie point and appears as a second

order transition.
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1.7 Literature survey on Bismuth layered structureferroelectrics:

During last 40 years, a tremendous increase innestigation of piezoelectric
and ferroelectric materials has taken place. Tlhssefertilization between research in
piezoelectric/ferroelectric films and semiconduataaterials and technology proved to be
the key for the takeoff of integrated ferroeledri®uring the last 20 years, advances in
this field are made at an ever increasing pace.

Jae-Sun Kim reported [41] the low temperature @ssmg of SBT films by a
modified RF magnetron sputtering process. The fietalsmuth existing in SBT films
had a bad influence on the ferroelectric propedie# is easily evaporated by the second
annealing at 65C. The Sg/Bi,7Tax.Oq films prepared by the second annealing a®650
shows a well-saturated hysteresis loop and remapelarization P of 12uC/cri a
coercive field (E) of 45 kV/cm at an applied voltage of 5V. The lag& current density
of the second annealed SBT films was about 4.8&1@m® at 100kV/cm. The films
showed fatigue-free characteristics up to 2.8%EWwitching cycles under 5V bipolar
pulses.

The effects of concentration and distribution efetts controlled by quenching
and doping of higher valence cations on the feewiet properties of dense Bi4O;,
ceramics are investigated by Yuji Noguchi et.al][48rBisTisO15 single crystals are
grown, and their dielectric and ferroelectric pndigs are investigated along the a(b) axis
and c-axis, separately [43]. The dielectric peiiitt at 1 MHz is 1900 along the a(b)
axis at the Curie temperature of 520This is ten times higher than that along thaxis.
With respect to the ferroelectricity, the saturateshanent polarization is 29uC/¢mnd
the saturated coercive field is 26kV/cm along tlfle) aaxis under an electric field of
59kV/cm, and ferroelectricity is not observed aldimg c-axis.

Kazumi Kato et.al [44] reported that Ba,TisO.5 (CBTI) thin films crystallized
on Pt(111)/TiQ/SiO,/Si(100) substrates showed random orientation, &unuwar
structure, and P-E hysteresis loops. The remarwatipation and coercive field of CBTi
thin films annealed at 680 at 12V are 4.7uC/cirand 111kV/cm respectively. The
dielectric constant and loss factor at 100 kHz33@ and 0.028 respectively.

Masaru Yokosuka [45] synthesized solid solutiorangcs of the BiSrMn,Ca;.
o+y) 114015 system by the conventional ceramic process. Pieaioe properties are

greatly improved as the appropriate amount of Mnigintroduced into the Ca ion-site.
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Electromechanical coupling factog & 0.064, piezoelectric constange 21pC/N for the
composition with x = 0.5 and y =0.1 and mechanguality factor Qm = 3250 for the
composition with x =0.5 and y = 0.05.

Two site substitutions in §fBisxTisxTaO1s Where ST and Ta™" are substituted
for Bi®* and Tf* respectively, is done by Minglei Zhao et.at [48his two site
substituted system showed the largest piezoeleatdefficient, electromechanical
coupling factor and excellent pyroelectric resporm@pared to the single site substituted
Bi-layered structure materials.

A strong low frequency dielectric dispersion asstal with an impedance
relaxation has been found to exist in SNBi,Og ceramics in the temperature range 573-
823K by Harihar et.al [47]. The Z” of the AC complenpedance showed two distinct
slopes in the frequency range 100Hz -1MHz sugggdhie existence of two dispersion
mechanisms.

Ho Jung Chang et.al [48] compared,RiasTisO;2 (BLT, x= 0.67- 0.7)
ferroelectric thin films coated on c-ADy/Si and a-AdO3/Si substrates by sol-gel method
annealed at 650 and 7@for 30min under an air ambient. The BLT film caton c-
Al,O4/Si substrate showed better crystallization andteéal properties and also denser
microstructure with granular grain shapes when cmeqb with the one coated on a-
Al;,0O5/Si substrate (which gave island grain shapes)uh@esame process conditions.

Xue J.M et.al [49] reported the formation and defectric properties of
0.6SrBpNb,Oy — 0.4BiFeQ@ thin films with layered perovskite structure on/3pt
substrate, which are prepared via sol-gel routeeMimeasured at an applied field of
225kV/cm, this system showed remanent polarizat®) of 5.5uC/cm and coercive
field of 65.6kV/cm respectively, together with @kage current density of 5x¥a/cm?
at 125kV/cm. Its dielectric constant and dielectoss factor measured at the frequency
of 1IMHz and at room temperature are ~130 and ~Zjecively.

Won-Jeong Kim et.al [50] prepared B 6TisOs2 thin films by sol-gel spin
coating process. The 2Bnd 2E values at an electric field of 400kV/cm are 38 g/
and 309kV/cm respectively. This 2falue is larger than that of lanthanum-substituted
thin films and comparable with 27alues of the niobium substituted thin films.

Thin films and dense ceramic samples of 1B8% ¢Bi» 1 TaxOg are prepared by
Atsushi Kitamura et.al [51]. The Rietveld analysfgpowder X-ray diffraction and X-ray
photoelectron spectroscopy revealed that praseaatgrions are substituted at the Sr site

as PP with Sr vacancies. The thin film with the thickeesf 280nm showed smaller 2P
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of 15uC/cm than dense ceramics (its, 2P 21uC/cm). On other hand, the 2Eor the
films is about 52kV/cm at fof 185 kV/cm and the 25 5.4pC/crﬁ at g, of 37kV/cm.

S T Zhang [52] reported that the Bi-layered SBIm$ were deposited on (001)
SrTiO; (STO) single-crystal substrates and PtAI80,/Si substrates by PLD. XRD and
HRTEM measurements confirmed that the SBTi is yeallsingle-phase material. The
epitaxial relation of the SBTi film on STO was ddished to be (001) SB1|i(001)STO,
[110]SBTi||[010]STO, by SEAD and XR®-scans. A special kind of atomic shift along
the c-axis and a local slight tilting of Téctahedra, which is intrinsic to Bi-layered
oxides, were observed and discussed. The dielaxiristant of the epitaxial SBTi films
was measured to be 211 + 20 by evanescent microprabe (EMP) at 100KHz. Based
on the existence of single-phase SBTi, electricaperties of polycrystalline SBTi films
with Pt bottom and top electrodes were examineck ifteasured Pand E were 4.1
uClenf and 75 kV/cm respectively. Excellent fatigue-freperty up to 2.2 x £0
switching cycles was experimentally shown. TheatiFlc constant and loss tangent of
the polycrystalline films were 363 and 0.04 at kbiz.

The dielectric and electrical property study togetlvith the microstructure of
SrBi:Nb,Oy modified by substituting Ca for Sr and La for Bidone by Rizwana et.al
[53]. There is a decrease in the lattice paramdiecause of this cationic substitution.
Also reduction in conduction is found with La dogin

Tomer M.S et.al [54] synthesized sBM\Ti30;2 (M= Nd, Sm) for different
compositions by sol-gel process and thin films deposited by spin coating on Pt
substrate. Nd and Sm substituted thin films shofeemelectric polarization >50 uC/ém
and 18uCl/cr respectively, and leakage current densities abditA/tm?. Large
polarization in rare earth substituted,; BsO,, layered perovskites is attributed to the
dipole formation, which tilts TiQoctahedra to BO, interlayer of the unit cell.

Sang Su Kim et.al [55] successfully deposited Lead bismuth layered
perovskite ferroelectric BiGdhsTizO12 (BGT) thin films on Pt(111)/Ti/Si&Si and P-
type Si(100) substrates by sol-gel spin coatingcgse followed by annealing. The
remanent polarization (2Pand coercive field (28 of metal-ferroelectric-metal capacitor
using a BGT film deposited on Pt(111)/Ti/S$ISi by annealing at 76G are 49.6uC/c
and 249kV/cm respectively. The BGT film exhibitsgaod fatigue resistance up to
1.45x16° switching cycles at a frequency of 1MHz.

Rizwana et.al [56] has done the detailed impedahogies on $rNay 4BisTi4015

sample prepared by sol-gel method using Pechintgz® Grain and grain boundary
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effects are separated in the frequency domaineoinipedance spectrum. Analysis of AC
conductivity data on this sample shows that highdcoetion occurs because of hopping
of charge carriers between the trap sites.

Hong Cheng Liu and Biao Wang et.al reported [$id Gadolinium-substituted
bismuth titanate (BixGdTizO,, BGT) thin films fabricated on the
(111)Pt/Ti/SiQ/(100)Si. The appropriate Gd-substitution contentaue was 0.75 to
realize the largest remanent polarization. The Rysieresis loop of the films revealed
the remanent polarization 2Palue was 15.4C/cnf and the coercive field Balue was
54.17 kV/cm.

A.Z. Simoes et.al [58] reportedrentium bismuth titanate (SrHii4O;s) thin
films deposited on (111) PUTi/SHSi substrates by spin coating from the polymeric
precursor metho®BTi films annealed in static air possess a higli@ectric permittivity
and lower leakage current than the films annealedoxygen atmosphere due to
differences in grain size, crystallinity and stured defects. The hysteresis loop for the
films annealed in static air was not saturated ete360 kV/cm, the remnant polarization
(P) was only 5.flC/cmzand the coercive field gewas as high as 80 kV/cm. The leakage
current density at 1.0 V for the film annealed kygen atmosphere is 9.0 x d@/cm?

while for the films annealed in static air is 310%° A/lcm?.

Chia-Erh Liu et.al [59] reported the Bi30:, thin films deposited using rf
sputtering on dip-coated (110) - oriented LiaO; buffer layers. A preferred orientation
(001) of BiTizOs2 thin films are obtained after annealing at a terajpee lower than
650°C. Such a buffer layer exhibiting crystallograpliéatures equivalent to a (110)
perovskite plane was used to favor the preferegtialvth of Bgod.a o.75T13012 layers
alonga axis.

Suhua Fan et.al [60] reported that the predomigpa(itDO)-oriented CgSr
06BiaTi4015 (CosS06BTi) thin films were prepared on Pt(111)/Ti/SISi substrates by a
sol-gel method at annealing temperatures rangom 850 to 85@. The growth mode of
the predominantly (100)-oriented £56BTi thin films fabricated by the sequential layer
annealing was discussed based on the structuratevoivith the annealing temperature.
The remnant polarization and coercive field of @Sy sBTi film annealed at 80C are
16.1uClcnt and 85 kV/cm, respectively. No evident fatigue ¢mnobserved after 10

switching cycles.
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P. Sarah [61] reported that the ¥ldoped SBT ceramics (SBHT) were prepared
by solid state reaction method. The Curie pointéased gradually from 535 for SBT
to 630C for SBHT-0.06. Dielectric constants were foundgtadually increase with an
increasing concentration of holmium, reaching maxiat 4% H&". These samples
maybe suitable for piezoelectric applications ghkr temperatures. In addition, SBHT-x
(x = 0, 0.02, 0.04 and 0.06) ceramics exhibited dg@dectromechanical coupling
coefficients (0.61) and piezoelectric constantsp@MN), which have considerable

potential for use in piezoelectric applicationsigh temperatures.

Sugandha et.al [62] reported that the nanocrystalbp ¢Bi, .Ta,Og has
been successfully synthesized by the mechanicatation process. The synthesized
samples exhibit single phase layered perovskiteictsire. Transmission electron
microscope image and electron diffraction patteregeal that the particle size in the
specimen milled for 20 h reduces to nano rangeth&smilling duration has increased
dielectric constant increases considerably whetbas Curie temperature decreases
slightly. SggBi>2TaxOgs compound prepared by above technique for 20 hingill

exhibited highest dielectric constant (860), ddstesty and lowest dielectric loss.

1.8 Introduction to SBTi (SrBi,Ti,O15) material:

Bismuth layered structure ferroelectric (BLSF) campds of Aurivillius family
are found to be interesting because of their clgstiaphic nature. The structure of these
compounds consists of bismuth oxide layers, indedd with pseudo perovskite blocks of
[Am-1BmOsm+1>” along the crystallographic ¢ axis [63-64]. Thectdrdinated A site can
be occupied by cations such as'.&i*", B&", SF*, Pi¥*, C&" etc. while the octahedra-
coordinated B site can be occupied b§"Wb>*, Ti**, Fé"* etc. The number of octahedra
along the c axis between two neighbouring(B)** layers is indicated bgn. For most of
these compounds, the unit cell is orthorhombic wekhe Curie temperature and
tetragonal otherwise. Polar axis of BLSFs compoulies in the a-b plane in which
octahedra extend continuously. The two-dimensiamalfiguration leads to electrical
anisotropies in single crystals and textured cezanihe value ofnin BLSFs is closely
related to its ferroelectric properties and streetnstabilities. An increase min certain
compound systems led to an increase in the lgtcameters in a-b plane and an increase
in strain energy originating from the size mismabeltween the bismuth oxide layers and

perovskite layers which will make the structure tabke [65]. The reason may be the
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existence of maximum numbernfin BLSFs. Some of the layered ferroelectric matsri

and their properties are listed in table 1.

Compouni | T, (°C) | Piezoelectri Dielectric Reference
Coefficient (pC/N)| constant No.
BisTiNbOg 940 5 100 101
SrBi;Nb,Og 440 10 190 70
BaBisTisO15 | 395 12 150 71
CaBiTisOs5 | 787 14 90 71
SrBisTi4O15 530 20 180 74-75
PbBiTi4O15 570 26 240 102

Table 1: Properties of some layered bismuth tienadterials at room temperature

According to table 1, BTiINbOy would be suitable for very high temperature
piezoelectric applications, however its piezoeleensitivity is quite low. BilizO1, has
also a quite elevated ferroelectric phase tramsitiith higher piezoelectric sensitivity,
but due to elevated electrical conductivity [6@]should be doped in order to be used.
SrBisTi4O15 can have ferroelectricity only up to 580and its piezoelectric sensitivity is
slightly smaller compared to Hii;O:,. However, its room temperature piezoelectric
properties are very interesting as reported by Raoyic [67].

Among bismuth layer structured ferroelectrics, igFB0Oy (SBTa) (n = 2) and
lanthanide doped BTiz01, (BTO) (n = 3) have been extensively studied sq68&8F69].
Recently, much attention has been paid on fourrlggeovskite BLSFs (n = 4) such as
SrBisTi4O15 (SBTi), CaBiTisO15 (CBTi) and BaBiTi4O15 (BBTi) due to their good
ferroelectric and fatigue properties [70-71].

Bismuth-layer-structured ferroelectrics are coesed to be candidate materials
for lead-free ferroelectrics [72]. The higher ord¢mctures such as SiBisO15 (SBTI)
films may have larger remanent polarization, du¢h®increased number of perovskite
units generating ferroelectric properties. SBTijakthas a crystalline structure similar to
BIT, is another typical layer-structured ferroetect(m=4) [73]. It's high Curie
temperature T, = 520C) makes it useful over a wide temperature range7p].
However, the B, of SBTi thin films is lower (6.2 pC/c?n compared to bulk ceramic 13
nClenf) [76-77], and the fatigue endurance property deates with the increase of

switching pulse width.
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SrBisTisOssis a four layered compound of BLSFs. The pseudoysiite block
(SrBizTi4013)2' is sandwiched between @Biz)z+ layers. One Sr ion and two Bi ions
compose the A-site of SBTi blocks. The distancavben the two bismuth ions is along
the a-axis and is half the lattice paramet§f8]. The structure of SrBli;,O;5is shown in
figure 3. The B@ octahedra in SBTi are T The chains of O-Ti-O in the T
octahedra are connected with each other in theeptempendicular to c-axis, but those
along the c-axis are interrupted by the presencéBi;frDz)z+ layers. For SrBiTi4O;5
system, the molecular formula can be written inftren Bi,O3.4 [(Bi4Sr/401/4) TiOg]. It
obviously belongs to the perovskite structure of G3Bype. The properties of these
materials basically depend upon the di@@tahedra. In case of compounds, Ti is at the
centre of these compounds. It is well known that dctahedra in these compounds are

not perfect octahedra but shows a rotation oalitiut c-axis [79].

layer

Pseudo-
perovskite

blocks

a b (Bi,0,)**
layer

@ ApbvBiS..)

® B(Ti,NbTa...)

Fig.3. Schematic drawing showing the crystal stiieeof SrBjTi4O15

The polar axis in these materials is a-axis aedpiblar components are confined
within pseudo blocks along the crystallographic plimes. The number of Biions in

the pseudo perovskite layer is two times as mucthatsof Sf* ions, in addition to its
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much large polarizability. These factors probablgke B ions to have large influence
on the ferroelectricity in this system. From thénpiple of minimum strain energy in
phase transitions, the oxygen octahedra within ¢hestals with Bi-layer structure
consisting of even perovskite layer, such as JiBD;s will exhibit a zig-zag orientation
along the c-axis with mirror symmetry. As the catwith small ionic radius is used to
replace the cation Srat A-site, the angle of zig-zag would become sntiadlt is the ratio
of a polarization axis to non-polarization axis \Wbbe large. This fact has been proved

by the measurements of crystal lattice parame8&s [

1.9 Motivation and objective of present work

Among the bismuth layered structure ferroelectr®&®i,Ti,O15 (SBTI) attracted
much attention due to their potential use in highyperature piezoelectric devices and
ferroelectric random access memories because wfriiatively high Curie temperature
(T¢), lead free composition and excellent fatigue eadce property [81-83]. Above
literature tells that the composition (S¥Bi4O1s5) of bulk ceramic materials is extensively
studied in case of dielectric properties at lowqérency range, ferroelectric and
piezoelectric properties [41, 43, 55, 56, and B8}. industrial use of SBTi ceramics, it is
essential to develop and characterize a tailorextasiructure. Grain size, density and
development of domain structure are extremely sgasbn even small variations in the
processing technigues. The interest on the mechlapioperties of Pb-based ceramics
has increased in recent times compared to elecpiogerties [84-85]. Until recently
very less focus was on the mechanical propertiedapéred structure ferroelectric
ceramics. The investigation on the mechanical gnogs of the bismuth layered-structure
ferroelectric ceramics is of practical importanoevarious situations and particularly for
the design of piezoelectric devices. On the othemdh these ceramic samples faces
problem with bismuth volatization at higher temperas which lead to non-
stoichiometricy in the ceramic samples [86-87]. effiative approach is required to
control the grain growth and Bi-volatization. Thécrowave heating presents a potential
economical sintering process with shortened pracgssme for the materials. This
method is expected to overcome many of the shoitggsrof the conventional sintering
process [88]. Thus, there has been consideraldeesitin microwave heating for the
synthesis and processing of materials. Microwavecgssing has gained worldwide

acceptance as a novel method for heating and isigtarvariety of materials, as it offers
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many advantages in terms of enhanced diffusiongss®s, reduced energy consumption
and processing cost, very rapid heating rates symdfisantly reduced processing times,
decreased sintering temperatures, improved physaad mechanical properties,
simplicity, unique properties, new materials anadocts and lower environmental
hazards, which are not observed in conventionatgeses [89-92]. Another important
observation is that rare-earth ion substitutiomarious bismuth layered structures such as
strontium bismuth titanate (SBTi), bismuth titang®iT), etc. has been studied to
improve its dielectric, ferroelectric, and mechahjgroperties [93-95].

Among published results, fatigue free and goodofdectric properties of SBTi
films have been successfully deposited on platthisebstrates Pt/TiO2/SiO2/Si by
various methods, such as sol-gel techniques (C&8)49, 54], MOCVD [51,57hnd
recently by PLD [52]. PLD is known as a techniqdi€lwice for congruent deposition of
complex materials like SBTi, BLT and BST etc. Howewntil now, PLD suffers from
weak uniformity control on large areas, leadingiritrinsic difficulties to extrapolate
towards industrial applications [96]. Among depiosit methods, sputtering enables to
reach good uniformity over large areas and is thigely used for industrial and large
scale applications. Published results on reactngtaring of complex oxides revealed
that, after optimization of experimental conditiptisin films of complex oxides can be
obtained with a well-controlled stoichiometry [98}9and even improved dielectric
properties, while controlling energy of involvedesges. To our knowledge, few literature
are available on rf sputtering of layered structigneoelectric thin films. This indicates
that obtaining stoichiometric layered structure ¢wehm = 3, 4, 5) thin films using rf
sputtering is a challenging task. In sputteringcpss, the desired film property can be
achieved by carefully controlling the processingrapaeters, which include power
density, working/sputtering gas pressure, sputsrmixture i.e the Ar:Pratio (oxygen
mixing percentage), substrate to target distandedaposition/post deposition annealing
temperature. The exact OMP i.e As:@atio used in sputtering atmosphere during
deposition of oxides is always the subject of dethoptimization in any oxide system.
There is a tradeoff between the ideal level of gee impingement in oxygen containing
plasma and the risk of anion deficiency that caesuocunder low OMP. Another
important observation is that most of the previmasks are on SBTi thin films deposited
on Pt/Ti/SiQ/Si substrates and single crystal substrates ssitlarthanum aluminate, Si
and MgO [99-100]. However, for non-military applias, the high cost of conventional

processed ferroelectric thin films and devices adéniting factor. Alternatively, SBTi
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thin films deposited directly on fused silica swht#s can prove to be cost effective.
There are no reports of SBTi thin films grown dthe®n fused silica substrates. If the
films are grown on fused silica substrates, it gptre possibility for integrating SBTi
with existing Si technology by using thick insutagilayer of SiQ. Hence a study on the
growth of SBTi films on Si@as the substrates and the impact of thermal tesasion
them is an important prelude to develop procedsn@ogies for SBTi thin films with Si
technology. Consequently in this study the effdcthermal treatment on the growth of
SBTi thin films on fused silica substrates and rth@bperties are key objectives. But
obtaining crystalline SBTi thin films on amorphosighstrates pose a great challenge. To
achieve this objective, it is important to studye tinfluence of processing and post
processing conditions on the structural and micucstral features using various tools
like, optical, dielectric and Raman spectra forcassful implementation.

On the other hand, the investigation on the medaamiroperties of the bismuth
layered-structure ferroelectric thin films is ofaptical importance in various situations
and particularly for the design of piezoelectriwides. The importance of thin films have
now increased with their potential for applicationMEMS devices where they can be
used not only for sensing and actuation but alscefeergy harvesting even at elevated
temperatures. The reliable and reproducible measmts of the dielectric properties of
these thin films at microwave frequencies have beran essential requirement of these
research objectives because of the unique insigtitthis data can provide. Microwave
characterization techniques for bulk materialsaaveell developed field but for thin films
it is still challenging. There are few studies ba microwave dielectric properties of thin
films even though it is quite important both innesrof application and academic point of
view. There are reports on low frequency dielecpioperties for layered structure
ferroelectric thin films but there are no repor®at the microwave dielectric properties

which emphasize the relevance of the present thesis

The major objectives of the present thesis work are

1. Synthesize of SrBTi,015 single phase ceramic samples and study their grepe
such as microstructural, dielectic, ferroelectrid anechanical properties.

2. Study the effect of ball milling of SBTi ceramic \pders in order to reduce the
grain size and control the grain growth. Comparigindy was made for

conventional and microwave sintered ceramic samples
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. Preparation of Sm-substituted (rare-earth) SBTameéc samples and to study
their structural and microstructural charactersstidielectic properties at low
frequency and microwave frequency range, Ramantrspexelaxor behavior,

ferroelectric properties and mechanical properties.

. Fabrication of 2” dia ceramic targets of SBTi (SB}O;5) and Sm-substituted

SBTi (SrBk.25Sny 75T14015) suitable for sputter deposition process.

. Preparation of stoichiometric SBTi thin films usirfigsputtering by optimizing the

deposition parameters.

. Study the effect of crystallization of films on arpbous substrates using
conventional and microwave annealing processes.

. Study the effect of deposition/post deposition ating on the structural,

microstructural, optical, mechanical, microwavelelitric properties and Raman
spectra of films.

. Establish the influence of OMP on stoichiometnttod deposited films and their
properties.

. Study the effect of in-situ deposition of SBTi afch-substituted SBTi films and
their properties such as structural, microstru¢tuRaman spectra, Optical,

mechanical and microwave dielectric properties.

21



References:
1. Nava Setter, J.Eur.Cer.So2l, 1279-1293 (2001).

N. SETTER and R. WASER, J.Act.Mater., 48, 151-12@00Q).
Malti Goel, J.Cer.InternationaB0, 1147-1154 (2004).
B.Jaffe, W.R Cook, and H.Jaffe, “Piezoelectric ogirs”, John Wiley and Sons,

New York, USA (1960).

J.C.Burfoot and G.W.Taylor, “Polar dielectrics aheir applications” University
of California Press, Los Angeles, CA (1979).

J.Valasek, J.Phys.Re5,537 (1920).

G.Busch and P.Scherrer, Naturwissenschaf&n737 (1935).

B.M.Wul, 1.M.Goldman, Dokl.Akad.Nauk SSSR6, 154 (1945).

A.J.Moulson and J.M. Herbet, Electroceramics: Matsr Properties,
applications” Chapman and hall, New York, USA (1p97

10.W.G.Cady, Piezoelectricity, Dover Publications, Néark (1962).

11.M.Deri, Ferroelectric ceramics, Gordon and Bredédw York (1969).
12.M.E.Lines and A.M Glass, Principles and applicatiar ferroelectric and related

pwn

o

© © N o

materials, Clarendon Press, Oxford (1977).

13.T.Mitsiu, l.Tatsuzaki and E.Nakamura “An introdwcti to the physics of
ferroelectrics”, Gorden and Breach Science Pubisshed., London (1976).

14.D.Damjanovic, “Ferroelectric, dielectric and pielamtric properties of
ferroelectric thin films and ceramics”, J. Rep.PRiy.,61, 1267-1324 (1998).

15.Jaffe B, Jaffe H, Cook WR, Piezoelectric ceramit$,edn. Academic Press,
London (1971).

16.Haertling GH,Buchanan RC, Piezoelectric and eleoptic ceramics in ceramic
materials for electronics®edn. Marcel Dekkar, Newyork (1991).

17.Uchino K, mater.Res.BullL8, 42 (1993).

18.Newnhan RE, Functional composites for sensors andators, Pennsylvania
Academy of Science,PA, USA (1998).

19.Sahoo B, Jaleel VA, Panda PK, J.Mat Sci and EnggZs, 80 (2006).

20.Sahoo B, Panda PK, J.Mat Sdi2, 4270 (2007).

21.Yugong W, Zhang H, Zhang Y, Jinyi M, Daohua X, Jt\3ai.,38, 987 (2003).

22.Ringgaard E, Wuritzer T, J.Eur. Cer. S&5, 2701 (2005).

23.Takenaka T, Nagata H, J.Eur. Cer. S@6,,2693 (2005).

24.Yi L, Moon K, Wong CP, J. Scienc&08 1419 (2005).

22



25. Shimamura K, Takeda H, Kohno T, Fakuda T, J. Gyawth.,163 388 (1996).

26. G.Goodman, J.Ame.Cer.So086, 368 (1958).

27.M.H.Francombe and B.Lewis, J.Acta.Cry4tl, 696 (1958).

28.Somolenskii G.A, Isupov V.A and Agranovskaya, Savhy.Solid. State3, 651
(1959).

29.Somolenskii G.A, Isupov V.A and Agranovskaya, Ji8obwhy.Solid. State3,
149 (1961).

30.Subbarao E.C, J.Chem.Ph34, 695 (1961).

31.Subbarao E.C, J.Ame.Cer.Sot5, 166 (1962).

32.lkegami S and Ueda E., Jap.J.Appl.P4g,, 1572 (1974).

33. Tadashi Takenka and koichiro Sakata, Jpn.J.Appl,BB, 31-39 (1980).

34.Kaoru Miura and Masahiro Tanaka, Jpn.J.Appl.P8Y¥,2554-2558, (1998).

35.In-Sook Yi, and Masaru Miyayama, Jpn.J.Appl.PB%,,1321-1324 (1997).

36.Scott J.F and Paz de Araujo C.A., Scien2ég 1400 (1989).

37.Paz de Araujo C.A, Cuchiaro J.D, McMillan L.D, Scdil.C et.al, Nature
(London)374, 627 (1995).

38.Desu S.B and Vijay D.P., J.Mat.Scie and Engg9B.,75 (1995).

39. Sang-Ouk Ryu, PhD thesis,Virginia University, (1299

40.Newnham R.E, Wolfe R.W and Dorrian J.F, J.Mat.Rel_B5, 1029 (1971).

41.Jae-Sun Kim, Cheol-Hoon Yang, Soon-Gil Yoon, et.dlAppl.Surf.Sci., 140,
150-155 (1999).

42.Yuji Noguchi, Ichiro Miwa, Yu Goshima and Masaruydyama, Jpn.J.Appl.Phy.,
39, 1259-1262 (2000).

43. Hiroshi Irie and Masaru Miyayama, J.Appl.Letf&9, 251-253 (2001).

44.Kazumi Kato, Kazuyuki Suzuki, Desheng Fu et.aln.J@ppl.Phy.,41, 2110-
2114 (2002).

45.Masaru Yokosuka., Jon.J.Appl.Ph1, 7123-7126 (2002).

46.Minglei Zhao, Chunlei Wang, Weilie Zhong, et.alpnd.Appl.Phy. 41, 1455-
1458 (2002).

47.Harihar B, Venkataramana and Varma K.B.R., J.Phy€l&em of Solids.64,
2105-2115 (2003).

48.Ho Jung Chang, Sun Hwan, Hyeongtag Jeon, etBhin).Solid Films.443 136-
143 (2003).

