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(ABSTRACT)

In recent years, the ferroelectric oxides belonging to the family of layered
perovskite, e.g., SrBiy(Ta, Nb,),0, (or SBTN), were identified as promising candidates
for nonvolatile memory applications. SrBi,Ta,0, (or SBT) thin films were found to exhibit
no fatigue up to 10'2? switching cycles, very good retention properties and low leakage
current densities on Pt electrodes. However, high temperature processing, ie. 750 -
800°C, is needed for SBT to exhibit ferroelectric properties. Moreover, the fundamental
properties of SBTN have not been fully characterized. In this research, SBTN solid
solutions were studied from two aspects: the technical aspect and scientific aspect.

From the technical point of view, low temperature processing of SBTN
ferroelectric thin films was developed. In this part of study, SBTN thin films were made by
metalorganic decomposition method (MOD) and were deposited on Pt-electrodes. The
structure development study by a non-destructive optical method, spectroscopic
ellipsometry, was proposed to determine nucleation and grain growth temperatures. The
information on structure development can be obtained by observing how the refractive
indices and film thicknesses change as functions of annealing temperature. The results of
structure development study for SBT thin films suggest that the ferroelectric properties
are controlled by grain growth process rather than nucleation process. The critical factor

for ferroelectric properties was to have grain size exceeding a critical value, ie., 0.1 pm.



Applying this concept, low temperature processing can be achieved by growing larger
grains at lower temperature. The processing temperature of SBTN thin films was reduced
by 50 - 100°C by adding excess Bi or increasing Nb/Ta ratio. The optimum excess Bi
content in SBT was 30 - 50% ; within this range, limited solid solution of Bi,O; and SBT
was formed.

From the scientific aspect of view, optical properties and ionic transport
phenomena of SBTN bulk ceramics were investigated for the first time. The reason of
using bulk ceramics is to exclude the difficulties associated with thin film technology, e.g.,
grain size effect and electrode-ferroelectric interface effect. These bulk property studies
provide fundamental understanding of SBTN materials and provide a guideline for process
development in device applications. The optical dispersion functions of bulk SBTN were
obtained by using various angle spectroscopic ellipsometry with a surface layer correction.
The values of refractive indices were found to vary with composition, which are possibly
associated with crystallographic orientation. Using the Lorentz Oscillator model, the
approximate energy band gaps of SBTN solid solutions were estimated to be about 5 eV.

The ionic transport phenomena of SBT and SrBiyNb,O, (or SBN) were
investigated by using impedance spectroscopy. This technique allows to separate the effect
of ion transport in grain, grain boundary and electrode-ferroelectric interface. In this
study, the fatigue model of bismuth layered oxides was discussed through ionic
conductivity and interface absorption effect. One conducting species, oxygen vacancies
with positive charges, was assumed in the model. High ionic conductivities of SBT and
SBN (~ 107 S/cm) comparing to Pb(Zr, Ti )O; (~ 10-11-10-1° S/cm) suggests high defect
concentration and high charge mobility in bismuth layered oxide materials. As a result, the
most possible model to explain high resistance to fatigue of SBT/SBN was the easy

recovery of oxygen vacancies from the entrapment at electrode-ferroelectric interfaces.
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Chapter 1. Introduction

Since 1920 the Rochelle salts (NaKC,H,O,4H,0) were discovered with
ferroelectric properties by Valasek [1], a large number of new ferroelectric materials have
been discovered and investigated. These materials have received continued attention for
device applications using the dielectric, piezoelectric and pyroelectric properties of
ferroelectrics, e.g., multilayer capacitors, modulators, gas ignitors and intruder alarms,
etc.. Recently, ferroelectric materials have received attention for their application in

nonvolatile memory devices in ultra-large scale integration (ULSI).

1.1 Ferroelectric Properties

Ferroelectricity is defined as the spontaneous alignment of electric dipoles by their
mutual interaction. A crystal is said to be ferroelectric when it has two orientation states in
the absence of an electric field and can be switched from one to another of these states by
an electric field. Ferroelectric properties occur below a critical temperature, so called
Curie temperature. Below Curie temperature, the perovskite cubic lattices are distorted by
stretching along one side (e.g., the c-axis) and shrinking along the other two sides (e.g., a-
and b-axis) so that the small anions are shifted from the center position of the oxygen
octahedral structure. It is because of this asymmetric lattice structure that dipoles occur
along the c-axis. A net macroscopic polarization arises because of the constructive
alignment of these dipoles occurring in the regions called domains. For the tetragonal
structure as shown in Figure 1-1, a typical ¢ to a axis ratio is about 1.02 to 1.06. In the

Pb(Zr, Ti )O, (PZT) system, the B site ion is displaced roughly 0.1 A from the center of



Figure 1-1 The tetragonal structure of PZT unit cell. The tetragonal distortion is about
2-6% depending on the Zr/Ti ratio.



the oxygen octahedron ( the lattice constant is approximately 4 A). In a polycrystalline
PZT thin film, the grain size is typically less than 1000 A and each grain may consist of
many domains [2].

On the other hand, when temperature increases to above Curie temperature, the
lattice becomes center symmetry and the spontaneous polarization disappears. At this
temperature region, ferroelectricity vanishes and the materials make a structural phase
change from polar phases to non-polar phases, typically called the paraelectric phase.

The result of spontaneous polarization below Curie temperature is the appearance
of a hysteresis loop for polarization in an alternating field as shown in Figure 1-2. This is
similar to the hysteresis loop observed for ferromagnetic materials. The hysteresis results
from the presence of different domains in which there is complete alignment of electric
dipoles. At low fields and at very high fields a ferroelectric behaves like an ordinary
dielectric, however, at the so-called coercive field, £, polarization reversal occurs giving
a large dielectric non-linearity. The area within the loop is a measurement of the energy
required to twice reverse the polarization. At high field strength, the polarization becomes
saturated and have most of the domains of like orientation aligned in the direction of the
electric field. Extrapolation of this curve back to the E=0 gives Pg, the saturation
polarization corresponding to the spontaneous polarization with most of the dipoles
aligned in parallel. When the electric field is cut off, the polarization does not go to zero
but remains at a finite value, P,, the remnant polarization. This is because the oriented
domains are unable to return to their original random state without an additional energy
input by an opposite electric field. That is, the coercive field £, is the field required to
change domain orientation.

It is because of these nonvolatile and switchable polarization states that make

ferroelectric materials suitable for ferroelectric RAM (FRAM) devices. With such a device
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Figure 1-2.  Ferroelectric hysteresis loop.



one could encode the 1 and O states, which corresponds to +P, and -P, at zero applied
electric field, required for the Boolean algebra of binary computer memories. Their high
speed, nonvolatility, light weight, combined with low power requirements, physical
robustness, radiation hardness and high density, suggest that they may replace DRAM as

core memories for computation applications [3].

1.2 Background of Memory Devices

Let us begin by summarizing the overall situation with regard to digital memories
in the United States at present. The memories in use at present range from the slow,
inexpensive devices (tape or disk) used for archival storage to the fast but expensive
SRAM and the slightly slower DRAMs, whose availability in high-density chips (up to 1
Mbit) has permitted them to become dominant in the $8 billion per year computer memory
market. The more expensive devices, e.g., plated wire, CMOS with battery backup,
magnetic bubble memory, EEPROMSs, and core, generally have some combination of
attributes required for specific applications, particularly including nonvolatility (retention
of memory when power is interrupted) and radiation hardness. The projected U.S.
memory market will be greatly simplified in a few years, however, if ferroelectric RAMs
become commercially available in high-density (for example, 256-kbit) devices with
satisfactory operating characteristics and lifetimes. The intrinsic nonvolatility and radiation
hardness of ferroelectric RAMs may greatly simplify the existing collections of computer
memories, which will still include tape and disk systems for archival storage, as well as
inexpensive high-density DRAMs and ultrafast SRAMs; however, most of the other
memory devices now in use may be rendered obsolete by ferroelectric RAMs. The

radiation hardness of ferroelectric memories depends on this ability to function and retain



information when the memories are subjected to intense X-ray, particle fluxes of charged
ions, and neutrons, for both total integrated dosage and dose rates. A typical ferroelectric
will withstand more than 5 Mrad of high-energy X-rays per square centimeter and an
intensity of 10! rad-cm?s1, or 1014 1-MeV neutrons per square centimeter, and will
exhibit no single event upset and very little degradation in performance. These properties
may permit wide use of ferroelectrics in military aircraft as higher speed replacement for
EEPROMs, magnetic bubble memory, and disk. But radiation hardness is of interest not
only to the military. Many civilian applications in space require radiation hardness; for
example, a 1992 launch of a NASA satellite that must pass repeatedly through the Van
Allen belt over several years of operation is at present likely to have core memory i its
on-board computers. Replacement of core with ferroelectric RAMs could permit a
significant improvement in weight, space, and power supply requirements while at the
same time improving speed [4].

