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ABSTRACT

In recent years, bismuth layered ferroelectric materials such as SrBi,Ta,Og (SBT),
BaBi,Nb,Og (BBN), BisTizO12 (BIT) and SrBi;Nb,Og (SBN) have attracted much attention
due to its potential applications in nonvolatile random access memory (NVRAM) devices.
Lead zirconate titanate, PbZrTiOs3 (PZT) was the prominent material for the NVRAM
application owing to its low switching field, high remnant polarization and low processing
temperature. However, the PZT material undergoes severe fatigue failure and retention loss
on conventional silicon substrate with platinum (Pt) electrodes. The renewed interest stems
from the Aurivillius family of layered ferroelectric materials (e.g. SBT, BBN, BIT, and SBN)
because of their fatigue-free behavior and low coercive field. But the drawbacks of these
layered ferroelectric materials are low remnant polarization, high processing temperature and
high dc conductivity. It was known that the physical properties of these layered ferroelectric
materials could be enhanced by doping the suitable cations in the crystal lattice. The
emergence of lanthanum ion doped bismuth titanate has fuelled considerable interest to
investigate the influence of trivalent rare earth ions on the physical properties of bismuth
based layered ferroelectric compounds. It is widely accepted that the Bi,O, layers have a
significant influence on the polar and electrical conductivity properties of bismuth based
layered structures. It is expected that by substituting Bi** (ionic radius = 0.103 nm) ion with a
slightly smaller rare earth cation such as Sm*" ion (ionic radius = 0.098 nm) could
significantly increase the structural distortion in the crystal structure and thereby enhancing
the polar properties. However, the studies are limited concerning the improvement of
dielectric properties of the layered perovskite ferroelectrics such as SBT and BBN through
the substitution of Bi*" ions in Bi,O; layer by samarium ion (Sm**). Molten salt synthesis
(MSS) is one of the effective routes for synthesizing ceramic powders at relatively lower
temperatures. By this fabrication route, one can achieve improved homogeneity, purity and
good control over particle sizes as compared to that of the conventional solid state reaction
route. Since, there seems to be no attempts made to synthesize samarium ion doped layered
ferroelectric compounds such as strontium bismuth tantalate and barium bismuth niobate via
molten salt synthesis route, the present investigations in the thesis have been taken up to
substitute Bi** by Sm®" in the crystal lattice of SBT and BBN layered ferroelectric

compounds fabricated by molten salt synthesize method and study its influence on the



structural, dielectric, electrical conductivity and ferroelectric properties in order to exploit

these materials for aforementioned applications.

Polycrystalline Sr(BipsSmg1),Ta;09 (SBSMT) ceramics were fabricated via the
promising low temperature molten salt synthesis route using potassium chloride (KCI) as a
flux material. The mono-phasic perovskite crystal structure was confirmed by the X-ray
powder diffraction patterns. The scanning electron microscopic studies revealed the presence
of plate shaped morphological features of the SBSmT ceramics. Interestingly, the dielectric
constant of the SBSmT ceramics in the frequency range of 100 Hz - 1 MHz could be tuned as
a function of sintering duration. It is observed that the SBSmT ceramics sintered at 1323 K
for 10 h exhibited higher dielectric constant (¢',= 76) at 100 kHz than those of ceramics
sintered at other durations. The magnitude of the electrical conductivity of the order of 107 -
10 S/cm at 300 K indicates that the conductivity mechanism might be attributed to the
migration of oxygen ion vacancies in these ceramics. However, systematic efforts have been
made to investigate the influence of samarium on the physical properties of SrBi,Ta,Og and
BaBi,Nb,Og ceramics by adding an excess amount of 5 wt % bismuth oxide to the initial
mixture of reactants during calcination to compensate bismuth vaporization at high

temperatures and the details of which are discussed in the remaining chapters.

Layered Sr(BiixSmy),Ta,0Og ceramics with x ranging from 0 - 0.10 (10 mol%) were
fabricated by the low temperature molten salt synthesis route. X - ray powder diffraction
studies revealed that the single phase orthorhombic layered perovskite structure is retained in
all these compositions. Scanning electron microscopic studies on these ceramics confirmed
the presence of well packed equiaxed plate shaped grains. The dielectric and electrical
conductivity properties were studied in the 100 Hz — 1 MHz frequency range at 300 K.
Interestingly, the 10 mol% samarium doped SrBi,Ta,Og ceramics exhibited high dielectric
constant (&', = 155) and low dielectric loss (0.00298) compared to those of other
compositions. The ferroelectric property of SrBi,Ta,Og ceramics is superior for higher
concentration of samarium content. The electrical conductivity of undoped and samarium

doped ceramics increased linearly with increase in frequency.

The dielectric and electrical conductivity measurements were carried out in the
100 Hz - 1 MHz frequency range at various temperatures for undoped and samarium doped
SrBi,Ta,O9 ferroelectric ceramics. A decrease in dielectric constant maximum (g,,,) and a

downward shift in the Curie transition temperature (T,) have been observed with the increase



in samarium concentration. The frequency dependence real and imaginary parts of dielectric
constant of these ceramics exhibited low frequency dielectric dispersion. Interestingly,
temperature and frequency dependent dielectric constant plots indicated that the formation of
oxygen ion vacancies have been inhibited by samarium doping in SBT lattice. The activation
energy values obtained from the Arrhenius plot have confirmed the existence of motion of

oxygen ion vacancies in these ceramics.

Barium bismuth samarium niobate Ba(Bi1«Smy).Nb,Og (x = 0, 0.03, 0.05, and 0.10)
ceramics have been fabricated successfully via molten salt synthesis route. The X - ray
diffraction analysis revealed the existence of bismuth layered perovskite phase with
orthorhombic crystal structure in all the compositions studied. The dielectric and electrical
conductivity properties were carried out in the 100 Hz — 1 MHz frequency range at 300 K.
The dielectric constant and dielectric loss were found to decrease from 186 to 180 and 0.0966

to 0.0755 respectively with increase in samarium content at 100 kHz.

The temperature dependence of dielectric and electrical conductivity properties of
polycrystalline BaBi;Nb,Og and Ba(BigeSmg1)2Nb,Og ceramics investigated at various
frequencies have revealed the characteristic features of relaxor behaviour. The incorporation
of Sm** for Bi** has induced a downward shift in the dielectric maximum temperature (438 K
- 393 K) with the decrease in dielectric constant maximum (372 - 212) at 100 kHz. The
estimated degree of diffuseness (y) was found to be 2.17 for BaBi,Nb,Og and 1.93 for
Ba(Bip.9eSmg.1)2Nb,Og ceramic samples. The activation energy obtained from the Arrhenius

plot revealed the existence of motion of oxygen ion vacancy in these ceramics.
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Introduction




1. Introduction

This chapter primarily describes the underlying phenomenon of dielectric and
ferroelectric properties of materials. In addition to the principles and phenomena, the modelling
of dielectric behaviour of ferroelectric materials by Jonscher’s universal formalism has also
been briefly discussed. Subsequently, the interesting aspects of the crystal structure and

physical properties of Aurivillius family of layered ferroelectric ceramics, reported in the

literature have been dealt.



1.1. Ferroelectric materials

Ferroelectric materials exhibit spontaneous polarization that could be reversed by an
externally applied electric field. The polarization response of ferroelectric materials with
respect to the electric field is non-linear leading to the occurrence of ferroelectric hysteresis
loop [1-3]. These materials are being widely used in a range of applications which include
sensors, actuators, non-linear optical devices and optical modulators [4-8]. Ferroelectric
phenomenon was first discovered in Rochelle salt single crystals in 1921 by J. Valasek [9]
followed by the observation of the same phenomenon in potassium dihydrogen phosphate,
KH,PO, [10]. A theory on the phase transition of hydrogen bonded compounds was
published in 1941 by Slater that stimulated a great interest in ferroelectricity among the
physicists. The anomalous dielectric behaviour of BaTiO3 had been simultaneously observed
by Ogawa, Wainer and Solomon, Wul and Goldman and later VVon Hippel et.al confirmed the
ferroelectric nature of BaTiO3[11-21]. Presently, bismuth layered ferroelectric compounds
and tetragonal tungsten bronze structures are at the helm of emerging technologies and the

application ranges from capacitors to ferroelectric non - volatile random access memories.

1.2. Crystal symmetry requirements and Classification of materials

In general, basic crystal systems could be classified into 32 point groups based on the
symmetry operations such as translation, rotation, mirror planes and inversion. Out of the 32
crystal classes, 11 point groups are centrosymmetric and 21 point groups are
non-centrosymmetric. The centrosymmetric point groups cannot possess polar properties
since they lack a point of inversion symmetry. The remaining 21 are non-centrosymmetric
and 20 of these are piezoelectric in which 10 point groups exhibit pyroelectric activity. A
special category of materials designated as ferroelectrics are the subgroup of spontaneously
polarized pyroelectrics (Figure 1.1) [22]. Hence, all the ferroelectrics are pyroelectrics and all
the pyroelectrics are piezoelectrics but the reverse is not applicable. The inherent
characteristic features for the ferroelectrics are (i) existence of spontaneous polarization and

(ii) polarization reversibility with an applied electric field [23].
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Figure 1.1. Classification of materials

1.3. Ferroelectric domains

Ferroelectric materials comprise of regions with uniformly oriented polarization vectors,
which are called ferroelectric domains. These domains are separated by domain walls and the
thickness of the domain wall is quite small. For instance, the thickness of the BaTiO3 domain
wall is about 2 A. The wall that separates the relative orientation in the polarization vectors
between two domain walls by 90° are called 90° domains and those which distinguish the
relative orientation between two domain walls by 180° are called 180°domains (Figure 1.2).
One can observe the domains by etching the surface of ferroelectric materials with a suitable
etchant. The consequence of domain wall switching in ferroelectric materials leads to the

occurrence of the ferroelectric hysteresis loop [24].

N~ A
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Figure 1.2. Schematic illustration of 90° and 180°domain walls !



1.4. Ferroelectric phase transitions

The intrinsic ferroelectric property of a ferroelectric disappears above the transition
temperature called Curie temperature T,.. Above T,, the material remains in a para electric
state and the crystal structure becomes centrosymmetric. The dielectric, optical and elastic
properties of a ferroelectric material exhibits anomalies in the vicinity of Curie temperature.

The temperature dependence of the dielectric constant above T, obey the Curie- Weiss law,

& —1=C/(T— T,

Where C is a material specific Curie-Weiss constant, T is an absolute temperature, measured
in Kelvin and Ty is the Curie - Weiss temperature. For first order transition, T, < T, and for
the second order transition, Ty = T.. In second order phase transition, spontaneous
polarization (P;) decreases continuously from a maximum to zero as T approaches the T,

whereas in the first order transition, P, acquires a zero value at T, [25-30].
Diffuse phase transition

Diffuse phase transition (DPT) is usually characterized by the broadening in the temperature
dependent dielectric curve and frequency dispersion of both ¢ and tand in the transition

region. The diffuseness of a phase transition could be estimated by

(G- o) = €T = Tuar”
e € max

where €' is the relative dielectric constant at temperature T, €',,,4, iS the relative dielectric
constant at the transition temperature T, v is the critical exponent and C is the Curie constant.
A value of v = 1 implies that the material obeys the ideal Curie-Weiss behavior, whereas v =2
indicates a completely diffuse transition (i.e., relaxor behavior).The diffuseness in the phase
transition arises due to the compositional fluctuations of cations in the crystal lattice and

crystallite size distribution [31].
1.5. Polarization switching and hysteresis loop

The inherent interesting characteristics feature of the ferroelectrics is the property of reversal

or change in polarization direction by an applied electric field that leads to a hysteresis in the



polarization and electric field relation. The parameters such as remnant polarization, coercive

field and saturation polarization could be determined from the hysteresis loop [32].

AD
B c
E_____—
D
PS
PI'
E
F X E
5 -
H
G

Figure 1.3. A typical P-E hysteresis loop in ferroelectrics®?.

Figure 1.3 illustrates a typical ferroelectric hysteresis loop. The domains start to align in the
positive direction as the electric field strength is increased that leads to a rapid increase in the
polarization and at very high fields the polarization reaches a saturation value. Some of the
domains remain aligned in the positive direction at zero external field and hence the material
will exhibit a remnant polarization (P,.). The external field required to reduce the polarization
to zero is called coercive field. On further increasing the field in the negative direction, the

direction of polarization flips and hence a hysteresis loop is obtained [33].
1.6. Classification of ferroelectrics

Ferroelectric materials are generally classified into order-disorder and displacive type

ferroelectrics [34].

(i) Order-disorder class: In this class of ferroelectrics, the motion of protons is related to
the polar property. Potassium dihydrogen phosphate (KDP) and triglycine sulphate

(TGS) are the classical examples for this category.

(i) Displacive class: This class of ferroelectrics includes ionic crystal structures
pertaining oxygen octahedra and the distortion in the oxygen octahedral causes the
ferroelectricity. The structures incorporating oxygen octahedra are mainly perovskites

and bismuth layer - structured (Aurivillius) compounds.