23



49, Xue J.M, Sim M.H, Ezhilvalavan, Zhou Z.H et.al.THin Solid films.,460, 1-6
(2004).

50.Won-Jeong Kim, Sang Su Kim, Kiwan Jang, et.al.yys@Growth.,262, 327-333
(2004).

51. Atsushi Kitmura, Yuji Noguchi and Masaru MiyayamhMatt.Letts.,58, 1815-
1818 (2004).

52.S.T.Zhang, Y.F Chen. H.P Sun et.al., J.Phys:Conaltev, 15,1223 (2003).

53.Rizwana, Sarah P and Kumar G.S., Indian.J.Pi®y267-272 (2005).

54. Tomer MS, Melgarejo R.E and Singh S.P., J.Micrdetetcs., 36, 574-577
(2005).

55. Sang Su Kim, Ji Cheul Bae and Won-Jeong Kim, &Q®yowth.,274, 394-
401(2005).

56.Rizwana, Radhakrishna T, James A.R and Sarah B/sf.Res.Tech42,699-706
(2007).

57.HongCheng Liu, Biao Wang, Rui Wang, et.al., J.Matts., 61, 2457-2459
(2007).

58.A.Z.Simoes, M.A.Ramirez, C.S.Riccardi, et.al., licbState Sciencesl0, 1951-
1957 (2008).

59.Chia-Erth Liu, Mireille Richard-Plout, Marie-Paulet.al., J.Eur.Cer.Soc29,
1977-1985 (2009).

60.Sahua Fan, Jing Xu, Guangda Hu,et.al., J.Key Epgimg Materials. 368 100-
102 (2008).

61.P.Sarah. J.Proce.Eng0, 2684-2689 (2011).

62.Sugandha and A.K Jha, J.Mater.Characterizatfifn 126-132 (2012).

63. Aurivillius B, Ark.Kemi., 1, 499 (1949).

64. Aurivillius B, Ark Kemi., 2, 519 (1950).

65. Kikuchi T, J.Mater.Res.Bull14, 1561 (1979).

66.H.S.Shulman, Piezoelectric Bismuth Titanate Ceranfmr high temperature
applications, EPFL (1997).

67.D.Damjanovic, M.Demartin, H.S.Shulman and N.Settdnt.Con.Solid-State
Sensors and Actuators 1X, Stockholm (1995).

68.H.Tabata, H.Tanaka, T.Kawai, Jpn.J.Appl.Phy.L&%,,5146 (1995).

69.T.Li, Y.Zhu,S.B.Desu, C.H.Peng, Appl.Phy.Le68, 616 (1996).

24



70.Haoshuang Gu, Kaihong Zheng, Kansong Chen, Wanqi@ag, et.al,
J.Matt.Letts.59, 912-915 (2005).

71.Xi Wang, Pilong Wang, Guangda Hu, Jing Yan, etalMat.Sci.Electron]19,
1031-1034 (2008).

72.D.Wu, A.Li, T.Zhu, Z.Liu, N.Ming, J.Appl.Phy88, 5941 (2000).

73.M.Hirose, T.Suzuki, H.Oka,K.Itakura., Jpn.J.ApplyBh38, 5561 (1999).

74.H.Lrie, M.Miyayama, J.Appl.Phy.Lett77, 251 (2001).

75.Hui Sun, Hong Fang, Wei-Dong Zhou et.al., J.Int&ei79, 203-210 (2006).

76.A.Z Simoes, E.C.Aguiar, C.S.Riccardi et.al., J.4dComps.447, 85-89 (2009).

77.K.Kato,K.Suzuki, K.Nishizawa, T.Miki, J.Appl.Phy89, 5088 (2001).

78.Yuji Noguchi, Hiroyuki Ahimizu, Masaru Miyayama, Kehi Oilawa et.al.,
Jpn.J.Appl.Phys40, 5812-5815 (2001).

79.Kim S.K, Miyayama M. and Yanagida H., J.Mater.Resl.B31, 121 (1996).

80.Subbarao E.C., J.Ame.Cer.Sat5, 166 (1962).

81.P.Sarah, J.Procedia Engineeririg),, 2684-2689 (2011).

82.Hong Fang, HuiSun, JunZhu et.al, J.Appl.Phy3B).5300-5304 (2006).

83.A.Z.Simoes, M.A.Ramirez,C.S Riccardi et.al., J.\@&ararization.59, 675-680
(2008).

84.R.A Pferner, G.THurn and F.Aldinger, J.Mat.Chem &mgs.,61, 24-30 (1999).

85.K.Uchino,R.W Cahn, P.Haasen et.al., A compressieafiment, Volll, 637-677
(1994).

86.Chung-Hsin Lu, Chung-Han Wu, J.Eur.Cer.S@e,,707-714 (2002).

87.S.0 Brien, G.M Crean, L.Cakare, M.Kosec, J.ApplSmi., 252 4497-4501
(2006).

88.R.R.Menezes, P.M.Souto, R.H.G.A. Kiminami, J.MaiderTech.190 223 — 229
(2007).

89.P.Yadoji, R.Peelamedu, D.Agarwal, R.Roy, J.Mat &cd Engg B., 269-278
(2003).

90.D.Agarwal, Jour.Mats Edul9, 49-58 (1999).

91.D.E Clark, D.C Folz, J.K.West, J.Mat.Sci and Engg287, 153-158 (2000).

92.C.Leonelli, P.Veronrsi, L.Denti, A.Gatto, et.al.Mat Proce.Tech.190, 489-496
(2007).

93.S. Ezhilvalavan, J.M. Xue, John Wang, J.Mater. Cheamd Phys75, 50 (2002).

25



94.Y. Wu, Mike J. Forbess, S. Seraji, S.J. Limmer,. TRou, G. Cao, Appl. Phys.
89, 5647 (2001).

95.K.Stanly Jacob, R.Satheesh and R.Ratheesh, J.MaBiRe, 44, 2022-2026
(2009).

96. TAKESHI MASUDA, Yusuke Miyaguchi,KouKnou Chu, et.al.Int.Ferro31,
23-34 (2000).

97.Huei-Mei Tsai, Pang Lin and Tseung-Yuen et.al. pplAhy.,85, 1095 (1999).

98. Shi-Jian Liu, Xiang-Bin Zeng and Jun-Hao, J.Micemionic.,35, 601 (2004).

99.A.Z Simoes, M.A Ramirez, C.S Riccardi et.al., Jibstate Sciences., 1-7 (2008).

100.W.Chang, J.Horwitz, A.Carter, J.Pond et.aAppl.Phys.Lett..74,1033 (1999).

101. D. Damjanovic. J.Solid State Mater. ,Sb):469-473 (1998).
102. Takenaka, T and K.Sakata, J.Appl.F3ty.(4) 1092 (1984).

26



Chapter 2

Material processing and
characterization techniques
used for bulk ceramics and

thin films of SBTi system

27




Chapter 2
Material processing and characterization techniquesised for bulk

ceramics and thin films of SBTi system

This chapter describes the preparation and charzatien techniques used for both bulk
ceramic samples and thin films of SBTi and Sm-stuiet! SBTi system.

2.1 Preparation and characterization techniques fobulk ceramic samples

This section deals with the preparation and charaation techniques used for
bulk ceramic samples. Since this material has tocheracterized for its dielectric,
ferroelectric and mechanical properties, it habdgrepared in a regular geometry with
the highest possible densification. This being eamegc oxide material, the available
methods for its preparation are (a) Solid-statetrea method (or ceramic method) (b)
Chemical methods and (c) Mechanical methods [IB8fhese, the method used for bulk

SBTi preparation in this study is the solid-staaation method.

2.1.1 Solid-state reaction method

Ceramics are polycrystalline materials having fiogystalline grains and
imperfections like grain boundaries, impurities reggted in the grains and grain
boundaries, pores etc. Since they are, in generdtle refractories, shaping them and
densifying them without cracks and deformation ishallenge. The solid-state reaction
method is used for forming SBTi and Sm-substitug&Ti compositions from the
reagents. The shaping and densification are separatesses, which are described in
subsequent sections.

The conventional solid state reaction method ineslthe following steps: (a)
Uniform mixing of the initial reagents (b) Phasenfiation of the required compound at a
high temperature, which is called the calcinatitage. The main disadvantage of this
method is it needs high processing temperaturesdar to achieve the best properties
and this process increases the particle size. 8sit effectiveness and simplicity are the

major advantages of this process.
2.1.2 Stoichiometric weighing of reagents

Raw materials BO3;, SmpO3; SrCQ; and TiQ, of purity >99.9% from Aldrich

Chemicals were used as the initial reagents toeaehcontrol over impurities in the
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product and to maintain reproducibility in propesti An electronic balance (Adair &
Dutt technologies, Model GR-120) is used to weigh teagents, which has an accuracy

of up to 0.001mg.
2.1.3 Uniform mixing of reagents

The individual reagents are to be mixed uniformlyrder to increase the point of
contact between the reagents, which will act asdycb layer formation centers.
Therefore, the initial stoichiometric reagents mhist mixed uniformly with a suitable
mixing medium. The powders were mixed at150rpmafloout 2 hours using a planetary
ball mill (Retsch PM 100) in a zirconia jar withffé@rent diameters of zirconia balls (5

and 20mm). Deionized water was used as the mixiedjum.
2.1.4 Calcination stage

The solid-state, diffusion controlled chemical &t between the initial reactants
resulting in the desired phase formation is catleftination. It is the intermediate heat
treatment at lower temperatures prior to sinteri@glcination could involve chemical
decomposition reactions in which solid reactanésharated to produce a new solid phase
and remove the gases which are commonly associatid the initial metal oxide
compounds such as carbonates, hydroxides, nitral#yishates, acetates and other metal
salts. The parameters of the calcination stage as¢demperature, duration of heating and
atmosphere are important factors influencing slagekduring sintering. In the present
case, the reagents being oxides, they do not uoderg decomposition. All the mixed
reagents used in the present study were calcined5@C to form the required

composition and the phase formation is confirmeXByD.
2.1.5 Particle size reduction:

The particle size reduction (milling) of the complexides after the calcination
stage is important to homogenize the formed phkiss. well known that the smaller
initial particle size reduces the sintering tempe® and enhances the density of the
ceramics. Planetary ball mills are generally used rilling the powders to achieve

particle size reduction.
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There are several processing variables that detertne finite size of the particles
after milling process, such as type of mill, vialilling speed, milling time; type, shape
and size of milling medium and ball to powderadd]. In the present study, Retsch PM
100 planetary ball mill was employed to achieveitiigal stoichiometric mixing before
the calcination and to reduce the particle sizthefcalcined powders (300rpm for 5, 10,
15 & 20 hours). Zirconia vials and different diaerstof spherical (5 & 20mm) zirconia
balls are used. All the processing conditions wapémized to achieve finite particle
sizes. In the milling process, the particle experés the mechanical stresses at their
contact points due to compression, shear with thliengymedium or with other particles.
The mechanical stresses lead elastic and ineldstarmation. If the stress is exceeding
the ultimate strength of the particle, it will réisin fracture of the particles. The
mechanical energy supplied to the particle is usednly to create new surfaces but also

to produce physical changes in the patrticle.
2.1.6 Uniaxial pressing

After reducing the particle size of the calcinedwger, the fine powder is
compacted into cylindrical specimens (green p@lldty uniaxial pressing. The
compaction of the powder should be done slowlyatilitate the escape of the entrapped
air. To make the green pellets of the ceramic powaeigid die, which is rust free, is
needed. To make the inner walls of the die smostmric acid is used as an internal
lubricant. The pressure gradient on the die asnatiion of the distance from the upper
punch is given by the equation

—4KL
P=Re?" (2.1)

where,u is the coefficient of friction, £is the applied pressure, L is the length and D is
the diameter of the die and K is a constant [5].
2.1.7 Solid-state sintering

In ceramics, porosity is an important parametercWwhgoverns many of its
properties. For maximizing properties such as theledtric constant, mechanical
strength, translucency and thermal conductivityis itlesirable to eliminate as much of
porosity as possible. The purpose of sinteringpésreduction of porosity in the compact.

The development of microstructure and densificatiuring sintering is a direct
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consequence of mass transport through severalpp@gsiths and one of these paths is
usually predominant at any given stage of sinteflg In the present study all the
samples were sintered at a temperature range 6PC1B250C for 2 hrs.
2.1.8Microwave sintering

The particular requirements of sintering phenonma&e this process one of the
most challenging applications for microwave prooegs These requirements often
include the following parameters: high temperatubéggh heating rates, uniform
temperature, and equivalent thermal history througtthe specimen. The process of
sintering materials in the conventional method Imgs mixing of material powder with
additives, milling, and pressing into green paoltofved by sintering with direct heating
of green pellets in a refractory type electricaistance furnace, induction furnace or
fossil fuel furnace. These furnaces use a largebenrof expensive heating elements, fuel
and refractory materials to achieve and maintae hlgh temperature for a long time.
Moreover, it consumes much electrical energy, miueth and longer time. These kinds
of furnaces with indirect heating are called cortveral sintering furnace and the heating
mechanism is called conventional heating. Microwaeating however provide direct
heating of the green body. The fundamental diffeeelbetween microwave sintering and
conventional sintering is in the heating mechanifor. conventional sintering, heat is
generated by heating elements and transferredniplea via radiation, conduction, and
convection. In microwave sintering, however, thearials themselves absorb microwave
energy, and then transform it into heat within ithegidies [6, 7]. The microwave heating
presents a potential economical sintering procets sthiortened processing time for the
materials. This method is expected to overcome mainyhe shortcomings of the
conventional sintering process [8]. Thus, there Im@®n considerable interest in
microwave heating for the synthesis and processingaterials. Microwave processing
has gained worldwide acceptance as a novel metirdaefiting and sintering of a variety
of materials, as it offers many advantages in teah&nhanced diffusion processes,
reduced energy consumption and processing costy vapid heating rates and
significantly reduced processing times, decreasetersng temperatures, improved
physical and mechanical properties, simplicity,quei properties, new materials and
products as well as lower environmental hazardsctwére not observed in conventional

processes [9-12].
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In the present study, microwave sintering was cotetiusing a 1.3 KW, 2.45
GHz multimode microwave furnace. For the runs i@ thultimode microwave furnace,
the samples were loaded in the cavity in an inswgbtackage, with appropriate amount
of silicon carbide used as a microwave susceptaral the sample to preheat the sample
and to compensate the heat loss from the samples ddnfiguration makes the
microwave heating more uniform. The temperaturthefsample was monitored with IR
pyrometer. In the present study all the samplessartered at a temperature range of
1100°C-1150C for 45min with ramping rate 40/min. Photograph of microwave system

is shown in figure 2.1.

Figure 2.1: Photograph of microwave sintering syste

2.2 Characterization techniques used for the bulkampositions

a. Powder X-Ray Diffraction
. Scanning Electron Microscopy

. Low frequency dielectric characterization

b
c
d. P-E loop hysteresis studies
e. Mechanical characterization
d

. Microwave characterization
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2.2.1 X-ray diffraction

Powder X-Ray Diffraction is a powerful non-destiuetmethod for determining a
range of physical and chemical characteristics afemials. The applications include the
type and quantities of phases present in the safppBse analysis), the crystallographic
unit cell and crystal structure, crystallographegttire, crystallite size, macro-stress and
micro-strain and also electron radial distributianctions [13].

In the present work, an X-ray diffractometer wasdito characterize the samples
with Cu Ko (1.5406 A) radiation, using a Philips PW 1830 rditometer. Calibration
using a Si standard was done to account for theumental line broadening and the

value was approximately 0.45

2.2.2Scanning Electron Microscopy

In Scanning Electron Microscope (SEM), electrons #rermionically emitted
from a tungsten cathode and are accelerated toveardmode. Alternatively, electrons
can be emitted via field emission (FE). The elattbeam, which typically has an energy
ranging from a few hundred eV to 50 keV, is focubgdne or two condenser lenses into
a beam with a very fine focal spot size of 1 nrd tum. The beam passes through pairs of
scanning coils in the objective lens, which defldtwe beam in a raster fashion over a
rectangular area of the sample surface. Througkettseattering events, the primary
electron beam effectively spreads and fills a tesréhaped volume, known as the
interaction volume, extending from less than 100 tonaround 5 pm into the surface.
Interactions in this region lead to the subseq@enission of electrons, which are then
detected to produce an image. X-rays, which are pteduced by the interaction of
electrons with the sample, may also be detecte@ninSEM equipped for energy-
dispersive X-ray spectroscopy or wavelength disperX-ray spectroscopy. The most
common imaging mode monitors low energy (<50 e\¢pséary electrons. Due to their
low energy, these electrons originate within a feanometers from the surface. The
electrons are detected by a scintillator-photorpligti device and the resulting signal is
rendered into a two-dimensional intensity distnbatthat can be viewed and saved as a
digital image. This process relies on a raster+sediprimary beam.

The brightness of the signal depends on the numbesecondary electrons

reaching the detector. If the beam enters the sapgpendicular to the surface, then the
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activated region is uniform about the axis of tleain and a certain number of electrons
"escape" from within the sample. As the angle dfidance increases, the "escape"
distance of one side of the beam will decrease, raate secondary electrons will be
emitted. Thus, steep surfaces and edges tendlingbger than flat surfaces, which result
in images with a well-defined, three-dimensionapegrance. Using this technique,
resolutions less than 1 nm is possible [14]. Initald to the secondary electrons,
backscattered electrons can also be detected. &stk®d electrons may be used to

detect contrast between areas with different chainsimmpositions.

2.2.3 Low frequency dielectric measurements

The low frequency dielectric spectroscopy is enteygas an important material
characterization tool [15]. The low frequency dattee measurements are unequaled in
their ability to dynamically monitor the many cheali and physical processes important
in the investigation of new materials such as pe@smation, phase transition and
diffusion. The conventional way for making the lofvequency measurement
(below<10MHz) of the dielectric properties of salid to place a sample between closely
spaced parallel conducting plates and monitor tGeeduivalent capacitancg.and the
dissipation factor (also known as the loss tangBgt) of the resulting capacitor [16].
Normally one has to design the plate spacing tonbeh less than the plate size as this
serves to minimize the effect of the fringing fielthe material under test in the parallel
plate configuration can be modeled as a frequer@gndent capacitancein parallel
with a frequency independent resistog. Rhe DC resistance gRtakes into account
processes such as tunneling of thermally activatgaping and ionic conduction. The
capacitance ) is proportional to the complex dielectric functiohthe material under

test which can be represented as follows,
Ew T T 1w (2.2)

The capacitance  can be measured by a typical capacitance bridgehwcan

be used to calculate the real part of the compiebectric functions'(w)_

g, EA
— “r(w)*o
Co =g — (2.3)
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Here, A is the cross section area of the capadites,the separation between the
plates ande, =8.85 x10'F/m is the absolute permittivity of free space. Tother

measured quantity, the dissipation factor (the tasgent) given by

£ d
Doy = * - (2.4)
£ wlE, LE, AR, '

r(w)

and can be used to extract the imaginary parteotitélectric functiore’ (@)-

Figure 2.2 Photograph of the temperature dependent dieleogmsurement set up.

For the dielectric measurement, silver paint wapliag on both sides of the
pressed pellets and cured. The samples were fixete spring loaded sample holder
attached to a heating and cooling chamber. Thellpareapacitance (C) and the
dissipation factor (D) for all the samples were swad using an Agilent 4294A
impedance analyzer in the frequency range of 100MEz in a temperature range of 50
to 600C with a Lab —Equip temperature control unit. Temperature and measurement
process were controlled electronically by a lab enpcbgramme using lab view software.
The temperature was maintained with an accuracy-l3€. A photograph of this

measurement set up is shown in figure 2.2.

2.2.4 P-E hysteresis loop studies:

The ferroelectric behavior in a given material d@nidentified by polarization
reversal, i.e. ferroelectric switching. The polatian reversal can be studied by recording

the hysteresis loop (P Vs E loop) using Sawyer-Togweuit (Lines and Glass -1977).
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The hysteresis loop shown in figure 2.3 gives imfation about the remanent polarization
which a material possesses when the applied feeigeio. The length OA represents the
remanent polarization {Pand OB represents the minimum filed requiredeteerse the

direction of polarization i.e coercive field JE The shape of the loop is affected by
number of factors such as dimensions of the sanipbemal and electrical treatment of

the sample, humidity, and temperature and crygtahsetry.

Polarization ( pC/sz)
o

-8 T T T B P T R NI
-80 60 40 -20 O 20 40 60 80

Electric field (KV/cm)

Figure 2.3: Schémdiagram of P-E hysteresis loop

In the present study, the polarization Vs electietd loop is traced by using a
computer controlled standardized ferroelectric tegstem with maximum operating

voltage limit of 4KV built using the Sawyer-Toweraulit.

2.2.5 Mechanical properties:

Nanoindentation is a simple method that consisterdglly of touching the
materials of interest whose mechanical propertieh sas elastic modulus and hardness
are unknown with another material whose properdies known. Nanoindentation is a
simple indentation test in which the length scafett® penetration is measured in
nanometers rather than in microns or millimeteng, tater is common in conventional

hardness tests. To measure the mechanical prapeftieur bulk ceramics samples, we

36



have used Hysitron Triboindenter, USA. Schematiagdim of an intrumented
indentation system is shown in figure 2.4.

The Hysitron Triboindenter is a multi load rangeléntation/scratch test system
designed for measuring hardness, elastic moduldsignamic viscoelastic properties of
thin films, bulk materials and MEMS/NEMS type fataied structures. This indenter
provides quantitative testing capabilities with tbatormal and lateral force loading
configurations. The transducer used in the indeistdrased on a three-plate capacitor
technology providing simultaneous actuation andsueament of force and displacement
with a range of 1nN to 10mN. Due to the compact sizthe sensor /actuator, it can be
interfaced with piezo electric scanner that prosidery precise X,Y and Z controlled
indenter tip positioning. Piezoelectric scannealide to raster the tip over a specimen,
while a feedback loop controls the Z axis heighthe# scanner to maintain a constant
force between the indenter tip and specimen. Th&iZ-movement of the scanner is then
calibrated to a height to obtain a three dimengi¢mpographical image. Using in-situ
imaging, it is possible to place indentations ®ugace with a precision of £10nm. This
allows us to make repeatable penetration below 1Qfepth. Photograph of the

nanoindenter is shown in figure 2.4.

Figure 2.4: Photograph of nadentation system

2.2.6 Microwave dielectric measurements
The microwave dielectric properties of the bulk aseic samples were

characterized using PNA network analyzer (AgileBB&LC) at the frequency range of
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8.2 GHz-12.4 GHz. We have used transmission/refleatnethod to measure complex
permittivity. For microwave measurements the sasplere prepared in rectangular
disks (10.2 mm x 22.9 mm) to fit in the X- band wayuide (WR-90). The measurements
were carried out by inserting the samples inside Xhband waveguide. In order to
determine the complex permittivity at X-band freqaies (8.2-12.4 GHz), the complex
scattering parameters were measured using the RMwork analyzer. The real and
imaginary parts of complex permittivity,(= €'-je") were calculated from the measured
scattering parameters.

Scattering parameters were measured for the walegartially filled with the
dielectric samples of two different lengths. Tlwenplex propagation constaptcan be
expressed as

y=a+jpB (2.5)
Wherea is the attenuation factor aifidis the phase factor. For a jpoEnode rectangular

waveguide, we can relate the real part of the sampetmittivityes' to the phase constant

B [17, 18] by
Eavl

E =
o 1o,

(2.6)

S

Where a is the longer width of the wave guidds the angular frequencyypndeg are
the free space permeability and permittivity.

In the same manner, the imaginary part of the péwity ss can be related to the
attenuatiorw by [17, 18]

! 2
£ = 2a¢, 1—(ij (2.7)
k 2a
Where 5
A=<
k
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2.3 Processing of SBTi thin films

2.3.1 Target preparation

Highly dense targets of SBTi and Sm-SBTi ceramicsrewprepared by the
conventional solid state reactions. Starting powdsr SfrCQ SmO3 Bi,O3; and TiQ
(99.9% purity, Aldrich chemicals) were used for #wid state reactions. The details of
the solid state reaction process are given in@e@il.1. The calcined powders were then
pressed into pellets in a hydraulic press using/arb die. The pressed pellets were
placed on a platinum foil in a furnace for the fismtering process. The targets were
sintered at 115 for two hours. Finally both the surface of thdlgis were ground,
cleaned and polished to ensure a proper surfagehfirPolishing the surface was
necessary to improve the sputtering properties. diystallographic structure of the

targets was determined from the X-ray diffracti¥iRD) pattern.

2.3.2 Preparation of thin films:

RF magnetron sputtering has been widely accepgdre of the versatile
technique for the deposition of high quality fetemtric thin films by many research
groups [19-22]. It has been employed for the foltayvreasons: any solid material
(metals, insulators and semiconductors) can betespdt complex compounds can be
sputtered stoichiometrically, use of low gas pressduring processing possible,
appreciable rates of deposition and uniform defaosibver large area is possible. The
parameters such as the RF power density, subsémajgerature, sputter gas mixture i.e
the Ar/Q, ratio, working/sputtering gas pressure and tatgetubstrate distance can be
controlled to influence the material propertiestioé sputtered films. It is important to
note that the control over parameters that infleethe physical properties of the growing
film in general are greater during the deposifiwacess (in-situ) than after deposition
(ex-situ). Therefore, in-situ treatment of thinnfd is always preferred over ex-situ
treatments. However, some of the thermal processds device fabrication procedure
could amount to an ex-situ annealing treatmenagaad the film is concerned. Hence, it is
important to study the influence of each type afgeissing (in-situ as well as ex-situ) and

optimize for the ideal device behavior.
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The RF magnetron sputtering system used in thi& wgoshown in figure 2.5. It
consists of a 30 liter stainless steel vacuum clemmthich houses 3 cathodes and a
substrate holder. Out of the 3 cathodes, 2 are &Feped while the third one is dc
powered. One of the RF powered cathodes was uséldefaeposition of SBTi thin films.
During deposition of thin films, the vacuum chamkizecontinuously cooled by flow of
water.

Figure 2.5: RF sputtering system used in the ptegady to deposit the thin films

As mentioned earlier, parameters such as RF podemsity, substrate
temperature, OMP, working gas pressure, substoatartiet distance, type of substrate
used and post deposition annealing treatmentseinéiel the properties of the sputtered
films. Optimization of all the sputtering condit®ifor the best material properties in the
deposited film can be cumbersome and time consunhiitgal studies indicated that the
power densities <2.5 W/chresulted in very low rates of sputtering wherepasver
density > 3.5 W/crresulted in target damage. Hence, the power gewsis fixed at 3
W/cn?. The substrate to target distance was fixed ats3macause higher distances led to
lower deposition rates and lower distances ledamabe of the vacuum seals near the
cathode due to heat from the substrate heater gitehitemperatures. The working
pressure was fixed at 20mTorr.
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2.4Physical characterization of thin films

Several analytical techniques were used to deterthiea material properties of the
rf sputtered SBTi thin films. The deposited filmene characterized for its thickness,
structure, composition and microstructure using tieehniques such as surface
profilometer, X-ray diffraction (XRD), Energy disggave analysis of X-rays (EDAX)
from FE-SEM, and atomic force microscopy (AFM). Adb introduction about each of

these experimental techniques is given below.

2.4.1 Thickness measurement

Profilometry is a fast and simple method to meagilime thickness. It works by
gently dragging a mechanical stylus across the Easyface. The stylus is placed in
contact with the substrate, and then gently dragdedg the surface over the film. The
vertical deflection over the step measures the gdam height and the trace is recorded.
To measure the thickness of thin films used in tha&k, a part of the substrate was
covered with a piece of scotch tape during filmatgfpon. After the thin film deposition,
the tape was removed and the film thickness was theasured over the step. For the
experiments in this work, an Ambios XP-1 stylusfppeo was used and the instrument

was calibrated using standard substrates.

2.4.2 Composition analysis

The composition analysis of the films was carrietl wsing the energy dispersive
analysis of X-rays (EDAX) method in a field emigsiecanning electron microscope.
EDAX uses the technique in which emitted X-raysrirthe target sample are resolved in
energy electronically by pulse height analysisdadtof resolving them in wavelength by
a diffraction crystal. In FE-SEM, the incident délen beam on the sample generates X-
rays due to the interaction between the high-enetggtron beam and the sample [23].
The generated X-rays consist of the characteristevelengths of the elements
constituting the sample. Each emitted x-ray phosolds a count to the appropriate
channel of a multi-channel analyzer (MCA), whiclpneduces the x-ray spectrum.
Intensity of each peak is related to the conceptradf that element in the sample. The
intensity of the x-ray signal depends on the beameat, accelerating voltage, geometry

of the system and concentration of the constitiedements. Analysis of an acquired
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spectrum comprises accounting for spurious pea#tsdantifying the elements present in
the sample. The energy of the characteristic X-ragven by Mosley's law

ELCC,(Z2-C),) (2.8)
where, Z is the atomic number; &d G are constants. Thus, from the energy location of
the peaks in the spectrum, software routines sdrthe elements present by comparison
with the tabulated characteristic energy values.EIAX measurements the sample was

prepared by coating a thin conducting layer of dnidputtering to avoid charge buildup.