When one considers all the selection requirements for a nonvolatile memory,
namely fast read/write, radiation hardness, cost effectiveness via compatibility with
currently used 1C processing technology, high endurance and retention, and
nondestructive readout (NDRO) capability, the ferroelectric memory stands out as a

logical choice for all applications where submicrosecond programming is needed.

1.3 Memory Application

1.3.1 Memory Operation

The major advantage of ferroelectric devices in the memory world is their

nonvolatility. Nonvolatile literally means that the stored information cannot "evaporate" --



if the power is interrupted. In the case of DRAM, it loses the information stored in it. In
contrast, a nonvolatile memory, such as magnetic core, retains information if the power is
cut off. The initial idea using ferroelectric nonvolatility was to use a ferroelectric thin film,
which can be permanently polarized by an electric voltage pulse, as the gate dielectric of a
transistor. However, read errors might occur in such a memory cell due to the absence of
a well defined threshold voltage for polarization. In 1987, a new concept of ferroelectric
memory was introduced. The key idea was to use a ferroelectric thin film as the dielectric
in the capacitor of a DRAM cell. Due to the fact that such a cell is refreshed every time it
is read, READ disturbance could be avoided. If extreme endurance (10'¢ read/write
cycles) and good data retention could be achieved, this could be the ideal memory. FRAM
can potentially match DRAM in WRITE and READ speed and beat DRAM in cell size,
with nonvolatility offered as a bonus.

A ferroelectric memory cell is a one-transistor DRAM cell where the conventional
DRAM capacitor is replaced by a ferroelectric capacitor, as shown in Figure 1-3. For
DRAM applications, the memory operates identically to conventional DRAMs. For non-
volatile memory applications, the polarization state of the ferroelectric film corresponds to
the logic state of the memory cell. Writing is accomplished by biasing the bit line at Vob or
0 V and pulsing the bottom capacitor plate as shown in Figure 1-4(a). The cell contents
are read by precharging the bit line and pulsing the bottom capacitor plate as shown in
Figure 1-4(b). If sensing is performed during this pulse, the logic 0 and 1 voltages on the
bit line will be proportional to the polarization values in Figure 1-4(c). If sensing occurs
after the pulse, net charge transfer to the bit line will occur for only one logic state as
shown in Figure 1-4(d). The latter case improves the logic 1 to logic O signal ratio.
Because of the destructive nature of the read, the cell contents have to be restored as in a

DRAM. Since the bottom capacitor plate is pulsed for non-volatile memory operation, this
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Figure 1-3 A ferroelectric memory cell is a DRAM cell with a ferroelectric capacitor.
For non-volatile memory applications, the DRAM cell plate is replaced
with a drive line running parallel to the word line [67].
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Figure 1-4 (a) Writing to a ferroelectric non-volatile memory is accomplished by
pulsing the drive line while holding the bit line at either 0 V or Vop. For a
logic ONE, the polarization reversal corresponding to the hysteresis
excursion in the figure occurs before the pulse on the drive line. (b) A read
is performed by precharging the bit line and pulsing the drive line. Sensing
can be performed either (c) during or (d) after the drive-line pulse. [67]



plate is typically separated into drive lines running parallel to the word lines to reduce
memory access time and to avoid potential disturb conditions [5].

A third application for this memory cell is a DRAM with non-volatile store/recall
[6]. In this scheme, the memory normally operates as a DRAM. Upon receiving a power-
down signal, the memory contents are converted from the DRAM voltage levels to one of
the two polarization states of the ferroelectric capacitor. Similarly, upon power-up, the
contents are restored to the original DRAM levels. In this manner, the endurance
requirements for non-volatile operation are reduced significantly, allowing more reliable

memory operation.
1.3.2 Ferroelectric Thin Film Process And Integration

The properties of ferroelectric thin films are strongly dependent on the fabrication
process, especially the electrode technology, ferroelectric deposition method and damage
cased by subsequent process steps. Ferroelectric films are commonly deposited via
sputtering [7], metalorganic chemical vapor deposition (MOCVD) [8,9], or a spin-on
processes like sol-gel process and metalorganic decomposition (MOD) [10,11]. Because
of the complex multicomponent nature of ferroelectric materials, precise microscopic
control of stoichiometry is essential for obtaining uniform single-phase films. Furthermore,
the deposition method should have a low cost per wafer and use existing process
equipment. Sputtering uses conventional equipment; however, stoichiometry control using
either a single composité target or co-sputtering is difficult. The spin-on technique satisfies
all the above requirements and produce good quality films with less than 2% thickness and
refractive index variations across a 125 mm wafer [12]. However, the disadvantage of the

spin-on technique is poor step coverage and cannot be applied on the substrates with
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complicate shapes. MOCVD is a very promising technique which is still in the exploratory
stage. The progress in MOCVD has been slow because of lack of volatile precursors
which satisfy environmental and safety requirements. However, this technique which offers
advantages such as good step coverage, high deposition rate and low temperature
deposition could be a very suitable way to increase the ferroelectric memory density and
its performance.

The integration of a ferroelectric capacitor into a standard silicon IC process is
designed as a module which can be integrated with CMOS technology as illustrated in
Figure 1-5 [13]. The module is inserted in the CMOS process flow immediately prior to
contact hole formation. In the typical process flow shown in Figure 1-5, the capacitor
module consists of deposition and patterning of a buffer layer (e.g., 1000 - 1500A TiO2), a
bottom electrode (e.g., 1000 A Pt), the ferroelectric film (e.g., 1500A PZT), a top
electrode (e.g., 1000A Pt) and an interlevel dielectric layer (either CVD SiO:2 or an
Si02/SisN4 stack). Finally, the back-end processing which includes the deposition of an
isolation layer surrounding the capacitor is again done by standard process. Since
ferroelectric processing involves reactive materials that are not common in silicon
processing, special precautions have to be taken to prevent the ferroelectric processing
from influencing the standard devices as well as to avoid the back-end processing
destroying the ferroelectric characteristics. Solutions to these problems can range from the
addition of suitable barrier layers, e.g., TiO2, and adaptations in the ferroelectric capacitor

processing to modifications in the back-end processing.
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Figure 1-5 (a) The ferroelectric capacitor process module is inserted in the CMOS
process flow immediately prior to contact hole formation and consists of
(b) the deposition of a buffer layer and deposition and patterning of a
bottom electrode, (c) the deposition and crystallization of a ferroelectric
film followed by the deposition of a top electrode and (d) patterning of the
top electrode, ferroelectric film and buffer layer followed by the deposition
of an interlevel dielectric. (e) After contact hole definition and
metallization, memory cell fabrication is complete. [67]
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1.4 Ferroelectric Materials

Ferroelectric materials can be classified into four structure types: (1) perovskite
ABO; (e.g. BaTiO;, PbTiO; etc.), (2) pyrochlore (e.g. Cd,Nb,O,), (3) tungsten bronze
(e.g. PbNb,O, and PbTa,O;) and (4) layered bismuth oxides (e.g. StBi,Ta,0,). A feature
common to these four structures is the presence of ions of small size and large charge (e.g.
Ti**, Nb5*, Ta’* etc.), which are linked through corners forming continuous chains of
oxygen-metal-oxygen. This kind of structural arrangement was discovered to be favorable
for the occurrence of ferroelectricity in oxides[14,15].

An ideal ferroelectric should have an adequate dielectric constant, reasonable
spontaneous polarization, high Curie temperature, low voltage operation, high dielectric
breakdown strength, and should be chemically stable. In addition, the ferroelectric
capacitor should have good retention and endurance. Pb(Zr,Ti, )O; (PZT) has been a
well-known material having perovskite structure for all major FRAM development
programs currently in progress [16-18]. The choice of PZT is supported by the fact that
optimization of hysteresis properties is readily possible by choosing a composition close to
the morphotropic phase boundary (between the tetragonal and rhombohedral phases).
Sanchez et al. [19] have demonstrated the feasibility of growing films of composition
Z1/Ti = 50/50, displaying good dielectric integrity and switching properties at thicknesses
down to 42.5 nm.