Since the focus of the present research investigations is mainly concerned with the physical
properties of bismuth layered ferroelectric compounds, the discussion is related to these
compounds. Ferroelectric bismuth layered compounds were first reported by Aurivillius in
1949. These compounds are being widely used for their potential applications in the
ferroelectric non-volatile random access memory device applications due to their large
spontaneous polarization, low leakage current and high transition temperatures. The general
formula for Aurivillius family of layered oxides is (Bi202)*" (An.1BnOsn+1)* Where A is the 12
- fold coordinated cation such as Ca?*, Sr**, Ba**, Pb?*, Bi*" etc, B is the octahedra site

occupied by cations like Fe®*, Ti*,

Nb>*, Ta®* and W®* and n is an integer indicating the
number of perovskite slabs interleaved in between [Bi,O,]*" layers. The crystal structures of
Bi,WOg, BizTiNbOg and Bi,Ti30;, determined by R. E. Newnham are shown in (Figure 1.4).
In these crystal structures, the octahedral shape of the oxygen framework in the perovskite
slabs of the parent structure remains intact and the origin of ferroelectricity in these
compounds mainly arises from the displacement of Bi atoms along a - axis in the perovskite

A sites with respect to the chains of octahedra [34].
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Figure 1.4.  (011) sections of: (a) Bi,WOg (n=1); (b) BisTiINbOg (n=2);
(c) BisTiz012 (n=3) real structures. Dashed lines indicate strong Bi-O bonds.



1.7. Ferroelectric ceramics

A ferroelectric ceramic is a polycrystalline material in which individual grains are single
crystals of a ferroelectric phase and these grains are separated by well-defined grain
boundaries. In ceramic materials, the grains are randomly oriented and it is possible to orient
the grains to produce textured specimens with special fabrication processing technique.
Normally, the thickness and composition of the grain boundaries control the interaction
between the grains. The material properties between the ferroelectric grains and the grain
boundaries could differ and hence grain boundaries play a significant role in determining the
macroscopic properties of the polycrystalline ceramics. Depending on the fabrication

techniques, the grain sizes of ferroelectric ceramics differ from 0.01 um to 10 um [35].
1.8. Dielectric properties of ferroelectric ceramics

Dielectrics are insulators in which the electrons are very tightly bound with atoms or
molecules. The dielectric properties such as dielectric constant, dielectric loss and dielectric
strength have been of most concern for prominent applications as capacitors in electronic

circuits and as electrical insulators.

The capacitance of a dielectric material could be correlated with the charge stored inside the
capacitor by Q = CV, where V is the applied voltage and C is the capacitance. For a parallel
plate capacitor, the capacitance is directly proportional to the area and inversely proportional
to the thickness as C = ¢,e,A4/ d, where &, is the relative permittivity of the material, &, is

the free space permittivity and A is the area of the capacitor and d is the thickness.

When a dielectric is placed in an external electric field, it becomes polarized. The

polarization P is defined as the net dipole moment per unit volume
P =p/Av

If N is the total number of molecules in unit volume and if each has a moment p, then the

polarization is given by,
P=Np

The displacement vector and the electric field could be interrelated by the following equation,



5 == goE + ﬁ
The dielectric constant (¢) is related to the dielectric susceptibility () by the relation,
e=1+4my

Moreover, dielectric constant is a complex quantity consists of real and imaginary

components

Dielectric loss or loss tangent is given by
tand = &'/ €'

where ¢’ and & are real and imaginary part of the dielectric constant. The loss tangent is

related to the quality factor of the material by Q = 1/ tan §.
1.9. Polarization

The dipole moment per unit volume P is proportional to the applied electric field in the polar

materials for uniform isotropic medium.ie.,
P = y&E

where y is the dielectric susceptibility and &, is the permittivity of free space. In dielectric
materials, different kinds of polarization mechanism (Figure 1.5) exist due to the presence of
various charge carrier species. The electronic polarization is prevalent in all the materials and
it arises by the displacement of center of gravity of the negative electron clouds with respect
to the positive nucleus of the atom under the influence of an external applied electric field.
On the other hand, in an ionic lattice, the relative displacement of positive and negative ions
in opposite direction produces the ionic polarization. In polar molecules, the dipoles tend to
align along the direction of the electric field and eventually produce the orientation
polarization which is a function of frequency and the temperature. The space charge
polarization arises owing to the accumulation of charges (i.e., free charge carriers) at the

electrodes or at the interfaces in multiphase dielectrics [36].



The total polarizability of the material is the sum of all these individual polarizabilities and it
could be writtenas a« = a, + a; + a, + a, where «a, is the electronic, «; is the ionic, a, is

the orientation, and a; is the space chare polarizability.
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Figure 1.5. Different kinds of polarization mechanism

1.10. Dipolar responses

The dielectric constant of the material with non-negligible conductivity has two contributions
from (i) intrinsic polarization and (ii) charge carrier polarization and the net dielectric is

governed by

4

& !

_ r
= & (lattice) T & (carrier)

! H H !
where &, (atticey TEPTESENtS the lattice response due to permanent dipoles and ¢, (carrier)

represents the carrier response associated with long range migration. The materials with
significant ionic conductivity do not reflect the lattice contribution since the polarization
associated with mobile charge carriers is prevalent. Jonsher introduced a model to separate
out the lattice and charge carrier polarization of the material by the following dielectric

dispersion relations



where &, is the high frequency value of dielectric constant, n(T)is the temperature
dependent exponent and a(T) is the strength of polarizability arising from the universal
mechanism [8]. The first term in the above equations represent the lattice response and the dc
conduction part. The second terms in both the equations represent the charge carrier
contribution of the observed dielectric constants.

1.11. Scope of the present work

In recent years, bismuth layered ferroelectric materials such as SrBi,Ta,Og (SBT),
BaBi;Nb,Og (BBN), BisTiz012 (BIT) and SrBi;Nb,Og (SBN) have attracted much attention
due to its potential applications in nonvolatile random access memory (NVRAM) devices
[37-40]. Lead zirconate titanate, PbZrTiOs; (PZT) was the prominent material for the
NVRAM application owing to its low switching field, high remnant polarization and low
processing temperature [41,42]. However, the PZT material undergoes severe fatigue failure
and retention loss on conventional silicon substrate with platinum (Pt) electrodes [43,44]. The
renewed interest stems from the Aurivillius family of layered ferroelectric materials (e.g.
SBT, BBN, BIT, and SBN) because of their fatigue-free behavior and low coercive field. But
the drawbacks of these layered ferroelectric materials are low remnant polarization, high
processing temperature and high dc conductivity [45 - 47].

It was known that the physical properties of these layered ferroelectric materials could be
enhanced by doping the suitable cations in the crystal lattice. A partial replacement of
scandium (Sc*) in the ‘B’ site has improved the physical properties of SrBi,Ta;Oq
ferroelectric ceramics [48]. It was observed that the dielectric loss reduced significantly with
yttrium (Y*") ion substitution in the A-site of SBT ceramics (Sr,_YxBi,Ta,Og). The Y*" ion
substitution has also improved the ferroelectric properties and the maximum value of remnant
polarization observed for the composition, x = 0.05 is due to the cation vacancies introduced
into the lattice structure [49]. The substitution of Sr** ion (ionic radius = 0.144 nm) by Eu®*
(ionic radius = 0.138 nm) has significantly enhanced the photoluminescence intensity of the

SBT film with negligible change of the remnant polarization [50]. The remnant polarization
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value for the c-axis oriented thin film has been determined at room temperature and it is
found that the reduction of remnant polarization value might be attributed to the enhancement
of coercive field at lower temperature. The partial substitution of V>* ion in the niobium site
of SBN ceramics has enhanced the dielectric and ferroelectric properties [51]. The crystal
structure and ferroelectric properties of ABi,;Ta,O9 (A = Ca, Sr, Ba) ceramics have been
investigated in detail. It is observed that the lattice mismatch between TaO, and AO planes in
the perovskite-type unit of ATa,O- increased as the size of the A-site cation decreases from
Ba** to Ca*" and also the structural distortion becomes more pronounced [52]. The distortion
induced in the crystal structure leads to the higher Curie transition temperature and larger
spontaneous ferroelectric polarization. The dielectric non-linearity in the layered ferroelectric
ceramics of BBN and SBT has been studied by analyzing the polarization loop and also by
measuring the dielectric permittivity as a function of frequency. In the case of BBN, the
system has a broad phase transition manifesting the essential features of the slow relaxation
process of polarization; but in SBT the polarization process is driven by the rearrangement of
the domain structure [53]. The investigation of the microstructure and the electrical properties
of Aurivillius phase ferroelectric solid solutions of (CaBi,Nb,Og);—x (BaBiNb,Og) x (0 < x
>1) have been carried out and it is observed that the Curie transition temperature decreased
with the substitution of Ba*"ion on the A- site of the perovskite blocks [54]. It is also noticed
that the effect of sintering temperature has a strong influence on the grain structure, dielectric
properties and Ba* ion fluctuations in BBN ceramics [55].

The theoretical study of the oxygen ion vacancy formation and its effect on spontaneous
polarization in BIT ceramics has been investigated by the first-principle theoretical
calculation [56]. The combination of first-principle calculation with shell-model techniques
offered a multiscale approach to investigate the finite-temperature properties of Aurivillius
compounds [57]. The grain orientation dependent ferroelectric properties of Sm** doped BIT
thin films were studied in detail and it is noticed that the highly oriented (117) film showed
2P, value of 54 pC/cm?. It was also reported in the literature that the leakage current could be
suppressed by the Nd substitution in the BIT thin films [58]. The structural dependence of the
ferroelectrics properties of BIT ceramics has been studied by the substitution of various rare
earth ion dopants in the bismuth site [59]. The influence of oxygen ion vacancies and
crystallinity on the polarization switching and relaxation dynamics of Nd-substituted BIT thin
films on platinum electrodes has been investigated in detail [60]. The substitution of Pr** into

the BIT (BisxPr«TizO12: BPT) crystal structure has caused the micro structural transformation
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from platelet-like to equiaxed structure which increased the density of the material and
thereby enhancing the physical properties [61]. The lattice vibration modes of BisxLaxTi3O1
ceramics were also studied as a function of La content. The frequency of the rigid mode due
to the vibration between (Bi,TizO10)* and Bi,O.** layers was found to be stable when x <
0.75 and decreased with increasing x when x > 1.00 [62]. The substitution of Bi*" ion by
La** has improved the fatigue-free behavior of bismuth titanate ferroelectric ceramics due to
the charge-compensating role of the (Bi»O;) layers and also the high structural stability of the
perovskite layers [63].

The emergence of lanthanum ion doped bismuth titanate has fuelled considerable interest to
investigate the influence of trivalent rare earth ions on the physical properties of bismuth
based layered ferroelectric compounds. It is widely accepted that the Bi,O, layers have a
significant influence on the polar and electrical conductivity properties of bismuth based
layered structures. It is expected that by substituting Bi** (ionic radius = 0.103 nm) ion with a
slightly smaller rare earth cation such as Sm*" ion (ionic radius = 0.098 nm) could
significantly increase the structural distortion in the crystal structure and thereby enhancing
the polar properties. However, the studies are limited concerning the improvement of
dielectric properties of the layered perovskite ferroelectrics such as SBT and BBN through
the substitution of Bi** ions in Bi,O, layer by samarium ion (Sm*®"). On the other hand, the
fabrication process for most of the layered ferroelectric compounds are based on the
conventional solid state reaction route which often leads to the compositional and structural
inhomogeneities owing to the high calcination and sintering temperatures and thus worsening
the microstructural and subsequently the physical properties of the ferroelectric materials.
This makes it necessary to look for alternative routes of synthesizing these families of layered
ferroelectric compounds such as molten salt synthesis method. Molten salt synthesis (MSS) is
one of the effective routes for synthesizing ceramic powders at relatively lower temperatures.
By this fabrication route, one can achieve improved homogeneity, purity and good control
over particle sizes as compared to that of the conventional solid state reaction route. Since,
there seems to be no attempts made to synthesize samarium ion doped layered ferroelectric
compounds such as strontium bismuth tantalate and barium bismuth niobate via molten salt
synthesis route, the present investigations have been taken up to substitute Bi** by Sm®" in
the crystal lattice of SBT and BBN layered ferroelectric compounds fabricated by molten salt

synthesize method and study its influence on the structural, dielectric, electrical conductivity
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and ferroelectric properties in order to exploit these materials for aforementioned

applications.

Chapter 1 primarily deals with a brief introduction to the underlying phenomenon of
dielectric and ferroelectric properties of materials. In addition to the principles and
phenomena, the modelling of dielectric behaviour of ferroelectric materials by Jonscher’s
universal formalism has also been discussed. The interesting aspects of the crystal structure
and physical properties of Aurivillius family of layered ferroelectric ceramics, reported in the
literature have been dealt.

In Chapter 2, the experimental techniques that have been employed to synthesize and
characterize the layered ferroelectric ceramic materials under investigations are described.
The details pertaining the materials fabrication techniques adopted to fabricate polycrystalline
ceramics has been discussed. The structural and microstructural characterization of these
materials was carried out by X - ray powder diffraction and scanning electron microscopy
techniques. The dielectric and electrical conductivity measurements on these materials are
reported. The ferroelectric properties of the materials under investigations were demonstrated
by the Sawyer-Tower techniques.