2.4.3 Structural analysis

The crystallographic structures of the films weetedmined from the obtained X-
Ray Diffraction (XRD) patterns. In the present wotko types of X-ray diffractometer
were used to characterize the samples. One wasGuitko, (\=1.7889A) radiation in a
wide angled powder X-ray diffractometer (INEL Mod€PS120) equipped with a
position sensitive detector and the other one isk&r D8 X-ray diffractometer with
CuKao radiation of 1.5046 A wavelength. Calibration gsia Si standard was done to
account for the instrumental line broadening arethlue was approximately 0’15 he
patterns were compared with standard patterns (SJRIDd the phases and degree of
crystallinity were determined. A slow scanning rate®/min was used to extract data for
the measurement of grain size from peak full widthhalf maxima (FWHM). These
results gave important information regarding thea fimicrostructure and changes in the
grain size with thermal treatment. The crystaliiee was determined from the Scherrer
equation [24] given by

Cyz =(kxA)/(B*cost) (2.9)

where, k is a constant (normally 0.94 for Schemethod,A is the wavelength is the
FWHM of the peak an@ is the angular position of the peak. The deterthigiain sizes

were compared for films grown under various procgssonditions.
2.4.4 Atomic force microscope

The schematic diagram of atomic force microscopshswn in figure 2.6. The
microstructures of the deposited films were obtdinsing an AFM. The AFM consists of
a microscale cantilever with a sharp tip (probe)saénd that is used to scan the specimen

surface. The cantilever is typically made of sificor silicon nitride with a tip radius of
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curvature of the order of nanometers. When thastiprought into the proximity of a
sample surface, forces between the tip and the Isafepd to a deflection of the
cantilever according to Hooke's law. Dependinghandituation, forces that are measured
in the AFM include mechanical contact force, Vaniléaals forces, capillary forces,
chemical bonding, electrostatic forces, magnetrces etc. Typically, the deflection is
measured using a laser spot reflected from theofothe cantilever into an array of
photodiodes. The AFM can be operated in a numbemotles, depending on the
application. The primary modes of operation aréicstaontact) mode and dynamic mode
[25].

Detector and
eedback
lectronics

Photodiode
y La57

Sample Surface e = Cantilever & Tip

.PZT Scanner

Figure 2.6 Schematic diagram of an atomic force microscope.

In the static mode of operation, the static tipleion is used as the feedback
signal. Since the measurement of a static signataee to noise and drift, low stiffness
cantilevers are used to boost the deflection sigHalever, close to the surface of the
sample, attractive forces can be quite strong,icgube tip to 'snap-in' to the surface.
Thus static mode AFM is almost always done in contahere the overall force is
repulsive. Consequently, this technique is typjcahlled 'contact mode'. In the contact
mode, the force between the tip and the surfadee® constant during scanning by
maintaining a constant deflection through feedbeicguitry. In the dynamic mode, the
cantilever is externally oscillated at or closeittoresonance frequency. The oscillation
amplitude, phase and resonance frequency are mddifi tip-sample interaction forces.
These changes in oscillation with respect to theereal reference oscillation provide
information about the sample's characteristics.e8&s for dynamic mode operation

include frequency modulation and the more commopliéamie modulation. In frequency
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modulation, changes in the oscillation frequencgvte information about tip-sample
interactions. Frequency can be measured with vigly $ensitivity and thus the frequency
modulation mode allows for the use of very stiffnti@vers. In this work, the

microstructure of the oxide films was imaged in aomic force microscope in the

dynamic force mode [Model SPA400 of SlI Inc, Japan)

2.5 Optical properties
The spectral transmission and Raman scatterirdiestof these thin films were
carried out to have an understanding about theamind local structural characteristics.
The optical characteristics such as transmissafractive index, and the lattice dynamics
for the thin films were estimated. The detailstedde measurement techniques are given
below.
2.5.1Spectral transmittance studies
The optical constants of the thin films were cadtedl using the envelope
technique [26]. The spectral transmission chareties in the wavelength range 190-
1500 nm were measured using a JASCO V570 UV-VIS-NpRctrophotometer. A
typical optical transmittance spectrum of a thimfis shown in figure 2.7.
If light is incident on a film of refractive index, coated onto a substrate of refractive
index s, then at the air-film, film-substrate andsrate-air interfaces part of the
incident light is reflected and part of it is tramfted. Since the reflected and
transmitted beams originate from a single sourbe, hleams exhibit interference

effects. The condition for constructive interferemas such a case is given as

2nd = mi (2.10)
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Figure 2.7 Typical transmittance spectrum of the film
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where, n is the refractive index of the film at awslengthh. and m is the order of
interference, d is the thickness of the film thah doe calculated from the derived

values of refractive indices.
In general, the transmission T, is given by thereggion

_ AX
B - Cx cosg+ Dx?

(2.11)

where, A=16fs, B=(n+1} (n+s¥, C=2(rf-1) (r’-s%), D= (n-1¥ (n-)

¢=4nnd/ A

For such a system, at the points of constructivedastructive interference, the

transmittance \ and T, respectively are given as

A
M B-Cx+Dx? (2.12)
AX
T ="
and I B+Cx+ Dy (2.13)

For simplicity, it can be assumed that the transiois is a continuously varying
function of the wavelength which can be approxidaby drawing the envelope

across the spectrum, connecting all the maximasranonas as shown in figure 2.6.

N (VS L (2.14)

Here, N is a constants i the refractive index of the substrate usedraigithe

refractive index of the film at that particular vedength.

— 2
N=2gw “Tm S *+1 (2.15)
TuTn 2
Adding the reciprocals of equations 2.13 and 2igéitly
2T, T
win o AX (2.16)

T, +T, B+DX
and, solving for x we get,
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2.17)
(n-1)°(n-s?)
2
where, poon's (2.18)
Ti
and #M (2.19)
T, +T,

where, T is the maximum of the transmission on the enveblipe wavelength and
Tm is the minimum of the transmission on the envelapthe same wavelength. The
Tm and T, at each wavelength can therefore be read off fiteenenvelope and the

refractive index can be derived at each wavelength.

From the equation of constructive interferenceaih be seen that for two successive

maxima occurring at; andl,, the equation becomes

2n,d =mA (2.20)
and 2n,d = m,A (2.21)
Also |m - m,|=1
Therefore, A (2.22)

2(n1/12 - n2/11)
In the strong absorption region, from Beer-Lamlsediv given by

| =1,expa,d) (2.23)

where, } is the incident intensity =1, | is the intensitygagiven wavelength, d is

the thickness of the film and is the absorption coefficient in ¢m

Since d is known from previous calculations and B measured quantity (i.e.
transmission at a wavelengft), the absorption coefficient can be calculated.
Knowing a from the expression for the so-called “Tauc gaghie fundamental
absorption edge of the material can be determinled.expression for the Tauc gap is

given as
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ahv = Const.(hv - E, )? (2.24)

Y2 ys. v will

The X- Intercept of the extrapolation of the lineagion in a plot ofd¢hv)
give the value of band gap.Hhe error associated with the measurement ofalchd is

+0.005, £0.02 and +10nm respectively.

2.5.2 Raman spectroscopy

This is a versatile non-destructive technique tonmeo short-range structural
properties of materials. In this characterizatioatimd, a monochromatic light beam is
directed at the sample, and the reflected lighthéasured in the frequency domain. To
this end, lasers of different wavelengths may beleyed. This technique is based on the
physical principle of inelastic scattering by malke vibrations. Two kinds of light

scattering are possible when a photon with, energy collides with a molecule.

Rayleigh scattering occurs when the photon frequeremains constant after the
collision. It corresponds to an elastic collisi@n the other hand, Raman scattering is a
process generated by inelastic collisions. The oubdeis initially in the fundamental
state of vibration and it is then promoted to anitexl state due to the absorption of the

photon energy. The emitted radiation has an enefgi(v, —v,) which defines the

radiation detected in a Raman spectrum.
Raman measurements were performed at room temperaith a Lab-Ram
spectrometer with a magnification of 50 and resofubf 2cn', using the 514.5nm line

of argon ion laser as the excitation source.

2.5.3 Microwave dielectric properties:

The microwave dielectric properties of thin filmsere determined using an
Agilent 8722ES vector network analyzer by employitite Split Post Dielectric
Resonator (SPDR) based measurement techniqueisTaison-destructive and accurate
technique for measuring the complex permittivitydgglectric substrates and thin films at
a spot frequency [27]. For thin films depositedaosubstrate, the frequency shift due to
the film has to be separated from the overall fesqy shift of the film substrate
combine. For this purpose one has to measure somaace frequency and quality factor

(fo1Qo1) of the empty resonator and do the sam@dfwith the substrate. After the film
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deposition, the resonance frequency and qualityfaf the (£ Qsf) substrate coated with
the film have to be measured again. Picture ofSREOR measurement set up with the

schematic diagram is shown in figure 2.8

Dc dielectric

\N | resonators
W

h

“4§ §4

metal

Dr

sample enclosure

Figure 2.8 Picture of the SPDR measurement set up with thersatic diagram of an SPDR.

The SPDR typically operates in the gi&Emode that has only an azimuthal electric
field component, so that the electric field rematostinuous on the dielectric interfaces
[28]. This makes the system insensitive to thegares of air gaps perpendicular to the z-
axis of the fixture. The real part of permittivigy of the sample is found on the basis of
the measurements of the resonant frequencies ahdlss of the sample as an iterative
solution to equation 2.25.

£ _1+(f, - 1)

" hf,K_(¢,h) (2.29)

Here, h is the sample thicknesg,i$ the resonance frequency of the SPDR with the

substrate, and fs the resonance frequency of the SPDR with fhe dbated substrate sK

is a function of the sample’s dielectric constantand thickness h. Sincesks a slowly

varying function of; and h, the iterations using the formula (2.25)vewge rapidly.

The loss tangent is computed using the equati@b)2.

Q" -Qpr Q"
Pes

tano = (2.26)

where, Q is the unloaded Q factor of the SPDR ¢oimg the dielectric sample andsfs

the electrical energy-filling factor of the sampf@c is the Q factor depending on the
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metallic conduction losses of the SPDR containtmg dielectric sample andpR is the

Q-factor depending on the dielectric losses indile¢ectric resonators.
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Chapter 3
Preparation and characterization of bulk SBTi (SrBiTi4015)
Ceramic samples

3.1 Introduction

Bismuth layered structure ferroelectric (BLSF) campds of Aurivillius family
are interesting because of their crystallographisairopic nature. The structure of these
compounds consists of bismuth oxide layers, indedd with pseudo pervoskite blocks of
[Am-1BmOsm+1]®” along the crystallographic ¢ axis [1]. The 12-choated A site can be
occupied by cations such as3L8i%*, B&*, SF*, P, C&", N&* etc. While the
octahedral-coordinated B site can be occupied BY Wb**, Ti**, F€* etc. The number
of octahedra along the c-axis between two neighbdB,0,)** layers is indicated bg.
The value ofm in BLSFs is closely related to the ferroelectriogerties and structure
instabilities. An increase im in certain compound systems led to an increasthen
lattice parameters in the a-b plane as well asamase in strain energy originating from
the size mismatch between the bismuth layers andglate layers, which will make the
structure unstable [2]. For most of these compouti@sunit cell is orthorhombic below
Curie temperature.

This chapter describes the results obtained duthey optimization of the
processing of SBTi ceramic samples, directed taav its reproducibility. This chapter
contains two main parts. Part 1 is about studieSBhi ceramics and part 2 describes the
effect of milling on SBTi ceramics. The bulk cerangamples were prepared by the
conventional solid-state method throughout the wdrke structural, microstructural,
ferroelectric, dielectric and mechanical propertresre studied. Same properties were
studied in the second part along with Raman stualelscompared conventional sintered
samples with microwave sintered samples. Detailghef characterization procedures

have been described in chapter 2.

3.2 Preparation of SBTi ceramics
The weights of initial reagents are calculated atiog to the stoichiometry ratio
of SBTi. The reagents used are SgC8i,0O3 and TiQ powders of purity (99.9%) of
Sigma-Aldrich, USA.
SICQi+ 2 (BiOs) + 4 (TiO) ==-nn--=- SrBiiTisO5 + CO, (3.1)



Steps involved in the processing of SBTi ceramindas are:
(a) Weighing
(b) Mixing using ball mill
(c) Drying
(d) Calcination at 75
(e) Phase analysis (XRD)
(f) Particle size reduction using ball mill
(g9) Pelletization
(h) Sintering via conventional and microwave routes

(i) Characterization

The stoichiometric amounts of these oxides are hezlgusing as electronic
balance (accuracy 0.001lmgm) and mixed in a zircgariavith zirconia balls. Distilled
water is used as a mixing medium. To mix these posva planetary ball mill (Retsch
PM-100, Germany) is used as shown in figure Fbr mixing of reagents the
stoichiometric powders are mixed at the speed OFds (rotations per minute) for an
hour. The mixed powders were dried in a hot ove58fC for lhour. The calcination
temperature of SBTi ceramics is optimized, and plmsity is checked in each case from
the XRD patterns. The optimum calcination tempeeatwas found to be 780 for

duration of 5h.

Figure 3.1: Photograph of the ball mill used irstsiudy.
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3.3 Characterization of SBTi bulk ceramics:

3.3.1 Structural properties:

Figures 3.2 show the XRD diffractograms of SBTiareits recorded using CyK
radiation. The mixed reagents for SBTi ceramicsengaicinated at different temperatures
in order to produce a new solid phase and to rentbeegas which is commonly
associated with carbonates, nitrides, and acetates.reflection in the diffractogram
shows the formation of the orthorhombic structuréhwall the major peaks well matched
with standard JCPDS file [43-0973]. As shown igufie 3.2, calcination at lower
temperature results in some secondary phases.eAsatbination temperature increases,
the intensity of the secondary phases comes dodiirally disappeared. By optimizing
the temperature and socking time, single phase $Bimics is successfully prepared.
The calcined powders were milled at 300rpm for Shamith distilled water as a mixing
medium. Pellets of 10mm diameter were made withniéed powder. These pellets
were sintered at 1170 -128Dfor about 2hours to get densified ceramic samipdasng

fine microstructure andsing a high-temperature furnace (MHI, — USA make).

19)

Intensity (arb units)

20 30 40 50 60 70
2 0 (degree)

Figure 3.2: XRD pattern of the SBTi calcined povedat different temperatures.
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3.3.2 Microstructural characteristics:

The microstructure images of the SBTi samples gdtby conventional route are
shown in figure 3.3(a-d). The grain shapes of S&imples are in the form of platelets.
This orientation is typical of Aurivillius phasesdiis due to the polycrystalline nature of
the samples. SEM micrographs show that the gramsi@n-uniform, which leads to less
densification as the temperature increases. Saemel twas observed by O.P Thakur,
Chandra Prakash et al [3]. The densities of theered SBTi ceramics were measured by
water displacement method (Archimedes principlée Percentages of relative densities
were 86, 90, 83, 79 for samples sintered at @7A196C, 1216C and 123€C
respectively. The relative density of SBTi cerangamples sintered at different
temperatures is shown in table 3.1. At higher temapees, the relative densities are very
less due to evaporation of Bi, which led to inhoeregpus stoichometry. The Bi-loss and
oxygen vacancies were confirmed from the EDAX daken from FE-SEM. The atomic
percentage of each element is shown in table 3.Bigher temperatures, these losses are
increasing gradually. This is due to sinteringighkr temperatures and long socking time
in a conventional furnace. From SEM micrograph<aduld be noticed that, as the
sintering temperature increases the grain sizeeasas gradually. This indicates that at
higher temperatures, there is no control in graowgh of conventional sintered samples.
The average grain size of the conventional sintsegdples was found to range from 15-
20um.
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Figure 3.3 (a-d): SEM micrographs of SBTi ceransitdered at different temperatures
(a) 1176C (b) 1196C (c) 1216C (d) 1236C

Sintering 1170 | 1190 1210 1230
Temperature (°C)
Relative density (%) 86 90 83 79

Table3.1. Relative density of SBTi ceramics sirdeaedifferent temperatures

Element — Atomic %
Sintering Bi Sr Ti O
Temp (°C)
1170 17.1 4.2 16.04 61.1
1190 16.7 4 16.1 61.71
1210 134 4.01 15.8 58.8
1230 13.01 3.9 16 56.89
Green 16.66 4.16 16.11 62.49
sample
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Table3.2. Atomic percentage of each element of SBdramic samples sintered at
different temperatures (1170-1280) derived by EDAX spectrum.
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Figure 3.4: EDAX spectrum of SBTi ceramic sampiesesed at 119C/2h

3.3.3 Low frequency dielectric properties:

The low frequency dielectric properties of SBTi amics measured at room
temperature from 100 Hz to 1MHz are shown in fig@t®. Dielectric properties of
conventional sintered samples of SBTi ceramicavaasured as a function of frequency.
Observed dielectric constant decreased with ingrgasequency. This phenomenon of
appreciable decrease of dielectric constant wittremsing frequency characterizes a
dispersion character in the material and is usuallyibuted to the grain-to-grain
interfacial effects and defects arising at thergtaundaries. The dielectric constant was
increased up to samples sintered at 2C9CFurther increase in temperature (above
1190C), the dielectric constant was decreased graduBllg oxygen vacancies and Bi-
losses in samples sintered at higher temperatdags p crucial role in decreasing the
dielectric properties. The observed dielectric égsare quite high compared to other
classes of ferroelectrics. The similar values amorted by Shujun Zhang et.al [4]. The
dielectric losses in ceramic samples are genecallsed by extended dislocations, grain
boundaries and secondary phases. SEM micrograpadycshow abnormal grain growth
and high porosity for samples sintered at highepieratures, which could be a cause for

higher losses.
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Figure 3.5 (a-b): (a) Dielectric constant (b) Laasgent as a function of frequency of

SBTi ceramics sintered at different temperatures.

3.3.4 Ferroelectric properties:

The most outstanding feature of ferroelectric cécans its hysteresis loop. It
describes the nonlinear polarization switching bé@raas a function of electric field.
Presence of permanent dipoles in the crystalliestheir switching with an electric field
is characteristic of ferroelectric materials. Thenanent polarization and coercive field at
room temperature is obtained from the polarizatisn electric field measurement on
unpoled ceramic samples of diameter 10mm and 0.68mukness using a ferroelectric
hysteresis measurement system built based on thgeS& ower circuit by Marine India
Ltd.

Figure 3.6 (a-d) shows the polarization vs. eledtald loop for different sintered
samples. The ferroelectric properties of the makerdepend not only upon the crystal
structure, but also on the microstructure like miEize and orientation [5]. The hysteresis
characterizations were carried out to explore hlogsé properties vary due to different

sintering temperatures for a material of the saomposition, which in turn could reveal

59



the possible applications in memory and actuafbing. ferroelectric hysteresis loops (P-
E) were recorded for an applied pulse voltage withaximum electric field of 80KV/cm.
The range of the 2Pr (Pr- remnant polarizationueslof conventional sintered samples
are 3.1-1.8C/cnf respectively. The remnant polarization increasedsémples sintered
up to a temperature of 11D With further increase in temperature, the remnan
polarization is decreased graduallye values of remnant polarization and coercivefil
is shown in table 3.3[he reduction of remnant polarization for high temgture sintered
samples could be due to the presence of oxygematdl ion vacancies which causes
strong domain pinning [6For bismuth layer structured ferroelectric, thetdbmtion of
pseudo-perovskite blocks to 2Pr is dominant [7Jré&ectric properties are subjected to
the influence of oxygen and metal ion vacanciesclvbause strong domain pinning [8-
9]. Here, Oxygen vacancies {Vwithin the perovskite structure are known to be
generated along with bismuth vacanciesgVwhich are associated with JBiz
volatization occurring during the sintering processlevated temperatures. The lack of
saturation of P-E loops in all the samples indisdlt&t the system is highly conductive;
one possible reason for high conductivity can ke ghesence of oxygen vacancies and

dipole complexes in the system.

Sintering 2P E.
temperature (UC/cm?) (KV/cm)
1176C 1.56 58.8
1190C 1.82 53.52
1210C 1.72 55.12
1230C 1.1 50.81

Table 3.3: Pand E values of SBTi ceramics sintered at different terapures
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Figure 3.6(a-d): P-E hysteresis loops of SBTi cecarsintered at different temperatures
(@) 1176C (b) 11906C (c) 1216C (d) 12306cC.

3.3.5 Mechanical properties:

It is well known that piezoelectric coefficientegend on the mechanical
coefficients which are related to the mechanicatest of materials [10]. Moreover, the
mechanical behavior plays a crucial role in theadwhation, cracking or fracture, and
polarization fatigue of the multilayer thin-filmrattures [11-12]. Mechanical properties
of ceramics such as hardness (H), Young's moduligdd stress and ultimate tensile
stress are derived from the response of the apfared. In the present study, mechanical
properties such as hardness and Young’'s moduluse weetermined using

nanoindentation. During the instrumented indentapoocess, a record of the depth of
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penetration is made, and then the area of the tndedetermined using the known

geometry of the indentation tip. While indentin@rious parameters such as load and
depth of penetration can be measured. A recortiesfet values can be plotted on a graph
to create a load-displacement curve as shown fi§ufe These curves can be used to

extract mechanical properties of the material.
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Figure 3.7: Load-displacement curve of SBTi cerasaimples.

Prior to indentation test, samples were highly gf@id without any surface
roughness and pores. SBTi ceramics are indentd&@kelyovich-type pyramidal diamond
tip with a maximum load of 2000uN. The trapezoihdowas used to measure the
hardness and Young's modulus. The hardness and gunodulus of the SBTi
ceramics as a function of contact depth are showviigure 3.8(a-b). It was observed that
the hardness and Young's modulus have increasedédmples prepared at sintering
temperatures up to 119D. With further increase in temperature, the hasdnand
Young’s modulus has decreased. These results dtematched with SEM images as
shown in the previous section. It can be conclutted the mechanical properties are
mainly depending on the microstructural propertidse grain size, density and

orientation. In the present case, densities ofetlsasnples are supporting the mechanical
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properties. The samples having higher density hexfibited higher hardness and
Young’s modulus values. The average hardness anthg/® modulus of the SBTI

ceramics are 10- 12.5 GPa and 120 — 140 GPa respgct
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Figure 3.8 (a-b): (a) Hardness & (b) Young’s modu&s a function of contact

depth for SBTi ceramic samples sintered at diffetemperatures.

3.4 Effect of milling on SBTi ceramics:

3.4.1 Introduction:;

Miniaturization of ferroelectric components is ofurent interest in the
microelectronics industry. Recent advances in saligfe science have enabled the
fabrication of ferroelectric materials and deviee$h nanostructures. The influence of
size effects on their ferroelectric properties ntiayit their future applications [13-14].
Therefore, it is important to understand the fdeoigic material behavior as the particle
size reduces. Most of the reported results onieeedfects in ferroelectric ceramics have
focused on pervoskite structured Bag[@5-16]. There is only limited reported data on
Bi-layered structured materials due to the diffigubf obtaining fully dense bulk
ceramics. However, recent advances in ceramicrsigtdave opened up the possibility
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of extending these studies to BLSFs. For examplerawave sintering has been
successfully used to fabricate nanostructured éégodric ceramics because it can achieve
rapid heating rates [17-18]. The high temperatwssd during the sintering can cause
problems in the stoichometry of the final produsimg to the volatility of Bi, and hence
an alternative process is often needed. Some methseld to obtain bismuth-layered
pervoskite ceramic precursors are hydrothermalgsebkand co- precipitation synthesis.
But even after preparing precursors with these atednrmethods, the sintering in general
is done with the conventional heating. An attractadternative for these problems is
microwave sintering technique, which often elimesathe stoichiometry problems by
accomplishing the process at much lower sinterergperatures over a short period of
time.

The synthesis of the material was carried out wigfowder mixture containing an
equimolar amount of 99.9+ % pure,8g, STCQ, and TiQ (Sigma-Aldrich make). The
powder mixture was ball milled in deionized waterathen calcined at 780 for 5
hours. Calcined powder was ball milled for abo@r to reduce the particle size. Here
the grain size effect on microstructure, dielectigrroelectric and mechanical properties
of SBTi ceramics processed by microwave sintergmgvall as by conventional sintering

are discussed and a comparative study is made.

3.4.2 Structural properties:
Figures 3.9 (a-d) and 3.10 (a-d) show the X-rdfyaiition patterns of microwave

and conventional sintered SBTi ceramics respegtivethey indicate that even at higher
milling time the structure of SBTi ceramics doe$ daange or generate new phases. The
positions of the diffraction peaks are in good agrent with the standard orthorhombic
pattern. The crystallite size of the conventionadl anicrowave sintered samples were

calculated by Debye-Scherrer formula. The cryséaBize decreases as the milling time
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increases. The crystallite sizes of the conventismmdered samples are ranged between
60-75nm, which is more than that for microwave esietl samples, which is 39-45nm. It
is evident from the XRD pattern as each peak bnesdeore in microwave sintered

samples than in conventional sintered samples.
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Figure 3.9 (a-d): X-ray diffraction patterns of muwave sintered SBTi ceramics ball
milled for different durations (a) 5h (b) 10h (&HL(d) 20h.
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Figure 3.10 (a-d): X-ray diffraction patterns of neentional sintered SBTi ceramic
samples ball milled for different durations(a) % {Oh (c) 15h (d) 20h.
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3.4.3 Microstructural:

The microstructure of the SBTi samples ball edilfor about 5-20 hours and
sintered by conventional and microwave routes arestown in figure 3.11 (a-d) and
figure 3.13(a-d). SEM images of SBTi samples shoang in the form of platelets. This
orientation is typical of Aurivillius phases. SEMarographs, shows that conventionally
sintered samples got grains that are non-uniformh @ platelet like shape, whereas
microwave sintered samples are highly densifiedgotdiniform grain size. It was found
that there is obvious densification in the microwdield at 1056C for 40min. It is
observed that the samples sintered at lower teriyresaexhibit a reduction in the grain
size. The density of the samples increased as iliegriime increases up to 15h.In case
of 20h milling time, the average grain size of t@ventional and microwave sintered
samples is slightly increased compared to 10 &rhling time samples. The increase in
grain sizes for 20h milling time samples is duagglomeration of the grains [19]. The
relative density of the microwave sintered sampkedigher than the conventional
sintered samples. The relative density of the mwere and conventional sintered
samples as a function of milling time is shown igufes 3.14 and 3.12. Maximum
relative density of 97.5% is obtained at 185Gor 40min of microwave sintering. By
contrast, conventional sintering of SBTi is sld¥or example, 4h sintering at 1080led
to 70.5% of relative density. To get high densiiima conventionally, samples are to be
sintered at high temperatures and for a longergdd20]. The grain size is decreasing
with an increase in the milling time, and that lisacly observed in micrographs for both
microwave and conventional sintering. The graine sabserved in the microwave
processed samples is smaller and denser than donadrone. The average grain size of
the conventional and microwave sintered samplelffarent milling time is as shown in

table 3.4. The rapidity of microwave sintering nogttcould be a reason for suppression
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of grain growth resulting in a finer and uniformarastructure. The same phenomenon
was observed by Chris Y Fang et.al also [21]. Tiiestantially enhanced densification in

the microwave sintered samples can be considerettheagause for their fairly high

dielectric and mechanical property enhancement
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Figure 3.11 (a-d): SEM images of conventional sedeSBTi ceramic samples ball
milled for different durations (a) 5h (b) 10h @&h (d) 20h.
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Figure 3.13: (a-d): SEM images of microwave sirde8&Ti ceramic samples ball milled
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Milling time Conventional sintered/ Microwave sintered/
(Hour) Average grain size (um) | Average grain size(um)
5 9-10 4-5
10 6-8 3-4
15 4-6 1-2
20 5-6 2-3

Table 3.4: Average grain size for different millitgne for both microwave and

conventional sintered samples.
3.4.4 Dielectric Properties:

Dielectric properties of microwave and conventiosaitered samples of SBTi
ceramics milled for different durations are meadusis a function of frequency at room
temperature and are shown in figures 3.15 (a-b) 246 (a-b) respectively. As the
milling time increases, the dielectric constanbailscreases up to 15 hours of milling
along with the dielectric loss (generally loss gaeth the dielectric constant). For 20
hours of milling, the grain size is higher and thelectric properties are quite dissimilar
to the rest of the cases. This indicates thathasgtain size decreases, the dielectric
constant is increasing. This is understandabléagtain size decreases the stress state in
the grains changes, and the dielectric propentidsrioelectrics are heavily dependent on
the stress values and their direction in each gfidie enhancement of dielectric constant
can also be attributed to the increase in domaihdeasity with decreasing domain size
[22]. The dielectric constant of the microwave sinter@agles is little higher than that of
conventional sintered samples. In both microwaw @nventional sintered process, the
dielectric constant is more for 15h milled sammempared to other cases. The enhanced
dielectric behavior can be directly related to kiigher density, more uniform and finer

microstructure, which is characteristic of microwasintering and also to possible

reduction in defects induced dielectric relaxatiajch could directly be related to the
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concentration of defects at the grain boundaridse Teduction in defects and the
associated possible dielectric relaxation in mi@ee sintered samples are evident in
that the dielectric constant of these samples3figpa) are less frequency dependent
compared to that for the conventional samples3figa) and the losses for the former

case is lower and less frequency dependent compartée latter case (figures 3.15b and

3.16Db).
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Figure 3.15 (a-b): (a) Dielectric constant andl@iss tangent of the microwave sintered
SBTi ceramic samples as a function of frequency.