In recent decade, good quality thin films of PZT have been deposited by a number
of techniques such as sol-gel [10,19-25], sputtering [26-28], metal-organic deposition
(MOD) and chemical vapor deposition (CVD) [29-36]. However, there are still some
problems existed with PZT materials for nonvolatile memory device applications, e.g.,

leakage current and degradation of ferroelectricity such as aging, fatigue, retention and
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imprint [31,37,38]. Among them, fatigue, a decrease in switchable polarization with
increasing number of polarization reversals, is an important reliability issue for FRAM
devices which use a destructive readout operation, (switching of polarization at each
read/write operation). To improve the fatigue characteristics of PZT-based capacitors,
different techniques such as doping and use of oxide electrodes have been proposed
[31,32,39-46]. Even though the fatigue rate of PZT-based thin films is improved by the
above techniques, high leakage current density is still observed in conjunction with
retention and imprint [47]. Unfortunately, there is still no unified process or method that
can thoroughly satisfy all the requirements, ie., low leakage current density and low
fatigue rate, in the applications of nonvolatile memory devices.

Recently, alternative materials such as bismuth layered oxides, e.g., SrBiy(Ta,.
Nb,),0, (SBTN) which have perovskite-like layer-type structure, were identified as
promising candidates for nonvolatile memory applications [48-56]. The bulk bismuth
layer-type ferroelectric compounds were discovered in 1959 [57-62]. The family of
bismuth layered oxides has the formula

(B0, )" (Mey, R, 0341 )
where

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

R = Ti**, Nb>*, Ta’* etc., single or in combination,

m=2, 3, 4 etc.
These compounds have a structure comprised of a stacking of m perovskite-like units of
O-R-O chains between Bi1,0, layers along pseudo-tetrahedral c-axis as shown in Figure 1-
6. The perovskite-like units are continuous only in the planes perpendicular to the c-axis;
along c-axis, the continuous extension of O-R-O chains is interrupted not only by the

presence of Bi,O, layers but also by the translation of the perovskite-like units in the
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Figure 1-6  Pseudo-tetrahedral unit cell of MeBi,R,0,.
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planes perpendicular to the c-axis. Because the presence of RO, octahedrons in
perovskite-like layers, spontaneous polarization can occur in the planes of these layers.

. S1Bi,Ta,0, (SBT) thin films belonging to the family of bismuth layered oxide were
found to exhibit no fatigue up to 102 switching cycles, very good retention properties and
low leakage current density on Pt electrodes. Figure 1-7 shows a comparison of remnant
polarization changes for PZT and SBT with applied fatigue cycles. It is believed that the
degradation problems of PZT thin films is due to a surface space-charge layer formed by
oxygen vacancies accumulated at electrode-ferroelectric interface [63-66]. On the other
hand, SBT is thought to be able to compensate in some way for space-charge and/or
oxygen gradient near the electrode, thus increasing the resistance to fatigue. Because of
the characteristics of fatigue resistance, these bismuth layered oxides are now being
considered as the proper ferroelectric materials to replace PZT for the nonvolatile memory

applications.

1.5 Objectives

To be a good ferroelectric thin film for the application of memory devices, a low
processing temperature is necessary to avoid the interdiffusion problems between
ferroelectric material, electrodes and substrate material, which usually result in
degradation problems such as fatigue, retention and imprint, etc. Also a reliable process
has to be developed to provide good stoichiometry control, smooth surface morphology,
high packing density, and good ferroelectric properties. Although the ferroelectric
properties of bismuth layered oxide ceramics were discovered in the past few decades,
there was no research on their thin film forms until recently. It was found that high

temperature annealing (e.g. 800°C) was required to obtain good ferroelectric properties
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for SBT thin films [48]. However, such high temperature annealing is unfavorable for thin
film fabrication. It was also found that non-stoichiometric compounds (e.g., additional
50% of excess bismuth was added into SBT) were favorable for the occurrence of
ferroelectric properties. Until now, it is still not very clear why high temperature annealing
and non-stoichiometric compounds are required for the occurrence of ferroelectric
properties. Additionally, it is still not clear why bismuth layered oxides have high
resistance to electrical degradation.

In order to improve the thin film fabrication process and quality, it is necessary to
have well understanding about the fundamental properties of the materials. Therefore, the
questions mentioned before have to be answered for successful development of thin film
applications in nonvolatile memory devices. This induces the motivation of this research.
The primary focus of this research is to study the fundamental properties of bismuth
layered oxides, i.e., SrBiy(Ta, Nb,),0,, so that it can provide a guideline for fabricating
high quality ferroelectric thin films with adequate high P, low E,, low leakage current
density and high resistance to degradation.

In this research, the bismuth layered oxides, SrBi,(Ta, Nb,),0, (SBTN), were
investigated in both bulk and thin film forms. The objectives of this research were:

(I) lower the thin film process temperatures by reducing nucleation and grain

growth temperatures, and

(II) provide a guideline for thin film applications on nonvolatile memory devices by

investigating the structures and properties of bulk materials.

By accomplishing objective (I), low temperature processes of thin film fabrication can be
established, which may reduce the process difficulties and cost. The objective (II) provides

the fundamental understanding of the bulk ceramics which can help to optimize the
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composition and process conditions for thin films to have better performance on the
applications.

In the first objective, low temperature processes of thin film fabrications are
pursued. To achieve this, it is necessary to know where the characteristic temperatures
(i.e., nucleation and grain growth temperatures) are. To leamn this, a study of structure
development by the spectroscopic ellipsometry for SBTN thin films made by metalorganic
decomposition (MOD) is proposed. By learning the phase formation mechanism, low
temperature processes can be achieved by reducing either the nucleation or grain growth
temperatures. The structure development study and low temperature processing of SBTN
thin films are discussed in detail in Chapter 3, after the introduction and samples
preparation description of the whole research in Chapter 1 and 2 respectively.

Via the structure development study, it was found that post-top-electrode-
deposition annealing and additional amount of Bi in SBTN thin films were required to
exhibit good ferroelectric hysteresis properties. Therefore, further studies for the effects of
Bi concentration on ferroelectric properties were shown in Chapter 4.

To achieve the second objective, it is necessary to have better understanding about
the structure and property relationship of SBT ceramics. The advantage for studying bulk
ceramics is to overcome the difficulties that are associated with thin film technology, e.g.,
electrode-ferroelectric interfaces, grain size effect and packing density of the films. The
optical properties of SBTN bulk ceramics were studied in Chapter 5 for fundamental
understandings. The conduction mechanism was studied in terms of ion transportation
phenomenon in the bulk materials. To learn this, an unique technique of impedance

spectroscopy was proposed in Chapter 6 for electrical properties characterization.
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Chapter 2. Sample Preparation

This chapter describes the preparation procedures of SBTN samples in both bulk
and thin film forms. The sample preparation procedure of SBTN thin films by
metalorganic decomposition method (MOD) is applied in Chapter 3 and 4 for thin film
characterization. While the preparation procedure for bulk SBTN ceramics by solid state
reaction is applied in Chapter 5 and 6 for bulk properties characterization. The

experimental procedures of each subject are described in the individual chapter.

2.1 Thin Film Preparation

2.1.1 Preparation of MOD Precursor Solutions

SBTN ferroelectric thin films were fabricated by the MOD method. Strontium 2-
ethylhexanoate (Sr(C.H,;COO),, 99.8%, from Alfa Chemicals (Alfa)), Bismuth 2-
ethylhexanoate (Bi(C,H,;COO),, 99%, (Alfa)), Tantalum ethoxide (Ta(OC,H,)s, Assay,
Gelest Inc. (GI)), Niobium (V) ethoxide (Nb(OC,H;);, 99.95%, Aldrich Chemical
Company (ACC)), and 2-ethylhexanoic acid (C;H,;COOH, 99%, ACC) were used as the
starting materials with xylene (A.C.S. Aldrich) as the solvent. A flow chart of SBTN
precursor solution preparation by MOD method is shown in Figure 2-1. Initially, tantalum
ethoxide and niobium ethoxide were added to 2-ethylhexanoic acid. The solution was
stirred and heated to a maximum temperature of 100 - 120°C to distill out the alcohol and
water and increase the reaction rate. After the reaction was complete, the solution was

cooled to room temperature and a measured quantity of strontium 2-ethylhexanoate with
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Figure 2-1. The preparation procedure of SBTN precursor solutions
by MOD.



20 - 30 ml of xylene was added to the solution. The resulting solution was stirred and
heated to a maximum temperature of 125 - 140°C until a clear solution was formed.
Subsequently, bismuth 2-ethylhexanoate with 10 ml xylene was added to the above
solution with continued stirring. The temperature was maintained at 130 - 150°C to distill
out all the light hydrocarbon fraction, water and some xylene until 20 ml of solution
remained. The final concentration of the solutions were 0.1 moles of SrBi,Ta,0O, per liter.
Finally, the solutions were passed through a filter with 0.45 micron pore size to remove

dust and other particles.