Chapter 3 deals with the fabrication and characterization of samarium doped SrBi,Ta,Og
ceramics. Polycrystalline Sr(BipgSmg1).Ta;0g (SBSMT) ceramics were fabricated via the
promising low temperature molten salt synthesis route using potassium chloride (KCI) as a
flux material. The mono-phasic perovskite crystal structure is confirmed by the X-ray powder
diffraction patterns. The scanning electron microscopic studies revealed the presence of plate
shaped morphological features of the SBSmT ceramics. Interestingly, the dielectric constant
of the SBSmT ceramics in the frequency range of 100 Hz - 1 MHz could be tuned as a
function of sintering duration. It is observed that the SBSmT ceramics sintered at 1323 K for
10 h exhibited higher dielectric constant (¢',.= 76) at 100 kHz than those of ceramics sintered
at other durations. The magnitude of the electrical conductivity of the order of 107 - 107
S/cm at 300 K indicates that the conductivity mechanism might be attributed to the migration
of oxygen ion vacancies in these ceramics. Systematic efforts have been made to investigate
the influence of samarium on the physical properties of SrBi,Ta;Og and BaBi;Nb,Oqg
ceramics by adding an excess amount of 5 wt % bismuth oxide to the initial mixture of
reactants during calcination to compensate bismuth vaporization at high temperatures and the
details of which are discussed in the forthcoming chapters.
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The structural, dielectric and ferroelectric properties of rare earth doped strontium bismuth
tantalate ceramics are described in Chapter 4. Layered Sr(Bi;-xSmy),Ta,Og ceramics with x
ranging from 0 - 0.10 (10 mol%) were fabricated by the low temperature molten salt
synthesis route. X - ray powder diffraction studies revealed that the single phase
orthorhombic layered perovskite structure is retained in all these compositions. Scanning
electron microscopic studies on these ceramics confirmed the presence of well packed
equiaxed plate shaped grains. The dielectric and electrical conductivity properties were
studied in the 100 Hz — 1 MHz frequency range at 300 K. Interestingly, the 10 mol%
samarium doped SrBi,Ta,0Og ceramics exhibited high dielectric constant (¢', = 155) and low
dielectric loss (0.00298) compared to those of other compositions. The ferroelectric property
of SrBi,Ta,O9 ceramics is superior for higher concentration of samarium content. The
electrical conductivity of undoped and samarium doped ceramics increased linearly with

increase in frequency.

Chapter 5 deals with the dielectric and electrical conductivity measurements carried out on
undoped and samarium doped SBT ceramics at various frequencies and temperature of
interest, whose fabrication, structural, microstructural and ferroelectric properties were dealt
in the previous chapter. Undoped and samarium doped SrBi,Ta,Og ferroelectric ceramics
have been fabricated by the molten salt synthesis route. The dielectric and electrical
conductivity measurements were carried out in the 100 Hz - 1 MHz frequency range at
various temperatures. A decrease in dielectric constant maximum (g,,) and a downward shift
in the Curie transition temperature (T,) have been observed with the increase in samarium
concentration. The frequency dependent real and imaginary parts of dielectric constant of
these ceramics exhibited low frequency dielectric dispersion. Interestingly, temperature and
frequency dependence dielectric constant plots indicated that the formation of oxygen ion
vacancies have been inhibited by samarium doping in SBT lattice. The activation energy
values obtained from the Arrhenius plot have confirmed the existence of motion of oxygen

ion vacancies in these ceramics.

Chapter 6 describes the fabrication and characterization of samarium doped barium bismuth
niobate relaxor ferroelectric ceramics. Barium bismuth samarium niobate Ba(Bi;-
xSMy)2Nb,Og(x = 0, 0.03, 0.05, and 0.10) ceramics have been fabricated successfully via
molten salt synthesis route. The X - ray diffraction analysis revealed the existence of bismuth

layered perovskite phase with orthorhombic crystal structure in all the compositions studied.
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The dielectric and electrical conductivity properties were carried out in the 100 Hz - 1 MHz
frequency range at 300 K. The dielectric constant and dielectric loss were found to decrease
from 186 to 180 and 0.0966 to 0.0755 respectively with increase in samarium content at 100
kHz.

Chapter 7 presents the temperature and frequency dependence of dielectric and conductivity
characteristics of undoped and samarium doped BBN relaxor ferroelectric ceramics whose
fabrication, structural and microstructural properties have been discussed in the previous
chapter. The polycrystalline BaBi,Nb,Og and Ba(BiggSmg1),Nb,Og ceramics have been
fabricated via the molten salt synthesis route. The temperature dependence of dielectric and
electrical conductivity properties of BBN and BBSmN ceramics investigated at various
frequencies have revealed the characteristic features of relaxor behaviour. The incorporation
of Sm* for Bi** has induced a downward shift in the dielectric maximum temperature (438 K
- 393 K) with the decrease in dielectric constant maximum (372 - 212) at 100 kHz. The
estimated degree of diffuseness (y) was found to be 2.17 for BBN and 1.93 for BBSmN
ceramic samples. The activation energy obtained from the Arrhenius plot revealed the

existence of motion of oxygen ion vacancy in these ceramics.
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CHAPTER 2
Materials and Methods




2. Materials and Methods

In this chapter, the experimental techniques that have been employed to synthesize and
characterize the layered ferroelectric ceramic materials under investigations are described. The
details pertaining to the materials fabrication techniques adopted to fabricate polycrystalline
ceramics is discussed. The structural and microstructural characterizations of these materials
were carried out by X-ray powder diffraction and scanning electron microscopy techniques.
The dielectric and electrical conductivity measurements on these materials are reported. The
ferroelectric properties of the materials under investigations were demonstrated by the Sawyer -
Tower techniques.
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2.1. Materials fabrication (polycrystalline ceramics)

Molten salt synthesis (MSS) method has been adopted to fabricate polycrystalline layered
ferroelectric ceramics at relatively lower temperatures than conventional solid state reaction
route. In this method, the inorganic oxide materials are well mixed with flux salt and heated
slightly above the melting temperature of the flux salt [1]. The oxides react together in the
molten state of the salt and the product phases are formed via the nucleation and the growth

process as indicated in the schematic representation (Figure 2.1).

Oxides Salt

Stage |

Mixing of oxides with salt

U_ Fused salt
()

Stage |l

Melting and wetting of salt
Rearrangement and
diffusion of species

Stage I

Mucleation and growth
of perovskite phase

Figure 2.1. Schematic diagram of the molten salt synthesis process for oxide materials ™

A stoichiometric mixture of reagent grade (purity > 99.9%) oxides, carbonates were mixed
thoroughly with flux salt using mortar and pestle and these powders were calcined at
appropriate temperatures. Subsequently, these calcined powders were cold pressed at 300 K
for a few minutes at the pressure of 225 kg/cm? and subjected to the conventional sintering
process at 1323 K for 10 h. The following compounds that have been fabricated in the present
investigations are (i) Sr(Bi;-xSmy)2Ta,Og (X = 0.00 - 0.10) and (ii) Ba(Bi1xSmy)>.Nb,Og (X =
0.00 - 0.10)
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2.2. Structural and microstructural characterization

The structural phase analysis of the polycrystalline calcined powders and sintered ceramics
was confirmed via powder X-ray diffraction (XRD) technique using Cu-Ka radiation (Pan
Analytical XPERT - PRO diffractometer). This X-ray powder diffraction technique was also
employed to determine the degree of orientation of the calcined and sintered ceramic
samples. In order to identify the crystalline phases present in the samples, the obtained XRD

patterns for various samples were compared with those of standard JCPDS pattern.

The comparison of XRD patterns, of the sintered ceramics with as-prepared polycrystalline

powder over the 26 range of 10° to 70°, enabled to evaluate the degree of grain - orientation.

The degree of grain orientation (f) was estimated by Lotgering’s method [2].

_P_PO
T 1-P,

f

where P = Xlog /Zlpg for the given oriented sample (i.e., sintered pellet) and Py = Zlog /Xl
for the non-oriented sample (i.e., calcined polycrystalline powder). The surface
morphological features of calcined powders and sintered ceramic samples were monitored by

scanning electron microscope (SEM; JSM - 6390).
2.3. Density measurement

The densities of the sintered ceramic samples were determined by the Archimedean principle
using an ‘Essae’ electronic balance. For this measurement, de-ionised water was used as the
liquid medium. The following formula has been used for calculating the densities of the

ceramic pellets.

W1 3
= x 1 g/cm
'D (W1 —-ws) g

where p is the density of the sample, W is the weight of the sample in air, W, is the weight

of the sample in water.
2.4. Dielectric constant measurements

The capacitance (c,) and the dielectric loss (D) measurements were carried out using a LCR

meter (Waynekerr : 43100) in the frequency range 100 Hz - 1 MHz with a signal strength of
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1V,.,.s at different temperatures (300 K - 673 K). The temperature variation of the dielectric
constant was carried out to assess the Curie temperature in these ceramics. For temperature
variation measurements, an indigenously built furnace associated with Eurotherm
temperature controller and interface (RS 232) were employed (Figure 2.2). The samples were
heated at the rate of 1 K/min. The real and imaginary parts of the dielectric constants were

determined by the following formula
&' = Cpd [ gA

&' ' =¢g'tand

where, d is the thickness and A is the area of the sample and ¢, is the permittivity of the free
space (8.854 x 10 F/m).

Furnace

LCR Meter

Figure 2.2. Experimental setup of LCR meter (Waynekerr : 43100)
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2.5. Ferroelectric measurements (The Sawyer-Tower circuit (P vs E hysteresis loop))

The ferroelectric hysteresis loops could be obtained by placing the crystal under an applied
electric field in a Sawyer-Tower circuit and this circuit is represented schematically in Figure
2.3. An ac signal generator provides a potential difference to the sample and to the X-plate of
the oscilloscope. The resulting polarization P leads to a charge Q, which is fed to the
amplifier, where Q = PA and A being the electrode area of the sample. By assuming an ideal
operational amplifier with large inverting gain, negligible input admittance and ‘C’ initially
discharged, the output voltage is V = - Q /C indicating that output is proportional to the
polarization. It is customary to calibrate the vertical axis of the plot in terms of polarization P
rather than Q as P = Q /A (A is the electrode area of the ferroelectric) and the horizontal axis
is defined in terms of E rather than V (E = V / d) where d is the thickness of the ferroelectric

material).
c

[
L

o4
Sample Amplifier /‘
o

Figure 2.3. The Sawyer - Tower circuit &

In the present research work, polarization versus electric field measurements (P vs E
hysteresis loops) were carried out using a Piezoelectric Evaluation System, TF analyzer 2000
with triangular waveform. This system could be employed for comprehensive electrical

characterization of ferroelectric bulk ceramic samples over a wide electric field range.
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3. Structural and Dielectric Properties of Strontium Bismuth Samarium Tantalate
Layered Perovskites

This chapter deals with the fabrication and characterization of samarium doped
SrBi;Ta,Og ceramics. Polycrystalline Sr(BigoSmg1),Ta,0O9 (SBSMT) ceramics were fabricated
via the promising low temperature molten salt synthesis route using potassium chloride (KCI)
as a flux material. The mono-phasic perovskite crystal structure is confirmed by the X-ray
powder diffraction patterns. The scanning electron microscopic studies revealed the presence of
plate shaped morphological features of the SBSmT ceramics. Interestingly, the dielectric
constant of the SBSmT ceramics in the frequency range of 100 Hz - 1MHz could be tuned as a
function of sintering duration. It is observed that the SBSmT ceramics sintered at 1323 K for
10 h exhibited higher dielectric constant (&',.= 76) at 100 kHz than those of ceramics sintered at
other durations. The magnitude of the electrical conductivity of the order of 107 - 10° S/cm at
300 K indicates that the conductivity mechanism might be attributed to the migration of oxygen

ion vacancies in these ceramics.
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3.1. Introduction

Layered ferroelectric materials have attracted much attention in recent years for multifarious
applications such as optical switches, pyroelectric based infrared detectors, piezoelectric, and
non-volatile random access memory (NVRAM) devices [1-5]. The renowned material for the
NVRAM application is PbZri4TixO3 (PZT) [6,7]. The Aurivillius family of layered
ferroelectric materials such as SrBi,Ta,Og (SBT), BisTizO12 (BIT), and SrBi,Nb,Og (SBN)
replaced the PZT material by the inherent properties of high fatigue resistance and relatively
low leakage current [8, 9]. These layered ferroelectric materials consist of two perovskite like
structures interleaved between the Bi,O, layers are associated with two major drawbacks:
High processing temperature and low remnant polarization [10-12]. It was expected that by
substituting Bi** ion in the crystal lattice of layered ferroelectric materials with trivalent rare
earth ions such as Sm** could significantly increase the structural distortion in the crystal
structure due to the large difference in the eightfold coordination ionic radii and thereby
enhancing the polar properties [13-15]. Most of the layered ferroelectric compounds have
been synthesized based on the conventional solid state reaction route which often leads to the
structural and compositional inhomogeneity due to the high calcination and sintering
temperatures [16]. Alternatively, the molten salt synthesis route has been determined to be a
simple and effective route for synthesizing ceramic powders at relatively low temperatures
and one can achieve improved homogeneity and good control over particle sizes, which will
have a direct influence on the physical properties [17-22]. It has been known in the literature
that the sintering conditions also play a vital role in tailoring the microstructure and the
dielectric properties of the ceramic materials [23-25]. With this background and keeping the
technological importance of layered ferroelectric materials in view, our approach has been to
replace Bi** partially by samarium in SrBi,Ta,O and visualize the effect of samarium doping
of various concentrations on the physical properties of SrBi,Ta,Og ceramics. To begin with,
we have investigated the structural, microstructural and dielectric properties of 10 mol.%
samarium doped SrBi,Ta,Oq ceramics sintered at different durations which were fabricated
by the molten salt synthesis route and hence the present chapter describes the details

pertaining to these aspects of SBSmT ceramics.
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3.2. Strontium Bismuth Tantalate

The crystal structure of SrBi,Ta;O9 has orthorhombic symmetry with a =5.5306
A, b =55344 A and ¢ =24.9839 A (Figure 3.1), and it exhibits ferroelectricity at room
temperature. The crystal structure consists of two perovskite like blocks (SrTa,0;)* that are
interleaved between the Bi,O, layers along the c-axis. The non - centrosymmetric
orthorhombic structure of SBT is responsible for its ferroelectric nature. Atomic displacement
along the a-axis induces non-centrosymmetric space group from its parent centrosymmetric
(14/mmm) group that causes the ferroelectric polarization. The contribution of each
constituent ion to the total spontaneous ferroelectric polarization is calculated from the
atomic displacements is 18.2 pC/cm? [26]. The reported ferroelectric to paraelectric phase

transition temperature for SBT is 583 K.