SEM micrographs clearly shows grain growth and tpghosity in conventional
sintered samples than in microwave sintered sampleish could be a cause for higher
losses. These losses in ceramics are generallyeddns extended dislocations, grain
boundaries and secondary phases. Observed dieleatrstant marginally decreased with
increasing frequency for both the set of sampléss fleduction in dielectric constant with
increasing frequency at the lower frequencies charizes a dispersion character in the
material and is usually attributed to the grairgtain interfacial polarization effects
arising from the defects at the grain boundaries &nthe oscillation of ferroelectric

domain walls.
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Figure 3.16 (a-b): (a) Dielectric constant andl@iss tangent of the conventional sintered

SBTi ceramic samples as a function of frequency.
3.4.5 Mechanical properties:

During the instrumented indentation process, arteobthe depth of penetration
is made, and then the area of the indent is detewdniising the known geometry of the
indentation tip. While indenting, various paramsfesuch as load and depth of
penetration can be measured. A record of thesesalan be plotted on a graph to create
a load-displacement curve as shown in figure 3Thiése curves can be used to extract

mechanical properties of the material.
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Figure 3.17: Load-displacement eus¥ SBTi ceramic samples

Figure 3.18 (a-b) & 3.19 (a-b) shows the mechanicaperties of the microwave
and conventional sintered SBTi ceramics sampleadiftdrent milling time, measured by
nanoindentation technique. Each point of the hasl@d Young’'s modulus values are
the average of five indentations at different ptate avoid microstructural effect on
mechanical properties. It should be mentioned thatmechanical properties of SBTi
ceramics were previously not reported. As the nglltime increases, the hardness and
Young’s modulus of microwave and conventional sedesamples also increases up to
15hours of milling time. This implies that the nastructure particularly the grain size is
affecting more the mechanical properties of the iSB@&ramics. Materials can be
strengthened by changing their average grain Kigebased on the observation that grain
boundaries impede dislocation movement and thanthmeber of dislocations within a
grain has an effect on how easily dislocations ttamerse grain boundaries and travel
from grain to grain. So, by changing grain size oaa influence dislocation movement
and hardness. In the present study, as the graendsicreases the dislocation movement

could have decreased, which can lead to enhanceshém mechanical properties of the
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samples. Same trend was observed by Weimin Wamd [@3]. As the grain size
decreases the density increases, and the hardméséoang’s modulus is increasing for
both microwave and conventional sintered samplesoupbhours of milling time. The
same phenomenon was observed by Tetsu Miyoshi @modhi Funakubo [24]. In case
of 20hours of milling time, the hardness and Yosngodulus of the microwave sintered
samples are less than that for the cases of 101&hdurs of milling time. But in
conventional sintered samples, the hardness andgr®unodulus of the 20hours of
milling time sample is less than the rest of theesa This could be the result of lower

density exhibited by microwave and conventionatesid samples when milled for 20

hours.
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Figure 3.18(a-b): (a) Hardness and (b) Young’'s nuslas a function of contact depth of
the SBTi ceramic samples sintered with a conveatiturnace.

Higher density exhibited by the microwave sintesachples could be the reason
for the higher hardness and Young's modulus extbliy them over the conventional
sintered sampleghe improved mechanical strength in microwave pseirg could also
be attributed to small grain size and uniform nstmacture where crack centers like large
pores and defects are few. The high Young's modublse reflects the lower defect

density and finer grains of the samples. Samealtveas observed by Szuecs and Werner
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[25]. In addition, rapid microwave processing caduce Bi ion volatilization and reduce
impurity/solute segregation at grain boundarieevi®us work [26] has shown that

microwave sintered samples are effective for ileirgamechanical strength.
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Figure 3.19(a-b): (a) Hardness and (b) Young’'s mexlas a function of contact depth of

the microwave sintered SBTi ceramic samples.

3.4.6 Ferroelectric properties:

Figure 3.20 (a-d) and 3.21 (a-d) displays the fdectric hysteresis loops of
conventional and microwave sintered SBTi ceramid&dfor different-durations. The
ferroelectric property of the materials dependsamy upon the crystal structure, but also
on the microstructure, like grain size and oridotat The hysteresis characterizations
were carried out to explore how these propertieg @ae to different sintering techniques
and different milling time for a material of thensa composition, which in turn are
relevant for the possible applications in memoryd aactuators. The ferroelectric
hysteresis loop (P-E) is recorded for an appliedewoltage with a maximum electric
field of 80KV/cm. In both conventional and microveagintering process, as the grain

size decreases, the ferroelectric properties wenareed up to 15hours of milling time.
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From graphs (3.20) & (3.21), the remnant polar@a{iR) can be seen to be increasing as
the grain size decreases with milling time incregsip to 15hours. In both microwave
and conventional sintering process, the remnardrizaition is more for 10hours and
15hours of milled samples compared to other cdsesaseof 20hours of milling time,
the Rvalue of the microwave sintered samples is less that for the 10 and 15hours of
milling time cases. But in conventional sinterechpées the Pvalue for 20 hour milled
samples is the leasthe 2R values of the microwave sintered samples are hitjiza the
corresponding values for the conventional sints@atples in each case. This may be due
to low evaporation of Bi during the preparationgess such as low sintering temperature

and lesser soaking time.
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Figure 3.20 (a-d): P-E hysteresis loops for micreavaintered SBTi ceramic samples,

ball milled for different durations: (a) 5h (b) 10t) 15h (d) 20h.
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Figure 3.21(a-d): P-E hysteresis loops for conwemwti sintered SBTi ceramic samples
ball milled for different durations: (a) 5h (b) 10¢) 15h (d) 20h.

The range of the 2Ralues of conventional and microwave sintered sasnare
1.33-2.32 and 1.6-3.Q€/cnt respectively. The smaller grain size samples etdbihe
better ferroelectric properties in both conventlaarad microwave sintered samples. This
indicates that the ferroelectric properties arersjly depending on grain size. In case of
larger grains, the domain walls are quite free tvenand their movement is inhibited as
the grain size decreases, since the grain boumsdaiié contribute additional pinning

points for the moving walls. If the walls becomedeamobile, their ability to hinder the
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ferroelectric properties will also decrease. Asesult, ferroelectric properties were
improved. The reduction of remnant polarizatiorconventional sintered samples could
be due to the presence of Bi and oxygen vacano@s$egser polarization pinning centers
in them. This results in the loss of polarizatiomedto leakage in the material. The
uniform microstructure with smaller grain sizesesffd by the microwave sintering
process could be the consequence of microwave eeigg deposited instantaneously
and volumetrically within the bulk of the materialherein thermal gradients are avoided.
It is quite interesting that as the grain size dases, the ferroelectric properties are
getting enhanced, which is quite good for applaragiand it is worth exploring whether
the same trend could continue into the nano siamgiin thin films also by manipulating

the thin film microstructure by similar processteghniques.

3.4.7 Raman studies:

Figure 3.22 and 3.23 shows the Raman spectra ofi 88Bmics sintered in
conventional and microwave furnaces respectivept. room temperature, the Raman
spectra exhibited intense phonon modes at
55,~90,~126,~151,~268,~476,~561,~726,and ~ 865 ionaddition to some weak peaks.
The spectrum of SBTi is similar to that reporteddmyjima et al. [27, 28]. The vibrational
modes of the bismuth layered structure ferroelestcan be classified as internal modes
of TiOg octahedra and the lattice translation modes rlmtehe motion of the cations in
the pseudo-pervoskite slabs and thgdBiayers [29]. The modes with Raman shift lower
than 200cnt are related to the motion of heavier ions. ForBh&Fs,the mode between
50 and 60 cm is reported to rise from the displacement ot'Bons in BpO, layers.
Those between 90 and 160Cmriginate from the vibrations of the ions at thesifes of
the pseudo-pervoskite blocks. Althougi*Son is much lighter than Bi, the radius of

SP* (0.132nm) is larger than that of 8i(0.117nm) and the 3rion has a lower
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chemical valance than that of*Bion. Thus, the mode related to*Sion is expected to
be located in the same region as that 6f Rins [30]. The modes with the Raman shift
above 200ci are associated with the T§®@ctahedra due to large intra group binding
energy in the octahedra and much smaller mass*6idFis [31]. The mode at ~268cm
arises from the torsional bending of Fi6ctahedra and those at ~ 550 cand 850 crit
correspond to the stretching of Ei@ctahedra

The Raman spectra for samples sintered in a micrewarnace is slightly
different from the Raman spectra for the sampletesd conventionally. In conventional
sintered samples, the observed phonon modes aheve150crit are shifted to the lower
frequency side. This indicates that the stretcmmgles of the Ti@are affected by the
lattice parametersin conventional sintering, generation of oxygen arages at high
temperatures results in non-stoichiometry which chstort the Ti@Q bond causing
changes to lattice parameters [32]. Raman studessvell supporting with XRD patterns

which are given on section 3.4.2
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Figure 3.22: Raman spectra of conventional sint&&di ceramics.
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3.5 Summary

>

Single phase SBTi ceramic samples were preparedighraconventional
solid-state reaction technique by optimizing thécioation and sintering
conditions systematically.

Structural, microstructural, mechanical propertidglectric, ferroelectric,
and Raman studies are studied.

Samples sintered at 1@ exhibited high density and uniform
microstructure. Above that temperature, the obskdaensity decreased and
grain growth is non-uniform due to pores in the gke® and volatization of
Bi at higher temperatures.

Dielectric constant, remnant polarization and med#a properties
increased as the sintering temperature increasés Up9GC. With further
increase of sintering temperature, these propeatiesdegraded due to the
presence of abnormal grain growth, which can leaa teduction in pinning

of domain walls within the grains.
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> The effect of ball milling on different sinteringqresses, microstructure as
well as on dielectric, ferroelectric, Raman speeammd mechanical properties

of SBTi ceramics are identified.

» The grain size of the sintered body is found tarel@se for the samples with
longer milling times for both microwave and convenal sintering except
for 20 hours of milling. In the case of 20 hourswfiing all the data are not
in trend with the rest of the cases, and that cdadddue to possible re-
agglomeration of the milled powders.

> It was observed that as the grain size decredsedli¢lectric, ferroelectric
and mechanical properties of the SBTi ceramiceatenced. From this we
can conclude that the properties of SBTi ceramiamgly depend on grain
size.

» The microwave sintering of SBTi ceramics leadsighér densification and
fine microstructure in much shorter time duratiomart conventional
sintering. They gave better dielectric, mechanical and féecigc properties
also. The results of microwave sintered samples are asir for
microelectronics industry such as capacitors amgbars. It is interesting to
note that when the grain size is minimum (for 15komnilling case), the
density is maximum and the samples exhibits bedécliric, mechanical and
ferroelectric properties for both conventional andcrowave sintered

samples.
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Chapter 4
Effect of Sm-substitution on SBTi ceramics:

4.1 Introduction:

Recent studies revealed thanic substitution in perovskite BLSF materialsais
efficient technique to reduce their drawbacks ofdelectric ceramics [1-3]. It is reported
that fatigue free films with excellent ferroelectproperties are obtained by substitution
of La® ions at Bi-site in BjTisO1sfilms using pulsed laser deposition [4]. In thipest,
the properties of SrBiPrTisO15 System synthesized by soft combustion method 1§®] a
interesting. Piezoelectric properties of this systgt greatly improved when appropriate
amount of Pr ions are introduced into the Bi ice-siThis result shows that the
substitution of Bi* by rare earth ions of smaller ionic radius is efifee in improving the
dielectric and ferroelectric properties.

In this study,SBSmTi ceramic samples are prepared by solid-staetion.
However, the high temperatures are used duringitiiering stage can cause problems in
the stoichiometry of the final product owing to tkelatization of Bi, and hence an
alternative process to be explored. Some methodsl @e obtain bismuth-layered
pervoskite ceramic precursors are hydrothermalgsebknd co- precipitation synthesis.
But even after preparing precursors with these atednrmethods, the sintering in general
is done with the conventional heating. An attractadternative for these problems is
microwave sintering technique which often elimisatbe stoichiometry problems by
accomplishing the process at much lower temperaver a short period of time, greatly

diminishing the chances for Bi volatization.

4.2 Literature survey on rare-earth doped SBTi ceranics:

BisTi4;O15 (BTO) is an attractive material that has low pssieg temperature
(700-756C) than other BLSF (e.g. SrBiax0o) and it exhibits strong anisotropy of the
spontaneous polarizationg{Rlong thea-axis (~5Q.C/cnf) andc-axis (~ 4C/cnf) [6-7].
However, the low remanent polarization &5uC/cnt), low fatigue resistance and high
dielectric loss of BTO would limit its applicatiomhe reduction in remanent polarization

and fatigue with high dielectric losses become mseedous issues due to defects in
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perovskite structure. It gets aggravated with theidB volatization during sintering
process, which creates the Bi vacancies accompéagiedygen vacancies.

Two-site substitution in $5,Bis«TisyTa,O1s5 Where ST and T&" are substituted
by Bi** and T respectively, is done by Minglei et al [8]. Thistem showed the largest
piezoelectric coefficients, electromechanical couplfactor and excellent pyroelectric
responses. The piezoelectric, ferroelectric andeckiéc properties of Nd-modified
BisTiTaOy (BNTT) and La-modified BisLasTaOQ, (BLTT) dense ceramics are compared
by Muneyasu et al [9]. The BNTT and BLTT ceramibswed the highest coercive field
(Ec) of 150KV/cm and highest mechanical quality faoddrll,000 respectively. Zheng
Liaoying et al [10] investigated the structural apdzoelectric properties of €a
xSKBisTi4O15 ceramics (x=0-1.0). The dependence on x is detednimhe results
showed that excellent properties are found in tposition of x=0.4. Rizwana et al
observed that the Pr-doped SBTi ceramics exhiltiecenhanced dielectric, ferroelectric
and impedance properties than the un-doped SBantes [11].

The current study describes the results obtainemhglihe optimization of Sm-
substituted SBTi ceramics samples prepared by -stdi@ method. The structural,
microstructural, Raman, dielectric, ferroelectnoechanical and microwave dielectric

properties were studied for both conventional anmdewave sintered samples.

4.3 Preparation of Sm-substituted SBTi ceramics:

Synthesis of the material was carried out with avgler mixture containing
equimolar amount of 99.9+ % pure,B8;, SrCQ, SmOsz and TiQ (Aldrich make) The
powder mixture was ball milled in deionized water 1 hour at 150rpm. Zirconia vials
and different diameter of spherical (5 and 20mmgaziia balls are used for this study.
These powders are dried in hot oven and then eakminat 75¢C for 5 hours. Calcined
powders are ball milled again for particle sizeugtn for about 15h at 300rpm with
deionized water as mixing medi@hese powders were uniaxially pressed into circula
pellets. Green pellets were sintered at 2C9@r 2h in ambient atmosphere in a
conventional furnace and 11%D for 40min in a microwave furnace. These sintering

temperatures and duration are arrived at aftenoping for maximum density.
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4.4 Characterization of Sm-substituted SBTi (SBSmTJiceramics

4.4.1 Structural properties:

X-ray diffraction patterns of microwave and convenal sintered SrBi
xSmMTi4015 (Where x = 0.25, 0.5, 0.75 and 1) ceramics arevehim fig.4.1 and 4.2
respectively. It indicates that samarium subsbtutioes not change the structure of SBTi
or generate new phases. No significant differencineé lattice parameters was observed
in samples with various contents of Sm as shownabie 4.1. The position of the
diffraction peaks are in good agreement with trendard orthorhombic pattern. The
similarity of XRD patterns are indicative of themgliarity of chemical valance involved
and close values of the ionic radii betweefiBnd Sm" ions. The crystallite size of the
conventional and microwave sintered samples weleuleded by Debye-Scherrer
formula. The crystallite size of the conventionatered samples ranged from 60 to 80nm
which is more than that of microwave sintered sa&® | around 40-50nm. As expected,
the crystallite sizes of the microwave sintered gasiare less than conventional sintered
samples. It is evident from the XRD pattern thathepeak broadening is more in

microwave sintered samples than conventional gdtsamples.

Intensity (arb units )

20 (degreq

Figure 4.1: X-Ray diffraction pattern of microwasmtered samples: (a) SuBisO;s (b)

SrBiz.755M 25114015 (C) SrBk.sSmMo 5T14015(d) SrBk 255Ny 75714015 (€) SrBg SmyTi4O1s.
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Figure 4.2: X-Ray diffraction pattern of conventdrsintered samples: (a) SiBisO;5

(b) SrBk.75SMb.25T14015(C) SrBi.sSMy.5T14015(d)SrBiz 255y 75714015 (€) SrBE SmyTisOx5,

Sm content Lattice parameters (A) Volume (°A)

in sample a b C
SmO 5.425 5.436 40.95 1207.62
Sm 0.25 5.424 5.439 40.932 1207.51
Sm 0.5 542 5.431 40.928 1204.75
Sm 0.75 5.423 5.434 40.921 1205.88
Sm1l 5.416 5.417 40.90 1998.81
Standar 5.42¢ 5.43¢ 40.9¢ 1208.8t¢

Table 4.1: Lattice parametduga of Sm-substituted SBTi ceramic samples.

4.4.2 Microstructural properties:

The microstructure of the Sm-substituted SBTi sasidintered by microwave
and conventional routes are shown in figure 4.8)(and figure 4.4 (a-d) respectively.
SEM images of Sm-substituted SBTi samples showngrai the form of platelets. This
orientation is typical of Aurivillius phases anddae to the polycrystalline nature of the

samples. SEM micrographs, shows that conventiorsatitered samples got grains that
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are non-uniform and of platelet like shape. Therostructure of conventional sintered
SBTi ceramics exhibits grains of different sizeges as well as micro cracks as reported
by P.K Patro [12]. Whereas microwave sintered samplre highly densified and got
uniform grain size. Uniaxially pressed circular gd@s of Sm-substituted SBTi pellets of
0.4 gm mass and 10mm diameter, were conventiosaitgred in air at 119C for about
2h to achieve above 90% of relative density. Simdamples were sintered in a
microwave furnace at different temperatures antediht time durations. It was found
that there is obvious densification in the microwdield even at 115C for 40min
heating. The relative density of conventional aridrawave sintered samples are shown
in table 4.2. Maximum relative density of 97.5%aistained at 115C for 40min of
microwave sintering. By contrast, conventional eiimg of SBSmTi is slow. For
example, 4 hour sintering at 1P&Dled to 80.5% of relative density. To get high
densification conventionally, samples are to béesad at high temperatures and for long
period of time. The average grain size of the cativeal and microwave sintered
samples was found to range from 8-10um and 4-6|spergively. The increase in grain
size for conventional sintered samples is not fuligderstood and needs further
investigation but could be due to a phase with tgreaettability resulting in a liquid
phase that is clearly visible in the micrographfigtire 4.4. The grain size observed in
microwave processed samples is smaller and dehaarthe conventional one. It was
noticed that the average grain size relatively elese with increasing Sfcontents,
indicating a strong influence of substitution camtcation which resulted in lesser amount
of the BF* in SBTi. The longer soaking time is required imeentional sintering as well
as, its slow heating rate also could accelerategthin growth at the cost of nucleation
[13]. The density of the SBSmTi with x= 0.5 and®ig higher than that of original SBTi
ceramics in both conventional and microwave sintepgocessed samples. On the
contrary, SBSmTi with x=1.0 is having lower densawnd this is due to structural
distortion. Structural distortion in this compoaitiis indeed evident through the shifts in
both XRD pattern and Raman spectra. The rapidityiofowave sintering method could
be a reason for suppression of grain growth rewpltin a finer and uniform
microstructure. The same phenomenon was observechbyg Y Fang et. al also [14].
The substantially enhanced densification in therowave sintered samples can be
considered as the cause for their fairly enhancedhanical properties. The atomic
percentage of each element of the compositionrsidtby conventional and microwave

process is shown in table 4.3.
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Figure 4.3(a-d): SEM micrographs of microwave sintered samples: $gBiz 755m

025714015 (D) SrBksSM5T14015(C) SrBk.25SMo.75T14015(€) SrBg SmyTisOxs.

Samples Relative density of samples with varying | Sintering
Sm content (x) temperature
(C)

Sm Sm Sm Sm Sm
0 0.25 0.5 0.75 1.0

Microwave 92.7 92.5 95.5 97.5 88.4 1150
sintered

Conventional | 90.6 91.6 93.8 94.1 88.1 1190
Sintered

Table 4.2:Relative density of microwave and conventionalesietl SBTi and
Sm-substituted SBTi ceramic samples
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Figure 4.4(a-d): SEM micrographs of conventional sintered (a) $#B%mM g 25T14015

(b) SrBksSmMy5T14015(C) SrBE.25SMy 75T14015(€) SrBg SmyTisO1s.

Element — Atomic %
Conventional | Bi Sr Ti Sm O
Sintering
Sm 0.25 14.58 4,02 16.04 0.98 62.31
Sm 0.5 13.74 4.0 16.1 2.01 61.71
Microwave
sintering
Sm 0.25 15.55 4,11 16.44 1.12 62.89
Sm 0.5 14.51 3.91| 16.327 2.08 62.49

Table 4.3: Atomic percentage of each element in gamples sintered in conventional and

microwave furnace obtained by EDX Technique
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4.4.3 Raman spectroscopic studies:

Snt* ions can substitute for Biions in (BkO,)?* layers and in pseudo-pervoskite
blocks, since the chemical valance of*$ia same as that of Biand their ionic radii are
almost identical (SAi:1.08 A, BF*:1.170 A). Figure 4.5 and 4.6 showed the Raman
spectra of microwave and conventional sintered S&nTi,O;5 ceramic samples at
room temperature. At x=0, the Raman spectra exhibimtense phonon modes at
~90,~133,~156,~268,~485,~561,~749, and ~ 866 omaddition to some weak peaks.
The spectrum of SBSmTi is similar to that reportad Kojima et al. [15, 16]. The
vibrational modes of BLSFs are classified as irdemodes related to the motion of EiO
octahedra and the lattice translational modese®l&t the motion of the cations in the
pseudo-pervoskite slabs and the@ilayers [17]. The modes with Raman shift lower
than 200 crit are related to the motion of heavier ions. ForBh&Fs, the mode between
50 and 60 cm is reported to arise from the displacement of Bins in BpO, layers,
while those between 90 and 160 tmriginate from the vibrations of the ions at the A
sites of the pseudo-pervoskite blocks[18]. The matle~268 crit arises from the
torsional bending of TiQoctahedra and those are at ~ 561, 726 and 866comesponds
to the stretching of TiQoctahedra [19, 20]. Since $hions substitute for the Biions in
Bi,O-layers or pseudo pervoskite blocks, investigatmmshe modes with Raman shift at
55, ~90, ~126 and ~151¢htan explain the Sm substitution sites of SBTi. SEhBaman
shifts exhibit the extent of changes with latticedas on varying Sm content. For
example, in the case of x <0.5, the Raman shifh@imode is at ~ 90 ¢hrcorresponding
to the vibration of BY ions in the BiO layers does not change with Sm- substitution
while at x >0.5, the Raman shift decreases fronto984 cni, which is possible due to
the Sni* substitution at B site in BpO, slabs. This implies that Sfhstarts getting into
the BP* site of ByO, layers only at x> 0.5. This feature remains sanebfath the
sintering routes followed. On the other hand,*Sionic substitution may lower the
corresponding binding strength and decrease theaRashift due to the lower binding
energy of Snin comparison to that of Bi [21]. The mode at ~268* from the torsional
bending of TiQ octahedra does not shift with substitution. Thedesothat are at ~561,
~726 and ~ 866 cirelate to the Ti@stretching modelhere is no observable difference
in the peak positions and peak width between cdrwesl and microwave sintered
samples for all the modes, even with increasingcBntent up to x= 0.75. It can be

concluded that, the differences in sintering procedis not affecting the intrinsic
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properties of the samples significantly. That metres microwave sintering influences
only the extrinsic factors like density, grain sigeain morphology and crystallite size
which are also important for determining the digiec mechanical and ferroelectric
properties of a ceramitn case of x=1.0, all the observable modes shifv@drds higher
frequencies in both conventional and microwave esed samples. This could be
attributed to the structural distortion at highedues of substitution in SBSmT system
[22]. Same phenomena observed in XRD pattern atporef no.4.1. In addition, the
Raman peak widths for this composition are differear the samples that are given
different sintering treatments, with conventionadtering yielding a larger peak width
compared to microwave sinterinQne possible reason for the difference in peakhsidt
could be the difference in Bi volatilizatiofable 4.3 showed the atomic percentage of

each element in the samples sintered in conventarhmicrowave processes.
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Figure 4.5: Raman spectra of microwave sintereds8bstituted SBTi ceramic samples.
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Figure 4.6: Raman spectra of conventional sinte@d-substituted SBTi ceramic
samples.
4.4.4 Dielectric properties:

Dielectric properties of SBTi with various Sm cents are investigated. Figure
4.7 (a-b) shows the frequency dependence of diedgmtoperties of microwave sintered
Sm substituted SBTi ceramic samples while FiguBe(d-b) shows that of conventional
sintered Sm substituted SBTi ceramic samples. Téasorements were performed at the
frequency range from 40 Hz to 1 MHz. These ressiftswed that the Sm-substituted
SBTi ceramic samples exhibited better dielectrimperties than the pure SBTi ceramics.
Also, Sm-substituted samples sintered in microwawvaace exhibited higher dielectric
constant than samples sintered in conventionabftgnAs the Sm content increases, the
dielectric constant increases except for x=1 césis. may be due to changes in structural
and bonding characteristics at x=1 compositionsTdan be seen as a shift in the XRD
pattern. In microwave and conventional sinteringcpss, x = 0.5 and 0.75 shows the
enhancement in properties. The differences in cliete behavior between the
conventional and microwave sintered samples aezitjrrelated to the higher density as
well as more uniform and finer microstructure oé timicrowave sintered samples. The
observed dielectric constant decreased slightlyh witcreasing frequency. It is more

pronounced in conventional samples except for xa@db0.75 cases. The phenomenon of
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appreciable decrease of dielectric constant witbremsing frequency characterizes
dispersion in the material and is usually attribui® the grain-to-grain interfacial effects,
defects within the grains as well as interactioesMeen the ferroelectric domains and
charge carriers. But on contrary, the dielectrgsl increasing with increasing frequency
for all the cases. The dielectric losses of micnavaintered samples are relatively less
than conventional sintered samples. In case ofawave sintered samples, the samples
which shows more dielectric constant (x=0.5 andbpare having less dielectric loss
indicating a highly ordered scenaribis also noticed that the t@amabruptly decreased for
x = 0.5 and 0.75. The decrement in the dacan be attributed to a reduction in grain
imperfections. It was also supported by an incréaselative density, in which the same
ceramic samples appeared to be more dense. AboOexthe tard is almost consistent
with the reduction of defects such as bismuth angyen vacancies. The rapidity of the
microwave method also avoids the undesirable ggaiwth and provides a finer and
uniform microstructure which led to high dielectgonstant and lower dielectric loss
values. In both cases the highest value of dielemtinstant was observed for x=0.75
followed by x=0.5, x=1.0, x=0.25 and x=0. For miwave sintered samples, a reverse
order could be observed in the case of the valtitsse tangent. That means barring the
case of x=1, higher Sm substitution is making thatemal more polarizable but with
lesser losses for microwave sintered ceramic sampléth x=1, obviously the material

changes its characteristics.
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Figure 4.7: (a) Dielectric constant and (b) Lossgent of microwave sintered SBSmTi

ceramic samples as a function of frequency.
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Figure 4.8: (a) Dielectric constant and (b) Logsyent of conventional sintered SBSmTi

ceramic samples as a function of frequency.

4.4.5 Temperature dependant dielectric properties:

Introduction to Relaxor Ferroelectrics:

The ferroelectric materials, which exhibit diffupbase transition and dielectric
dispersion, are usually named as Relaxor FerroglecfRFES). Dielectric dispersion
generally explains the shifting of ,Ttowards higher temperature with increasing
frequency. In order to understand the behavioret#xor ferroelectrics, it is essential to
contrast their characteristic properties from thiahormal ferroelectrics [23]. A normal
ferroelectric generally possesses a square hyselesp with large coercive field,
spontaneous polarization and remnant polarizatioare/as the relaxor possess slim loop.
The R or R, vanishes at din normal ferroelectrics but they remains evenvab@, in a
relaxor. This indicates that the relaxors posseas® sized polar domains compared to the
macro-size ferroelectric domains in normal ferrotles. For sufficiently high electric
fields the nano domains of the relaxor can be teekmnith the applied field leading to
large polarization and on removing the field mos$ttliese domains reacquire their
random orientations resulting in a small Phe small Pis evidence for the presence of
some degree of cooperative freezing of dipolarmaion. In ferroelectrics, the transition
can be thermodynamically first or second order mmvdlves a macroscopic symmetry
change at J Above T, the dielectric constant obeys Curie-Weiss law.ctmtrast,
relaxor ferroelectrics exhibits diffuse phase trams with strong dielectric dispersion

without undergoing any structural phase transitoross T,. The peak in the dielectric

95



response is simply a manifestation of the slowiogm of the dipolar motion below,,I
[24]. The above discussion makes it clear that gheperties and physics of relaxor

ferroelectrics are different from those of norm&tbelectrics.