2.1.2 SBTN Thin Film Preparation

The precursor solution was then dispensed onto Si/SiO,/Ti/Pt or sapphire
substrates for spin coating. A flow chart of MOD thin film prepared by a Headway
Research Photo-Resist Spinner is shown in Figure 2-2. The substrates were spun at
approximately two thousand revolutions per minute for 30-40 s in air during which the
excess fluids were removed and the solvents were driven off leaving the substrate surface
with a uniform coating of the organic film. The coated substrates were then baked at 210 -
230°C for 3 minutes in air to remove all the excess solvents. The spin-bake cycle was
repeated several times to obtain the desired thickness (1000 - 3000A) of the final films.
The soft metalorganic films were then pyrolyzed to convert the metalorganic precursors to
their constituent oxides, or other compounds. The annealing treatments were typically
carried out in a tube fumace at temperatures ranging from 450 - 750°C for 3 hours in
oxygen atmosphere. The heat treatment removed all the solvent and organic components

and resulted in a dense, single-phase thin film. For electrical properties measurement, a top
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Figure 2-2. The preparation procedure of SBTN MOD thin films.
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Pt-electrode was sputtered onto the films followed by a post-top-electrode-deposition

annealing.

2.2 Preparation of SBTN Bulk Ceramics

The bulk of samples were made by solid state reaction method starting from
mixing the metal oxide powders, SrCO;, B1,0,, Ta,O, and Nb,O; (from Alfa with purity
greater than 99.9%), with desired quantities. A flow chart of bulk sample preparation is
shown in Figure 2-3. The SBT and SBN powders were obtained by calcinating the mixing
powders for 1050°C in 3 hours. With the calcinated powders a pellet form of sample can
be made. The pellets were sintered at 1280°C for 3 hours. In order to have an external
contact, the platinum electrodes were sputtered onto both sides of SBN pellet. Then it had
a platinum lead attached on the electrodes with platinum paste. Whereas, for SBT sample,

a platinum lead was directly attached on each side of the pellet with platinum paste.
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Figure 2-3. The preparation procedure of SBT bulk ceramics.
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Chapter 3. Structure Development Studies of SrBi,(Ta;_ ,Nb,),0¢ Thin

Films

In this research, two tasks were pursued: (1) determination of the onset
temperature of ferroelectric hysteresis properties of SrBi,Ta,O, thin films by structure
development study, and (2) low temperature processing for thin film fabrication. For task
(1), a non-destructive optical method using spectroscopic ellipsometry was proposed for
characterizing the structure development of SrBi,Ta,O, thin films. By comparing the
results of the structure development study and ferroelectric hysteresis properties
investigation, the onset temperature of hysteresis curve of SrBi,Ta,0, with 50% excess Bi
was determmed. For task (2), the effects of excess Bi content and Nb/Ta ratio of

SrBi,(Ta, Nb,),0, on ferroelectric hysteresis properties were studied.

3.1 Introduction

Although the SBT ferroelectric thin films were fabricated successfully in our
laboratory[50-52,55,68,69], there are still some processing difficulties that need to be
overcome. One of these problems is the processing temperature of the thin films. Recent
studies on the structure and ferroelectric properties of SBT thin films [50-52,55,68,69]
showed that good ferroelectric hysteresis properties in SBT thin films can only be obtained
with annealing temperatures around 700 - 800°C. However, for FRAM applications, low
temperature processing (e.g., lower than 650°C) of the ferroelectric thin films is necessary

to avoid interlayer diffusion and other problems.
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For the case of PZT thin films, the ferroelectric hysteresis properties with high
remanant polarization (P,) can be obtained at temperature range of 600 - 650°C. Previous
studies by Kwok and Desu [23,24,70,71] show that, for PZT thin films, the critical
process to obtain well-defined hysteresis curve is the nucleation of the perovskite phase.
Once the perovskite phase is formed, the hysteresis curves of PZT thin films can be
obtained at relatively low temperatures (e.g. about 600°C). For SBT thin films, the phase
formation of layer-type structure occurs at temperatures as low as 550 - 650°C. However,
very poorly-defined hysteresis properties were detected for these SBT films at such low
temperatures. The critical factors that control the onset of well-defined hysteresis curve of
SBT is obviously not simply the nucleation process as in the PZT case.

In order to reduce the processing temperature, the needs for high temperature
annealing of SBT thin film have to be understood. One way to do this is to study the
structure development of bismuth layered oxides. Understanding the various aspects of
structure development in these thin films is the key for developing possible alternative low
temperature processes.

A structure development study of PZT thin films by an non-destructive optical
envelop method using UV-VIS spectrum data was proposed by Peng and Desu [72,73].
This technique was very effective in identifying various characteristic temperatures and the
kinetics of phase transformation in PZT films. It is expected that the optical properties will
be different for different structure phases (e.g., amorphous, pyroclore and perovskite
phases) Using the nature of structure change during phase transformation, one can obtain
information on structure development by following the changes of refractive index and
film thickness as functions of annealing temperature. By observing these changes, the

initiation and completion temperatures of phase formation can be identified. This optical



method was suggested to be more effective than conventional nondestructive techniques
such as x-ray diffraction.

In this research, the study of structure development was employed to determine
the onset temperature of ferroelectric hysteresis curves in SBT thin films. A new non-
destructive optical method using spectroscopic ellipsometry was proposed for
characterizing the structure development of the thin films. Spectroscopic ellipsometry is a
branch of reflection techniques using polarized incident light. One of the advantage of this
technique is that the thin films can be deposited directly on a reflective Pt-substrate rather
than a transparent substrate. Another advantage is that the thickness and the optical
properties of the films can be obtained simultaneously. Thus information on structure
development can be obtained by observing the refractive indices and film thicknesses
changes as a function of annealing temperature. Moreover, the effects of excess Biin SBT
thin film and Nb/Ta ratio of SrBi,(Ta; Nb,),0, (or SBTN) solid solutions on the onset of
hysteresis curves were investigated with an aim to reduce the processing temperature. The
phase transformation of the polycrystalline bismuth layered oxide from the amorphous

phase was identified by XRD.

3.2 Experimental Procedure

The SBTN thin films were prepared by the metal-organic decomposition (MOD)
method as described in Section 2.1. Precursors were prepared for the compositions of
StBi,Ta,0, , StBiy(Ta,,Nb,,),0, and SrBi,Nb,O, with 0% and 50% excess Bi. For
structure development study, a thin film was spin coated on a Pt coated silicon substrate.
For phase identification by XRD, a film was spin coated on a sapphire substrate. The films

were then annealed at 400°C in oxygen atmosphere for 3 hours and then characterized by
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spectroscopic ellipsometry, XRD and SEM. The anneal and characterization steps were
repeated for incremental temperature increases of 50°C until the maximum anneal
temperature of 800°C was reached. In other words, all of the anneal cycles and
measurements were done on one sample excluding the samples for ferroelectrics
characterization. For ferroelectrics characterization, several SBTN films of the same
composition were deposited by the same method. These films were each annealed at
different temperatures from 600°C to 800°C at 50°C intervals. After the heat treatment, a
Pt-electrode was sputtered on top of the film for external connection. A second annealing
was done after top electrode deposition. The ferroelectrics characterization was then done

before and after this post top-electrode-deposition annealing.

3.3 Optical Method: Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a branch of reflection spectroscopy using linearly
polarized incident light, which yields information about the optical constants of materials,
the thickness of overlayers, and the roughness and porosity of thin films. In this research,
the ellipsometry parameters, A and ‘¥, were analyzed by the software developed by J.A.
Woollam Company. The analysis consists of building a nominal optical model for the
sample, choosing fit parameters such as film thickness and optical constants, and itiating
a regression algorithm. In order to obtain the accurate results, the appropriate optical
model has to be built up according to the natural of thin films. In general, most deposition
techniques produce thin films with a relative density less than unity. Therefore, porosity in
the film has to be considered as a separate single phase. Figure 3-1 shows the optical
model for a SBT MOD thin film grown on a Pt substrate. In this model, it is assumed that

the film with a thickness d is a two phase mixture consisting of a bulk SBT phase and
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porosity. The Bruggeman effective medium approximation (EMA)[74] was used to

describe this effective layer of two phases mixture, which can be expressed by

”g—”z 1-n?
fE—+- =25 =0 (3-1)
nb+2n“ 1+n

where f'is the volume fraction of material, n, is the refractive index of the bulk material
and 7 is the effective refractive index of the heterogeneous medium.

A dummy layer representing void-free SBT with zero thickness is inserted in-
between the Pt-substrate and the film. The optical constants obtained from this dummy
layer represent the actual optical constants of SBT bulk phase excluding the porosity.
Change in the parameters for this dummy layer will reflect the optical constants change in
the real SBT film (i.e., the top layer with the mixture of SBT and voids). On the other
hand, the thickness of the effective EMA layer, which includes SBT and porosity,
represents the actual overlayer thickness of deposited SBT film. This optical model was

also applied on the other SBTN MOD films.