Bi,0F"
ayer
.
Sr I
Bi @
perovskite
fTa @ layer
0
v
& Bi, 0"
> layer
-
™~
1]
o
perovskite
\ayer
| |
b= ,
i Jﬁ%?
- o 2+
. < Bi,O
Q.’ Aayer‘
9

a=0.5506 nm

Figure 3.1. Crystal structure of SrBi,Ta, 0%
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3.3. Structural Analyses

The strontium bismuth samarium tantalate polycrystalline powders in the composition of
Sr(Bi1-xSmy),Ta,0g with x = 0.00 and 0.10 (10 mol.%) were fabricated from a stoichiometric
mixture of reagent grade strontium carbonate (SrCOgs), bismuth oxide (Bi,O3), tantalum
pentoxide (Ta;0s), and samarium oxide (Sm,0s3) via the molten salt synthesis route using
KCI as a flux material. Furthermore, these reactant materials were uniformly ground in the
acetone medium with KCI in the molar ratio of 1:5 and calcined at 1073 K in air for 4h with
the heating rate of 3 K/min. Further, these calcined powders were washed with hot deionized
water several times to remove the KCI salt and subsequently these powders were cold pressed
at the room temperature for few minutes at a pressure of 225 kg/ cm?®. These ceramic samples
were sintered at optimized temperature, 1323 K for different soaking durations (6 h, 8 h, 10 h
and 12 h) to visualize the effect of duration of sintering on the microstructure and physical
properties. The as-prepared powders and the sintered samples were subjected to the X-ray
diffraction studies and the ¢ - axis orientation factors (f) were calculated by using the

Lotgering’s method [27]. The X - ray powder diffraction patterns

(113)

(a)

Intensity (a.u)

IR I

I . I % I > I K I

10 20 30 40 50 60 70
20 (degree)

Figure 3.2. The XRD patterns recorded for (a) undoped and (b)10 mol. % samarium doped
SBT polycrystalline powders.
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obtained for an undoped (Figure. 3.2(a)) and SBSmT (Figure. 3.2(b)) polycrystalline powders
confirm the formation of single phase layered perovskites. These XRD patterns are indexed
to an orthorhombic unit cell and the obtained lattice parameters (Table. 3.1) are in close
agreement with those reported in the literature [28]. It is interesting to note that the
crystallinity of the layered perovskite SrBi,Ta,O9 phase has been achieved at lower
temperatures (1073 K/4h) and also at shorter duration compared to that of the solid state
reaction route (1373 K/12h).

Table 3.1. Unit cell parameters of undoped and samarium doped SBT polycrystalline
powders.

Composition a(A) b(A) c(A)
SrBi;Tay,Oq 5.5176 5.5133 24.9454
Sr(BipgSmo 1), Ta,Og 5.5246 5.5290 24.9639

The average crystallite size (D) is calculated based on the crystalline planes (115), (200),
(220), (2010) and (315) by the following Scherrer formula [29] for undoped and SBSmT
polycrystalline samples are found to be 48 nm and 35 nm.

kA
~ Bcosh

where k (0.94) is the shape factor, A is the X- ray wavelength of Cu - Ka radiation (1.5406
R), 6 is the Bragg angle and g is the full width at half maximum of the peak. The decrease
in crystallite size of SBSmT polycrystalline powders could be due to the ionic radii difference

between bismuth and samarium ion in the SBT crystal lattice.

Figure 3.3(a-e) shows the XRD pattern recorded for the randomly oriented SBSmT calcined
powder (Figure. 3.3(a)) along with those obtained for the polycrystalline ceramic pellets
sintered at 1323 K for different durations (6 h, 8 h, 10 h and 12h). The d - spacings that are
associated with all these XRD patterns of the sintered samples are found to be corresponding
to the layered perovskite SBT crystal structure without any secondary phase formation. The
full width at half maximum of the Bragg peaks of these sintered samples are sharper
compared to that of the SBSmT powder samples which reveals that there is an occurrence of

grain growth during the sintering process.
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Figure 3.3. The XRD patterns recorded for the 10 mol.% samarium doped SBT samples for
(a) calcined polycrystalline powder (b) 1323 K/ 6h (c) 1323 K/ 8 h (d) 1323 K/ 10h and (e)

1323 K /12h.

It is also interesting to note that the X-ray intensities corresponding to (00l) planes for these
sintered pellets are slightly stronger than those of the SBSmT calcined powder samples

indicating the c-axis preferred orientation. The values of the c-axis orientation factor (f)

calculated based on the Lotgering’s method for all the sintered samples varies from 0.17 to

0.19 as tabulated in Table 3.2.

Table 3.2. Orientation factor (f), Orthorhombic distortion (b/a) and dielectric constant

(¢',) for the SBSmT samples sintered at various durations.

Sintering condition Orientation factor b/a &', at 100 kHz
)
1323 K /6h 0.17 1.0001 71
1323 K/ 8h 0.19 1.0007 70
1323 K/ 10 h 0.18 1.0010 76
1323 K/ 12 h 0.19 0.9995 59
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3.4. Microstructural Analyses

The scanning electron micrographs of the calcined powders are shown in the Figure. 3.4 (a)
and 3.4 (b). Both the micrographs revealed the presence of plate shaped morphology. This
plate shaped morphology is a characteristic grain growth of the Aurivillius family of oxides

and it occurs due to the anisotropic nature of the crystal structure [30].

20kV-#0X10,000 1pm 11 30,SEI ~ 20kVAEX10,000  1um 11.29'SE|

Figure 3.4. The scanning electron micrographs obtained for (a) undoped and (b) 10 mol.%
samarium doped SBT polycrystalline powders calcined at 1073 K for 4h.

The scanning electron micrographs recorded for the SBSmT samples sintered at 1323 K for 6
h, 8 h, 10 h and 12h are depicted in Figure 3.5 (a-d). These micrographs indicated the
existence of plate shaped SBSmT grains associated with considerable porosity due to the high
volatile nature of the bismuth at high temperatures during the sintering process and the
relative density value of all these ceramic samples is found to be 80% of the theoretical value.
The c-axis is found to be perpendicular to the major faces of these grains showing a
preferential grain orientation in the XRD pattern. The average grain size of these sintered
pellets calculated from the SEM micrographs is around 0.6 pm - 0.8 um. It seems the
duration of sintering does not have any significant effect on the microstructure though there is

a slight increase in the grain size.
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Figure 3.5. The scanning electron micrographs for the SBSmT pellets sintered at 1323 K for
different durations (a) 6 h (b) 8 h (c) 10 h and (d) 12 h.

3.5. Dielectric and Conductivity Studies

The frequency dependence of the dielectric constant (¢',.) at 300 K for the SBSmT ceramic
samples sintered at different durations is shown in Figure 3.6. In all these samples, the
dielectric constant does not show any appreciable dispersion with frequency suggesting that
the polarization mechanism could be originated from the bound charges in the lattice and
hence the effect of space charge polarization due to the oxygen ion vacancy charge carriers is
not very significant. This observation suggested that the molten salt synthesis route might
have assisted in minimizing the creation of oxygen ion vacancies in SBSmT ceramics by
reducing the formation temperature of the compound. It is observed in Figure 3.6 that the
dielectric constant for the sample sintered at 1323 K for 10 h is higher than those of other
samples at all the frequencies under study. For instance, the value of the dielectric constant
measured at 100 kHz for the SBSmT sintered ceramic samples is tabulated in Table 3.2.
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Figure 3.6. The frequency dependence dielectric constant for the SBSmT samples sintered
at various durations.

In these families of layered ferroelectric materials, the origin of ferroelectricity mainly arises
from the structural distortion of the TaOg perovskite blocks in the crystal structure associated
with noncentrosymmetric space group. The atomic displacement along the a - axis from the
equilibrium position in the crystal structure induces the spontaneous ferroelectric polarization
[10]. Hence, we believe that the observed high value of the orthorhombic distortion for the
sample sintered at 1323 K for 10 h (Table 3.2) accounted for the incidence of higher

dielectric constant due to the increase in the lattice polarizability of the material.

Figure 3.7 shows the variation of real part of the ac conductivity as a function of frequency at
300 K for SBSmT ceramic samples sintered at different durations. The ac conductivity

spectra of all these samples obey Jonscher’s law [31].
o=0,+ A"

where g, is the dc conductivity, A is the temperature dependent parameter, n is the value
between 0 and 1 and w is the angular frequency.The conductivity increases with the increase
in frequency for all these samples, varying approximately as a power of frequency (w™).

However, the trend of the curve does not vary much with the increase in the sintering
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duration. The oxygen ion vacancies might be the responsible charge carrier species for the

existence of electrical conductivity of the order of 107 to 10° S/ cm in all these samples.
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Figure 3.7. Double logarithmic plot of ac conductivity vs frequency at different sintering
durations of SBSmT ceramics.

3.6. Conclusions

The Sr(Bip.9Smg1)2Tay0g ferroelectric ceramics synthesized by low temperature molten salt
synthesis route has exhibited single phase perovskite crystal structure. The average grain size
of these ceramic samples has been found to vary between 0.6 - 0.8 pum. The frequency
dependent dielectric constants of the SBSmT ceramics are influenced by the sintering
duration. The electrical conductivity is found to be increasing with increase in frequency for
these SBSmT ceramics. However, systematic efforts have been made to investigate the
influence of samarium on the physical properties of SrBi,Ta,Og and BaBi,Nb,Og ceramics by
adding an excess amount of 5 wt % bismuth oxide to the initial mixture of reactants during
calcination to compensate bismuth vaporization at high temperatures and the details of which

are discussed in the forthcoming chapters.
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4. Fabrication, Structural, Microstructural and Dielectric Properties of Samarium
Doped Strontium Bismuth Tantalate Ceramics

The structural, dielectric and ferroelectric properties of rare earth doped strontium
bismuth tantalate ceramics are described in this chapter. Layered Sr(Bi;xSmy),Ta;Og9 ceramics
with x ranging from 0 - 0.10 (10 mol%) were fabricated by the low temperature molten salt
synthesis route. X - ray powder diffraction studies revealed that the single phase orthorhombic
layered perovskite structure is retained in all these compositions. Scanning electron
microscopic studies on these ceramics confirmed the presence of well packed equiaxed plate
shaped grains. The dielectric and electrical conductivity properties were studied in the 100 Hz —
1 MHz frequency range at 300 K. Interestingly, the 10 mol% samarium doped SrBi;Ta,Oq
ceramics exhibited high dielectric constant (¢, = 155) and low dielectric loss (0.00298)
compared to those of other compositions. The ferroelectric property of SrBi,Ta,Og ceramics is
superior for higher concentration of samarium content. The electrical conductivity of undoped

and samarium doped ceramics increased linearly with increase in frequency.
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4.1. Introduction

Bismuth containing layered structured ferroelectric materials (BLSFs) have been investigated
extensively for non-volatile random access memories (NVRAM), piezoelectric sensors and
microelectromechanical based device applications [1-4]. PbZr,4TixO3 (PZT) is one of the
renowned materials for NVRAM device application owing to its versatile properties. It
belongs to the perovskite crystal structure with high remnant polarization and low switching
field [5, 6]. However, PZT material tends to degrade with platinum electrodes after 10° cycles
of polarization switching [7, 8]. In comparison, the Aurivillius family of layered ferroelectric
materials such as SBT, BIT, and SBN have attractive superior characteristics which include
fatigue - free behaviour [9-11]. Among these materials, SrBi,Ta,Og is proved to be one of the
potential candidates for NVRAM device application because of its excellent properties such
as low leakage current and high fatigue free endurance up to 10" polarisation cycles [12, 13].
But the SBT crystal structure comprising of two perovskite like blocks (SrTa,0;)* that are
interleaved between the (Bi,O,)?* layers along the c-axis suffers from the following major
drawbacks: High dielectric loss, low remnant polarization and high processing temperature
[14]. One of the effective approaches to improve the dielectric and ferroelectric properties has
been to partially substitute bismuth by samarium in SBT lattice. Since the ionic radius of
samarium (0.108 nm) is smaller than bismuth (0.117 nm) ion, it is expected that the partial
substitution of bismuth ions by trivalent samarium ions would have a profound influence on

the physical properties.