4.4.6 Theoretical models to explain relaxor behavio

The relaxor behavior in the normal ferroelectric ten@als results from
compositionally induced disorder or frustration.the ABG; oxides, substitution of ions
of different sizes, valences, electronegativitinad polarizabilities at the A and B lattice
sites produces dipolar defects and induces a sriflg high degree of disorder so as to
break transitional symmetry and prevent the foramabf long range ordered state [25-
26]. In reflecting on the occurrence of relaxor &ébr in pervoskites, there appear to be
three essential ingredients: the existence ofckattisorder [27-28], evidence for the
existence of polar nanodomains at temperatures rhigtter than T and these domains
existing as islands in a highly polarizable hostida [29]. The existence of nano polar
regions has also been evidenced by several otheerimmental techniques such as
transmission electron microscopy [30], diffuse y-sxattering and neutron diffraction
studies [31-33]. Various physical models such geguaraelectric model, order-disorder
transition model, microdomain switching model, dgroglass model and random field
model have been proposed to explain the behavioelakor ferroelectrics. However,
none of these models has been successful in exglaincompletely. Among them, the
microdomain switching model is suggested to bepitederable one to study the diffused
phase transition (DPT) phenomenon. Several researshill adopt this model to discuss
the DPT characteristics of the relaxors [34-37].

Study of dielectric properties over a wide rangdrefjuency, electric filed and
temperature is the principal tool for uncoveringrdelectricity. A strong temperature
dependence of dielectric constant is associatdu ewjtstallographic phase transitions. In
the present work, dielectric data is obtained dtedint frequencies from the low
frequency impedance analyzer. Measurements are dena function of frequency
(100Hz-1MHz) from room temperature to 630 Dielectric data is presented at four
frequencies 10 KHz, 100 KHz, 500 KHz and 1 MHzhe temperature range from RT to
60C0°C.

Figure 4.9 (a-e) shows the thermal variation @laditric constant at different

frequencies for microwave sintered samples. Thiectigc constant of the sample didn’t
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vary considerably with increase of temperature fieito 300C. With further increase
of temperature from 30Q, the magnitude of dielectric constant increabesving a peak
around 526C. This temperature corresponds to Curie temperattiwhich ferroelectric

phase transition to paraelectric phase takes pldee value of dielectric constant af i
found to be 510 for x =0. The values of the for x=0 at frequencies 10 KHz, 100 KHz,
500 KHz and 1 MHz are found to be 334, 321, 300 288 respectively. There is a

decrease in dielectric constant with increase @gdency. For temperatures abovg T
dielectric constant decreases with increasing teatpee.

Figure 4.10 (a-d) shows the temperature dependeleicttic constant at different
frequencies for conventional sintered samples of ssiostituted SBTi. The dielectric
constant of the samples didn’t vary considerablynwicrease of temperature from RT to
300°C. With further increase of temperature from %D0the magnitude of dielectric
constant increases showing a peak aroundGZbhis temperature corresponds to Curie
temperature at which ferroelectric phase transttoparaelectric phase takes place. There
is a decrease in dielectric constant with incréa$eequency. For temperatures above Tc,

dielectric constant decreases with increasing teatpee.
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Figure 4.9(a-e): Temperature dependence of digaminstant for different Sm-content SBTi
ceramic sintered by microwave heating (a) Sm 5fn)0.25 (c) Sm 0.5 (d) Sm 0.75 and (e)

Sm 1.
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Figure 4.10 (a-d): Temperature dependence of diedemonstant for different Sm-content
SBTi ceramic sintered by conventional heating (&) &25 (b) Sm 0.5 (¢) Sm 0.75 and
(d) Sm 1.

The temperature dependence of permittivity for sanples, follows the
Curie-Weiss law and there is no dielectric pernitifi shift at higher temperatures. For
substituted samples, obvious deviations from theie@Weiss behavior on the high
temperature side of the permittivity peaks wereeoled. It is interesting to observe that
the dielectric constant of Sm-substituted SBTiiggigicantly increasing with increasing
substitution concentration up to Sm 0.75. Anotheteresting observation is that
substitution of samarium exhibited the relaxor vdrain the system. It is seen that as the
substitution content increases, the peak is braaden the dielectric permittivity curve

except for x= 0.75, which corresponds to the feraoaelectric phase transition. There is a
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clear dielectric permittivity shift towards higheéemperature side as the frequency
increases. These are the typical behavior of reléewoelectrics as observed by many
researchers [38-40]. This indicates that Sm sulbistit brings about a strong diffusion of
the ferro-paraelectric phase transition. The sififf,, with measuring frequency suggests
the existence of polar regions in Sm-SiBIO:5s [41]. Typical relaxor ferroelectrics
usually exhibit a high dielectric constant aroungl due to the rapid slipping of polar
clusters [42]. The observed dielectric data hakvied the same trend and moreover,
improved its properties by substituting the sanmarcompared to reported values [43].
The observed dielectric permittivity as a functiof temperature was fitted using
Gaussian distribution. According to Gauss’s lawe ffhase transition temperaturg T

tends to be the normal distribution when it is nBarand the dielectric constaatcan be

£=¢, exr{—w} 4.%)

20°

described as

Where ¢, is the maximal dielectric constant,is the dielectric constant, Tm is the
temperature where, occurs and is the standard deviation of the Tc distributidhe
higher thes value is, the broader the Tc distribution andudifbn characteristic is more
obvious. Kirlov and Isupov derived the following uzdgion by using Taylor's series
expansion by ignoring the higher-order terms [44].

g=— m (4.2)

20°

Where the physical meaning and mathematical measfitige e, T, andd are the same
as mentioned above. Researchers used equatiodeaetabe the diffusion characteristics
in relaxor materials [45]. The experimental andefitgraphs are shown in figure 4.11.
The observed standard deviations of the fittedeslare exactly matched with standard
deviation of the experimental values as shown biet&.4. From these results we can
conclude that the samarium substituted SBTi ceramidibited the relaxor behavior. As
observed in dielectric data, the dielectric consiacreased as the samarium substitution
increases up to 0.75 in both microwave and coneralisintered samples. For x=1.0, the
dielectric constant is decreased due to structdrsiortion with higher content of

samarium.
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Figure 4.11: The experimental and fitted graphthefdielectric constant vs. temperature

data for Sm-substituted SBTi ceramic samples sdter microwave furnace.

10KHz 1MHz
Tc(°C) |em |6 (exp)| d(fit) | Tc °C) | en | & (exp)| & (fit)
Sm 0.25| 511 717 | 31 28 516 505 | 29 28
Sm 0.5 | 485 1409 57 58 510 543| 54 54.1
Sm 0.75| 492 2875 27 24 514 107230 29
Sm 1.0 | 531 393 | 73 69 544 23% 68 67.07

Table 4.4: Experimental and fitted values of trendard deviation of Jdistribution of
Sm-substituted SBTi ceramic samples
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Variation of dielectric loss with temperature and fequency

When alternating fields are applied, the chargesgton a dielectric has both real
and imaginary components, which is caused by eitksistive leakage or dielectric
absorption. This is nothing but dielectric loss loss tangent (tard). This loss is
expressed by the ratio of the out-of-phase componenthe in-phase component.
Dielectric loss is calculated as tarF €”/ ¢ whereeg” is the imaginary and’ is the real

part of the complex permittivity.
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Figure 4.12 (a-d): Temperature dependence of lasgent of SBTi ceramics with

different Sm-content, sintered by microwave heafagSm 0.25 (b) Sm 0.5 (c) Sm 0.75

and (d) Sm 1.
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Figure 4.13 (a-d): Temperature dependence of lasgent of SBTi ceramics with
different Sm-content, sintered by conventional imgata) Sm 0.25 (b) Sm 0.5 (c) Sm

0.75 and (d) Sm 1.

Figure 4.12 (a-d) shows the variation of dielecttoss as a function of
temperature (RT-60Q) at four different frequencies 10 KHz, 100 KHB05KHz and 1
MHz for microwave sintered samples. As seen in dheph, dielectric loss increases
slowly with increase in temperature. But once terapge is above Curie temperature,

there is an abrupt increase in the dielectric thssto conductivity of the samples at high
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temperature. Interestingly, dielectric loss is @ased as the frequency is increased which
indicates that these samples are of high purity eodfirms the ferroelectric phase
transition [46]. In all cases we have observedstdme trend. Figure 4.13 (a-d) shows the
variation of dielectric loss as a function of temgiare at different frequencies for
conventional sintered samples. These samples aleavfthe same trend. The observed
dielectric loss of the conventional sintered sampgemore than the microwave sintered
samples. X = 0.75 samples exhibited low dieledbgs compared to other compositions
in both conventional and microwave sintered samplésch is supported by the

microstructure and density of the same samples.

4.4.7 Ferroelectric properties:

Figure 4.14(a-d) and 4.15(a-d) displays the fdeaiec hysteresis loops of
conventional and microwave sintered Sm-substitugH®iTi ceramic samples. The
observed ferroelectric properties got reduced coethbto pure SBTi ceramics. It is well
known that the occurrence of the ferroelectric midomains gives birth to properties
typical for the ferroelectric relaxor [47]. In casé observed relaxor behavior in Sm-
substituted SBTi ceramics; the Sm content playsmoortant role in this property. As the
relaxor behavior increases, the ferroelectric prige are degraded. There is no
observable changes in ferroelectric properties rofsfbstituted SBTi ceramics for x =
0.25 and 0.5. At x = 0.75, the ferroelectric pmjgs are enhanced. These results are
supporting the relaxor properties of Sm-substitl@&3i samples which are discussed in
4.4.6. Substitution of Samarium ion into A-site 9BTi leads to the decrease of point
defects such as oxygen vacancies so that relatfeelgelectric properties are enhanced
up to x = 0.75. For x = 1.0, the relaxation ofittdistortion of SBTi become prominent

and exerted a negative influence on the increas2Rothough Sm ions at A-site still
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contribute to increase in 2PThe overall Sm-substitution in SBTi becomes wediich
leads to decrease of 2Pr value at higher Sm cof8htin these compositions, bismuth
oxide planes got a net electrical charge, theiitiposng in the lattice is self-regulated to
compensate for the space charges [49]. The defaath, as oxygen vacancies can easily
migrate and accumulate at the domain walls, thepimying the domains [50]. However,
this kind of migration and accumulation may be nased by the BO, layers due to
their effect on the space charge compensation &ed isulation layers, thereby
weakening the pinning of the domains. The subgitubf Sm ions into BO, layers may
destroy the original effects of the insulation leyeas well as the space-charge
compensation. Consequently, it weakens the rolBigd, layers as refraining from the
accumulation of oxygen vacancies in the pseudogs#ite slabs. Thus, the defects can
easily migrate toward and concentrate at the dosnadalls, which may increase local
strain fields. The interactions among the ferragiedomains are blocked and the micro
domains are induced [51]. Hence, the appearandhkeoferroelectric relaxor transition
can be generated from the competition of the mittmmains induced by the interactions
among the ferroelectric domains and micro domaidsiced by the random strain fields.
In other hand, Samarium substitution enhances themical and structural
inhomogeneity, and leads to a break in the transiat symmetry, which is unfavorable
for the coupling of the concentration and couplofgthe dipole moments [52]. With
samarium substitution, both the concentration angpling of the dipoles are decreased.

Consequently, the ferroelectric properties are ehesad.
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4.4.8 Mechanical properties:

Figure 4.16 showed the typical measured Load-Digptent curve of SBSTi
ceramics. Figure 4.17 (a-b) & 4.18 (a-b) shows thechanical properties of the
conventional and microwave sintered samples of @stguted SBTi ceramics measured
by nanoindentation technique. The hardness and ¢sumodulus values are the average
of the five indentations at different places to idvimicrostructural effect on mechanical
properties. It should be mentioned that mechangraperties of SBTi ceramics are
previously not reported. The hardness of the mier@sintered samples ranged from 8.8
to 11.5 GPa and that for the conventional sinteegdples is 8—11 GPa. It could be noted
from figures 4.17 (a) and 4.18(a) that, as the Smitent increases the hardness also
increases in both conventional and microwave fwtgrocesses. Sm ~ 0.75 samples
showed good mechanical properties for both micranawd conventional sintered cases.
On the other hand, Sm ~ 1.0 is showing inferior ma@acal properties compared to x= 0
— 0.75 and this could be due to higher porositys ltvell known that the mechanical
properties of the materials depend on the microsira and porosity. These results
highlights that the hardness of the SBSmTi cerasaimples increases with deceasing
porosity. The Young’'s modulus of the microwave aodventional sintered samples are
ranged from 160 to 180GPa and 135-155GPa resphctiiee high Young’s modulus
values reflect the lower defect density and finexings of the samples. Moreover it is
interesting to observe that the Young’'s modulusi@glare depending on the grain size of
the samples. The samples which are having less giag¢ are having higher Young’'s
modulus. Same phenomena are observed by J. Riodte. &#ardo [53] also. The results
obtained implies that the hardness is independémirain size and Young’s modulus
seems to decrease with increase of grain size. ififpgoved mechanical strength

achieved in microwave processing could be attridhute small grain size and uniform
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microstructure where crack centers like large poaesl defects are few. Density
measurements are supporting the mechanical prepedf the microwave sintered
samples.

For both the conventional and microwave sinterases, it is quite remarkable
that, the highest hardness and Young’'s modulusesgadine obtained with samples having
x=0.75 and the same composition gave the best ctlieleproperties as mentioned
previously in section 4.3.3 of this chapter. Ittige that density, microstructure and
composition influences both dielectric and mechalicoperties. Yet, this coincidence as
observed previously [54] reinforces the suspicidrattmechanical and dielectric
properties are related at least in these systengivé best results for both the properties

in the same composition, when composition is vasiegtematically.
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4.4.9 Microwave dielectric properties:

We have used transmission/reflection method to areasomplex permittivity.
For microwave measurements, the samples were e pathe form of rectangular disks
(0.2 mm x 229 mm) to fit snuggly in the X- bandaweguide (WR-90). The
measurements are carried out by inserting the smmipside the X-band waveguide. The
microwave measurements are accomplished for thei SBmple, obtained in the
microwave and conventional sintering process, wsitbstitutions of Sp®©; (0.25, 0.5,
0.75 and 1 wt %). The results were obtained, imseof dielectric permittivity ) and
dielectric loss for frequencies in the range o824 GHz. The microwave dielectric
permittivities are related to the structural andidiog characteristics of the material. The
relative density, porosity and average grain stfesintered bodies are considered to be
the key extraneous factors influencing the dielegroperties. Some authors said that the
lower dielectric permittivity is due to lower detysibecause of pore formation [55]. In
figure 4.19 (a-b) and 4.20 (a-b), the dielectriecnpiéivity (¢’) and dielectric losse(’) of
SBSmTi ceramic samples are given against the pegenof Sm-substitutions for
samples sintered by conventional and microwave oustimespectively. In both cases, as
the Sm content increases the dielectric constaote@ses up to x=0.75. There is
negligible variation in values of dielectric constdor x= 0.5 and 0.75. The dielectric
permittivities of SBTi, regardless of the substantlevel, are associated with ionic and
atomic polarization. Since the ionic radii of Srare different from the original site ions
(Bi®"), increasing the amount of additional ions wouéd to a change of both the
electronic and ionic polarizations. lonic polarieatis strongly dependent on the crystal
structure, including density and lattice constaotsunit cell volume [56]. From the
observed Raman spectra in section 4.4.3, it isioatl that S starts getting into the

Bi®* site of BpO, layers only at x> 0.5. The observed microwave dieie properties are
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strongly dependent on substitution level of the a@mmn content as observed in low
frequency dielectric properties mentioned in sectol.4. From Raman analysis, we can
explain that the polar distortion got suppressedxfc= 0.5 and 0.75 resulting in the
observed high dielectric constant values. In additd that, the observed T¢@tretching
mode at 866¢rhis rigid even at samarium substitution. The diglecesponse of oxygen
octahedra based structures are increased whercthieedra are aligned. A stiffening of
this mode could mean an alignment of the octahedsalting in higher values of
dielectric constant as it could be seen in thegmestudy. Raman spectra observed for
conventional sintered samples gave larger peakhwidimpared to their microwave
sintered counterpart®©ne possible reason for the difference in peakhgidbuld be the
difference in Bi volatilization which could lead structural distortions resulting in line
broadening of the Raman spectra as well as a liedugt the microwave dielectric
properties. The observed relative densities ofStmesubstituted SBTi samples are shown
in table 4.1. 1t is well known that the dielectgonstant increases with density. Also,
there would be an increased ionic polarization \aithincreased Sthconcentration, due
to a combination of an unchanged unit cell volunmel @ reduced ionic radius. The
experimental dielectric constant was correctedpfanosity of the ceramic samples. The
measured and porosity corrected dielectric constahtes are shown in table 4.5. The

porosity corrected dielectric constant was caledatsing the following equation.

_ 2+p
Er,corr =& exp|:2_—2p:| (43)

Where &,.., is the measured permittivity= is the corrected permittivity

r.OOPP

and P is the porosity.
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Frequency (GH: Sm ( Sm 0.2! Sm 0.t Sm 0.7! Sm 1.(

€exp | €corr | €exp Ecorr €exp Ecorr €exp €corr Eexp Ecorr
8.2 98 | 105/ 110.5121.8| 120.4| 129.8| 122.5| 129.8| 111.5| 114.7
9 92 | 102| 104.2116.1| 116.8| 123.3| 118 122.8 107 110.1
10 87 | 95 100.6 111 113.5 120.5| 115.6| 121.9| 103.6| 108.8
11 82 | 91 94.4| 107.4111.2|118.4|114.4| 119.5| 101 107
12 78 | 88 90.7| 101.5109.2|117.2|112.7| 117.7| 100.8| 105.7
12.4 75 | 82 88.8| 90.1] 105/7114.4|109.5|115.6/98.2 | 100.8

Table 4.5: The measured and porosity correctecectisd constant values of different

Sm-substituted SBTi ceramic samples in X band feegies.

An increase in the dielectric permittivity indicatehat the increase in ionic

polarization is predominant over the decrease eotednic polarization corresponding to

a smaller ionic radius. However, a high concerdratof samarium (x=1) caused a

reduction in the lattice constants and the unit eelume. Therefore, both atomic and

ionic polarization would decrease with an increggeimount of samarium introduced into

the system and lead to reduced dielectric perntittii67]. The observed dielectric

constant values are quite higher than the eaiponted values [58]. Interestingly, the

observed dielectric loss is decreased as the Stemoncreases up to x=0.75.
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4.5. Summary:

» The systematic comparison study for conventiondlmitrowave sintered
samples of SBTi ceramics with different amount of-Substitution has
been studied and their densification dependencsimtering conditions
studied.

» There was no observable change in structural ptiegeas the substitution
content increases up to x=0.75. With further inseeaf the Sm content,
structural changes are observed due to distortiod grain size is
decreased.

» Microwave sintered samples obtained good denstiéswer temperature
and lesser soaking time compared to conventiomabrgid samples and
smaller grain sizes were obtained in microwaveesing process.

» With substitution of Samariumthere is a clear dielectric permittivity shift
towards higher temperature side as the frequencyeases and dielectric
permittivity of the peak is broadening. These de tiypical behavior of relaxor
ferroelectrics. This indicates that Sm substitutimimgs about a strong diffusing
of the ferro-paraelectric phase transition. Theftsbf Tm with measuring
frequency suggests the existence of polar regio®sn-SrBjTi4O:s

» For x=1, there is an observable shift in XRD patt@nd changes in lattice
parameter values which led to the decrease of di@econstants and
Curie temperature. It was found that high concéiotneof Samarium was
likely to promote space charge polarization inte fystem resulting in a
decrease in both dielectric constants and Curi@éeature.

» With samarium substitution, both the concentratimd coupling of the dipoles

are decreased. Consequently, the ferroelectriogptiep are decreased.
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» Mechanical properties of the Sm-substituted SBTacec samples were
studied for both microwave and conventional sirdesamples. Hardness
and Young's modulus of the microwave sintered sasiplere higher than
the conventional sintered samples which are in eagemt with the
microstructural and density properties.

» Microwave dielectric measurements were carried a@out X-band
frequencies by a waveguide based technique. Thigosition exhibited
the high dielectric constant and low loss tangehenvx= 0.5 & 0.75
compared to the other layered structured materfatem these results, the
Sm-substituted SBTi ceramic samples are seemed # dood candidate
for lead-free ferroelectric applications.

» Over all, the microwave sintered samples have @euitbetter properties
than the conventional sintered samples, that tdb wireduced sintering

temperature and soaking time.
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Chapter 5

Preparation of SBTi thin
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Raman spectroscopic studies
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Chapter 5

Preparation of SBTi thin films and their structural , microstructural,
optical and Raman spectroscopic studies

5.1 Introduction

SBTi is one of the more promising materials amdmg lhismuth layer structured
ferroelectrics in view of its high Curie tempera&tustrong fatigue resistant properties and
higher remanent polarization [1]. Among publishedults, fatigue-free BLT films have
been successfully deposited on platinized Si satestr (Pt/TiQ/SiO./Si) by various
methods, such as sol-gel techniques (a Chemicalti®ol Deposition technique),
MOCVD [2] and more recently by PLD [3]. PLD is known as ahteque of choice for
congruent deposition of complex materials like BlHowever, until now, PLD suffers
from weak uniformity control over large areas, legdto intrinsic difficulties to
extrapolate the process towards industrial appinat Among deposition methods,
sputtering enables to achieve good uniformity dasge areas and is thus widely used for
scientific and industrial applications. Publishedults on reactive sputtering of complex
oxides show that, after optimization of experimém@nditions, thin films of complex
oxides can be obtained with a well-controlled stmmetry [4, 5]and even improved
dielectric properties, while controlling energyintolved species. However, optimization
conditions to get single phase films on amorphalsgates and maintaining the oxygen

stoichiometry during deposition with rf sputteriisga challenging task.

This chapter describes the structural, microstrattand optical properties of the
rf sputtered SBTi thin films. The effect of prosgsarameters such as oxygen pressure
during deposition, annealing temperature, etc. loa gtructural, microstructural and
optical characteristics are carefully analyzed.sTé¢hapter also presents a detailed study
on the influence of process parameters on the legaimetry of thin films using their
Raman spectra.
5.2 Target preparation and experimental conditions

The SBTi ceramic target used for rf magnetron gpuit) was prepared by solid-
state reaction method. For SBTi ceramic target,dsow of SrCQ@, Bi,O3, TiO, of 99.9%
purities were mixed in deionized water at desirechgosition. A few wt % of excess

Bi,O; were added to the powders to compensate for thies8i during the process of
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sintering and deposition. The mixture was calciaed’50°C for 5 h. To make SBTi
target, the calcined powders added with binder ypeeesed into pellets and then sintered
at 1100 °C for 2h. XRD pattern of the SBTi targadicated pure polycrystalline phase
with no secondary phases.

The photograph of the RF magnetron sputteringesystsed in this work is shown
in figure 5.1. It consists of a 30 liter stainlegsel vacuum chamber which houses 3
cathodes and a substrate holder. Out of 3 cath@de® RF powered while the other one
is dc powered. One of the RF powered cathodes sed for the deposition of SBTi thin
films. During the deposition of thin films, the wagn chamber is continuously cooled by
flow of water through the water cooling jacketddfit on the exterior to the vacuum
chamber. The vacuum chamber is evacuated througheléctro-pneumatic roughing
valve from atmospheric pressure to 2%10orr using a rotary vane mechanical pump
(RP, DS-102, Varian, ltaly). A base pressure of®fTorr can be achieved in about 2h
using turbo molecular pump. Two mass flow contrslihich can independently control
the flow of argon (99.9%) and molecular oxygen,(@.99% purity) are connected to the
vacuum chamber through a solenoid valve. The usgasfmixture of inert argon and
reactive oxygen helps to achieve the same stoiattignas of the target in the film. The
working pressure during the deposition is contbpartly by adjusting the total input gas
flow and by reducing the through out of the turbolecular pump by partially closing the
manual gate valve. Once the predetermined workimgsure is achieved, the sputter
deposition process is started by initiating thespla using the RF power generator (RF-

VIl Inc, USA) coupled with matching network.

Figure 5.1. RF magnetron sputtering system uséuisrstudy
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The experimental conditions such as RF power tensubstrate temperature,
OMP, working gas pressure, substrate to targearnlist type of substrate used and post-
deposition annealing treatments influence the pta@®e of the sputtered films.
Optimization of all the sputtering conditions fdmnet best material properties in the
deposited film can be very difficult and time comsang. Initial studies indicated that the
power densities < 2.5 W/émesulted in very low rates of sputtering wherepasrer
densities > 3.5W/cfresulted in target damage. Hence, a power deosiBWw/cnf was
used. The substrate to target distance was fixégtras because larger distances led to

lower rate of deposition and lower distances ledamage of vacuum seals.

5.3 Literature survey on thin films of Bi-layer structured materials

Now a days, bismuth-layered perovskite like fereatic thin films attract much
attention due to their potential application in wolatile ferroelectric random-access
memory. Bismuth titanate, StBii;O15 and SrBjTi,O are typical bismuth-layered
perovskite like material, showing excellent perfamoe like fast switching speed and
high fatigue resistance with metal electrodes,ablgt for good retention devices [6].
Reports are available on SBT ferroelectric fiimsithgsized by various techniques.
Kazushi Amanuma and Takashi Hasereported that the SrBlia,Og thin films were
synthesized on Pt/Ti/SiBi substrates using a solution deposition procéssvell-
crystallized film with dense structure was obtaifdfiring the films at 700-800°C. A
280nm thick film fired at 800°C showe®} of 10.0 uC/crﬁ andE; of 38 kV/cm at 5 V.
No fatigue was observed up to®i€witching cycles.These properties are very attractive
for nonvolatile memory application [7&eshu B. Desu and Tingkai Lreported that the
films deposited by Metal - Organic Decompositiond®) technique are found to exhibit
excellent ferroelectric properties. Typically, th&BT films (thickness approximately
300 nm), at an applied voltage of 5V, showed 2&lues greater than 20 pCfgna
coercive field E less than 60 kV/ cm and a dielectric constant do800 (at10 kHz).
These values are in excellent agreement with eadjorts on laser ablated SBTN films.
The films did not show any significant fatigue wpt( cycles.Additionally, a leakage
current density of less than 2 x38/cm? was obtained at an electric field of 167 kV/cm,
which is significantly lower (by an order of magmde) than the corresponding laser
ablated films [8].Nak-Jin Seong and Soon-Gil Yoomreported that théilms deposited
by plasma-enhanced metal organic chemical vapoodigm (PE MOCVD) shows
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remnant polarizationR) and the coercive fieldf) of 15 pC/cr and 50 kV/cm at an
applied voltage of 3 V for 200 nm thickedBi2 3Tax ¢Os films deposited at 550 °C. The
leakage current density was about 5%Mcm? at an electric field of 300 kV/cm. The
films showed fatigue-free characteristics up to@X®switching cycles under a bipolar
wave of 6V [9].S. T. Tay, X. H. Jiang, and C. H. A. Huarreported that the rf sputtered
SBT thin films, shows a remnant polarizatiéh)(and coercive field&,) of 4.35 pC/crh
and 31.5 kV/cm respectively for the SBT thin filmsnealed at 750°C. Good insulating
properties were obtained for films annealed at&@d 750°C, but higher leakage currents
were observed when the films were annealed at 8d08&0°C. Increase in the leakage
current is attributed to degradation of the Pttetele and diffusion of Ti into the SBT
films [10].

5.4 Deposition of SBTi thin films

The SBTi thin films were deposited on fused silstdbstrates by RF magnetron
sputtering at fixed oxygen mixing percentage (OMM)e substrate holder was water
cooled to maintain the substrate temperature ben28e27C in order to prevent the rise
in temperature of the substrates due to ion bonmbant during sputter deposition
process. The temperature of the un-cooled subst@ge up to 100-12C during
deposition. The power density and working presswae maintained at a constant value
of 3Wi/cnf and 20mTorr respectively. The optimized conditiarsed for the present

study are shown in table 5.1

Parameter Value
Power density 3(W/ch
Substrate to target distance 5cms
Working pressure 20mTorr

Oxygen mixing percentage Ar:,@0%: 50%)

Substrate type Fused silica

Post-annealing treatment Conventional annealing-@’C) about 2h.
Microwave annealing (500-880) about 20min.

Table 5.1: Sputter deposition parameters useckicdinrent study.
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Ex-situ annealing of SBTi thin films:
In order to crystallize the films, two ex-situ aating treatments are adopted.
They are
(a) Annealing in a conventional furnace.

(b) Annealing in a microwave furnace.

5.5 Characterization of SBTi thin films annealed byconventional furnace:

5.5.1 Compositional analysis

In order to investigate the compositional deviadiohany in the rf processed
samples, Energy Dispersive X-ray (EDX) analysishef deposited films are carried out.
Composition of the films was close to the compositof the target. Figure 5.2 present
the EDX spectrum of the SBTi thin films depositedamorphous fused silica substrates.
The Bi, Sr, Ti and O peaks appear in the EDX spettThe atomic percentage of each
element in thin film is almost equal to the cor@sfing element percentage in the target

material as shown in table 5.2.

Full Scale 3817 cts Cursor: 0.000 ke

Figure 5.2: EDX spectrum of the SBTi thin films dspied on fused silica substrates.
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Element Weight % Atomic % of Atomic % of
deposited films Target material
TiK 1451 16.96 16.04
SrL 6.38 4.07 4.16
Bi M 61.22 16.39 16.66
@) 17.89 62.58 62.31
Total 100.00

Table 5.2 Atomic percentage of each element in siggnb SBTi thin films obtained

from EDX analysis.