3.4 Results And Discussion

3.4.1 Structure Development Study of SBT with 50% Excess Bi Content

3.4.1.1 Structure Development Model of MOD SBT Thin Films

In general, the phase transformation of an MOD thin film usually starts from an

amorphous phase because the starting material is a metal-organic precursor. In the case of
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PZT, an intermediate phase, i.e. the pyrochlore phase, is always found during phase
transformation from the amorphous to the perovskite phase. By comparison, the phase
transformation of bismuth layered oxide SBT is simpler than that of PZT. The structure
development of MOD SBT thin films from the initial as-deposited state to the final layer
structure phase involves phase transformation of three different phases, ie., the
metalorganic compounds (MO), the amorphous phase (A), and the crystalline layer
structure phase (C). The model of structure development for the materials is illustrated as
Figure 3-2. In this model, it is assumed that the film has three single-phase states and one
two-phase-mixture at certain temperature intervals. After solvent removal at about 220°C,
the film is constituted of a mixture of metalorganic compounds. As temperature increases
to T#, the amorphous phase is formed. In this research, T* is typically set at 450°C at
which all the films are pyrolyzed. When the annealing temperature increases to T;, the
SBT crystalline phase is initiated from the amorphous phase. As temperature increases to
T.S, the crystalline phase is completely formed. When the annealing temperature increases
further, grain growth takes place.

It is well known that ferroelectric hysteresis properties can only occur in SBT
crystalline phase rather than amorphous phase. Thus, according to the structure
development model, the onset temperature for obtaining well-defined hysteresis curves for
SBT, T,", may occur either during amorphous-crystalline phase transformation or during

the grain growth process.

3.4.1.2 XRD Results

In Figure 3-3, the XRD patterns of SBT with 50% excess Bi were plotted as a
function of annealing temperature. For SBT MOD thin films, the perovskite-like layer
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50% exc. Bi

(115)

— I ' 700°C

Figure 3-3 Temperature dependence X-ray diffraction patterns of SBT thin
films with 50% excess Bi. (deposited on saphirre substrates)
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structure phase was nucleated directly from the amorphous phase without exhibiting any
intermediate phase as shown in Figure 3-3. For temperatures below 500°C, a small but
very broad peak around 26 angle of 28 -30° indicates that the SBT film was amorphous.
When the annealing temperature was increased to 550°C, this major peak increased in
intensity and FWHM of the peak also decrased. At the same time, three other small and
broad peaks began to show up at 26 = 33°, 48° and 56°. The presence of all these peaks
indicate that the SBT crystalline phase with very fine grain size had formed. This suggests
that the initiation of amorphous-crystalline phase transformation (i.e., T;") occurs at about
500 - 550°C. As temperature was increased further, peaks showed a small shift in 26 and
became sharp with high intensity. Finally, for anneal temperatures above 700°C, the
diffraction lines were consistent with the major peaks of polycrystalline SBT, and this is a
sign of complete crystallization of SBT. In other words, the temperature of complete
crystallization of the film, TCC, was observed at about 650 - 700°C. It can be seen that,
within whole temperature range, no intermediate phases at moderate temperatures and no
second phase at high temperatures were observed.

From XRD data, we have learned that the T;¢ and T, of SBT occurred at
temperatures as low as 500 - 550°C and 650 - 700°C, however, no ferroelectric hysteresis
curves were detected for annealing temperatures below 700°C. This implies that the onset
temperature of well-defined hysteresis curve for SBT, T, Y, is not simply controlled by the
formation of crystalline phase. According to the proposed structure development model,
the T,H possibly occurred during grain growth process. Although the X-ray diffraction
method is a direct technique for investigating phase transformation, for studying grain
growth it is not a very effective technique. Compared to the XRD method, optical
method, which is discussed in the next section, provided more detailed information on the

grain growth process.



3.4.1.3 Optical Method

The optical properties and the thicknesses of SBT thin films were measured using
spectroscopic ellipsometry. The optical model for the sample has been discussed in
Section 3.3 above. Figure 3-4 shows the changes in refractive index and overall thickness
of SBT thin films as a function of annealing temperature. Additionally, the relative grain
sizes and the ferroelectric hysteresis curves as a function of temperature are also illustrated
in Figure 3-4. In general, the overall thickness of the film decreased with increasing
annealing temperature, whereas the refractive index increased. Basically, the curves in
Figure 3-4 can be divided into three regions, i.e., amorphous phase (I), amorphous-
crystalline phase transformation (II) and grain growth (III) regions. In region I, the
organic component of the precursor was burnt off and the film structure was amorphous
with a low refractive index of about 1.8 - 1.9. In this region, the refractive index and film
thickness were almost constant and no ferroelectric hysteresis curves were observed.
According to the XRD data, the initiation temperature of phase transformation, T;
occurred towards the end of this region (i.e., 500 - 550°C).

In region II, gradual changes of refractive index and film thickness were observed.
As the annealing temperature was increased, the film thickness decreased while the
refractive index increased. Although the slopes of the curves obtained in this region are
small, it still suggests that these gradual changes are responsible for the amorphous to
crystalline phase transformation of SBT films as confirmed by the above XRD data.
Complete crystallization, TCC, occurred at the end of this region according to the XRD
data (i.e., 650 - 700°C). However, the films exposed to temperatures of region II did not

exhibit any ferroelectric hysteresis properties.
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In the region I of Figure 3-4, abrupt changes of refractive index and film
thickness were observed, which were associated with the grain growth process. Figure 3-5
presents the typical example of surface morphology of the films annealed at 650°C and
700°C. As annealing temperature increased from 650°C to 700°C, the grain size increased
by about 2 times in width and almost 4 times in length. Complete crystallization and large
grain size led to a dramatic decrease in film thickness and increase in refractive index.

Comparison of ferroelectric properties of the films exposed to regions I, II and III
(Figure 3-4) indicates that well-defined hysteresis curves could only be obtained for SBT
films annealed at temperatures above 700°C. At an annealing temperature of 650°C, the
hysteresis loop was only open a little with a small value of 2P, as shown in Table 3-1.
However, higher annealing temperatures, e.g. above 700°C, substantially improved the
hysteresis curves of SBT thin films. For annealing temperatures above 700°C, saturated
ferroelectric hysteresis loops were observed with a larger value of 27,

While MOD SBT films with 2P, values greater than 20 puC/cm? have been
successfully fabricated in our laboratory [53], the 2P, values presented in Table 3-1 are
significantly lower (< 7 nC/cm?) and the hysteresis curves obtained are asymmetric to £ =
0 at origin. This is because the process parameters for film fabrication were not optimized
in the present study. The asymmetric loop is due to the asymmetry of top and bottom
electrode-ferroelectric interfaces, which is discussed in a seperate paper [68]. This
electrode interface asymmetry can be improved by a post-top-electrode-deposition heat

treatment.

38



(a) 650°C

E’ ﬂ\ -
17\‘

(b) 700°C

Figure 3-5 Surface morphology of SBT thin film with 50% excess Bi
annealed at temperatures of (a) 650°C and (b) 700°C. (SEM
photos with 50000X magnification) (deposited on Pt substrate)
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The remmant polarization (2P,) and grain size (G.S.) of StBi,Ta,0, with

Table 3-1.
0% and 50% excess Bi at different annealing temperatures. (2P, was
measured by RT66 Ferroelectricity Characterizer, and grain size was
measured by SEM morphology)

Annealing Temperature
exc. Bi % 600°C 650°C 700°C 750°C 800°C
50% 2P, (WC/cm?) 0.2 3.23 6.17 4.10* - xE
G.S.t (L/W) | 0.04/0.04 | 0.07/0.04 | 0.27/0.10 | 0.39/0.11 | 0.40/0.14
(um)
l 0% G.S." (Lm) 0.03 0.04 0.05 0.07 0.08

* Low 2P, value is due to asymmetry of hysteresis loop.

** At annealing temperature above 800°C, electrical breakdown was occurred.

t The longitudinal grains were observed for 50% excess Bi.