The conventionally synthesized layered ferroelectric ceramics would normally exhibit
compositional and structural inhomogeneities owing to the high calcination and sintering
temperatures. In order to achieve improved homogeneity and good control over particle sizes,
low temperature molten salt synthesis technique has been adopted [15-17]. T. Kimura et al
have reported the formation of homogenous powders of BisTizOq, [18], ferrites [19] and
Bi,WOg [20] by molten salt synthesis route. Moreover, ferroelectric oxide powders with
anisotropic particle morphologies (i.e textured microstructures) could also be prepared by this
technique which helps in attaining the grain - oriented ceramics [21, 22]. Hence, there seems
to be no other reports exist on the fabrication of samarium ion doped strontium bismuth
tantalate compound via molten salt synthesis route, the objective of the present investigations
has been to visualize the effect of partial substitution of bismuth sites by samarium on the

structural, microstructural, dielectric, electrical conductivity and ferroelectric properties of

42



SBT ceramics by molten salt synthesis technique and the results obtained on the

aforementioned studies are reported in this chapter.
4.2. Structural Analyses

Polycrystalline strontium bismuth samarium tantalate (SBSmT) ceramic powders with the
composition of Sr(Bi;.xSmy),Ta;0g¢ (X = 0.00, 0.03, 0.05, 0.10, mol%) were prepared by
molten salt synthesis route using KCI as a flux material. The stoichiometric mixture of
strontium carbonate (SrCO3), bismuth oxide (Bi»O3), samarium (I11) oxide (Sm,03) and
tantalum pentoxide (Ta;Os) were uniformly mixed with KCI in the molar ratio of 1:5. In the
present study, the molten KCI salt has been chosen as a flux material since it is readily
available, inexpensive and highly soluble in water. This salt also plays a vital role in
determining the reaction rate and reaction temperature. The optimization of the reactants
versus different salt ratio (1:3, 1:5 and 1:7) was carried out based on the crystallinity of the
polycrystalline SBSmT powders from the XRD patterns. The molar ratio of 1:5 has been
arrived at for the fabrication process since the synthesized polycrystalline SBSmT powders
corresponding to this ratio exhibited high crystallinity without any secondary peaks compared
to that of other molar ratios. An excess amount of 5 wt.% bismuth oxide was added to the
initial mixture to compensate bismuth vaporization at high temperatures. These reactants
were calcined at 1073 K for 4 h with the heating rate of 3 K/min and subsequently the
calcined powders were leached in hot deionized water for several times to remove KCI salt.
The cold pressed pellets were subjected to conventional sintering process in air at 1323 K for
10 h. The phase formation of the calcined powders and sintered ceramic samples was

confirmed via X-ray diffraction (XRD) using Cu Ka radiation.

Figure 4.1 shows the XRD patterns obtained for the polycrystalline undoped and samarium
doped SBT powders. These XRD patterns revealed that the single phase layered perovskite
structure without any detectable impurity phase is retained in all the compositions under
study and the crystalline peaks could be indexed to an orthorhombic unit cell. The XRD
patterns recorded for the polycrystalline SBT ceramic samples containing different

concentrations of samarium sintered at 1323 K for 10 h are depicted in Figure 4.2.
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Figure 4.1 XRD patterns recorded for the polycrystalline powders of various concentrations
of samarium
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Figure 4.2. XRD patterns recorded for the sintered SBT ceramics for various concentrations
of samarium
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The d - spacing that are associated with all these XRD patterns of the sintered samples are
found to be corresponding to the layered perovskite SBT crystal structure. The full width at
half maximum (FWHM) of the Bragg peaks of these sintered samples are sharper compared
to that of the respective SBSmT powder samples which reveals that there is an occurrence of
grain growth during the sintering process. It is also interesting to note that the XRD peak
intensities corresponding to (006), (008), and (0014) planes for these sintered samples are
slightly stronger than those of the SBSmT calcined powder indicating the c-axis preferred
orientation. In the Aurivillius family of layered ferroelectric oxides, grain growth along the ¢
- axis is more prevalent and it could be caused by the anisotropic nature of the crystal
structure. These crystal structures are also associated with a stronger bonding along the a -
b axis and much weaker bonding between perovskite slabs along the ¢ - axis which would

have led to the faster grain growth with the observed preferred ¢ - axis orientation [23].
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Figure 4.3. Variation of lattice parameters as a function of samarium content
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The degree of ¢ - axis grain orientation (f) in the sintered samples of pure SBT ceramics is
found to be 57% by Lotgering’s method. The X-ray diffraction patterns have also revealed
that the ¢ - axis orientation factor decreases with the increase in samarium content and it
reaches a value of 37% for x = 0.10. However, there is a slight increase in intensity of the
(200) peak with increase in samarium content. We believe that the decrease in the ¢ - axis
orientation associated with the increase in the a - axis orientation with increasing samarium
content would lead to the formation of more or less equiaxed SBT grains and thereby
enhancing the uniformity of the microstructure. The variation in lattice parameters with
increase in samarium content is depicted in Figure 4.3. It is observed that there is a slight
change in the lattice parameters with the doping of samarium in the crystal lattice of SBT

ceramics due to the difference in ionic radii between bismuth and samarium ions.
4.3. Microstructural Analyses

Figure 4.4 (a-d) depicts the scanning electron micrographs obtained for the sintered samples
of SBT and SBSmT ceramics. The SEM recorded for pure SBT and doped (SBSmT) samples
demonstrated the presence of tightly packed equiaxed plate shaped grains with the relative
density value of 93% and 96%. This plate like morphology is typical of Aurivillius family of
oxides and is due to the anisotropic nature of the crystal structure [24]. The c - axis is found
to be major faces of these grains showing a preferential orientation in XRD pattern. This
observed preferential ¢ - axis grain growth/orientation has been considered to be the
characteristic grain growth of Aurivillius family of ferroelectric materials. Since the surface
free energy of the layered perovskite is low along the c-axis, it tends to rearrange the solid
particles of the SBSmT samples to attain maximum packing and a minimum of resultant pore
surface along the pressing axis during the initial stage of the sintering. These micrographs
also indicated that the grain size decreases from 1um to 0.69 um as the samarium content
increased from x = 0.03 to x = 0.10 and this observation suggested that the samarium doping
has influenced the grain growth of the SBT ceramics. In the bismuth based layered
ferroelectric compounds (SrBiNb,Og and SrBiTa,Qy), the volatilization of bismuth at high
temperatures leads to the formation of bismuth and oxygen ion vacancies. These vacancies
are the responsible diffusing species for the material transport during the grain growth
process. The observed retardation in the grain growth rate could be attributed to the partial
substitution of samarium for bismuth in SBT has suppressed the volatilization of bismuth and

thereby resulting in the reduction of diffusion ion transport in the material. On the other hand,
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the microstructural property could also be correlated to the particle transport mechanism
between the grains during the sintering process. Since the diffusivity of samarium ion is
lower than that of bismuth, the particle transport between the adjacent SBT grains would
have reduced which leads to the retardation in the grain growth rate with increase in
samarium content [25, 26].
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Figure 4.4 The scanning electron micrographs recorded on the surfaces of (a) 0 (b) 3 (c) 5
and (d) 10 mol% samarium doped SBT ceramics

4.4. Dielectric properties

The frequency dependence of the real (¢,') and imaginary (e,'") part of the dielectric constant
at 300 K for the SBSMT ceramic samples are shown in Figure 4.5 (a & b). In all these
samples, the dielectric constant do not exhibit appreciable dispersion with frequency
suggesting that the space charge effect is not significant at low frequencies [27].
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Figure 4.5. The frequency dependence of (a) ¢,’ and (b) &, for different concentrations of
samarium.

The dielectric constant and dielectric loss measured as a function of samarium content at 300
K are shown in Figure 4.6 (a & b). It is interesting to observe that the dielectric constant
increases with increase in samarium content and reaches a maximum value of 155 at x = 0.10.
The increase in dielectric constant with increase in samarium content could be attributed to
the ionic size decrease from Bi** (0.117 nm) to Sm** (0.108 nm) which would have led to
more structural distortion of the perovskite unit in the SBT crystal structure. This observation
could also be corroborated due to the increase in the polar a - axis orientation which occurred
mainly by the controlled c-axis grain growth. Interestingly, the dielectric loss of 10 mol%

samarium doped SBT samples is lower than that of the undoped samples.
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4.5. Conductivity Studies
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Figure 4.7. The frequency dependence of ac conductivity for various concentrations of
samarium at 300 K

Figure 4.7 shows the variation of real part of the ac conductivity as a function of frequency at
300 K for SBSmT ceramic samples. The conductivity is found to increase linearly with the
increase in frequency for all these samples. However, the trend of the curve does not change
as a function of samarium content. The existence of electrical conductivity of the order of
107 to 10° S cm™ in all these samples indicated that the oxygen ion vacancies might be the

responsible charge carrier species for the conduction mechanism.

The electrical conductivity as a function of frequency ® in accordance with the Jonscher’s

power law is governed by the following expression
o(D)= cuc[1+( o/ wp)"]

where oqc is the dc conductivity, ® and w, are the applied frequency and the relaxation

frequency, respectively and n is the temperature dependent parameter and it can take the
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value between 0 and 1. Generally, a long - range hopping behaviour of mobile charge
carriers at high temperatures and low frequencies could be explained by Jonscher’s universal
law [28]. However, the linear dependence of conductivity relaxation process observed at low
temperatures and high frequencies as depicted in Figure 4.8 implying an almost constant
dielectric loss which could be described by the near constant loss (NCL) universal behaviour
law (o(f) = Aw ; where A is a constant) [29].

4.6. Ferroelectric properties

Figure 4.8 represents the polarization Vs electric field recorded at 300 K for different
concentrations of samarium. Interestingly, the values of remnant polarisation computed from
the hysteresis loop increase with increase in samarium content (P, = 0.94uC/cm? for x = 0; P;
= 1.37 pCl/em? for x = 0.03; P, = 4.04 pCl/cm? for x = 0.05) that may be attributed to the
increase in the structural distortion of the perovskite unit in the crystal structure of SBT and
also this enhancement could be induced due to the slight increase in the polar a - axis
orientation as corroborated by X - ray diffraction studies. Similarly, it is observed that the
values of coercive field increase with increase in samarium content (E. = 12.00 kV/cm for x =
0; Ec = 13.21 kV/cm for x = 0.03; E; = 16.20 kV/cm for x = 0.05), indicating that a large field
is required to switch the spontaneous polarisation along the c - axis of the crystal structure.
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Figure 4.8. P vs E hysteresis loops recorded for various concentrations of samarium at 300 K.
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4.7. Conclusions

The polycrystalline strontium bismuth samarium tantalate ceramics were successfully
synthesized by molten salt synthesis route. The ¢ - axis preferential orientation of the SBT
grains is found to be samarium concentration dependent. Interestingly, the dielectric constant
and remnant polarization of these ceramics increases with increase in samarium content. The
electrical conductivity data revealed that the conductivity mechanism associated with these

ceramics is essentially due to oxygen ion vacancies.
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5. Temperature Dependent Dielectric and Electrical Conductivity Characteristics of
Undoped and Samarium Doped SrBi,Ta,Og9 Ceramics

This chapter deals with the dielectric and electrical conductivity measurements carried
out on undoped and samarium doped SBT ceramics at various frequencies and temperature of
interest, whose fabrication, structural, microstructural and ferroelectric properties were dealt in
the previous chapter. Undoped and samarium doped SrBi,Ta,Og ferroelectric ceramics have
been fabricated by the molten salt synthesis route. The dielectric and electrical conductivity
measurements were carried out in the 100 Hz - 1 MHz frequency range at various temperatures.
A decrease in dielectric constant maximum (g,,,) and a downward shift in the Curie transition
temperature (T,.) have been observed with the increase in samarium concentration. The
frequency dependent real and imaginary parts of dielectric constant of these ceramics exhibited
low frequency dielectric dispersion. Interestingly, temperature and frequency dependent
dielectric constant plots indicated that the formation of oxygen ion vacancies are inhibited by
samarium doping in SBT lattice. The activation energy values obtained from the Arrhenius plot

have confirmed the existence of motion of oxygen ion vacancies in these ceramics.
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5.1. Introduction

Layered ferroelectric materials such as SrBi,Ta,O9 (SBT), SrBi;Nb,Og (SBN) and
BaBi,Nb,Oq(BBN) have been recognized to be increasingly important materials for non-
volatile ferroelectric random access memory device (NVRAM) applications [1-3]. Recently,
strontium bismuth tantalate (SrBi,Ta,Og) has received great attention owing to the inherent
interesting properties of high fatigue endurance and low switching field [4]. This material
belongs to a non-centrosymmetric crystal class and exhibits a ferroelectric to paraelectric
transition around 573 K [5]. It has a layered structure with two TaOg octahedra sandwiched
between Bi,O, layers belonging to the Aurivillius family of ferroelectric oxides with the
general formula [Bi,02]** [An.1BnOan+1]>, where A site is in 12-fold coordination, B site is 6-
fold coordinated and n is an integer ranging from 1 to 5 [6]. In this class of materials, there is
an existence of bulk ionic conductivity arising out of oxygen ion vacancies and the oxygen
vacancy driven space charge effects in the low frequency region at higher temperatures is an
impediment to consider these materials for NVRAM device applications [7]. Under this
situation, the dielectric constant measurements also do not reflect the intrinsic contributions

particularly in the ferroelectric to paraelectric transition region.