5.5.2 Structural characterization:

The structural characterization of the depositdsf was carried out using X-ray
diffraction (XRD) technique with Cu & radiation. The XRD pattern of the SBTi thin
films deposited on fused silica substrates anneatatifferent temperatures in the range
of 500 — 806C are shown in figure 5.3. The oxygen mixing petage was fixed at 50%
for the present study. As shown in XRD patterrméilannealed at lower temperatures
showed amorphous nature and as the temperatureases films are crystallized into
orthorhombic phase with preferred orientation. &herno evidence for secondary phases
and the peaks in XRD are well matched with stand@BDS file [43-0973]. At higher
temperatures i.e above 7@) the diffraction angle showed a shift towards downgles
which indicates the increase of lattice paramef#&mns.increase in lattice parameters could
be a result of lattice strain due to volatizatidrbismuth at higher temperatures [11]. The
average crystallite size of the films was estimatemm the FWHM values using
Scherrer’s formula. The results show an increaserystallite size from 15 to 25 nm as
the annealing temperature increases from 500 t6C800he variation of crystallite size

with annealing temperature is plottedigure 5.4.
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Figure 5.3: XRD pattern of the SBTi thin films aated at different temperatures in
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5.5.3 Surface morphology

The surface morphology of the SBTi thin films arledaat different temperatures
from 500 to 806C is shown in figure 5.5 (a-dPn annealing, the evolution of grains is
evident with pronounced grain boundaries. It imckhat as the temperature increases the
grain size is also increasing. The average gramai the films annealed at 500, 600, 700
and 808C are 0, 35, 54 and 75nm respectively. The sunfasghness of the same films
was 6, 5.1, 7.2 and 9 nm.

[um]

Figure 5.5(a-d): AFM images of SBTi thin films amted in a conventional furnace at (a)
500 (b) 600 (c) 700 and (d) 8tm
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5.5.4 Optical properties:

The optical properties of the SBTi thin films anleehat different temperatures
are investigated from transmittance spectra obtkinfom JASCO V-570
spectrophotometer. Figure 5.6 shows the transmoitaspectra of SBTi thin films
annealed at different temperatures. The films alage above 70@ shows a
considerable decrease in optical transmittances Thn be attributed to an increased

scattering from films with larger grains.
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Figure 5.6: Optical transmittance spectra for SBiln films annealed at different
temperatures.
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Figure 5.7: Refractive index and band gap as atiwmof annealing temperature.
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The refractive index and band gap of SBTi thin §lmnnealed at different
temperatures is calculated and is shown in figui& Bs shown in the figure, the
refractive index increases with the increase inpemature. The films annealed at low
temperatures exhibited lower values of refractivdex due to porous microstructure and
consequently, with low packing density [12] as wadl with onset of crystallization. As
the annealing temperature increases, the packingjtgeof the films increases resulting
in an increase in refractive index. The decreadmird gap with increasing temperature is
a common feature exhibited by many oxide matefi®3. It can be associated with the
onset of crystallization. Films annealed at ®D@xhibited the amorphous nature having
a higher band edge. On annealing the films at teatpes greater than 5@ there is a
sharp decrease in band edge which correlates Ww&honset of crystallanity [14] as

observed in XRD pattern shown in figure 5.3.

5.5.5 Raman studies:

Raman spectroscopy is a powerful technique fodystg vibrational
modes in condensed matter, which helps to idenki€y chemical bonds present in the
system. Most of the fundamental vibrational modeshie condensed matter lie in the
energy range that corresponds to the middle irdrpset of an electromagnetic spectrum
with wave numbers from 500 to 4000 tnRaman effect can be interpreted as inelastic
scattering of light due to a superposition of staleibrations and dipole oscillations
induced by electric field of the incident wave. TVibrational modes are Raman active
only if it affects the local polarizability. Sindbe dielectric properties of ionic solids are
primarily dictated by their lattice dynamics, knedbe of the lattice dynamics is
important for both bulk and thin film dielectric¥herefore, Raman spectroscopy is
important for dielectrics as it is one of the simpéchniques, which gives a good insight
into the lattice dynamics of the material. Moreg\eis a nondestructive technique, and it

does not require any special treatment of the sssnpl
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Figure 5.8: Raman spectra of SBTi thin films anadalt different temperatures in a

conventional furnace.

The Raman spectra of the SBTi thin films are alatkat different temperatures
from 500 to 808C as shown in figure 5.8. For the BLSFs, the moglsvben 50 and 60
cm? is reported to arise from the displacement of Rins in ByO, layers, while those
between 90 and 160 ¢horiginate from the vibrations of the ions at thesites of the
pseudo-pervoskite blocks [15]. The mode at ~268 anise from the torsional bending of
TiOg octahedra and those at ~ 561, 726 and 866ammrespond to the stretching of GO
octahedra [16, 17].

The SBTi thin films were deposited on amorphousssales, which are Raman
inactive due to crystal symmetry, so the substsateuld have no effect on the Raman
signals. From the figure 5.8, the observed phonaden are at 128.8, 272.6, 490.6,
598.5, and 860.6 cm No significant shift in the position of these pba modes has
been observed in SBTi thin films and bulk cerammbjch are mentioned in Chapter 3.
From a comparison of the observed Raman spectrahiof films and their bulk
counterparts, it can be seen that observed Ramaesria thin films are relatively less
intense than the corresponding modes in bulk saangle the annealing temperature

increases, the intensity of the phonon modes iseeap to 70C. The films annealed at
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low temperatures (below and at 8G9 show the amorphous nature. Detailed observation
of Raman spectra reveals that as the annealinget@tupe increases, the intensity of the
vibrational modes is enhanced gradually. Thesealteesuggest that the films annealed at
lower temperatures are amorphous and not fully talyzed. As the annealing
temperature increases, grain growth and crystébbzaakes place. For the films annealed
at high temperature (800), the intensity of the phonon modes are decreaspdcially
the modes at higher frequency side, which beloagsretching of Ti@ Some of these
modes are disappearing due to oxygen vacancie8ialods at high temperatures which
lead to changes in local symmetry of the films.ririhe above Raman spectra, we can
conclude that the films annealed at ®@xhibited the relatively intense phonon modes
compared to other films. These results again shpwndirectly through the dielectric
properties of these samples which will be discusee@hapter 7. The peak broadening
was more for the thin films than the bulk sampldscly demonstrate that the stresses
endured by the films are more for the films whigh understandable as they are

constrained by a substrate while undergoing th@sigpn and annealing processes [18].

5.6 Characterization of SBTi thin films annealed by micowave furnace:
5.6.1 Structural properties:

The XRD pattern of the SBTi thin films deposited fused silica substrates
annealed in a microwave furnace at different termipees in the range of 500 — 800
about 20min are shown in figure 5.9. The oxygenimgippercentage was fixed at 50% for
the present study. As shown in XRD pattern, filnepabited at 50C films show
amorphous nature and as the temperature increakes Were crystallized into
orthorhombic phase with preferred orientation. €hisrno evidence for secondary phases
and well matched with standard JCPDS file [43-0978% the annealing temperature
increases, the prominent peak shifted towards tweerl angle which indicates the
increase of lattice parameters. The increase titdaparameters could be the result of
lattice strain arising from defects in the form mfygen vacancies [19]. The average
crystallite size of the films was estimated frome tRWHM values using Scherrer’s
formula. The results show that the crystallite sizereased from 12 to 20 nm as the
temperature increases from 500 to ®DOThe variation of crystallite size with the

annealing temperature is plottedfigure 5.10.
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Figure 5.9: XRD pattern of the SBTi thin films aated in a microwave furnace.
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Figure 5.10: Crystallite size of the films anneadlifferent temperatures.

5.6.2 Atomic force microscopy:

The surface morphology of the SBTi thin films anedaat different temperatures
from 500 to 80BC is shown in figure 5.11 (a-dPn annealing, the evolution of grains is
evident with pronounced grain boundaries. It i;ckhat as the temperature increases, the

grain size is increasing. The average grain sizéefilms annealed at 500, 600, 700 and
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80PC are 0, 32, 56 and 82nm respectively. The avemagghness of the same films was
4,5.1,7.2and 9 nm.
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Figure 5.11 (a-d): AFM images of the SBTi thin firannealed in microwave furnace at
(a) 500 (b) 600 (c) 700 and (d) a0

5.6.3 Optical properties:

The optical transmittance spectra of the SBTi fiims annealed in a microwave
furnace at different temperatures are as showigimd 5.12. The films annealed at 8G0
shows a considerable decrease in optical transmétaThis can be attributed to an

increased scattering in the film with larger graisswvell as higher defect density.
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The optical band gapgHor the films was calculated using the envelop
method. In the present case, the band gap enegyhdE been estimated by assuming as
allowed direct transition between the highest oestate of the valance band and the
lowest unoccupied state of the conduction band.

Transmission (%)
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Figure 5.12:Optical transmittance spectra for SBTi thin filmanaaled in
microwave furnace.
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Figure 5.13: Refractive index and band gap of t&i3ilms annealed in a microwave
furnace.
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The variation in the band gap (Eg) and refractimdek with the annealing
temperature is shown in figure 5.1he band gap decreases as the annealing temperature
increases. The decrease in band gap on anneabingoisimon feature exhibited by many
oxide materials. It is attributed to several reagssunch as the grain size effect, stress in the
films and the amorphous nature of the materiallfitde the present case, grain size
difference is observed for the films annealed #edint temperatures and stress in the
films can be expected due to rapid heating/codlinpe microwave annealed films. But
changes in band gap are primarily influenced by twious transformation to a
crystalline phase.

The refractive index of SBTi thin films annealeddifferent temperatures in a
microwave furnace is calculated and is shown imrgg5.13. The observed refractive
index is higher than the conventional annealeddfilwhich indicate the advantage of
microwave annealing. As shown in the figure, thifative index increases with the
increase in temperature. The refractive index \slslewly increase as the films are
annealed up to 76G. At 800C, the refractive index increased abruptly andoitld be
the effect of complete transformation to a crystallphase as well as due to larger grain
size. The lower values of refractive index of théen$ that are annealed at low

temperatures can be attributed to their amorphatig@ and porous microstructure.

5.6.4 Raman spectroscopy studies:

From figure 5.14, it can be seen that the obseplezthon modes are at 128.8,
272.6, 490.6, 598.5 and 860.6tnRaman spectra of the thin films are in almostdyoo
agreement with the Raman spectra of bulk sampleghware shown in chapter 3. There
is no significant change in conventional annealed microwave annealed films. As the
annealing temperature increases the intensity efplionon modes increases, and new
phonon modes are appearing. Films deposited &C56ghibit the amorphous nature as
observed in conventional annealed films. For fimmnealed above 58D, the intensity
of phonon modes increased and new phonon modesolaserved. Even at high
temperatures (80C) the phonon modes are existed with the samesityein the case of
microwave annealed films as opposed to the commeay annealed films described in
the previous section. Since in the microwave anngathe bulk Raman spectra is
retained, one can conclude that the oxygen andrmBldss is under control in the case of

microwave annealing resulting in retaining the bldkal symmetry even after 8D
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annealing since only short heating, soak and cgdiimes are required for microwave

annealing.
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Figure 5.14: Raman spectra of SBTi thin films ameeat different temperatures.

5.7 Deposition of SBTi thin films at different Oxygn mixing percentage (OMP)

The SBTi thin films were deposited on fused silstdbstrates by RF magnetron
sputtering by varying the OMP. The substrate holdas water cooled to maintain the
substrate temperature between 2822ih order to prevent the rise in temperature ef th
substrates due to ion bombardment during sputieosigon process. The temperature of
the un-cooled substrate rose up to 1002%C20uring deposition. The power density and
working pressure was maintained at a constant vafie3W/cnf and 20mTorr
respectively. The different optimized conditiongeddor the present study are shown in
table 5.3.
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Parameter Value
Power density 3(Wich

Substrate to target distance ~ 5cms

Working pressure 20mTorr

Oxygen mixing percentage| Oxygen mixing percentagéed from
25%- 100% in steps of 25

Substrate type Fused silica

Post-annealing treatment Conventional annealing’@%or 2h.

Microwave annealing:75C for 20min.

Table 5.3: Sputter deposition paramsatsed for this study.

5.7.1 Composition analysis for conventional and miowave annealed films:

In order to investigate the compositional differeriicany in the conventional and
microwave annealed samples, Energy Dispersive X¥E®X) analysis is carried out for
films deposited at 50%-OMP. The atomic percentaigeach element in thin films of
conventional and microwave annealed process is shHowable 5.4. EDX spectra of
conventional and microwave annealed films is shawnfigure 5.15. The atomic
percentage of each element of conventional anndaiesl exhibited lesser values than
the microwave annealed films. There is consideraliierence observed for Bi and
Oxygen between conventional and microwave annefilled. This indicates that the

microwave annealing is able to control the Bi-viaiion at high temperatures.
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Element Standard Atomic % of Atomic % of
values Conventional annealed| Microwave annealed
(%) Films (750-2h) films (750-20min)
Ti K 16.66 16.26 16.34
SrL 4.16 4.10 4,13
Bi M 16.66 15.91 16.46
O 62.49 62.08 62.31

Table 5.4: Atomic percentage of each element inventional and microwave annealed

films
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Figure 5.15: EDAX spectra of microwave and convami annealed films.

5.8 Effect of oxygen pressure on structural properées:

5.8.1 Conventional annealed thin films

The XRD pattern of the SBTi thin films deposited foised silica substrates as a
function of OMP of 25, 50, 75 and 100% at room temagpure and annealed at 760n
oxygen atmosphere using a conventional furnacetaoen in figure 5.16. All the SBTI
films show orthorhombic structure with no secondaimase formation. The inter-planar
spacing corresponding to (119) peak was obtairad the peak position according to the
following Bragg formula ghe= A/2 sird, where is 1.5406 A, the wavelength of X-rays
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for CuKa radiation and is the position of the (119) diffraction peak. Na&ues of inter-
planar spacing and crystallite size are plottefigare 5.17 as a function of OMP. The
slight decrease in the inter-planar distancesveed@®MP is the result of lattice strain due
to defects in the form of oxygen vacancies [20]e Talue of inter-planar distance of the
films deposited at 50%-OMP is almost equal to tiaadard JCPDS value. The intensity
of the diffraction peak and crystallite size in@ed up to 50% of OMP, which indicates
improved crystalline quality. The films deposited7& & 100% OMP exhibited smaller
crystallite size and deteriorating crystalline gyatlue to low rates of deposition. In
addition, films deposited at higher OMP (>50%) halie lower surface roughness as
expected due to low rates of deposition [ZHims deposited at low rates have been
shown to have smaller grains than those deposithila rates. The crystallite size of the
films deposited at 25, 50, 75 and 100% OMP are234,23.1, and 21nmespectively.

The variations in crystallite size are confirmeahfrthe broadening of the XRD pattern.
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Figure 5.16: XRD pattern of the SBTi films depoditg different OMP.
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Figure 5.17: Inter-planar spacing and crystallite sis a function of OMP.
5.8.2 Microwave annealed thin films

The XRD pattern of the SBTi thin films deposited foised silica substrates as a
function of OMP of 25, 50, 75 and 100% at room terafure and annealed at 76(for
about 20min in oxygen atmosphere using a microwanreace are shown in figure 5.18.
All the SBTi films show orthorhombic structure witho secondary phase formation.
Films deposited at 50% & 75% OMP showed good cHyseaquality. In this case also
the inter-planar spacing corresponding to the (hE2k was calculated and the values of
inter-planar spacing and crystalline size are ptbth figure 5.19 as a function of OMP.
The microwave annealed films deposited at an OMB08b and 75% gave inter-planar
distances that almost matched with the standardadisg. The lower values of inter-
planar distances at lower OMP are the result tit&astrain due to defects in the form of
oxygen vacancies [20]. The oxygen vacancies afieetnearest neighbor distance by
reducing the Coulomb attractive force between aatiand anions, resulting in increased
lattice parameters [22]. The films deposited at 5@MP shows good quality
crystallization. The crystallite size of the filmdeposited at 25, 50, 75 and 100% OMP are
17.8, 23.8, 20.3 and 18.1nm respectively. The tiana in crystallite size are confirmed

from the broadening of XRD pattern. The microwavenealed films exhibited more
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intense XRD peaks than the conventional annealet fin all the cases, which indicate

that these films are well crystallized.
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Figure 5.18: XRD pattern of the SBTi thin films asjted at different OMP (after

microwave annealing).
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Figure 5.19: Inter-planar spacing and crystallite ®f microwave annealed SBTi thin
films as a function of OMP.
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5.9 Effect of oxygen pressure on morphological pragties:

5.9.1 Conventional annealed thin films

The surface morphology of the SBTi thin films deipes at different oxygen
mixing percentage and annealed at°Z5th a conventional furnace is shown in figure
5.20 (a-d).As seen in micrographs, the evolution of graingvglent with pronounced
grain boundaries by varying the OMP. The averagengsize of the films deposited at
25-100% are ranged between 112-88nm. As seen mognaphs, the average grain size is
decreasing for the films deposited above 50% -OMi surface roughness of the films
deposited at 50 and 75%-OMP shows higher value thanfiims deposited at 25 &
100%-OMP. On other hand, films deposited at highRFOM5 and 100%) have the lowest
surface roughness as expected due to low ratespufsition.The surface roughness of
the films deposited at 25-100%-OMP is 4.4, 4.9, 8id 3.1nm respectively. These
results are supporting the XRD pattern of the shimes.

[m]

Figure 5.20: AFM images of the SBTi thin films &ahed in a conventional furnace at
750°C and deposited at different OMP (a) 25% (b) 50y#6% and (d) 100%.
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5.9.2 Microwave annealed films:

Surface morphology of the SBTi thin films depositatl different OMP and
annealed in a microwave furnace at %&0s shown in figure 5.21 (a-d). It is clearly
evident that the microstructures of these filmsstrengly depending on OMP. The films
deposited at 50% OMP shows the larger grain siae the other films. The average
grain sizes of the films deposited at 25-100% anged between 132-92nm. The average
grain size of the films annealed in a microwavenfae exhibited larger grain size than
the conventional annealed films. This indicates tha microwave energy is interacting
with these films more efficiently to facilitate rieation and grain growth over short
period of time. The average roughness of the fii@gosited at 50 and 75%-OMP shows
higher values than the films deposited at 25 & 1d0BP. The surface roughness of the
films deposited at 25-100%-OMP is 4.4, 9.2, 3.7 arithm respectively. These values
are higher than the corresponding values for tmveationally annealed films, showing
that grain growth is more pronounced in the formase. BLSFs are known for their
platelet like microstructure as observed in theklmdramic samples in chapter 3 figure
3.9. It is remarkable that the films grown at 5@%P and annealed in the microwave
furnace gives the same type of microstructure5f&f)(b)). It may be noted that only in

this case this type of microstructure got develapetin film form.

[hm]

0 1 2 3

[um]
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Figure 5.21: AFM images of the microwave annealBdi%hin films deposited at
different OMP at (a) 25% (b) 50% (c) 75% and (A%

5.10 Effect of oxygen pressure on optical propertge
5.10.1 Conventional annealed thin films:

The optical properties of these thin films areeissting for many reasons,
including identifying the electronic component oblarizability in these films and
monitoring the film growth. Variations in opticahrameters such as refractive index and
band gap with changes in processing conditiongi@aoe indicators of the growth patterns
of dielectric films. Moreover, high dielectric cdast thin films with high optical
transparency have considerable importance in #resparent optoelectronic devices. So a
systematic study on the optical properties of theélsm films is important for
understanding the growth process as well as id@mgfthe suitability of these films in
transparent electronic applications.

The optical transmittance spectra of SBTi thin films dsjped at different OMP
are shown in figure 5.2Zrom close observation of transmittance spectreantbe seen
that films deposited at 100% OMP exhibited the tleasmber of interference fringes,
indicating that they are least thick compared toeotfilms. The variation in refractive
index as a function of wavelength for the films dgied at different OMP on fused silica
substrates are as shown in figure 5.23. It is fotimt refractive index is strongly

depending on OMP.

144



100 -
(D)
S 60f
T i 25%-OMP
e
£ ol 50%-OMP
(% | 75%-OMP
[
— 100%-OMP

© 20} 0
— I

0 |

0 500 1000 1500 2000 2500
Wavelength (nm)

Figure 5.22: Optical transmittance spectra of Siifis deposited at different OMP.
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Figure 5.23: Variation of refractive index as adtion of wavelength at different OMP
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The refractive index as a function of wavelengthdidfierent OMP is shown in figure
5.23. Highest value of refractive index is abo®52(@ 650nm) and was obtained from
the films deposited at 50% OMP. The films depos#éed5% and 100% of OMP shows a
lower refractive index. The reason could be oxygaeancies for films deposited at 25%-
OMP and less thickness for films deposited at 1@DRAP.

The optical band gapgivas determined from the absorption coefficient
calculated as a function of incident photon eneggyfor direct allowed transitions. At
shorter wavelengths close to the optical band gapitering losses are dominated by

fundamental absorption awdat a given wavelength, is often expressed as

a:—%ln(%j (5.1)

Where d is the film thickness and T is the trantanite at that wavelength.

The optical band gapgHor all the films were calculated using the Taelation
[23], which is given by

oE=B(E-E,)" (5 .2)

Where B is the constant that indicates the measumeystalline order in the deposited
films. E is the incident photon energy and m = 5%, 2 or 3 for allowed direct,
forbidden direct, allowed indirect and forbiddeuinect electronic transitions. Interband
optical transitions that can be described by wawetions localized over a distance of the
order of lattice constant are relatively unchaniggdlisorder. Therefore, optical band gap

Y2 ys E reflects the local atomic structure which is

and the constant B estimated froare]
undetected by XRD.

The refractive index of a transparent thin film dsectly proportional to its
electronic polarization and the electronic polai@ais in turn inversely proportional to
the inter-atomic separation [24]. It can be directrrelated to the film packing density,
microstructure and crystallanity. It should be wiotieat in the present case, on annealing
there is a reduction in the inter-atomic spacing thucrystallization that leads to higher
densification and hence as increase in the refaatidex. The relation between refractive

index of the film (g and the packing density can be expressed as, [25]
p o ML +2 (5.3)
“TInZ+2| n2-1 '
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Where n is the bulk refractive index

The values of band gap and packing density of SBF films deposited at
different OMP are shown in figure 5.24 and figurd%respectively. The possible reason
for the higher values of band gap in the SBTi thims is the existence of density of
states within the gap, as explained by Davis andt JR6], causing the formation of
fundamental absorption edge due to the band taiatiger than an optical band gap.
Although, the band gap energy is a constant foateral in the bulk form, it is known to
vary in thin films with crystallite size [27]. Itan be observed that the films with smaller
crystallite sizes exhibited the larger band gaprggn¢han those with larger crystallite
sizes. Similar investigations on the dependenaaysitallite size on the optical band gap
of BaTiO3 [28] and BST [29] thin films have beempoeted previously.

5.10.2 Microwave annealed thin films:

The spectral transmission curves of the SBTi thimg deposited at different
OMP after microwave annealing are shown in therédgb.26. The transmission spectra
show interference fringes, which originate due nteiference at the air — film and
substrate-film interfaces. The sharp fall in traissmon and disappearance of the fringes
at the shorter wavelengths is due to the fundarhebtsorption of the films. There is a
clear shift in the interference-free regions sugggsa remarkable change in the optical
band edge for films prepared at different oxygeaspures. The spectral transmission
behavior shows a strong dependence on thicknethe diims as well as oxygen pressure
during deposition.

The variation in refractive index as a functionwadvelength for the films
deposited at different OMP on fused silica substras shown in figure 5.27. It is found
that the refractive index of microwave annealethdilis also strongly depending on
oxygen pressure during deposition. The observedhgt¥e index and band gap has
followed the same trend for the microwave anneélet also as the OMP is varied. The
values of the band gaps of the microwave anneidled tleposited at different OMP are
shown in figure 5.28. Interestingly, there is fservable difference in refractive index
of the conventional and microwave annealed filmswelver, band gap of the microwave

annealed films are less than the conventional deddhin films due to various factors
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like heating profile, grain growth and grain si2eshorter band gap means closer packing
of the atoms and hence better crystallization. [bheest value (i.e, best crystallization) is
obtained for the microwave annealed films prepates0% OMP. Indeed the same films
gave the platelet like microstructure usually otsedrin bulk form of the material shown
in figure 5.20(b). The refractive index rises rdpitoward the shorter wavelengths,
showing the typical shape of a dispersion curve aeaelectronic inter band transition
and becomes dispersion free at higher wavelengties.strong increase in the refractive
index at shorter wavelengths is associated witHfuhdamental band gap absorption. As
mentioned in previous section 5.9.1 of this chgptee refractive index is directly
proportional to the packing density. Packing dgnag a function of OMP is shown in
figure 5.28. In the present case films depositesD&-OMP exhibited the high refractive
index and high packing density. Refractive inde® packing density are going together
as observed by many researchers [30-31]. Thisatecthat OMP plays a key role during
the deposition to achieve good optical propertigh® films.
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Figure 5.26: Optical transmittance of the microwaneealed SBTi thin films prepared at
various OMP.
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Figure 5.29: Packing density as a function of OMPriicrowave annealed films

5.11 Effect of oxygen pressure during film depositin on Raman spectra:

5.11.1 Conventional annealed samples

Raman spectra of the conventionally annealed SBif films deposited at
different oxygen mixing percentage are shown imrgg5.30. For the BLSFs, the mode
between 50 and 60 ¢his reported to arise from the displacement df Rins in BpO»
layers, while those between 90 and 160" a@riginate from the vibrations of the ions at
the A sites of the pseudo-pervoskite blocks. Thedenat ~268 ci arise from the
torsional bending of TiQoctahedra and those at ~ 561, 726 and 866 @onrespond to

the stretching of Ti@octahedra [32, 33].
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Figure 5.30: Raman spectra of conventionally arete8BTi thin films deposited at
different OMP.

The observed phonon modes are at ~92,129, 1544880555,788 and 865 ¢m
from figure 5.30 Raman spectra of the thin films are in good agexenwith the Raman
spectra of bulk samples, which was shown in Chaptaend previously reported results
[34-35]. It is interesting to observe the vibratbiRaman modes of SBTi thin films on
amorphous substrates. It is rare to observe thetidimal modes of SBTi thin films at
room temperature. In the present study, the obseRaman spectra exhibited all the
vibrational modes of SBTi thin films at room temgiere. The modes between 90-
160cni" are arising from the vibrations of the A-site iaighe pseudo-pervoskite blocks.
The intensity of these modes decreased and peaklédmong is increased for the films
deposited at higher OMP (>50%). As the OMP increafige phonon modes at lower
frequency side shifted towards higher-frequency slde to displacement of A-site ions
with respect to the TiQoctahedra [36]. In addition to that, the shiftii® Raman modes
to higher-frequency side is an indication of th#festing of the bonds i.e. it indicates the
shorter anion-cation distance which will resultvibbration at higher frequencies. The
intensity of the mode at 268 €mis decreased and became broadened for the films
deposited at higher OMP. These results revealedthiearigidity of the Ti@ octahedra
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cage in SBTi thin films had changed with oxygenspree. The observed vibrational
modes at 865cthshow a shift towards lower frequency side as tMPQOncreases. It is
possible that oxygen ions are freed from their ctefionding with increasing oxygen
pressure, and thereby free to oscillate more hksingle crystals [37]. The observed shift
in Raman modes towards the higher-frequency sideates that these films are under
compressive stress. Raman modes in thin films dedea different temperatures showed
in figure 5.14 of this chapter are of relativelgdeintensity than the films deposited at
different oxygen mixing percentage due to oxygercawaies, which led to non-
stoichiometry in thin films From the above Raman spectra, it can be seerath#ie
OMP increases, the intensity of the phonon modes@sed up to OMP 50%. With
further increase of OMP, intensity of the phononde® decreased and some have
disappeared. Films deposited at 50% - OMP showedrtbre intensity phonon modes
and some extra modes, which is in agreement wighcthrresponding XRD patterns.
These results show that OMP is to be carefully rodletd to achieve stoichiometric films

in these types of oxides.

5.11.2 Microwave annealed samples:

The observed phonon modes are ~92,129, 154, 28),555, 788, and 865¢h
from the figure 5.31. Raman spectra of the micrevaunealed thin films are in good
agreement with the Raman spectra of conventiona¢aead films. As we compare the
observed Raman spectra of thin films annealed iy tee methods, Raman modes in
conventionally annealed thin films are relativelgsd intense than the microwave
annealed films. One major difference we can foundiicrowave annealed films is that
the films deposited at higher OMP (>50%) are ablexhibit the intense phonon modes
compared to conventional annealed films. This iagtis that microwave annealing is able
to control the oxygen vacancies and Bi-volatizat{as shown by the EDAX analysis
given in section 5.7.1) which has the potentiadnbance various material properties [38-
40].
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Figure 5.31: Raman spectra of the microwave andesTi thin films deposited at
different OMP.

5.12 Summary

In summary, SBTi thin films were grown on fusedcsilsubstrates under different
deposition conditions. Deposition conditions ar¢irozed to produce SBTi thin films
with good crystal structure and microstructural relateristics. The EDX analysis
confirmed the stoichiometry of the deposited filnfhe reflections from the X-ray
diffractograms of SBTi thin films showed the formesit of an orthorhombic structure
with all the major peaks corresponding to thegk® Space group. Initially films were
deposited at room temperature at fixed OMP andaaden microwave or conventional
furnaces from 500 to 860. Films annealed at below 6@ showed the amorphous
nature in both microwave and conventional procestkRs annealing approach yielded

crystalline SBTi films with good structural, mictagctural and optical properties. The
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observed crystallite size is less for microwaveeated thin films. The rms roughness has
increased as the annealing temperature increaseghrthe microwave and conventional
annealing. The optical properties of the both cotie@al and microwave annealed films
exhibited the same trend. Whereas the refractigdexrof the microwave annealed films
showed higher values than the conventional annefdled. Even in high temperature
(80C°C) annealed films, the phonon modes are existintp e same intensity in
microwave annealed films. That means, the oxygerancies and Bi loss in microwave
annealed samples are not high enough to chandedhilesymmetry even after heating at
80C¢°C.