* The grains are uniaxial (width = length) for 0% excess Bi.
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Several interesting phenomena were observed by comparing the results of the
structure development and ferroelectric properties investigations. For temperatures below
650°C, grain sizes were smaller and no ferroelectric hysteresis properties were detected.
However, for temperatures above 700°C, larger grain size and better hysteresis curves
were observed. These evidence suggest that, for SBT thin films, the onset temperature of
well-defined ferroelectric hysteresis curves, TOH, is dominated by grain growth process
rather than phase transformation process. The critical factor that controls T," was found
to be the grain size. In order to obtain well-defined hysteresis curves, the grain size of the
film has to be above a critical value. Unlike PZT, where the ferroelectric axis can be one
of the three axes, the ferroelectric axis of SBT layer-type structure is restricted to a-b
plane [50,51]. Due to the constriction of ferroelectric axis and the layered structure, it is
expected that larger grain size is required for SBT thin film to have enough dipoles line-up
to exhibit ferroelectric hysteresis curves. In the case of SBT thin film with 50% excess Bi,

the T," is at about 700°C, and the critical grain size is about 0.1 pm in width and 0.27 um

in length.

3.4.2 Low Processing Temperature of SBT MOD Thin Films

3.4.2.1 The Effect of Excess Bi in SBT Thin Films

It is clear from the previous section that the critical factor controlling the hysteresis
curves was the grain growth process. In order to exhibit ferroelectric hysteresis curves, the
grain size of the film has to be larger than a critical value. However, the requirement of the
additional amount of Bi to show hysteresis curves needs to be investigated. In this section,

the effect of excess Bi in SBT thin films is presented.
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Figure 3-6 shows the XRD patterns of SBT thin film with 0% excess Bi. The Tj¢
of the compound was found to be around 600 - 650°C, whereas the T was about 750°C.
The initiation and completion temperatures of amorphous to crystalline phase
transformation for SBT with 0% excess Bi was found to be about 100°C higher than that
for SBT with 50% excess Bi. However, no ferroelectric hysteresis curves were detected
even at annealing temperature as high as 750 - 800°C for the compound with 0% excess
Bi.

Figure 3-7 shows the structure development of SBT with 0% excess Bi by optical
method. In this figure, the region of phase transformation at lower temperatures was not
significant. However, the grain growth region was observed for temperatures above
650°C. By comparing, although the temperature region for grain growth were similar for
both 0% and 50% excess Bi (Figure 3-4), the slopes of the curves obtained in this region
for 0% excess Bi were smaller than that of 50% excess Bi. The values of refractive indices
increased with increasing excess Bi content. At 700°C, higher value of refractive index (n
~2.10) for SBT with 50% excess Bi was observed than for the SBT with 0% excess Bi (n
~ 1.89). The higher value of refractive index and smaller slopes in grain growth region
suggest larger grain and denser film formation for the compound with 50% excess Bi.
Figure 3-8 shows the thin film surface morphology of SBT with 0% excess Bi at 700°C
and the calculated grain sizes at various annealing temperatures are listed in Table 3-1. A
dramatic increase of grain size was observed by the addition of excess 50% of Bi.

The grain size effect may explain the absence of hysteresis curves for SBT with 0%
excess Bi. Even though the temperature region of grain growth occurred at about 650 -
750°C, the value of grain size was far beyond the critical grain size. In other words, the
onset temperature of hysteresis curve, T,H, could be much higher than T_.C. In conclusion,

the structure development studies of SBT thin films indicates that the excess Bi in SBT
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Figure 3-6  Temperature dependence X-ray diffraction patterns of SBT thin
films with 0% excess Bi. (deposited on saphirre substrates)
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Figure 3-7 Temperature dependence refractive index (at wavelength
of 640 nm) and film thickness for SBT with 0% excess Bi.
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Figure 3-8 Surface morphology of SBT thin film with 0% excess Bi
annealed at 700°C. (SEM photos with 50000X magnification)
(deposited on Pt substrate)
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thin films has the effects of reducing the phase transformation temperature and also
enhancing grain size at lower annealing temperature. Excess bismuth was required to
lower the hysteresis onset temperature of SBT thin films, which was eventually lowered to

700°C by adding 50% excess Bi in the films.
3.4.2.2 The Effect of Nb/Ta Ratio for SBTN Solid Solutions

The results of the above studies suggest that, to approach lower processing
temperature, larger grains have to be grown at lower temperature. In this section, the
effect of Nb/Ta ratio on the T," is presented. The structure development of stoichiometric
StBiy(Ta, Nb,),0, solid solutions (with 0% excess Bi) was studied for compositions of x
= 0.6 and 1. Figure 3-9 shows the X-ray diffraction patterns of SBTN as a function of
annealing temperature. By comparing with the XRD data of SBT with 0% excess Bi (x
=0) in Figure 3-6, it was found that the initiation temperature of phase transformation, T, ,
decreased by about 50°C (from 600°C to 550°C) with increasing x values from 0 to 1. The
temperature of complete crystallization of SBTN, T.€, was also found to be about 100°C
lower (i.e., from 750°C to 650°C) with increasing x values from 0 to 1.

The results of structure development of SBTN by optical method were shown in
Figure 3-10. By comparing to the data of SBT with 0% excess Bi in Figure 3-7, it was
found that the temperature region of grain growth shifted to lower temperature with
increasing Nb/Ta ratio. With increasing x value from 0 to 1, the grain growth region
shifted from about 700°C to 550°C. In other words, the temperature of grain growth
process is reduced by the substitution of Ta anion by Nb anion. Figure 3-11 shows the
surface morphology of SBTN at 650°C. A significant increase in grain size was observed

with increasing Nb/Ta ratio.
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Figure 3-10 Temperature dependence refractive index (at wavelength
of 640 nm) and film thickness for SBTN with 0% excess Bi.
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(a) SrBi2Ta209

(b) SrBiz(Tao.4Nbo.6)209

(c) StBizNb209

0.2 um

Figure 3-11 Surface morphology of (a) SrBi2Ta209, (b) SrBiz(Tao.4Nbo.s)20,
and (c) SrBi2Nb20 thin films with 0% excess Bi annealed at 650°C.
(SEM photos with 50000X magnification)(deposited on Pt substrate)
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However, no ferroelectric hysteresis curves were detected for SBTN thin films
with 0% excess Bi. Thus, in order to improve the hysteresis properties, additional 50% of
Bi was added to SBTN thin films. The measured ferroelectric hysteresis curves are
illustrated in Figure 3-12. For temperatures below 650°C, no hysteresis curve was
detected for all the compositions. However, for annealing temperature of 650°C, the
development of hysteresis curves was observed with increasing Nb/Ta ratio. At
temperature as low as 650°C, the hysteresis curve of SBN showed low P, and high E.. As
increased annealing temperature to about 700°C, the hysteresis curve of SBN became
mature with higher P, value and low E., whereas the hysteresis curve of SBT just started
to show.

By comparing the results of structure development and ferroelectric properties
characterization, it was found that Nb anion in SBTN has the effect of reducing grain
growth temperature. The onset temperature of hysteresis curve was reduced with

increasing Nb/Ta ratio.
3.5 Conclusion

In this research, we present for the first time the structure development study of
SBTN thin films as revealed by spectroscopic ellipsometry. By this optical method, the
temperatures at which grain growth dominates can be identified. Unlike PZT, for which
nucleation of perovskite phase is the critical process to obtain ferroelectric properties, the
critical process for SBTN to have ferroelectric properties is grain growth. In order to
exhibit hysteresis curves, the grains of SBTN have to grow over a critical value, ie., 0.1
um in width and 0.27 um in length. It was found that the additional Bi content in SBTN

enhanced grain growth at low temperatures. For SBT with 50% excess Bi, the grain size
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Figure 3-12 Ferroelectric hysteresis curves of SBTN thin films with 50%
excess Bi measured at 650°C and 700°C. (to obtain symmetric
curves, post top-electrode-deposition annealing was applied at
the same temperature as pre top-electrode-deposition annealing).
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was found to be over the critical value at temperature about 700°C at which the
ferroelectric hysteresis properties were observed. This temperature was found to be 50 -
100°C lower than the published values (e.g., 750 - 800°C). In addition, Nb anion in SBTN
was found to reduce T, . Consequently, the temperature at which the films exhibited
well-defined ferroelectric hysteresis properties was reduced by S50°C by choosing
SrBi,Nb, O, thin film.