Efforts have been made to tailor the physical properties of SrBi,Ta,Og ceramics by the
substitution of alternative cations in the A-site and B-site of the perovskite layers [8-10]. It is
also known that the Bi,O, layers have a significant influence on the polar and electrical
conductivity properties of bismuth based layered structures. Trivalent rare earth ion doping
(Sm*, La**, Nd*) on the Bi®*" site of layered ferroelectric materials had an appreciable
influence on the dielectric and reduction in the magnitude of electric conductivity triggered
by the motion of oxygen ion vacancies in the crystal lattice [11-13]. The substitution of Bi**
ion with the difference in the eightfold coordination ionic radii of Sm*" ion in the crystal
lattice of SBT would influence its physical properties. To the best of our knowledge, there are
no systematic reports exist in the literature on the frequency and temperature dependent
dielectric and electrical transport properties of undoped and samarium doped strontium
bismuth tantalate ceramics fabricated by molten salt synthesis route. Hence, this chapter
describes the dielectric and electrical conductivity measurements carried out on undoped and
samarium doped SBT ceramics at various frequencies (100Hz - 1 MHz) and temperature of
interest (303 K - 673 K).
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5.2. Structural and microstructural analyses

The XRD patterns recorded for the samarium doped SBT ceramic samples revealed the
formation of single phase layered perovskite structure without any impurity phases. The
scanning electron micrographs of these ceramics revealed the plate shaped morphological
grains. These grains are more or less tightly packed with the average grain size of 1 um
exhibiting the density of 95 % of the theoretical value. However, the detailed studies on the

structural and microstructural aspects of these ceramics were already discussed in chapter 4.
5.3. Temperature and frequency dependent dielectric analyses

Figure 5.1 (a & b) shows the temperature dependent dielectric constant (g,.) and loss (D)
measured at 100 kHz for different compositions, x = 0.00, 0.03, and 0.05.
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Figure 5.1. The temperature dependence of (a) &, and (b) D for different compositions of
samarium at 100 kHz.
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The undoped SBT ceramics exhibited a typical ferroelectric - paraelectric transition at 577 K
(Curie transition temperature, T.) with the maximum dielectric constant (g,,) of 453. It is
observed that the Curie transition temperature and the magnitude of the dielectric maximum

decreases with increase in samarium doping content as indicated in Table 5.1.

Table 5.1 The Curie transition temperature (T,) and peak dielectric constant (&,,) of different
compositions of samarium at 100 kHz.

Composition T.(K) Em
x =0.00 577 453
x =0.03 501 225
x = 0.05 415 203

The plausible reason for the downward shift of Curie transition temperature and decrease in
dielectric constant with increase in samarium content would be due to the reduction in the
distortion of TaOg octahedra of SBT lattice [15]. On the other hand, the electron
configuration state of Bi** ion indicates that it has one lone pair of 6s electrons coupled
directly with perovskite layers in SBT crystal structure and these lone pair electrons will have
larger tendency to participate in the polarization mechanism than bonding pair electrons with
respect to the perovskite layer. Since the samarium cation does not have any lone pair
electron and as a consequence the substitution of samarium would reduce the distortion
extent of TaOg octahedra which normally results in the downward shift of T, associated with
the reduction in the magnitude of &,, [16]. Interestingly, the tunability of T, towards lower
temperatures with samarium substitution had a significant influence on the remnant
polarization in SBT ceramics as required for the better performance of ferroelectric memory

device applications.

In Figure 5.1(b), the variation of dielectric loss as a function of temperature for all the
compositions is sluggish till 523 K and thereafter it increases steadily with further increase in
temperature. The steep increase in dielectric loss in the vicinity of high temperature regime
might be due to the increased concentration of mobile oxygen ion vacancy charge carriers.
Generally, these oxygen ion vacancy charge carriers are created in bismuth layered
ferroelectric oxide based materials due to the volatilization of bismuth oxide at high
temperatures during fabrication. It is interesting to observe that the dielectric loss decreases

with the increase in samarium doping especially at elevated temperatures. This clearly reveals
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that the Bi,O3 volatilization has been suppressed by the addition of samarium ion in the
bismuth sites of SBT ceramics and thereby reducing the concentration of oxygen ion vacancy

charge carriers [17].

The temperature dependence of dielectric constant measured at various frequencies for the

compositions of x =0.00, 0.03, and 0.05 is depicted in Figure 5.2 (a-c). In all the samples
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Figure 5.2. The temperature dependence of dielectric constant at various frequencies for the
compositions (a) x = 0.00 (b) x = 0.03 and (c) x = 0.05.
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studied, the dielectric constant exhibited a peak at the phase transition temperature for all
frequencies and there is no noticeable shift in the position of the peak temperature (T,)with
frequency suggesting the normal ferroelectric behaviour of these samples. It is also noticed
that the dielectric dispersion with frequency is significant at higher temperatures (i.e., well
above T,) and low frequencies in all the compositions. The lack of dispersion in the
dielectric constant at high frequencies suggests that this phenomenon is coupled with space

charge effects induced by oxygen ion vacancies.
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Figure 5.3. The temperature dependence of dielectric loss at various frequencies for the
compositions (a) x = 0.00 (b) x =0.03 and (c) x = 0.05.

Figure 5.3 (a-c) shows the temperature dependent dielectric loss measured at various

frequencies for different samarium concentrations. The dielectric loss decreases with increase
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in frequency for all the samples and it does not show any significant anomaly near the phase
transition temperature. In addition, the dielectric loss is found to be increasing with increase
in temperature especially at higher temperatures in all the compositions as observed in the
temperature dependence dielectric constant plot. The increase in dielectric loss at higher
temperatures might be attributed to the increase in charge carrier concentrations by the

consequence of oxygen ion vacancy formation [18].

The frequency dependence of the real part of the dielectric constant &', for the compositions,
x = 0.00 and 0.05 at various temperatures is shown in Figure 5.4 (a & b). A plateau region in

the high frequency part and strong low frequency dispersion is observed in both the plots.
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Figure 5.4. The frequency dependence of €', and £, (as an Inset) on a log - log scale at
various temperatures for (a) x = 0.00 and (b) x = 0.05 ceramics.
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This kind of behaviour is commonly encountered in lossy dielectric materials and is referred
to as low frequency dielectric dispersion (LFDD) [19]. However, the low frequency
dispersion at high temperatures is slightly stronger in undoped (x = 0.00) than samarium
doped SBT sample (x = 0.05) which reveals that the incorporation of samarium ions in
bismuth sites of SBT ceramics has suppressed the formation of oxygen ion vacancies arising
out of the volatilization of bismuth oxide. The frequency dispersion of the imaginary part of
the dielectric constant &, (figure is not shown here) of the composition, x = 0.00 and 0.05 is
stronger than that of the real part, &',.. The low frequency slope of the curve log £", vs log f is
close to -1, indicating the predominance of the dc conduction in this region. It is also
interesting to observe that the magnitude of frequency dispersion of the imaginary part of the
dielectric constant is lesser in samarium doped SBT sample compared to that of the undoped
one.

5.4. AC conductivity studies
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Figure 5.5. Variation of ac conductivity as a function of frequency at different temperatures
for (a) x = 0.00 and (b) x = 0.05 ceramics.
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Figure 5.5(a & b) shows the frequency dependent of the real part of ac conductivity at a few
elevated temperatures. A convenient formalism to understand the physical mechanism of the
frequency dependence of conductivity in a material is based on the power-law relation,
proposed by Jonscher [20]. In the low frequency region, ¢ is independent of frequency and on
increasing the frequency the conductivity increases, varying approximately as a power of
frequency (w™) in both the samples. The onset of the dispersion tends to shift towards higher
frequencies with increase in temperature. Interestingly, the conductivity values of the
samarium doped ceramics are slightly lesser than those of the undoped SBT at all the
temperatures under study and this might be attributed to the reduction in the concentration of

the mobile charge carriers.

The Arrhenius plot derived from the conductivity values at various temperatures at 100 Hz of
the composition, x = 0.00 and x = 0.05 is shown in Figure 5.6. The activation energies
determined from this plot for x = 0.00 and x = 0.05 are 0.77 eV and 0.71 eV indicating the

oxygen ion vacancy motion through the lattice.
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Figure 5.6. Arrhenius plot forac conductivity of x = 0.00 and x =0.05 (as an Inset) ceramics

5.5. Conclusions

The dielectric and electrical conductivity properties of undoped and samarium (5 mol%)
doped SrBi,Ta,0Og ferroelectric ceramics synthesized by molten salt synthesis route were
studied in the 100 Hz to 1 MHz frequency range at various temperatures (303 K - 673 K).

There is a systematic downward shift of Curie transition temperature with an increase in
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samarium content. A low frequency dielectric dispersion (LFDD) was encountered in these
ceramics and the dispersion was stronger at low frequencies and higher temperatures. The
electrical conductivity data indicated that the conductivity in these ceramics is essentially due
to oxygen vacancies and the activation energy for the conduction in the high temperature

region is found to be in the range of 0.70 eV.
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6. Structural, Microstructural and Dielectric Characteristics of Samarium Doped
BaBi;Nb,Oq9 Relaxor Ferroelectrics

This chapter describes the fabrication and characterization of samarium doped barium
bismuth niobate relaxor ferroelectric ceramics. Barium bismuth samarium niobate Ba(Bi;-
xSMy)2Nb,Og (x = 0, 0.03, 0.05, and 0.10) ceramics have been fabricated successfully via
molten salt synthesis route. The X - ray diffraction analysis revealed the existence of bismuth
layered perovskite phase with orthorhombic crystal structure in all the compositions studied.
The dielectric and electrical conductivity properties were carried out in the 100 Hz — 1 MHz
frequency range at 300 K. The dielectric constant and dielectric loss were found to decrease
from 186 to 180 and 0.0966 to 0.0755 with increase in samarium content at 100 kHz.
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6.1. Introduction

In recent years, bismuth layered structured ferroelectric materials (BLSFs) have been widely
exploited for non-volatile random access memory (NVRAM) device applications owing to
their high polarization fatigue resistance combined with low switching field [1,2]. The
general formula of BLSFs is (Bi»05)** (AmBm-10O3m+1)>, Where A is a 12-coordination site and
B is an octahedral coordination site with “m” indicating the number of octahedrons stacked
along the c-axis between two neighbouring (Bi,O.)** layers [3]. Most of the layered
ferroelectric materials that include SrBi,Ta;Og, SrBiNb,Og and BisTizO;, belong to normal
ferroelectrics whereas their barium based counterparts (BaBi,Ta;O9 and BaBi,Nb,Og) are
relaxors in nature. These relaxor ferroelectric ceramics characterized by the diffused phase
transition possess high fatigue endurance and polarization retention characteristics [4,5].
However, the drawbacks of these materials are high processing temperature and low remnant
polarization [6]. In addition, the dc conductivity of these layered ferroelectric oxides are
higher than that of perovskite materials. A proper substitution in BaBi,Ta,O9 (BBT) and
BaBi,Nb,Og (BBN) is expected to provide this material with enhanced physical properties
that meets the requirements for its application in NVRAM devices [7,8]. It is widely accepted
that the Bi,O, layers have a significant influence on the polar and electrical conductivity
properties of bismuth based layered structures [9]. There has been a lot of research conducted
to enhance their properties by the substitution of the Bi** ions by alternate cations. Recently,
trivalent rare earth ions doping in the layered ferroelectric structures have been paid
considerable attention due to their profound influence on the physical properties [10,11]. For
instance, doping with La*" ions in SrBi,Nb,Og ceramics resulted in decrease in the Curie
temperature and also an appreciable decrease in the dc conductivity [12]. It is expected that
by substituting Bi** ion with the large difference in the eightfold coordination ionic radii of
Sm® ion in the crystal lattice of BBN relaxor ferroelectrics could enhance its physical

properties.

Most of the layered ferroelectric compounds are fabricated based on the conventional solid
state reaction route which often leads to the compositional and structural inhomogeneities
owing to the high calcination and sintering temperatures and thus worsening the
microstructural and subsequently the electrical properties of the ferroelectric materials [13].
Molten salt synthesis (MSS) is proved to be one of the effective fabrication routes for

synthesizing ceramic powders at relatively lower temperatures [14, 15]. Since there seems to
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be no attempts made to synthesize samarium ion doped barium bismuth niobate compound
via molten salt synthesis route, the effect of Sm** doping (on Bi** sites) on the structural,
microstructural and electrical conductivity characteristics of BBN ceramics has been dealt in
this chapter.