In the second approach, SBTi thin films deposéedom temperature by
varying the oxygen mixing percentage and annealedoxygen atmosphere. The
crystallite sizes of the films are found to be vwagywith the oxygen partial pressure. It is
confirmed that these factors can significantly raltee surface morphology of these thin
films. The rms roughness was high for films depbiat 50% OMP in both the cases.
The films deposited at 50%-OMP and annealed in eryatmosphere exhibited the good
optical properties compared to films annealed #émint temperatures in ambient which
is discussed in section 5.6.3. Films depositediféérdnt OMP exhibited well defined
Raman spectra as observed for bulk ceramic samplepared to the films annealed at
different temperatures. Films deposited at 50%-Oa&iRibited more intense and sharp
modes compared to other films. Microwave anneailasfexhibited better properties
compared to conventionally annealed films as oleskrwn first part of this chapter.
Stoichiometric SBTi thin films were obtained by sassfully optimizing the OMP and

controlling oxygen as well as Bi vacancies durimg deposition and annealing process.
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Chapter 6
In-situ deposition of the SBTi and Sm-substituted BTi thin films and
its properties:

6.1 Introduction:

This chapter deals with the deposition as welitasctural, morphological, optical
and Raman studies of the SBTi and Sm-substitute@i 88n films. Films prepared in
this study are deposited (in situ) at high tempeest As mentioned in chapter 1, most of
the studies on SBTi thin films for FeERAM and senapplications have been studied on
Pt/Si substrates. In previous chapter, it was shinercrystallization of SBTi thin film on
amorphous fused silica substrates is indeed pesditwever, post annealing or ex-situ
annealing treatment failed to yield desired prapserin terms of surface morphology with
suitable optical properties. The poor quality ofsétx crystallized SBTi thin films is
mainly due to a difference in thermal expansion amah-stoichiometry at high
temperatures and stress developed at the subtdiréiten interface. To overcome these
shortcomings, alternative approach is the depwsiiofiims at particular temperatures.
So that crystallization and densification take plasgether during deposition, which is

expected to give better results than ex-situ films.
6.2 Experimental conditions for preparation of SBTithin films

SBTi thin films are prepared using rf sputtering amorphous fused silica
substrates. Initially, the sputtering chamber weacaated to a base pressure of 4x10
®Torr after loading cleaned substrates on to thetsade holder, placed inside the vacuum
chamber. All films are deposited at a fixed powensity of 3Wcnif. A working pressure
of 20 mTorr was constantly maintained using a mixtof high pure (99.9%) argon and
oxygen. The target to substrate distance was fixedcms. To vary the degree of

crystallanity, the deposition temperatureg)(Wwas varied from 600 to 725. It was
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observed that without any heating, the un-cooldi$ate temperature increased to about
120-1306C during the deposition, presumably due to ion bamiment. The thickness of
the thin films was around 450-500nm . Prior to gveeposition, the substrates were
stabilized at the respective deposition temperdfyefor an hour and rate of the increase

in temperature was about°@min.

6.3 Results and discussion on SBTi thin films:

6.3.1 Structural properties:

The X-ray diffractograms of the SBTi thin films degited at different substrate
temperatures on amorphous fused silica substragesh@wn in figure 6.1. As evident
from figure 6.1, films deposited at higher substrigmperatures are crystallized into an
obvious pervoskite phase with a standard orthorhonstructure. As the substrate
temperature increasing, grain growth orientatiorangfes from (119) to (0010)
orientation. In detail, films deposited at 6G0shows polycrystalline nature prominent
peak (119) orientation together with its secondeor@0010) orientation and films
deposited at 65C showed same nature but intensity of the peak)(irt®eased along
with (0010) peak. Further increasing of substrategerature i.e at 780 the intensity of
the (0010) peak is almost equal to the intensityhef(119) peak and films deposited at
725°C showed the intensity of the (0010) peak domindkedintensity of (119) peak.
Qualitatively these results are proven by calcotathe degree of orientation and lattice
distortion as shown in figure 6.2. This shows ttted deposition temperature plays a
pivotal role in preparing the preferred orientaibfilms. As observed in [1] SBTi films
are amorphous in nature at substrate temperatuiosv 8FC. From table 6.1, it was
clearly shown that the films deposited at TOf the lattice parameter values are almost

well matched with values of the standard orthorhiersbructure compared with the films
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deposited at other substrate temperatures. Theelatistortion as a function of substrate

temperature is shown in figure 6.2. It was cal@dads

(6.1)

Where d is the lattice spacing calculated from mests @ value of the XRD peak and
dnu is the ideal lattice spacing of the single cry§2dl The finite crystallite size (C) for
these films was calculated using Scherrer’s fornauld the micro strain was estimated
from the angular line broadening@6. The calculated micro-strain is shown in tabl@)6.
The films deposited at 680 and 708C are shows less strain than the other films. Ehis

due to the mobility of the adatoms on the growiig.f
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Figure 6.1: XRD pattern of the SBfin films deposited at 600-7%5.
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Substrate (&)

a 3
'zgcr:r;perature b (A) C(A) Volume (A)
600 5.414 6.0 40.95| 1330.21
650 5.408 594 | 40.96] 1315.77
700 5.426 5432 | 40.94] 1206.66
725 5.419 5.610| 40.98 1245.81
Standard 5.428 5438 40.94 1207.11

The micro strain was calculated as

o= B,,Cos8

4

The notations have usual meaning

Table 6.1: Lattice constants for SBi films deposited at 600-725

Substrate Micro strain
temperature °C) | (¢)

600 0.0035

650 0.003

700 0.004

72t 0.004¢

Table 6.2: Micro strain of SBTinfis deposited at 600-725
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Figure 6.2: Degree of crystallanity and latticetalison as function of substrate

temperature.

6.3.2 Surface morphology:

The microstructure of the SBTi thin films as a ftioo of substrate temperature
are examined by atomic force microscopy. The serfamorphology of the SBTi films
deposited at different substrate temperatures asvshin figure 6.3 (a-d). The average
grain size and surface roughness as a functionlsftsate temperature is shown in table
6.3. It can be observed that the surface morphedogary with substrate temperature.
While deposited at 660G, the films have smooth and poor crystalline ratifor the
films deposited at 650 & 760G, the grain growth and surface roughness are asexk
This is due to the increased mobility of speciekigher temperatures and thus induces a
higher speed of the coalescence of grain islantlseasubstrate temperature increases [3].
Further increase in temperature to %25 leads to grain growth is in different

orientations. These results are in agreement WahXRD pattern of the films.

163



Figure 6.3: AFM images of the SBTi thin films dejted at (a) 600 (b) 650 (c) 700 (d)

725C
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Sub. Temperature {C) | 600 | 650 700 725
Ave. grain size (nm) 215 276 311 372
Surface roughness (nm) 8.5 8.2 9.6 15

Table 6.3: Average grain size and surface roughokfise SBTi thin films deposited at

600-725C.

6.3.3 Compositional analysis

In order to investigate the compositional deviadiaf any in the rf sputtering
processed samples. Energy Dispersive X-ray (ED>dlyais for the films deposited at
different substrate temperatures were carriedThe.atomic percentages of each element
in the films are mentioned in the table 6.4. Figr4 presents the EDX spectrum of the
SBTi thin film deposited on amorphous fused siligabstrates at 760 substrate
temperature. The Bi, Sr, Ti and O peaks appearareDX spectrum. Films deposited at
725°C exhibits the lower atomic percentage for eaciel@ compared to films grown at
other temperatures and standard atomic percenfdgese results reveal that the films
deposited at higher temperature (%2p faces problem with evaporation of Bi and

oxygen, which lead to decrease in film properties.

T T T T T T T T T T T T T
2 4 ] 8 10 12 14
Ful Scale 3817 cts Cursar: 0.000 ke’

Figure6.4: EDX spectrum of SBTi thin filmdeposited at 70C substrate

temperature.
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Element Atomic % of each element
600°C 650°C 700C 725C | Standard
TiK 17.97 16.97 16.76 16.56] 16.66
SrL 4.18 411 4.1 3.98 4.16
Bi M 16.69 16.60 16.30 15.68| 16.66
@) 63.16 63.11 61.11 58.56 62.49

Table 6.4: Atomic percentage of each in the SBTimdi deposited at different

temperatures.

6.3.4 Raman spectroscopy:

Figure 6.5showed the Raman spectra of SiBIO;sthin films deposited at 600-
725°C. Raman spectra exhibits the phonon modes at @), 486, 601 and 863 ¢hin
addition to some weak modes. The vibrational moafeBismuth Layered Structured
Ferroelectrics (BLSFs) can be classified as infemades of TiQ octahedra and the
lattice translation modes related to the motiorth& cations in the pseudo-pervoskite
slabs and the BD, layers [4]. For the BLSFs, the mode between 50 &b cni is
reported to arise from the displacement of Bdns in ByO, layers, while those between
90 and 160 cih originate from the vibrations of the ions at thesibes of the pseudo-
pervoskite blocks. The mode at ~268 trarise from the torsional bending of GO
octahedra and those at above 500" @orrespond to the stretching of GiOctahedra [5,
6].

In the present study, Raman spectra are obsetvemba temperature. We can
clearly observe the difference between the filmpodéed at 650 & 70T and films
deposited at 600 & 726 with respect to phonon modes. Films deposite@58t &

700°C exhibited more phonon modes than the films deposit 600 & 72%C. There are

no previous reports on Raman spectra of these fim&morphous substrates phonon
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modes are detected at room temperature and it beillpossible by optimizing the
experimental processes and conditions [7]. Interglst we have observed the phonon
modes at room temperature with optimized experiaiectinditions. All films exhibited
the modes between 90 and 160°ctat are known to originate from the vibrationshu
ions at the A sites of the pseudo-perovskite blo¢kbns deposited at 650 & 78D
exhibit the phonon mode at 270 ¢nwhich arises from the torsional bending of FiO
octahedra which are not observed for the films dit¢pd at 600 & 72%. This might be
due to the reason that films deposited at°608hows poor crystallanity and films
deposited at 72& exhibited Bismuth loss and oxygen vacancy, whichld lead to a
decrease in the intensity of phonon modes and #hetndisappearance as was observed.
The phonon modes > 800 ¢nis originated from the O-Ti-O symmetric stretchings
the substrate temperature increases, peak brogdehiphonon modes also increases.
This indicates that the lattice vibrations of th&d octahedra are stretched by the
inhomogeneous strain in film due to increasing démm temperature during deposition.
Raman studies of these films are in strongly agesgrwith XRD pattern of the same

films.
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Figure 6.5: Raman spectra of the SBTi thin filmpakited at 600-72%.
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6.3.5 Optical properties:

The optical band gap for the films is calculatedngsthe Tauc relation as
discussed in Chapter 5. The band gap energy {& been estimated by assuming an
allowed direct transition between the highest otmistate of the valance band and the
lowest unoccupied state of conduction band. Optieadsmittance spectra of SBTi films
deposited at 600-726 are shown in Figure 6.6. The oscillations in $raittance arise
from the interference due to reflection from the ®urface of the film and interface
between film and the substrate. Variation of thend gap with the deposition
temperature is shown in figure 6.7. The band gap tecreased as the deposition
temperature increases up to %0 With further increase in substrate temperattire,
band gap got increased. The band gap of the fileposited at 60T exhibited higher
values due to poor crystallinity of the films asyhare deposited at low substrate
temperatures. For the films deposited at°@¢he observed band gap has decreased.
This indicates that as the substrate temperatureeases grain growth increased and
crystallization takes place, which led to decreasdhe band gap. Further increase
substrate temperature (P29, the band gap is increased due to non-stoicHignoé the
films by losing the Bismuth and oxygen at high temgture which acts as defects. These
results are supporting with Raman studies and XRDnantioned in sections 6.3.4 and
6.31 respectively.

On the contrary, refractive index of the films ne@sed as the substrate
temperature increases. The refractive index of SBin films deposited at different
substrate temperatures is calculated and is shovigure 6.7. As shown in this figure,
the refractive index increases with increase inperature. The lower values of refractive
index for the deposited films compared to films aifed at 650 and 700 can be

attributed to the rf sputtering deposition procekat produces films with porous
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microstructure having low packing density at ambitemperature. However, as the
deposition temperature increased up to °@)0the refractive index increased. The
relationship between the packing density and tfi@ctve index has been discussed in
detail by many researchers, and they have foundwhan the film achieves the bulk
value of refractive index, its packing density viié the highest [8]. Thus, it is reasonable
to assume that one of the causes for an increae irefractive index with temperature
for the films in the present study is the increaséheir packing density apart from the
obious reason of setting crystallization in thenBl Packing density of these films
calculated using equation 5.1 mentioned in chapteOptical packing density as a
function of annealing temperature is shown in fig@r8. It can be seen that above °T)0
the refractive index has decreased due to low rHtdeposition as well as Bi and oxygen
vacancies generated at higher temperatures, whathtb non- stoichiometry along with

low packing density.
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Figure 6.6: Transmittance spectra of SBTi thin §ildeposited at 600 -745,
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Figure 6.8: Optical packing density as a functibamealing temperature of SBTi films

6.4 Sm-substituted SBTi thin films:
6.4.1 Preparation of Sm-substituted SBTi target andhin films:

The Sm-substituted SBTIS(Bi3255my 75T14015) (SBSMTIi) ceramic target used
for rf magnetron sputtering were prepared by ssiate reaction method. For SBSmTi
ceramic target, powders of Srg®i,03, SmpOsand TiQ of 99.9% purities were mixed
in deionized water at desired composition. A fewsawbf excess BO; were added to the

powders to compensate for the Bi loss in the p®adssintering and deposition. The
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mixture was calcined at 750°C for five hours to m&BSmTi powder. The calcined
powders with binder addition were pressed intogbeamnd then sintered at 1190°C for 2h.
The detailed procedure is mentioned in Chapter BD>pattern of the SBSmTi target
indicated pure polycrystalline phase with no seemypdohases. Sm-substituted SBTi
(SrBis255my 75T14015) thin films were deposited using the procedure tmerd in this
chapter, section 6.2.

In order to investigate the effect of depositiemperature 4, on the crystallanity
of Sm-substituted SBTi thin films they were depediat a substrate temperature range of
675-750C at a constant OMP of 50%. The optimized conditiosed for the present

study are shown in table 6.5.

Parameter Value

Target type SBSMTi (SrBpsSmy 75Ti14015)
Power density 3 (W/ch

Substrate to target distance 5cms

Working pressure 20mTorr

Oxygen mixing percentage Ar>,@60%: 50%)
Substrate type Fused silica

Substrate temperature 6753C

Table 6.5: Sputter deposition paramseused in the present study.

6.4.2 Structural properties:

The X-ray diffractograms of the Sm-substituted SBSiiBi; 255my 75T14015) thin
films deposited at different substrate temperataesamorphous fused silica substrates
are shown in figure 6.9. The films deposited ahgeratures below 760 showed
amorphous nature [1], and films deposited at°@06hows the beginning of the grain
growth which indicates the crystalline nature oé tliims. With increasing substrate
temperature, grain growth increased and films atlyséd into orthorhombic structure.
Further increase in temperature resulted in, tleénggrowth orientation changing from
(119) to (0010). In detail, films deposited at T@%howed polycrystalline nature with
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prominent peak of (119) orientation together withsecond-order (0010) reflection and
films deposited at 75C showed the intensity of (0010) peak dominatedr abhe

intensity of the (119) peak. This shows that thpod@ion temperature plays a pivotal
role yielding in preferred oriented films. The nuestrain is calculated from equation 6.2
and shown in table 6.6. The films deposited at®@28hows less strain than the other

films. This is due to the increased mobility of gidatoms on the growing film at higher

temperatures.
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Figure 6.9: XRD pattern of the Sm-doped SBTi tliim$ deposited at 675-780.

Substrate Micro strain

temperature °C) | (¢)

675 | —
700 0.0051
725 0.0041
750 0.0067

Table 6.6: Calculated micro strain values of Smssitdted SBTi films deposited at 675-
750°C
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6.4.3 Morphological

The microstructures of the Sm-substituted SBTn thims as a function of
substrate temperature were examined by atomic fargeroscopy. The surface
morphology of SBSmTi films deposited at differentbstrate temperature is shown in
figure 6.10 (a-d). The average grain size and sarfaughness as a function of substrate
temperature is shown in table 6.7. It can be oleskthat the surface morphology vary
with the substrate temperature. Films deposite87&iC, got smooth surface and with
amorphous nature. Films deposited at°@8howed the beginning of the grain growth.
Films deposited at 726 and 758C exhibited grains with a platelet microstructure,
which is known the microstructure of bulk BLSFs. s Ahe substrate temperature
increases, the grain growth and roughness incresisadtaneously. This is due to the
crystal structure as well as higher mobility of Gps adsorbed onto the substrate at
higher temperatures and thus induces a higher spietted coalescence of grain islands

[9].

[hm]

Figure 6.10 (a-d): AFM images of the Sm-substitu&Ti thin films deposited at (a)
675 (b) 700 (c) 725 and (d) 74D
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Soub. Temperature 675 700 725 750
(©)

Ave. grain size (nm) 0 132 364 372
Surface roughness 8.5 8.2 9.6 15
(nm)

Table 6.7: Average grain size and surface roughoiese Sm-substituted SBTi thin

films.

6.4.4 Optical properties:

The optical properties of Sm-substituted SBTi filors fused silica substrates are
investigated by optical transmittance measuremedisical transmittance spectra are
shown in Figure 6.11. The interference fringes iatatively high transmittance indicate a
good homogeneity of the Sm-substituted SBTi filfAsom figure 6.11, it can be clearly

seen that, the transmittance increased for Sm4tutisst films compared to pure SBTi

thin films. It is useful property for integratedtays applications.
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Figure 6.11: Transmittance s@eofrSm-substituted SBTi thin films.

174




D

3.4

13.2

/
y. /\ 13.1

Refragtive index
N
Band gap (eV)

N

.24

2.8

675 700 725 750
Substrate temperature°C)

Figure 6.12: Refractive index and band gap of tmes@bstituted SBTi thin films
deposited at different temperatures.

The optical band gapyEor Sm-substituted SBTi thin films was calculatesing
the Tauc relation [10], which is given by

afy) = C. (v - By 5¢)

Where C is a constant, is the absorption coefficientyhs the incident photon energy
and r = 0.5, 1.5, 2 or 3 for allowed direct, fodxédh, allowed indirect and forbidden
indirect electronic transitions, respectively. hetpresent case, the band gap energy has
been estimated by assuming an allowed direct ttansfr = 0.5) between the highest
occupied state of the valance band and lowest wpied state of the conduction band.
The band gap and refractive index of the Sm-sulistit SBTi films as a function of
deposition temperature are shown in figure 6.14s Ishown that the introduction of
Samarium reduced the band gap Eg value from ar8utido 3.3 eV compared to un-
substituted SBTi. Such a modification of band gtrte upon the Samarium substitution
can be explained on the basis of the high elecyyaingty of the Samarium ion. It has
been well known that the band structure of layesedcture materials like (B30;,) is
generally defined by the Ti 3d level and O 2p lewehich form the conduction band
(CB) and valence band (VB), respectivgéhd]. Considering the fact that the energy of
electronic level of an element is inversely projoral to its electronegativity12] and
the substituted Samarium ion is more electronegadtian titanium ion, the Samarium 6s

state is expected to have lower energy than Tit&e swhich leads to a lowering of CB
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and narrowing of band-gap separation. Therefot@d¢omes clear that Samarium ion can
be a very powerful substituent for the band-gaprezeging of strontium bismuth titanate.
The observed refractive index of the Sm-substit@Bdi films is higher compared to un-
substituted films. This indicates that Samariumssitition increases the packing density

of the films.

6.4.5 Raman spectroscopy studies:

Raman spectroscopy studies on layer structuredksctrics like SBTi
have been reported in ceramic samples and verydpuarts are available on thin films. In
the present study, Sm-substituted SBTi thin fillmpabited by rf sputtering with different
substrate temperatures were studied. Figure 6.18vesh the Raman spectra of
SrBi3 255My 75Ti4015 thin films deposited at 675-7%D. Raman spectra exhibited the
phonon modes at ~ 151, 271, 440, 487, 607, 672786ctm" in addition to some weak
modes. The observed phonon modes at lower freceifbelow 200 cif) are shifted
towards the lower-frequency side compared to theubstituted SBTi thin films which
are described in section 6.3.4. As in the case utk Bm-substituted SBTi samples
described in section 4.3.3, vibrational modes diected by Sm-substitution with a red
shift. Such a change in the peak position may h@ilesl to the heavier mass of
samarium and also to the lowering of bond strengtte can clearly observe the
difference between the films deposited at 725 &°Z5and films deposited at 675 &
700°C with respect to phonon modes. Films depositeligiter temperatures exhibited
more phonon modes with higher intensity comparedfittns deposited at lower
temperatures. As seen in XRD pattern, the filmsodiéed at 67% shows amorphous
nature, but in Raman spectra we can observe a fedesnwhich indicate that Raman
studies are more sensitive to the local symmetrtheffilms. Films deposited at lower
temperatures (675 & 700) exhibited almost the same phonon modes. Filmpssited at
725°C exhibited more phonon modes compared to otheasfilThis would be expected
because the XRD pattern of films deposited afZ2Hhowed good crystallanity and (119)
orientation with maximum intensity. Films depositaetd756C shows the same phonon
modes even though XRD pattern showed (0010) otiental his indicates that the local
structure of both the films does not change thabheir orientations differ.

The phonon mode at ~271¢rhas appeared only for the films deposited

at higher temperatures (725 & P&) which are a good indication that these films are
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well crystallized. The mode at 271&rfrom the torsional bending of Tidctahedra does
not shift with substitution. The modes in the ramfe550 - 830crt arises from the
stretching of TiQ octahedra [13-14]. The Raman mode at 607w shifted to a higher
frequency with Sm-substitution compared to unstitstii SBTi, which is similar to the
behaviour in Ba-substituted SBTi [15]. The modeebdhift implies the reinforcement of
the bond strength in comparison with the bonding'i@s octahedra with BO, layers.
Since Sm" substitution into BIO, layers induces the bond relaxation in the(Bilayers,
the neighbouring Ti@ octahedra might shrink, resulting in the increasehe bond
energy and consequent blue shift in the frequer®+1]7]. Higher content of Sm-
substitution into the (BO,) layer resulted in the structural distortion [18-O covalent
bond is stronger than Bi-O bonding which resultextra phonon modes that appeared at
672cm’ from Sm-O mode. Same trend was observed by H.i¢aal [19]. The phonon
modes at higher frequencies have exhibited thesinétl due to the stress involved in the

films at high temperatures.
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Figure 6.13: Raman speefr@m-substituted SBTi thin films
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6.5 Summary:

In summary, SBTi thin films are deposited (in sita) elevated substrate
temperatures. Two sets of films were grown and #rey(i) SBTi thin films and (ii) Sm-
substituted SBTi thin films. In case of SBTi thimfs, films are deposited on fused silica
substrates at substrate temperatures from 600 3C72Zhe XRD results revealed an
increase in degree of orientation with increaseubstrate temperature. As the substrate
temperature increases, the films changes from raxisc orientation (119) to c-axis
orientation (0010). This indicates that the oriéinta of the films can be controlled by
optimizing the substrate temperature. The valuetheflattice parameters of the films
deposited at 70C are well matched with standard lattice paramesues and have
lesser values of micro-stain. It is obvious tha tirain size increased as the substrate
temperature is increased. As the substrate temperancreased up to 79D, the
observed band gap has decreased. This indicatés abathe substrate temperature
increases both grain growth and crystallizatioretaklace, which lead to a decrease in
band gap. Further increase in substrate temper@@eC), lead to the band gap getting
increased due to non-stoichometry of the films @wsirlg Bi and oxygen ions at high
temperatures which acts as defects.

Sm-substituted SBTi thin films were deposited iin-sat elevated substrate
temperatures. The XRD results on SBSmTi thin filkeposited on fused silica substrates
indicated that the films deposited at lower tempees (675 & 70%C) showed an
amorphous nature and poor crystallanity. As thestsate temperature increases, the grain
orientation of the films changes from non-c-axigotation (119) to c-axis (0010). This
change is seen in both SBTi and Sm-substituted SBTs, which proved that the
crystalline orientation can be controlled by optimg the deposition conditions. Films
deposited at 725 and 7&Dexhibited the platelet structure which is therhatk of bulk
BLSFs. Sm-substituted SBTi films is more transpatkan un-substituted films, which is
an important property useful in opto-electronic ides to minimize the transmission
losses. It was observed that the introduction eh&@@m reduced the band gap\Elue
from ~ 3.5 to 3.3 eV compared to un-substituted iSBTs. Such a modification of band
structure upon the Samarium substitution can bdaged on the basis of the high
electronegativity of the Samarium ions. From Ransaectra, shifting of vibrational
modes towards a higher-frequency side was obsewkigh indicates the identification

of Samarium substitution.
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Chapter 7

Mechanical and microwave dielectric properties of BTi and
Sm-substituted SBTi thin films.

7.1 Introduction

This chapter describes the mechanical and microwhekectric properties of
SBTi and Sm-substituted SBTi thin films depositédddferent processing conditions.
The results are obtained by a mechanical testinthedebased on a nanoindentation
process leading to the measurement of the depthedaby an indenter as a function of
applied load. This study enables us to estimatedpability of nanoindentation method
for the determination of some mechanical charasttesi of thin films. More precisely, the
elastic or Young’'s modulus of film as well as irdiness (H) which is also an important
mechanical parameter and coefficient of frictioa abtained. The microwave dielectric
properties of these films were determined usingAailent 8722ES vector network
analyzer by employing the Split Post Dielectric &egor measurement techniques
(SPDR). The details of these techniques are mesdidn Chapter 2 and described

elsewhere [1].

It is well known that piezoelectric coefficiendepend on the mechanical
coefficients which are related to the mechanicatesof the materials [2]. Moreover, the
mechanical behavior plays a crucial role in theaghghation, cracking or fracture, and
polarization fatigue of the multilayer thin film rattures [3-5]. Consequently, the
investigation on the mechanical properties of tlenioth layered-structure ferroelectric
thin films is of practical importance in varioususitions and particularly for the design of
piezoelectric devices. The importance of such filhe/e now increased with their
potential for application in MEMS devices whereytrean be used not only for sensing
and actuation as well as for energy harvesting emeplevated temperatures. These
applications require a closer study of the mectanicoperties of the deposited thin
films. These material properties depend on the tgaties crystallographic orientation,
grain size, process conditions and the depositate.rin a MEMS device, often
micromachining converts the deposited films andtinfayers into a free standing element
and under such situations the device performanitieatty depends on the mechanical

properties of the deposited films or multi layers.

181



The potential applications of the dielectric tRilms in microwave devices
have accelerated the research in the developmentewaf materials and thin film
processing methods and optimization [6]. The rédiamd reproducible measurements of
the dielectric properties of these thin films atcroivave frequencies have become an
essential requirement of these research activitiésowave characterization techniques
for bulk materials are a well developed field, bt thin films it is still challenging.
There are few studies on the microwave dielectraperties of thin films even though it
is quite important both in terms of application andicademic point of view. There are
reports on low frequency dielectric properties lyrer structured ferroelectric thin films
but there are no reports on their microwave dielegroperties, which again emphasize

the relevance of the present study.

7.2 Effect of annealing on mechanical properties &BTi thin films.

The load-displacement curve obtained by indentatibthe rf sputtered films is
shown in figure 7.1 and the area of the indeneigignined using the known geometry of
the indentation tip. While indenting, various pasders such as load and depth of the
penetration can be measured. A record of thesmsalan be plotted as a graph to create
a load-displacement curve as shown in figure 7Hes€ curves can be used to extract
mechanical properties of the materials. The presesicdiscontinuities in the load-
displacement response reveals information abogkizrg, delamination, and plasticity in
the film and substrate [7]. In the present caseretlis no observable discontinuities in the
load-displacement curve which indicates that tmagfiare uniform and crack free.

The SBTi thin films were prepared by rf sputteringchnique. Detailed
preparation procedure is mentioned in chapterlhd=are deposited at room temperature
and annealed in conventional and microwave furnadée hardness and Young's
modulus of the films annealed in conventional androwave furnaces are shown in
figure 7.2(a-b) and 7.3 (a-b) respectively. Theseno observable difference between
conventional and microwave annealed films. It cdoédbecause the grain size of films
annealed in conventional and microwave furnacesbmest the same. Low temperature
annealed films are amorphous as mentioned in chapteand as the annealing
temperature increases the degree of crystallanmigreased. The hardness of the
amorphous films is less than the crystalline filf@s The Young’s modulus increases

monotonically from 80 to 103GPa and hardness frotn 8GPa with enhancement of
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grain size from 30 to 75 nm for both microwave apndventional annealed films. As the
annealing temperature increases, the value of #rdnbkss and Young’s modulus is
increased. These results are in accordance withmilceostructure of the same films
which are mentioned in chapter 5. These resultfiroothat the mechanical properties of
the films are improved after annealing due to ggamwth [9]. The increase in grain size
leads to a hardening of the material. It may belaned that the main deformation
mechanism at these grain sizes is indeed slidinghen grain boundaries and the
conventional dislocation-based deformation is n@érable in nanocrystalline materials
with grain sizes of less than 100nm [10].