For the layer-type structure of SBT, the ferroelectric axis could be either in the a-b
plane or along the c-axis. Recent research[50,51,75] has shown that, for SBT thin films,
ferroelectric properties are observed in the a-b plane rather than along the c-axis. The
results of Desu et. al. [46,48] showed that 2P, values increased to a saturated value as the
lattice orientation ratio of I;;5/I o0 increased. By comparison, very poor ferroelectric
properties were obtained for completely c-axis oriented films (i.e. L;;5/1 g5 = 0). In the
present study, we show that critical grain size dominates the onset of ferroelectric
properties. In conclusion, the lattice orientation and critical grain size are two important
factors that affect the ferroelectric properties. However, it is hard to tell which one is
dominant for good ferroelectric properties because the effects of grain size and orientation
could not be separated in the present study. For instance, the (115) planes give a very
strong XRD peak for annealing temperatures of about 650 - 700°C. At the same time, a
dramatic increase in grain size as well as the onset of ferroelectric hysteresis loops were
observed within this temperature range. Therefore, we hypothesize that, for the same

orientation ratio of I ;;5,/1 g, , larger grain sizes will give higher P, values.
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Chapter 4. The Effect of Excess Bismuth on The Ferroelectric
Properties of SrBi,Ta,0, Thin Films

In this chapter, the effect of excess bismuth on the microstructure and ferroelectric
properties of SBT thin films having perovskite-like layer-type structure was investigated
for a wide range of excess bismuth content ranging from 0% to 100%. For the first time,
the limited solid solution of SrBi,Ta,0, (SBT) and Bi,O; was shown when the excess
amount of Bi was less than 50%. The formation of solid solution enhanced the grain size
and a-b plane orientation of the films; resulting in substantially improvement for
ferroelectric hysteresis properties of the films. The optimum range of bismuth

concentration showing reliable ferroelectric hysteresis properties was also investigated.

4.1 Introduction

Previous studies[53,76] have shown that the excess amount of Bi in SBT MOD
thin film has the effect of enhancing the grain size, and it is required to exhibit ferroelectric
hysteresis curves. The studies showed that it was necessary to have Bi excess in the films
to obtain good ferroelectric hysteresis curves. However, the role of excess Bi content and
the detailed understanding of its effect in determining the ferroelectric properties of
layered structure oxides is still lacking.

Unlike PZT, where the ferroelectrics axis can be one of the three axes, the
ferroelectric axis of bismuth layered oxides like SBT was restricted to a-b plane [50]. In
this case, in layered oxides, the grain size and crystallographic orientation become the

important factors in determining ferroelectric properties. In this research, the effect of
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excess Bi in SBT thin films was studied with respect of grain size and crystallographic
orientation. The optimum range of bismuth concentration showing reliable ferroelectric
hysteresis properties was investigated.

Moreover, how the excess amount of Bi exists in the material was also
investigated. There is a similarity between SBT and PZT: both of them have high volatile
components in the materials, i.e., bismuth oxide in SBT and lead oxide in PZT. For the
case of PZT, a certain amount of lead oxide evaporates during thin film fabrication
because of their high volatility at relatively low temperatures. Commonly, a small amount
of excess Pb (e.g., < 10%) is included in the films to control the stoichiometry of the film,
so that prevents the formation of pyrochlore phase at high temperatures and increases the
density of the films. However, the need for addition of excess Bi in SBT films is not clear
yet. If the requirement of the excess Bi is to control stoichiometry of SBT film like PZT
case, then the amount of 50% of excess Bi seems too much for this purpose. There is
another possibility that these excess bismuth may remain in the films instead of
evaporating away. For this case, the excess bismuth may stay in the materials either as a
second phase or in the form of solid solution. If this is the case, the effect of the bismuth
on the ferroelectric properties of SBT thin films becomes important for the applications.

In this research, the SBT ferroelectric thin films were fabricated by metalorganic
decomposition (MOD) method. The effects of excess Bi were studied over a wide range
of excess bismuth concentrations ranging from 0% to 100%. In order to investigate the
thermal stability, powder mixtures of SrCO,, Bi,O; and Ta,O, with 0 - 70% excess Bi was
prepared by solid state synthesis method. The thermal stability of SBT was investigated by
monitoring the weight loss of powder during heat treatment from room temperature to
1400°C. Standard X-ray diffraction technique was used for phase identification (Scintag

XDS 2000). The composition was analyzed by energy dispersive X-ray analysis (EDX)
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and X-ray photoelectron spectroscopy (XPS). The electrical properties were characterized
by Keithley 617 programmable electrometer and the ferroelectric properties were
measured by the standardized RT66A tester (Radiant Technologies, Inc.) under the

Virtual-Ground mode.

4.2 Experimental Procedure

SBT ferroelectric thin films were fabricated by the MOD method as described in
Section 2.1. Solutions with 0 - 100% excess bismuth were prepared for studying the effect
of bismuth on the microstructure and ferroelectric properties of thin films. The films were
deposited on sapphire substrates for phase identification. For ferroelectrics
characterization and surface morphology investigation, the films were deposited on
Sv/Si0,/Ti/Pt substrates. The phase of the films were identified by XRD method after first
annealing at 700°C. The surface morphology formed at 700°C was observed by SEM. For
ferroelectric characterization, the films were annealed at 750°C for 3 hours followed by a
post top-electrode-deposition annealing for 700°C and 1 hour.

In addition to the thin film samples, the powder mixture of SrCO,, Bi,0; and
Ta, 05 with 0 - 70% excess Bi, was also prepared for the thermal stability study of SBT.
The powder preparation method was described in Section 2.2. The powder mixture was
then heat treated for a temperature range from room temperature to 1400°C for weight

loss measurement.
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4.3 Results And Discussion

4.3.1 Effect of Excess Bi on Ferroelectric Properties

The ferroelectric hysteresis properties were studied as functions of bismuth
concentration. Figure 4-1 shows the hysteresis curve as a function of Bi concentration.
For SBT films with excess Bi amount less than 10% and greater than 70%, skinny
hysteresis curves with extremely low remanant polarization (2P,) were observed. On the
other hand, the mature hysteresis curves were only obtained for the films with 30 - 50%
excess Bi. The values of 2P, and coercive field (£,) for each composition are shown in
Figure 4-2. Within the range of 30 - 50% excess Bi, the films exhibited maximum values
of 2P,.

Figure 4-3 shows the leakage current density as a function of Bi concentration. For
excess Bi less than 10%, the leakage current density was extremely high. When the
amount of excess Bi increased to about 10 - 50%, leakage current density was
dramatically reduced. However, as the amount of excess Bi increased further, leakage
current density increased again with increasing Bi concentration.

Although the SBT films with 10% excess Bi showed low leakage current density,
poor hysteresis curves was obtained for this composition. From the results of hysteresis
properties and leakage current density, the optimum composition for exhibiting good

hysteresis properties is within 30 to 50% excess Bi.
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Figure 4-1 Ferroelectric hysteresis loops for SBT thin films with excess

Bi content from 0 to 100%. (films were annealed at 750°C for
3 hours followed by a post-top-electrode-deposition annealing
of 700°C for 1 hour)
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4.3.2 Effect of Excess Bi on SBT Microstructure

The phases of SBT thin films with varied excess Bi content were investigated by
XRD and are illustrated in Figure 4-4. XRD results clearly show that, for excess Bi
content in the range of 10 - 50%, the films show a single phase of SBT layer-type
structure. For the film with 0% excess Bi, the broader peaks indicate very fine grained
microstructure of SBT thin films. However, for excess bismuth content greater than 50%,
Bi,0, appears as a second phase along with the SBT phase. This indicates that there is a
possibility that the solid solution was formed between SBT and Bi,0;. However, due to
the high volatility of Bi,O; (melting point is about 723°C) during high temperature
annealing, the evaporation of Bi,0; might occur.

In order to understand the evaporation behavior of bismuth oxide as a function of
annealing temperature, the thermal stability of SBT powders made by solid state reaction
were studied by the weight loss measurements during heat treatment. The reason for using
powder is to overcome the difficulty of weight loss analysis in thin film form. Figure 4-5
shows the result of the weight loss measured as a function of annealing temperature for
SBT powders having 0 - 70% excess amount of Bi. The curves of Figure 4-5 can be
divided into four regions. In region I, at temperatures below 600°C, no weight loss was
observed for all the compositions. In region II of temperature range between 600 - 800°C,
about 4% weight loss was observed. This small amount of weight loss is due to the
decomposition of SrCOj leading to the loss of CO, gas. In this region, the structure of the
powders are still mixed phases of starting powders. As temperature increased further to
region IIL, i.e., 800 - 1200°C, almost no weight loss was observed. However, in this
region, the SBT layer-type structure phase was formed. Table 4-1 shows the structure of

the S1Bi,Ta,0, powders with various amount of excess Bi detected by XRD. Between
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950 - 1200°C and for the compounds with excess bismuth less than 50%, single phase of
SBT layer-type structure was detected. On the other hand, for the compounds having
excess bismuth oxide greater than 50%, a mixture of SBT and Bi,0; phases was observed.