6.2. Barium Bismuth Niobate

Barium bismuth niobate (BBN) relaxor ferroelectrics have been recognised to be an
increasingly important material for microelectromechanical and non-volatile random access
memory device applications. This material has a layered crystal structure consisting of two
NbOg octahedra stacked along the c-axis between two neighbouring (Bi,O,)*" layers (Figure
6.1)°. This layered structure is characterised by a high value of c-axis parameter in
comparison with the lattice parameters a and b of the orthorhombic unit cell that leads to the
high anisotropy nature of the crystal structure. The superior inherent characteristics of BBN
material compared to lead based relaxor ferroelectrics are fatigue free and also non-toxic in
nature. In this material, ferroelectric properties are originated from the displacement of
Ba?*ions along the a axis and the relaxor behaviour arises from the distortion of Ba?* ions and
Bi*" ions in the crystal lattice.
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Figure 6.1. Crystal structure of BaBi,Nb,Og
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6.3. Structural Analyses

The polycrystalline barium bismuth samarium niobate (BBSmN) ceramic powders in the
composition Ba(Bi;-xSmy)>Nb,Og with x ranging from 0 to 0.10 (10 mol%) were synthesized
by the molten salt synthesis route using KCI as a flux material. The starting reactants barium
carbonate (BaCOs), bismuth oxide (Bi»Oz), samarium (Ill) oxide (Sm,O3) and niobium
pentaoxide (Nb,Os) were thoroughly mixed with KCI in the molar ratio of 1:5. An excess
amount of 5 wt.% bismuth oxide was added to the initial mixture to compensate bismuth
vaporization at high temperatures. This admixture was calcined at 1073 K for 4 h in air with
the heating and the cooling rate of 3 K/ min and subsequently these calcined powders were
washed with hot deionized water for several times to remove the alkali metal salt. Further
these powders were cold pressed at 300 K for few minutes at the pressure of 225 kg/cm? and
subjected to the conventional sintering process at 1323 K for 10 h. The densities of the
sintered ceramic samples were determined by the liquid displacement/Archimedian method.
The structural phase formation of the calcined powders and sintered ceramic samples was

confirmed via powder X-ray diffraction using CuKa radiation.

Figure. 6.2 shows the XRD patterns obtained for the various compositions of calcined Ba(Bi;.-
xSMy)2Nb,Og (where x = 0, 0.03, 0.05 and 0.10) polycrystalline powders. These XRD
patterns revealed the presence of single phase layered perovskite structure associated with
few impurity peaks that correspond to the unreacted Bi,Oz reactant. All the remaining
crystalline peaks of the layered perovskite BBN crystal structure could be indexed to an
orthorhombic unit cell [17]. The obtained lattice parameters of all the compositions of the

synthesized polycrystalline powders are listed in Table 6.1. It is observed that the values of

Table 6.1. Unit Cell Parameters Derived from X-ray Powder Diffraction Data.

Composition a(A) b(A) c(A) V(AY)
x = 0.00 5.5677 5.5672 25.6404 794.7582
x = 0.03 5.5471 5.5477 25.5488 786.2304
x = 0.05 5.5355 5.5410 25.5356 783.2311
x = 0.10 5.5587 5.5568 25.5828 790.2102
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Figure 6.2. XRD patterns recorded for the polycrystalline powders of various concentrations
of samarium.

lattice parameters (a, b & c¢) decrease slightly with increase in samarium content until x =
0.05, which could be attributed to the ionic size difference between Sm*‘and Bi**ions. The
incorporation of smaller cation (Sm®") into the crystal lattice has also led in the shrinkage of

the unit cell as indicated by the decrease in the magnitude of cell volume.

The XRD patterns recorded for the polycrystalline BBN ceramic samples containing different
content of samarium sintered at 1323 K for 10 h are depicted in Figure 6.3. The d - spacings
that are associated with all these XRD patterns of the sintered samples are found to be
corresponding to the layered perovskite BBN crystal structure without any detectable
impurity phase indicating the formation of solid solution between samarium and bismuth
ions. The full width at half maximum (FWHM) of the Bragg peaks of these sintered samples
are sharper compared to that of the respective BBSmN powder samples which reveals that

there is an occurrence of grain growth during the sintering process.
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Figure. 6.3. XRD patterns obtained for the sintered BBN ceramics for different

concentrations of samarium.
6.4. Microstructural Analyses

The scanning electron micrographs obtained for the sintered samples of BBN and BBSmN
ceramics are shown in Figure 6.4. The SEM recorded for pure BBN ceramic samples reveals
the existence of plate shaped grains with an average grain size of about 0.7 pum and the
relative density of this ceramic sample is 91 % of the theoretical value. This plate like
morphology is typical of Aurivillius family of oxides and is occurred due to the anisotropic
nature of the crystal structure [18]. On the other hand, the micrographs corresponding to the
samarium doped BBN ceramic samples indicated a decrease in intergranular porosity (i.e, the
relative density value of all the samarium doped BBN ceramic samples is close to 93%) and
also an increase in grain size from 0.70 pum to 1.4 um as the samarium content increased from
X = 0.03 to x = 0.10. This observation clearly suggested that the samarium doping has

improved the sinterability and also grain growth of the BBN ceramics. These results are akin
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to those reported in the literature for Dy** doped BisTisO1, ceramics synthesized by the
conventional solid state reaction route [19].
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Figure 6.4. The scanning electron micrographs recorded on the surfaces of different
concentrations of samarium doped BBN ceramics.

6.5. Dielectric and Conductivity Properties

The variation of real (g'/) and imaginary part (&";) (as an inset) of the dielectric constant with
frequency for different samarium compositions are represented in Figure 6.5. It is found that
the value of the dielectric constant of all the ceramic samples in both the plots decreases with
an increase in frequency. In bismuth layered structured ferroelectrics, the volatilization of Bi
- O species in the crystal lattice creates the oxygen ion vacancies [20]. At low frequency,
these charge carriers could migrate in the material in response to the applied field and thereby
enhancing the space charge polarization mechanism that leads to the observed high dielectric
constant [21]. But the space charge carrier species could not respond well to the applied field
at high frequency which attributed to the reduction in the magnitude of the dielectric constant
in the present study. Interestingly, the low frequency dielectric dispersion is found to be
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Figure 6.5. The frequency dependence of real and imaginary part of dielectric constant for
various concentrations of samarium.

decreasing with the increase in samarium content. This observation clearly indicated that the
samarium ion doping in to the BBN crystal lattice has suppressed the formation of oxygen
ion vacancies during the fabrication process. The decrease in the concentration of oxygen ion
vacancies would normally reduce the pinning of the domain walls and thereby increasing the
number of available switching domains which would lead to the possibility in the
enhancement of remnant polarization [22]. In addition, the dielectric constant (g;) and the
dielectric loss (D) at 100 kHz decreased with an increase in samarium content as depicted in

Figure 6.6.
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Figure 6.6. Variation of (a) dielectric constant and (b) dielectric loss as a function of
samarium content at 100kHz.

The variation of real part of the ac conductivity as a function of frequency at 300 K for
BBSmN ceramic samples is shown in Figure 6.7. The conductivity increases linearly with the
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Figure. 6.7. The frequency dependence of ac conductivity for various concentrations of
samarium at 300K.

increase in frequency for all these samples. This frequency dependent conductivity follows
the Jonscher’s universal power law [23]. It is also interesting to note that the magnitudes of
the conductivity of all the samarium doped samples are lower than that of the undoped one.
This observation clearly suggests that the doping of samarium ion in BBN ceramics controls
the volatile nature of bismuth and thereby suppressing the formation of the oxygen ion

vacancies which led to the observed reduction in the magnitude of the conductivity.

Ferroelectric hysteresis loop was recorded for different concentrations of samarium at 300 K.
The values of remnant polarization (P, = 0.11 uC/cm? for x = 0; P, = 0.12 uC/cm? for x =
0.03; P, =0.06 uC/cm2 for x = 0.05) and coercive field (E; = 3.72 kV/cm for x = 0; E. = 2.32
kV/cm for x =0.03; E¢ = 1.91 kV/cm for x = 0.05) were computed from the hysteresis loop
and it is observed that there is no significant variation in remnant polarization and coercive
field with increase in samarium content. However, the future plan of the research work
includes a detailed investigation of the temperature dependent hysteresis behavior studies of

these ceramics.
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6.6. Conclusions

The partial substitution of bismuth by samarium on the structural and the relaxor behaviour of
barium bismuth niobate layered ferroelectric ceramics has been investigated. These ceramics
exhibited the well packed plate shaped grains of uniform microstructure. The samarium
substitution resulted in lowering the dielectric maximum temperature and also the magnitude
of dielectric maximum of BBN ceramics. The magnitude of the conductivity is found to vary

linearly with frequency in all these ceramics.
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7. Dielectric Relaxor and Conductivity Characteristics of Undoped and Samarium
Doped Barium Bismuth Niobate Ferroelectric Ceramics

This chapter presents the temperature and frequency dependence of dielectric and
conductivity characteristics of undoped and samarium doped BBN relaxor ferroelectric
ceramics whose fabrication, structural and microstructural properties have been discussed in the
previous chapter. The polycrystalline BaBi,Nb,Og and Ba(BipoSmo1)2Nb,Og ceramics have
been fabricated via the molten salt synthesis route. The temperature dependence of dielectric
and electrical conductivity properties of BBN and BBSmN ceramics investigated at various
frequencies have revealed the characteristic features of relaxor behaviour. The incorporation of
Sm*" for Bi** has induced a downward shift in the dielectric maximum temperature (438 K -
393 K) with the decrease in dielectric constant maximum (372 to 212) at 100 kHz. The
estimated degree of diffuseness (y) was found to be 2.17 for BBN and 1.93 for BBSmN
ceramic samples. The activation energy obtained from the Arrhenius plot revealed the existence

of motion of oxygen ion vacancy in these ceramics.
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7.1. Introduction

Barium bismuth niobate (BBN) relaxor ferroelectrics have been recognised to be an
increasingly important material for microelectromechanical and non - volatile random access
memory device applications [1-5]. This material has a layered crystal structure consists of
two NbOg octahedral stacked along the c-axis between two neighbouring (Bi»0,)** layers [6].
The superior inherent characteristics of BBN material compared to conventional lead based
relaxor ferroelectrics are fatigue free and also non - toxic in nature [7, 8]. In this material,
ferroelectric properties originated from the displacement of Ba®* ions along the a-axis and the
relaxor behaviour arises from the distortion of Ba®* ions and Bi** ions in the crystal lattice
[9]. Generally, the relaxor ferroelectrics are characterized by the diffuse phase transition with
strong frequency dependence. The dielectric and relaxor behaviour of ferroelectric ceramics
could be tailored by the replacement of Bi** ions by suitable trivalent cations [10-15]. It was
demonstrated that the partial substitution of lanthanum ions in SrBi,Nb,Og ferroelectric
ceramics had a profound influence on the Curie temperature and also electrical conductivity
which was caused by the presence of oxygen ion vacancies. Normally, the motion of these
vacancies under an ac voltage results in entrapment at defect sites and consequently induces
space charge effects which is considered to be an impediment for device applications. Since
the practical devices operate in ac mode, understanding the conductivity mechanism of these
ferroelectric materials under ac voltage is very essential. It was found that the trivalent rare
earth ions doping (Sm*", La**, Nd*") on the Bi*" site of layered ferroelectric ceramics had
controlled the transport of oxygen ion vacancies in the lattice by suppressing the
volatilization of bismuth oxide [16-18]. This prompted us to investigate the dielectric and
conductivity behaviour of undoped and samarium doped BBN ceramics fabricated by molten
salt synthesis route at various frequencies (100 Hz - 1 MHz) and temperatures of interest (303
K - 648 K).

7.2. Structural and microstructural studies

The careful analyses of the X-ray diffraction data revealed the formation of single phase
layered perovskite structure of BBN and BBSmN polycrystalline ceramic powders without
any impurity/secondary phases. The scanning electron micrographs of BBN and BBSmN
ceramics revealed the presence of more or less tightly packed equiaxed plate shaped
morphological grains. However, the detailed analyses on the structural and microstructural

studies of these ceramics were already discussed in the previous chapter.
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7.3. Dielectric Studies

300 400 500 600 700
Temperature(K)

Figure 7.1. The temperature dependence of &, (at 100 kHz) for different concentrations of
samarium.

Figure 7.1 shows the variation of the dielectric constant as a function of temperature at 100
kHz for the compositions x = 0, 0.03, and 0.10. The broadened peak which is encountered in
the vicinity of the dielectric maximum temperature in all these samples revealed the diffused
nature of the relaxor ferroelectrics and this peak broadening might occur due to the
compositional fluctuations of the cations in the lattice structure. It is observed that the
temperature of the dielectric maximum (T,,,) shifts towards lower temperatures continuously
with the increase in samarium content and further the magnitude of the dielectric maximum
(&) decreased with the incorporation of samarium in BBN ceramics. We believe that the
possible explanation for the downward shift of T,,, and reductions in the magnitude of &,, with
increase in samarium content could be attributed to the decrease in the distortion of NbOg
octahedron of BBN ceramics. Bismuth has one lone pair electrons of 6s* and these lone pair
electrons have a tendency to occupy more space compared to the bonding pair electrons and
thus induce more polarizability than bonding pair electrons in the crystal structure. Since the

samarium cation does not have any lone pair electron, the substitution of samarium would
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reduce the distortion of NbOg octahedron that might led to the downward shift of T,

associated with the reduction in the magnitude of ¢,,[12, 23].