In order to have further confirmation, we have ddme scratch test for the same
films. Scratch test is a versatile tool for anaysif both bulk and thin films [11].
Nanoscratch provides the capability to investigatedes of deformation and fracture
which are not possible using standard indentatiechrtique [12]. Nanoscratch is
accomplished by applying a normal load in a cotdédlfashion while measuring the
force required for movinghe tip laterally across the sample. By selectirgappropriate
normal loading profile and lateral displacementgrat many different types of tests can

be performed.
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Figure 7.1: Typical load-displacementveutor SBTi thin films.
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microwave furnace.

Figure 7.4 and figure 7.5 shows the coefficientfraftion of SBTi thin films

annealed in microwave and conventional furnaceewsgely. Coefficient of friction is
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almost constant as the contact depth increasesotbrthe films. This indicates that the
deposited films exhibited the uniform thicknesstlghout scratch area. Moreover, it also
indicates that the adhesion between the films amdtsate is good throughout the film.
The values of the friction coefficient are higher films annealed at lower temperatures
than the films annealed at high temperatures plyssile to variation in grain size. As the
annealing temperature increases, the friction owefft decreased. This indicates that the
grain growth and densification takes place. Theselts are in support of the hardness

and Young's modulus of these films.
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Figure 7.4: Friction coefficient of SBTi films araded in microwave furnace.
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7.3 Effect of OMP on mechanical properties:

Figure 7.6 shows the load-displacement (L-D cunteye for the films deposited
at different oxygen mixing percentage. In the pneésease, there is no observable
discontinues in the load-displacement curves offiines deposited at 25% - 75% of
OMP, which indicates that the films are uniform amack free. Films deposited at 100%-
OMP exhibited the discontinuity which indicatesttliaese films are having pores and
non-uniform microstructure. For the observed L-Dvey indentation depth is less for the
films deposited at 50% and 75% of OMP comparedtherofiims which indicates that
these films are more harder than the other filfadms deposited at 100%-OMP shows a

higher indentation depth which indicates theirdéedsardness.
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Figure 7.6: Load-Displacement curve of SBTi filmepdsited at different OMP.

In the present case, SBTi films are deposited #erdnt oxygen mixing
percentage (OMP) and annealed in conventional amdowave furnace in oxygen
atmosphere. The hardness and Young’s modulus dflte annealed in microwave and
conventional furnace are shown in figure 7.7(a-bg &.8 (a-b) respectively. The

hardness and Young’'s modulus values of the micrevemnealed films exhibited higher
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values than the conventional annealed films. Fitlaposited at 25%-OMP exhibited
lower values of hardness and Young's modulus duexi@en deficiency and smaller
grain size than the films deposited at 50%-OMP. Tilmas deposited at 50%-OMP
exhibited the higher hardness and Young's moduluspared to other films. Films
deposited at 75%-OMP exhibited the hardness anchysumodulus values lesser than
the 50%-OMP case and higher than the 25% of OMI.dai$ms deposited at 100%-
OMP exhibited low mechanical properties comparedlitother films due to low packing
density and smaller grain size, which lead to less#ness. These above results revealed
that the mechanical properties of the films arergjly dependent on oxygen mixing
percentage as well as grain size. The observed an@eh properties were directly
proportional to grain size of the films. As we obh®#l in Chapter 5 section 5.7.2, grain
size is primarily dependent on the oxygen mixingcpatage (OMP). Films deposited at
50%-OMP exhibited good mechanical properties coegbap other films. It may be
explained that the 50% of oxygen mixing percentagefluencing the grain growth and
reducing the oxygen vacancies which lead to thengthening of the films and having
good optical packing density.

This is confirmed from the friction coefficient was. The friction coefficient as a
function of contact depth of the films annealednbigrowave and conventional furnace
are shown in figure 7.9 and figure 7.10 respectivEhe values of the friction coefficient
for films deposited at 100%-OMP is the highest, ahhindicates that these films are
having poor adhesion and less stiffness. Films sitggmb at 50%-OMP exhibited the
lowest friction coefficient with higher hardnessdaYoung's modulus indicating that
they got better adhesion and are more stiff.

Conventional annealed films also exhibited the stered as microwave annealed
films with varying OMP. Values of the hardness armung’s modulus of the films
annealed in conventional furnace are less thaifiilthe annealed in microwave furnace.
This is due to Bi volatization and oxygen vacandreshe films at higher temperatures
and longer soaking time even though oxygen mixiag@ntage is increased. The values
of mechanical properties of the flms annealed iier@nt temperatures (mentioned in
previous section) are less than the films depositedifferent OMP which indicates that
oxygen atmosphere during deposition and anneating bience oxygen vacancies in the
deposited films) plays an important role in vyielgli densified films which gives

improved mechanical properties.
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7.4 Mechanical properties of thd n-situ deposited thin films of SBTi

In order to investigate the effect of depositiomperature § on the mechanical
properties of SBTi thin films, these films were dsjtedin situ at substrate temperatures
of 600 -725C at a constant OMP of 50%.

The values of hardness and Young’'s modulus offithes are shown in
figure 7.11(a-b). In this case also the low tempeea deposited films exhibits poor
crystallization, and as the substrate temperatonceeases the degree of crystallinity
increased as mentioned in Chapter 6, section 6T84..Young’s modulus increased from
100 to 123GPa and hardness from 6.3 to 7.8GPaemitiancement of grain size from
210-311 nm as the deposition temperature increfas@s600 to 728C. The values of the
hardness and Young's modulus are increased asuttsrate temperature increased to
700°C. The films deposited at 725 showed the least hardness and Young's modulus.
This could be the result of porosity in the filmgsdwvaporation of Bi at high temperatures
which generates non-stoichometry in the films. Himve argument is confirmed by
compositional analysis of the same films which iscdssed in Chapter @n the other
hand, orientation of the films deposited at T@%xhibited the (0010) direction which is
different from the orientation (119) of films deftesl from 600 to 70%. That shows
that the mechanical properties are strongly dep&nole porosity and orientation of the
films. The same trend was observed also by Huayind13]. The friction coefficient of
the films deposited at 600-7%5% is shown in figure 7.12. The values of the fadati
coefficient decreased as the deposition temperaturecased up to 780. Films
deposited at 72& shows the high coefficient of friction which iedies that these films
are porous with less packing density. Comparisaih wie two previous section results
shows thatn-situ deposition of the films improved its mechanicalperties as expected.
In-situ deposition plays an important role to attain geotrostructure and compact
grains which lead to improvement in its mechanpraberties. In the other two cases, the
mechanical properties decreased due to thermaksared evaporation of moisture during

post annealing process.
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7.5 Mechanical properties of Sm-substituted SBTi tim films

The hardness and Young’s modulus of Sm-substit@@di films deposited at
675-750C is shown in figure 7.13(a-b). The details of fitra preparation are mentioned
in chapter 6, section 6.2. The Young’s modulusniséased from 110 to 135GPa and
hardness from 4.3 to 8.2GPa with an enhancemeav@fage grain size from 220 to
350nm with respect to increasing substrate temperaturing deposition. These results
again points out that the mechanical propertigb®films are improved while heating to
higher temperatures due to grain growth [8]. On itlerease in grain size leads to a
hardening of the thin film material. It is interesf to observe that the Sm-substituted
films got improved mechanical properties comparedhte pure-SBTi thin films. The
substitution of samarium results in controlling thelatization of Bi- even at higher
temperatures which lead to the enhancement obsetvedave observed the same trend
in bulk ceramic samples which are discussed intelap One possible reason is that the
samarium content suppresses porosity through inggrowcleation and grain growth
which lead to improving the grain size and packdemsity without pores and cracks.
From these results we can conclude that the mezdigmioperties are strongly depended
on porosity and grain size of the films. The same®d was observed by J.Ricote et.al
[14]. The friction coefficient of the films depdsd at 675-75% is shown in figure 7.14.
The values of the friction coefficient decreasedresdeposition temperature increased.
Films deposited at 676 shows the higher friction coefficient which indies that the
amorphous/less crystalline films are having hidghietion coefficient than the crystalline
films due to poor adhesion and less packing denshgse results are in supporting with
the microstructure and mechanical properties fi&einess and Young’'s modulus) of the

Sm-substituted films.
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7.6 Effect of annealing on microwave dielectric prperties:

The dielectric properties at microwave frequenass found to strongly
get affected by post deposition annealing tempegadnd duration. In order to study the
influence of annealing temperature, the samples areealed in air at different
temperatures from 500 to 8@ The microwave measurements of permittivity foss$
tangent of the annealed SBTi thin films were carpet at the spot frequencies of 10GHz
and 20GHz using a split post dielectric resona&R®R) technique [15-16]. The details
about the measurement techniques are given in e@hapfThis is a non-destructive and
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accurate technique for measuring the complex pewityt of dielectric substrates and
thin films at a spot frequency.

The measured dielectric constagd @nd loss tangent (t&hof the conventional
and microwave annealed SBTi thin films as a fumcbbannealing temperature are given
in figures 7.15 (a-b) and 7.16 (a-b) respectivitlgan be observed that the films annealed
at 500C in conventional furnace exhibits low value of ldatric permittivity and loss
tangent. There is a sudden increase of dieleagrimittivity and loss tangent for the films
annealed at 60C and above. It is clear that the films annealetbw 600C are all
amorphous. In the amorphous phase, the observiettitie constant of these thin films is
found to be less than that of the crystalline filpredicted using the Clausius-Mosotti
theory [17]. On annealing the film, packing densdyain size and the crystallinity starts
improving. This results in an increased dielecttonstant. The slight decrease in
dielectric constant for the films annealed at ®DGnay be due to Bi-volatization and
formation of oxygen vacancies in the film at thoseperatures. Another possible reason
for the decrease in dielectric constant at highpenature can be the thermal strain
developed in the film due to the difference in thal expansion coefficients of the
substrate and the film. It is observed that thergmaus thin films have a lower dielectric
loss when compared to that of the crystalline fiims. This is because the amorphous
films will have low intrinsic losses due to the abse of lattice modes. As the film
crystallizes, it generates a lattice potential Wwhiwill allow the phonon- phonon
interactions and thereby opening up many loss nresimes [18].

The microwave dielectric properties of the micromaannealed thin films are
shown in figure 7.16(a-b). The values of dielectimstant measured at 10GHz are more
than the values measured at 20GHz. As the anndalingerature increases, the values of
dielectric constant and loss tangent also increalesse films also followed the same
trend as conventionally annealed films up to aneating temperature 780. But, the
films annealed at 80C exhibited a highevalue ofdielectric constant with lower loss
value. This indicates that the Bi-volatization afmimation of oxygen vacancies are
controlled in microwave annealed films compareddoventionally annealed films. This
is a consequence of the shorter heating/coolidgsaaking time of microwave annealing
compared to conventional method. The values of diedectric constant for films
annealed in microwave furnace are more than thesfannealed in conventional furnace

indicating better crystallization. In both the ca$dggher frequency gave a lower value of
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dielectric constant with higher dielectric lossosing that the material undergoes a
dielectric relaxation process at these frequenaieh is expected as the ferroelectric

domains relaxes in the microwave frequency range.
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Figure 7.15: (a) Microwave dielectric constantli®s tangent of the SBTi films annealed
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7.7 Effect of OMP on microwave dielectric propertis:

There are reports about the microwave dielectraperties of SBTi and
rare earth-doped SBTi bulk ceramic samples [19-Blj, there are no reports on thin
films grown on amorphous substrates even thoudtast technological interest. In the
present study, microwave dielectric propertiesCant 20 GHz of SBTi thin films grown
on fused silica substrates and deposited at diffte@MP are discussed. The films are

annealed in conventional & microwave furnaces.

In this study, films prepared at different OMP wgreen a post deposition
annealing treatment either in the microwave oh¢onventional furnace in presence of
a flowing oxygen gas ambient. The annealing treatriremicrowave furnace is at 7%D
for 20minutes whereas it is at P&0for 2 hours in the conventional furnacéhe
microwave dielectric constant and loss tangentB¥iShin films annealed in microwave
and conventional furnace is shown in figure 7.1-bYand 7.18 (a-b) respectively. It is
observed that microwave dielectric constant and tasgent (tad) is strongly dependent
on the oxygen mixing percentage and the presenog&yagfen in the annealing stage. The
loss values of the films annealed in the presehoaygen is 2 orders of magnitude lower
compared to the films mentioned in the previousiseavhere the films were annealed in
air, indicating the pivotal role played by oxygeacancies in determining the dielectric
properties of these oxide films. While the lossueal have decreased, the corresponding
dielectric constant values of these films got ewkdncompared to films annealed at
different temperatures in air. This shows thatfilms are in a regular crystalline order
when prepared in oxygen atmosphere and anneal@dygen atmosphere. Also it can be
noticed that microwave dielectric loss is a vergsitive parameter that responds to even
the smallest changes in stoichiometry, compositistructure and microstructure.
However it can be controlled by simple techniquks tegulating the oxygen content in
the processing atmosphere. The observed dielecoistant values are higher for
microwave annealed films than conventional anneélat due to difference in grain
size and oxygen vacancies occurring in conventianakaled films at high temperatures
for longer soaking time. It is observed that, tlagiation in dielectric constant and loss
tangent is due to the process related changeatikealing, structure, deposition pressure

and microstructure [22]. From the XRD and AFM ass#&ywhich is mentioned in Chapter

196



5, section 5.7 and 5.8, it is clear that the filleposited at 75% & 100%-OMP is having
smaller crystallite size and lesser grain size W& packing density which could lead to
a reduction in the dielectric properties in botineentional and microwave annealed
films. It is well known that the relative permitiiy decreases with increasing material
porosity. Thus controlling the porosity can yield@ectrum of dielectric constant from a
single material [23]. Improvement of dielectric pesties with dense microstructure is
reported by Hiroya et.al [24]. Films deposited &¥R20MP also exhibited a lower

dielectric constant compared to 50%-OMP due to geim® of oxygen vacancies.
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Figure 7.17 (a-b): (a) Microwave dielectric constand (b) loss tangent of the
microwave annealed SBTi thin films, in oxygen atpioeyre.
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7.8 Microwave dielectric properties of in-situ depsited SBTi thin films:

The measured dielectric properties of the SBTi fiins at 10GHz and 20GHz as
a function of substrate temperature for films dé&pdsat higher deposition temperatures
is shown in figure 7.19(a-b). From this figureisitclear that the dielectric loss values are
in between the values obtained in the 2 previogsesaiscussed, i.e, the post deposition
annealing in air and deposition in oxygen ambieitih \@nnealing in oxygen ambient. In
other words, deposition at higher temperature®@dut not as good as growing in an
atmosphere where oxygen stoichiometry is ensuredinQhese oxide films, oxygen
stoichiometry plays the predominant role even abibneedeposition temperature which
predominantly influence the microstructure. In ttése, the dielectric properties showed
lesser frequency dispersion indicating a reduciiorrelaxable diploes present. The
dielectric properties are also depending on thestsate temperature. As the substrate
temperature increases, the dielectric constan faund to be increasing and it peaks
around 700°C. On further increase of substrate ¢eatpre, the dielectric constant starts
decreasing. This observed dielectric properties lmarexplained interms of the crystal
orientation as evident from the XRD which is men&d in Chapter 6, section 6.3.1. It is
well known that the spontaneous polarization okéh8i layered oxides is larger along
the a-axis as compared to along c-axis. So a finted on (100) direction will have
naturally more dielectric constant than the filmigioted along (001) direction.

In the case of polycrystalline films, the situatistll be slightly different since
both a and the c-axis oriented grains will contribute ttee total polarization. The
observed dielectric constant will be a resultanboth the contributions and the exact
effects of these contributions are not yet wellblkthed. As evident from the X-ray
diffraction studies which are discussed in Cha@tehe ratio of the non c-axis orientation
(119) to the c-axis orientation (0010) decreasethe substrate temperature increases. As
the films become more c-axis oriented, the dieleatonstant is found to decrease as
expected. Butfor the films with more non c-axis orientation, telectric constant is
found to be improving with increased presence akis-orientation. This may be due to
the fact that in this region the total polarizatisimows an additive behavior. It can be
found that in poly crystalline SBTi thin films thdielectric constant can be effectively

controlled by c-axis oriented grains. A moderatecestage of c-axis oriented grains
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along with non c-axis oriented grains will resultdetter dielectric properties. The Raman
studies on these films also shows that the filnth yWwioderate amount of c-axis oriented
grains exhibit an additional Raman mode at 270" amhich arises from the torsional
bending of TiQ octahedra. This may result in higher polarizatwamch could be the
reason for the improved dielectric properties. Asntioned in chapter 6, the in-situ
deposition of films is expected to improve its prdpes. Comparing with previous results
which are mentioned in 7.5 & 7.6, in-situ depositdohs exhibited higher dielectric
constant. This indicates that the crystallizatiord alensification takes place together

during in-situ deposition which leads to improverni@rfilm properties.
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Figure 7.19(a-b): (a) Microwave dielectric constand (b) loss tangent of the SBTi thin
films deposited in the range of 600 to 725

7.9 Microwave dielectric properties of Sm-substituéd SBTi thin films:

In order to study the substation effect on SBTin§| the SBSmTi films were
deposited at different temperatures from €750 750C. The microwave dielectric
measurements of permittivity and loss tangent efSBSmTi thin films were carried out
at 10GHz and 20GHz using the SPDR technique. Thasumned dielectric constard,)
and loss tangent (tAhof the SBSmTi thin films as a function of subtgreemperature is
given in figure 7.20 (a-b). The observed resulesfalowing the same trend as discussed

in the previous section 7.7. This indicates tha¢ Bubstrate temperature plays an
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important role to grow the films in preferred ofigtons even after modifying it with
substitution.

It is observed from the figure 7.20 that the fildeposited at 67& shows a low
value of dielectric permittivity and loss tangefhere is a sudden increase of dielectric
permittivity and loss tangent for the films annelaé 700C and above. The dielectric
permittivity has decreasing slightly for the filmeposited above 726.

From the X-ray diffraction studies presented la@ter 6, section 6.4.2, it is clear
that the films deposited below 6715 are all amorphous. In the amorphous phase, the
observed dielectric constant of these thin film&ss than that of the crystallized films.
On increasing the substrate temperature, packingiye grain size and the crystallinity
starts improving and it will result in an improvemen dielectric constant. The slight
decrease in dielectric constant for the films dépdsabove 728C may be due to the
formation of oxygen vacancies in the film. Thoufk tmechanical properties of the films
deposited at 75C exhibited the higher hardness and Young's moduhss observed
microwave dielectric properties of the same filmme decreased. This indicates that the
high frequency dielectric measurements are seasitivformation of oxygen vacancies.
Another possible reason for the decrease in dretembnstant at high temperature can be
the thermal strain developed in the film due to thi#erence in thermal expansion
coefficients of the substrate and the film [25]sIbbserved that the amorphous thin films
have a lower dielectric loss when compared to tfiaghe crystalline thin films. This is
because the amorphous films will have low intrinlesses due to the absence of lattice
modes. As the film crystallizes, it generates didatpotential which will allow the
phonon- phonon interactions and thereby openingapy loss mechanisms [26].

The observed dielectric constant values for thestatline substituted films are
higher than the unsubstituted-SBTi crystalline tlilim which is discussed in the previous
section 7.7. This indicates that the substitutidnSamarium improved its dielectric
properties as observed in Chapter 5 for the caseébulit ceramic samples. The
enhancement in material properties by substitubbmare-earth element into layered
structure materials is observed by many researd2&80]. Substitution of Samarium
controls the Bi-volatization thereby leading toiaprovement in its film properties. With
the increased dielectric constant, the loss alswet a corresponding increase while the
relaxation trend with frequency is retained indiogithat there is no fundamental changes

happening to the system with Sm substitution.

200



0.14 —0— 10GHz
140} —O— 10GHz (a) o 20GHZ (b)
120 —O0—20GHz 0.12}
4 r (]
g O\D = 00|
® 100 - T~ @ o—°
S © o008 ___—O0—
S gl S o
£ o o 0.061
S 6o} 8
(]
@ - —1 0.04}
O 40}
o 0020 g g—0
0575 700 725 750 0.00— ' : '
675 700 725 750
Substrate tempurature(OC) Substrate tempurature (OC)

Figure 7.20 (a-b): (a) Microwave dielectric constand (b) loss tangent of the Sm
substituted SBTi thin films deposited at substtateperatures from 675 to 740

7.10 Summary:

Measurement afnechanical and microwave dielectric propertiesBTiSand Sm-
substituted SBTi thin films were carried out foffelient processing conditions such as (i)
Annealed at different temperatures (ii) Depositediierent oxygen mixing percentage
followed by annealing in oxygen atmosphere (iiijsitu deposition of SBTi thin films
(iv) In-situ deposition of Sm-substituted SBTi tHilms.

SBTi thin films were annealed from 500 to 800n conventional and microwave
furnace. The observed hardness and Young’'s moduues are increased along with
grain size as the annealing temperatures are s@ted here is no observable difference
in mechanical properties of conventional and mi@esvprocessed films. Films annealed
in microwave furnace exhibited the high dielectdenstant at microwave frequency
range than the films annealed in conventional fcena hese results indicated that the
films annealed in microwave furnace exhibited bgiteperties.

Mechanical and microwave dielectric propertiesS&Ti thin films deposited at
different OMP and annealed in oxygen atmospheresaongly dependent on oxygen
atmosphere. Films deposited at 50%-OMP and anndalaakygen atmosphere have

exhibited the highest dielectric constant and gawthanical properties compared to
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other films which are deposited at 25, 75, 100%-Oaffd films annealed at different
temperatures in air that are mentioned in sectidh These results revealed that
controlling the oxygen stoichiometry in oxide thfitms during the deposition and
annealing process is an important issue to enhdnteroperties.

In-situ deposition of SBTi thin films exhibitedteresting results as expected. As
the substrate temperature increases, the film tatien changes from (119) to (0010)
direction. Films deposited at 7 showed that the intensity of the peak (119) £0d.0)
are almost equal and these films exhibited betielectric and mechanical properties
compared to other films. A moderate percentageafis oriented grains along with non
c-axis oriented grains results in better film pnoies. The in-situ deposited films
enhanced its film properties compared to ex-sitneafed films due to the fact that
crystallization and grain growth takes place togetluring in-situ deposition and
suppresses the differences in thermal expansiofficients between the film and
substrate.

The Sm-substituted SBTi films are deposited froms 6- 750C in presence of
oxygen atmosphere. Young's modulus increased maiuality from 110 to 135GPa and
hardness from 4.3 to 8.2GPa with enhancement ofh giae from 220 to 350nm with
respect to substrate temperature. It is interestrmpserve that the Sm-substituted films
have improved its mechanical properties comparedhéopure-SBTi thin films. The
substitution of samarium controls Bi-volatizatiorea at high temperatures which lead to
an enhancement of its mechanical properties. Thutioin coefficient results are in
agreement with the hardness and Young's modulusitsesThe observed microwave
dielectric properties of SBSmTi thin films were hay than the pure-SBTi thin films.
This indicates that the substitution of Samariunprioved its dielectric properties as
observed in bulk ceramic samples. It is observed the amorphous thin films have a
lower dielectric loss due to the absence of lattii@des. As the film crystallizes, the
excitation of lattice modes and coupling betweerormims opens up many loss

mechanisms.
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Chapter 8

Conclusions and scope for future work

8.1 Conclusions

The research presented in this thesis dissertagiarentered on the structural,
microstructural, Raman, Optical, mechanical androwave dielectric properties of
SrBisTi4O15 (SBTi) and Sm-substituted SBTi bulk ceramics argrtthin films. One of
the main objectives is to control the grain sized ai-volatization at elevated
temperatures using microwave sintering processniprave its material properties.
Secondly, deposition of crystalline SBTi thin filmen amorphous substrates and
demonstration of mechanical and microwave dielegroperties along with optical and
Raman studies. RF magnetron sputtering was chaseneatechnique for deposition of

these films. Salient conclusions of the thesis varkgiven below.

Single phase SBTi and Sm-substituted SBTi ceramimpéas were prepared
through solid-state reaction technique by optingzithe calcination and sintering
conditions systematically. The structural, microstaral and dielectric investigations as
well as the Raman studies were carried out. ThayXdiffraction study confirms the
formation of an orthorhombic structure with all theajor peaks corresponding to the
A2;am Space group. Ball mill (reducing the grain siae§l microwave sintering are the
two alternative approaches that are successfuld us get a finer microstructure,
densified ceramics and smaller grain size. It waseoved that as the grain size decreases,
the dielectric, ferroelectric and mechanical préipsrof the SBTi ceramics are enhanced.
The microwave sintered samples exhibited smallaingsize than conventional sintered
samples. It is interesting to observe that micravawtering is able to control the grain
size and Bi volatization at elevated temperaturdschv leads to better dielectric,
mechanical and ferroelectric propertid$e results of microwave sintered samples are
desirable for microelectronics applications suchasacitors and actuators.

Substitution of samarium into A-site of SgBi4O15 system was confirmed from
the vibrational modes of the Raman spectra. Withssttion of Samarium, SBTi
ceramic samples exhibited the relaxor behavior viscuseful in relaxor based lead-free

ferroelectric applications. Relaxor behavior wasftmed by fitting standard deviation
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of Curie temperature distribution using inhomogergeemicro region model. It explains
the existence of nano polar domains at temperatugker than .. These domains exist
as highly polarizable islands which lead to an ease in T distribution. 0.75 Sm

substituted SBTi ceramics showed good microwavéeckiéc properties, ferroelectric
properties and mechanical properties compared her atubstituted compositions and
unsubstituted SBTi ceramic samples.

Stoichiometric SBTi thin films were grown on amoagpis substrates using rf
sputtering and crystallized into orthorhombic stmwe by optimizing the annealing
conditions. Two different ex-situ (post-depositicamnealing approaches were used in
order to crystallize SBTi thin films. In the firapproach, all the films are deposited at
50% of OMP and annealed in conventional and micvwewé&urnaces. Microwave
annealed films are able to exhibit the same redikés conventional annealed films
though the heating rate and soaking time is mucitsh In the second approach, films
are deposited at different OMP and annealed in eational and microwave furnace in
oxygen atmosphere at fixed temperatures. Thesésesiow that the film properties are
strongly dependent on oxygen mixing percentageng-itleposited at 50%-OMP and
annealed in oxygen atmosphere exhibited good ntraisre, optical, Raman,
mechanical and microwave dielectric properties cameg to films deposited at other
OMPs and films annealed at different temperaturesri Stoichiometric SBTi thin films
were obtained by successfully optimizing the OME aantrolling oxygen as well as Bi
vacancies during the deposition and annealing pesse

In-situ deposition of SBTi thin films has exhibitedteresting results. As the
substrate temperature increases, the film oriemtathanges from (119) to (0010)
direction. A moderate percentage of c-axis (00X®nted grains along with non c-axis
(119) oriented grains results in better film prags. The in-situ deposited films
exhibited enhanced dielectric and mechanical ptgsecompared to ex-situ annealed
films due to crystallization and grain growth thakes place together during in-situ
deposition process and suppression of the effecdifierences in thermal expansion
coefficients between the film and substrate. FraamRn spectra, it was identified that for
the films with increasing percentage of c-axis iwieel grains, the torsional bending mode
of TiOg octahedra is getting loosened which results imareased dielectric constant and
loss factor- the effects of a larger oscillatoresgth. On correlating the observed
microwave dielectric properties to the crystallovéentation, it can be concluded that in

poly crystalline SBTi thin films, the microwave tBetric constant follows the population
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of the c-axis oriented grains. Oriented grain gtowt thin films is achieved by
optimizing the deposition conditions like substragmperature and substrate-target
distance. This is important for piezoelectric apgiions as piezoelectric devices require
oriented films. It is interesting to observe thae tSm-substituted films exhibited
improved film properties compared to the pure-SBAin films. Young's modulus
increased monotonically from 110 to 135GPa and ressl from 4.3 to 8.2GPa. The
highest dielectic constant values observed fordfilteposited at 726 are 105 and 120
for 20GHz and 10GHz respectively. Substitution afarium resulted in suppression of
Bi-volatization even at high temperatures whichdléa enhancement of its mechanical
and microwave dielectric properties.

8.2 Scope for future work

There are many issues that still need to be red@we could form part of future work.

1. Transport properties of these ceramic materials fdnts to understand their
conduction mechanism and to look for ways to redhed& conductivity so that
they can be poled easily.

Microwave broadband characterization and studyebility in these thin films.

3. Non-linear optical properties of these thin filmse aless studied till now.
Knowledge of their optical response is also quiteportant for practical
applications, which could be beneficial in the gregion of optoelectronics with
microwave electronics in the future.

4. Study of the high temperature piezoelectric properand piezo force microscopy
measurements of these thin films in order to uridads the piezoelectric
properties in these thin films.

5. Identify the suitable electrode materials and faf materials that will reduce
the conductivity in the capacitor structures.

6. Fabrication of device structures like high overtdm@lk acoustic resonators
(HBAR) and high temperature transducers using th@edilms.

7. Correlations between microwave dielectric propsera@d mechanical properties
in these materials can be explored further in otk and thin films to understand

the commonalities in their origin.
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