The temperature dependence of dielectric constant (e,.) measured at various frequencies
(1 kHz, 10 kHz and 100 kHz) for BBN and BBSmN ceramics is depicted in Figure 7.2 (a)
and 7.2 (b).In Figure 7.2 (a), the undoped BBN ceramics exhibited a broad peak around 406K

500

—0—1 kHZ (a)
—0—10 kHz

350 400 450 500 550 600
Temperature (K)

320
——1 kHZ (b)
—0O—10 kHz

2801 _A— 100 kHz

350 400 450 500 550 600
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Figure 7.2. Variation of dielectric constant (g;) as a function of temperature for (a) BBN and
(b) BBSmN ceramics.
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at 1 kHz and there is a noticeable upward shift in the dielectric maximum temperature (T;,)
with increase in frequency suggesting the characteristic features of relaxor ferroelectrics. It is
also observed that the samarium doped BBN sample retained the relaxor behaviour
accompanied by the characteristic frequency dispersion of the dielectric maximum
temperature. In addition, there is a reduction in dielectric maximum (&,,) and dielectric
maximum temperature with the incorporation of samarium in BBN ceramics for all the
frequency ranges under study (as indicated in Table 7. 1). This could be attributed to the

decrease in the

Table 7.1. Dielectric properties of BBN and BBSmN ceramics

Frequency BBN ceramics BBSmMN ceramics
Tm(K) Em T (K) Em
1 kHz 406 400 367 227
10 kHz 416 389 381 224
100 kHz 438 372 393 212

distortion of NbOg octahedron of BBN ceramics [20]. The degree of frequency
dispersion (AT,,) of dielectric maximum temperature is estimated by the difference between
the T,, measured at 1 kHz and 100 kHz. The obtained values of frequency dispersion for
BBN and BBSmN ceramics are 32 and 26. Generally relaxor behaviour of ferroelectric
ceramics are characterized by the degree of diffuseness (y) governed by the following
mathematical relation

()= @)reror

ET Sm
where &, is the maximum value of dielectric constant, y is the diffusivity parameter, C’ the
Curie-like constant, T,, is the dielectric maximum temperature [21]. The plot of
log(1/ &, —1/&,) vs log(T — T,) at 100 kHz for BBN and BBSmN ceramics is depicted
in Figure 7.3 and the diffusivity parameter y could be determined from the slope of the linear
fit. The value of y decreases from 2.17 for BBN to 1.93 for BBSmN ceramics implying that

the substitution of samarium in BBN has decreased the diffuseness of the transition and
thereby enhancing the ordering of the dipoles in the crystal lattice of BBN.
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Figure 7.3. Aplotoflog(1/ ¢, —1/&,) vs log(T — T,) at 100 kHz for BBN and BBSmN

samples.

Figure 7.4 (a & b) shows the variation of dielectric loss (D) as a function of temperature at
various frequencies for BBN and BBSmN samples. The temperature of maximum dielectric
loss increases with an increase in the measured frequency for both the samples confirming the
characteristics of relaxor behaviour. However, the frequency dispersion is clearly perceptible
for BBN (shown as an inset in Figure 7.4(a)) than that of the BBSmN ceramics. In addition,
there is a steep increase in the dielectric loss especially at elevated temperatures in both the
samples as observed in the dielectric constant plot which might be ascribed to the increase in
the charge carrier concentration induced by the consequence of oxygen ion vacancy

formation [22].
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Figure 7.4. Variation of dielectric loss (D) as a function of temperature for (a) BBN and (b)
BBSmMN ceramics.

7.4. AC conductivity studies

Figure 7.5 (a) & 7.5 (b) shows the variation of frequency dependence of ac conductivity of
BBN and BBSmN ceramics at different temperatures. In both the samples, the conductivity

seems to be independent of frequency in the low frequency regime and afterwards it increases
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Figure 7.5. Variation of AC conductivity as a function of frequency at different
temperatures for (a) BBN and (b) BBSmN ceramics.

with further increase in frequency as »" dependence. It is also observed from these plots that

the onset of dispersion tends to be shifting towards higher frequencies with the increase in
temperature.

The frequency dependence of conductivity in a material could be analysed by power law
relation formalism, proposed by Jonscher [23] and it was observed that an excellent
agreement between experimental and calculated values of conductivity for both BBN and
BBSmMN ceramics in the wide temperature range covered in the present investigations. For
instance, the curve fitting obtained for BBN and BBSmN ceramics at 523 K is depicted in
Figure 7.6 (a) & (b). The exponent n(T) and the coefficient A(T) were determined by curve
fitting and are tabulated in Table 7. 2.
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Figure 7.6. Experimental and theoretical fit for AC conductivity as a function of frequency
at 523 K for (a) BBN and (b) BBSmN ceramics.

Table 7. 2. Exponent n(T) and prefactor A(T) for BBN and BBSmN ceramics

Temperature (K) BBN ceramics BBSmN ceramics
n A n A
303 0.076 5.000 0.220 0.300
343 0.067 8.000 0.217 0.500
363 0.062 9.000 0.200 0.723
473 0.134 2.638 0.383 0.049
523 0.275 0.213 0.490 0.010
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The exponent n(T) initially decreases slightly with increase in temperature and shows a
minimum around the vicinity of dielectric anomaly in both BBN and BBSmN ceramics and
subsequently increases with further increase in temperature. According to the many body
interaction models [23, 24], the observed minimum near T, implies the strong interaction
between the dipoles participating in the polarization mechanism. On the contrary, the
prefactor A(T) which determines the strength of polarizability exhibits a maximum in the
vicinity of dielectric anomaly in these samples indicating the high magnitude of
polarizability. However, the value of A(T) for BBSmN is lesser than that of BBN in all the
range of temperatures under study implying that the incorporation of samarium in the
bismuth lattice leads to the reduction in polarizability and thereby diminishing the dielectric

constant of BBSmN ceramics.

The Arrhenius plot derived from the conductivity values at various temperatures at 100 Hz

for BBN and BBSmN (as an inset) ceramics is shown in Figure 7.7. The activation energies
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Figure 7.7 Arrhenius plot for AC conductivity of BBN and BBSmN (Inset) ceramics.

determined from these plots for BBN and BBSmN are of the order of 0.68 eV and 0.40 eV
indicating the motion of oxygen ion vacancy through the lattice. Interestingly, the activation
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energy of samarium doped BBN ceramics is identified to be lesser than that of undoped BBN
which clearly suggests that the doping of rare earth samarium ion in the bismuth site of the
crystal lattice has controlled the creation of oxygen ion vacancies arising out of the
volatilization of bismuth oxide [25].

7.5. Conclusions

The dielectric and electrical conductivity behaviour of undoped and samarium doped
BaBi,Nb,Og ceramics have been studied in the 100 Hz - 1 MHz frequency range at various
temperatures. These ceramics have been found to exhibit the behaviour of relaxor
ferroelectrics. The conductivity data fits well to the Jonscher’s law in these ceramics and the
parameters A(T) and n(T) have been determined. Interestingly, these parameters exhibited
an anomaly in the dielectric phase transition region (=T,,) suggesting a coupling between

charge carriers and lattice.
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8. Summary and Conclusions

8.1. Summary and Conclusions
Chapter 1 : Introduction

This chapter primarily describes the underlying phenomenon of dielectric and ferroelectric
properties of materials. In addition to the principles and phenomena, the modelling of
dielectric behaviour of ferroelectric materials by Jonscher’s universal formalism has also
been briefly discussed. Subsequently, the interesting aspects of the crystal structure and
physical properties of Aurivillius family of layered ferroelectric ceramics, reported in the
literature have been dealt.

Chapter 2 : Experimental Techniques

In this chapter, the experimental techniques that have been employed to synthesize and
characterize the layered ferroelectric ceramic materials under investigations are described.
The details pertaining the materials fabrication techniques adopted to fabricate polycrystalline
ceramics is discussed. The structural and microstructural characterization of these materials
was carried out by X - ray powder diffraction and scanning electron microscopy techniques.
The dielectric and electrical conductivity measurements on these materials are reported. The
ferroelectric properties of the materials under investigations were demonstrated by the

Sawyer-Tower techniques.

Chapter 3 : Structural and Dielectric Properties of Strontium Bismuth Samarium

Tantalate Layered Perovskites

Polycrystalline Sr(Bip.9Smo1)2Ta;09 (SBSMT) ceramics were fabricated via the promising
low temperature molten salt synthesis route using potassium chloride (KCI) as a flux
material. The mono-phasic perovskite crystal structure is confirmed by the X-ray powder
diffraction patterns. The scanning electron microscopic studies revealed the presence of plate
shaped morphological features of the SBSmT ceramics. Interestingly, the dielectric constant
of the SBSmT ceramics in the frequency range of 100 Hz — 1 MHz could be tuned as a
function of sintering duration. It is observed that the SBSmT ceramics sintered at 1323 K for
10 h exhibited higher dielectric constant (¢',.= 76) at 100 kHz than those of ceramics sintered

at other durations. The magnitude of the electrical conductivity of the order of 107 - 10
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S/cm at 300 K indicates that the conductivity mechanism might be attributed to the migration

of oxygen ion vacancies in these ceramics.

Chapter 4 : Fabrication, Structural, Microstructural and Dielectric Properties of
Samarium Doped Strontium Bismuth Tantalate Ceramics

This chapter comprises the fabrication and characterization of samarium doped strontium
bismuth tantalate ceramics. Layered Sr(Bi;-xSmy),Ta,Og ceramics with x ranging from 0 -
0.10 (10 mol%) were fabricated by the low temperature molten salt synthesis route. X - ray
powder diffraction studies revealed that the single phase orthorhombic layered perovskite
structure is retained in all these compositions. Scanning electron microscopic studies on these
ceramics confirmed the presence of well packed equiaxed plate shaped gra ins. The dielectric
and electrical conductivity properties were studied in the 100Hz - 1 MHz frequency range at
300 K. Interestingly, the 10 mol% samarium doped SrBi,Ta,Og ceramics exhibited high
dielectric constant (¢, = 155) and low dielectric loss (0.00298) compared to those of other
compositions. The ferroelectric property of SrBi,Ta,Og ceramics is superior for higher
concentration of samarium content. The electrical conductivity of undoped and samarium

doped ceramics increased linearly with increase in frequency at 300 K.

Chapter 5 : Temperature Dependent Dielectric and Electrical Conductivity

Characteristics of Undoped and Samarium Doped SrBi,Ta,O9 Ceramics

This chapter deals with the dielectric and electrical conductivity measurements carried out on
undoped and samarium doped SBT ceramics at various frequencies and temperature of
interest, whose fabrication, structural, microstructural and ferroelectric properties were dealt
in the previous chapter. Undoped and samarium doped SrBi,Ta,Og ferroelectric ceramics
have been fabricated by the molten salt synthesis route. The dielectric and electrical
conductivity measurements were carried out in the 100 Hz - 1 MHz frequency range at
various temperatures. A decrease in dielectric constant maximum (&,,) and a downward shift
in the Curie transition temperature (T,.) have been observed with the increase in samarium
concentration. The frequency dependence real and imaginary parts of dielectric constant of
these ceramics exhibited low frequency dielectric dispersion. Interestingly, temperature and
frequency dependence dielectric constant plots indicated that the formation of oxygen ion

vacancies have inhibited by samarium doping in SBT lattice. The activation energy values
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obtained from the Arrhenius plot have confirmed the existence of motion of oxygen ion

vacancies in these ceramics.

Chapter 6 : Structural, Microstructural and Dielectric Characteristics of Samarium
Doped BaBi;Nb,Ogy Relaxor Ferroelectrics

This chapter describes the fabrication and characterization of samarium doped barium bismuth
niobate  relaxor ferroelectric ceramics.Barium  bismuth ~ samarium  niobate Ba(Bi;-
xSMy)2Nb2Og (X = 0, 0.03, 0.05, and 0.10) ceramics have been fabricated successfully via
molten salt synthesis route. The X - ray diffraction analysis revealed the existence of bismuth
layered perovskite phase with orthorhombic crystal structure in all the compositions studied.
The dielectric and electrical conductivity properties were carried out in the 100 Hz - 1MHz
frequency range at 300 K. The dielectric constant and dielectric loss were found to decrease
from 186 to 180 and 0.0966 to 0.0755 with increase in samarium content at 100 kHz.

Chapter 7 : Dielectric Relaxor and Conductivity Characteristics of Barium Bismuth

Niobate Ferroelectric Ceramics

This chapter presents the temperature and frequency dependence of dielectric and conductivity
characteristics of undoped and samarium doped BBN relaxor ferroelectric ceramics whose
fabrication, structural and microstructural properties have been discussed in the previous
chapter. The polycrystalline BaBi,Nb,Og and Ba(BigeSmo1):Nb,Og ceramics have been
fabricated via the molten salt synthesis route. The temperature dependence of dielectric and
electrical conductivity properties of BBN and BBSmN ceramics investigated at various
frequencies have revealed the characteristic features of relaxor behaviour. The incorporation of
Sm* for Bi** has induced a downward shift in the dielectric maximum temperature (438 K -
393 K) with the decrease in dielectric constant maximum (372 - 212) at 100 kHz. The
estimated degree of diffuseness (y) was found to be 2.17 for BBN and 1.93 for BBSmN
ceramic samples. The activation energy obtained from the Arrhenius plot revealed the existence

of motion of oxygen ion vacancy in these ceramics.
8.2. Future Scope of Work

The present investigations on various physical properties of samarium doped layered

ferroelectric materials have provided a gateway for interesting prospects of future research.
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Suitably doped trivalent rare earth ion layered ferroelectric ceramics would open up the
scope in enhancing the memory storage capacity of non - volatile random access devices.
Fabrication of these materials in thin film form could be embedded as “Integrated
Circuit” chip in random access memory that would cater rousing possibilities of utilizing
the aforementioned ferroelectric materials for practical memory device applications.

A detailed study on the temperature dependent impedance and ferroelectric properties on
these ceramics in bulk/thin film form would provide unique insights in memory device

fabrication technology.
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