In the region IV of Figure 4-5, about 40 - 50% of weight loss was measured at
temperatures up to 1400°C. The weight loss increased with increasing Bi content.
Meanwhile, the film structure shown in Table 4-1 shows that secondary phases of
SrTa,0,, and SrO are formed for all the compositions and for both the fabrication
methods (solid state and MOD) in this temperature range. The dramatic weight loss in the
region IV is the result of the evaporation of bismuth oxide leading to the appearance of
the second phase. The evaporation of Bi,O; was confirmed by EDX composition analysis.
Table 4-2 shows an example of EDX analysis for SBT powders with 0% excess bismuth
oxide. For temperatures below 1200°C, the SBT powders had stoichiometric composition.
However, a over 50% loss of Bi concentration was observed at 1400°C. This indicates
that the volatilization of Bi,O; and the decomposition of SBT occurs in region III. The

chemical reaction of SBT decomposition can be expressed by

2 S1Bi,Ta,0, = 2 Bi,0, g, T + SrTa2,0,, + SrO

3(®
All the evidence shown above suggest that SBT and Bi,O, can form limited solid
solution while still maintaining perovskite-like layer-type structure. This implies the
possibility of ion substitution between Bi, Sr and Ta anions. According to the studies of
Smolenskii, et. al.[58], and Araujo, et. al.[48], Bi** anions can occupy anion sites in the
perovskite-like layers, i.e., S1?* and Ta>* sites. The limited solid solutions of SBT and

Bi,0, may have the form of (Sr, Bi,)Bi,(Ta,_,Bi ,)0, (0<x<0.6). For x values greater
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Table 4-2 EDX composition analysis for SBT with 0% excess Bi solid state
synthesized powder at various annealing temperatures. (The theoretical

atomic ratio of Sr:Bi:Ta is 1:2:2)

Annealing . . . ]
Temperature 25°C 950°C 1200°C 1400°C
Atomic ratio 1.3:2:2 1.1:2.1:2 12:2:2 1.2:08:2

Sr:Bi: Ta
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than 0.6 (ie., the amount of excess Bi is greater than 50%), Bi,O; occurs as a second
phase (Figure 4-4).

The high leakage current and poor ferroelectric hysteresis properties for the films
with high excess Bi content are possibly due to the formation of highly conductive Bi,0,
second phase. However, the reason of the absence of ferroelectric hysteresis properties of
the films having low excess Bi content is possibly due to the fine grained microstructure of
these compositions. According to our previous studies [76], there is a critical grain size
(approximately 0.1um in width and 0.27 in length) below which SBT films do not exhibit
ferroelectric properties. Figure 4-6 and 4-7 show the SEM morphology and the grain size
of SBT thin films with varied excess Bi content. It is observed that, the grain size of SBT
films increases with increasing Bi content. On the other hand, grain shape is also changed
with Bi content. With excess Bi less than 10%, fine uniaxial grains were observed with
grain size smaller than the critical grain size. For excess Bi content within 10 - 50%,
longitudinal grains were observed with a maximum shown at 30 - 50% excess Bi content.
Within this range, the ratio of length to width of the grain is about 3. When excess Bi
increases further to exceed 70%, uniaxial grains with constant grain size about 0.17 um
were observed. The change of grain shape for high excess Bi content is possibly associated
with Bi,0; second phase formation along with SBT phase.

In addition to the grain size effect, the ferroelectric properties are also affected by
crystallographic orientation. For the perovskite-like layer-type structure, the continuous
perovskite structure occurs in the a-b planes while the continuity of the perovskite is
disturbed by bismuth oxide layers along the c-axis. Thus the ferroelectric axis could be
either in the a-b planes or along the c-axis. In a previous study, the ferroelectric properties
of SBT thin film capacitors have been characterized as a function of crystallographic

orientation [46]. The results indicate that. SBT thin films oriented along c-axis exhibit
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Figure 4-6(a) Surface morphology of SBT thin films with excess Bi content from
0% to 30% annealed at 700°C for 1 hour on Pt-substrate. (SEM
photos with 50000X magnification)
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Figure 4-6(b) Surface morphology of SBT thin films with excess Bi content from

50% to 100% annealed at 700°C for 1 hour on Pt-substrate. (SEM

photos with 50000X magnification)
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Figure 4-7 The grain sizes of SBT MOD thin films vary with excess Bi content.
The films were annealed at 700°C for 1 hour on Pt-substrates.
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almost no polarization, whereas the polarization and coercive field are high in the a-b
plane. It has also been shown that the remanant polarization and coercivity decrease with
increasing degree of c-axis orientation. This study suggests that the Bi,0, layers
intervening the perovskite-like units along the c-axis may not be participating in the
cooperative phenomenon responsible for ferroelectricity in these materials.

In this study, the degree of a-b plane orientation of SBT thin films, R which is
defined by the expression in equation (1), were roughly estimated by measuring the ratio
of the (200) planes to the dominant (115) planes using polycrystalline powder as a

standard reference,

_ oo/ 1ais)lr |

- (4-1)
[/(200y/ 1115 1P

200

where F and P denote thin film and powder form, respectively. Figure 4-8 shows the
calculated values of R, as a function of excess Bi content. From this figure, it is clear
that the degree of a-b plane orientation increases with increasing excess bismuth content.

The above results indicate that the grain size and degree of a-b plane orientation
both have a maximum at 30 -50% excess Bi content. By comparing to the results of
ferroelectric properties obtained above, the combined effect of the grain size,
crystallographic orientation and the formation of Bi,0O; second phase, leads to the
optimum composition range of 30 - 50% excess Bi in which the SBT films have high
remanant polarization and low leakage current density.

It is important to understand the role of excess bismuth content in the film for
controlling the ferroelectric hysteresis properties of SBT thin films. The effect of excess Bi

content on grain size, orientation and phase formation imply that the role of the excess Bi
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in SBT film is not of simply controlling the stoichiometry of the film. This is unlike the
case of PZT ferroelectric thin films, wherein Pb excess is included in the precursors to
control the stoichiometry during heat treatment because of the high volatility of lead oxide
at relatively low temperatures. As a result, the formation of limited solid solutions of SBT
and Bi,O; show significant changes in grain size and crystallographic orientation and

substantially improvement on ferroelectric hysteresis curves.

4.4 Conclusion

For the first time, it was shown that the limited solid solutions can be formed for
SBT and Bi,O; when the excess amount of Bi in SBT was less than 50%. The formation
of solid solutions enhanced the grain size and the degree of a-b plane orientation of SBT
films, resulting in improved hysteresis properties of the films. With the combined effect of
grain size and crystallographic orientation, the optimum excess amount of Bi in SBT film
was found to be about 30 - 50%. Within this range, the hysteresis properties of the films
showed maximum 2P, values (around 12 pC/cm?) and low leakage current densities
(about 10 A/cm?). On the other hand, when excess amount of Bi exceeded 50%, highly
conductive Bi,O; second phase was formed in SBT films, leading to poor hysteresis

curves and high leakage current density.
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Chapter 5. Optical Properties of SrBi,(Ta; ,Nb,),09 Bulk Ceramics By

Spectroscopic Ellipsometry

In this chapter, the fundamental understanding of the properties of bismuth layered
oxides were acquired through the investigation of the optical properties. The optical
properties of bulk ceramics SBTN were reported for the first time. A nondestructive
method, variable angle spectroscopic ellipsometry, was employed in this research. The
effective medium approximation (EMA) theory was used to account for surface
roughness. The dispersion behavior of optical constants was examined by two models,
Cauchy and Lorentz Oscillator. The Lorentz Oscillator model fitted the dispersion
behavior more accurately than the Cauchy model, especially near the absorption region. In
this research, it was shown that the refractive index at optical frequencies region could be
correlated to SBTN lattice orientation. Moreover, by applying the Lorentz Oscillator

model with a surface layer correction, we are roughly able to estimate the approximate

energy band gap of SBTN from resonance frequency, Zw,.

5.1 Introduction

For the first time, the optical properties of bismuth layered oxide, SrBi,(Ta,
Nb,),0, (or SBTN), are studied in bulk form by spectroscopic ellipsometry. In recent
years, bismuth layered oxides have been receiving attention for ferroelectric memory
device applications because of their high resistance to electrical degradation. However, the
fundamental properties of these compounds are not widely investigated by researchers. In

this chapter, the fundamental understanding of the properties of bismuth layered oxides are
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acquired through the investigation of the optical properties by spectroscopic ellipsometry
method.

Spectroscopic ellipsometry is a well-established technique for studying thin films
and surfaces since the late 1800s[77]. It is a branch of reflection spectroscopy using
linearly polarized incident light, which yields information about the optical constants of
materials, the thickness of overlying layers, and the presence of roughness layers. It is also
used extensively in integrated circuit (IC) manufacture and development, corrosion
science, and the other areas. However, only few reports on bulk optical property
characterization [78-80].

Determination of the optical properties of a material in its bulk form is a double
challenge. It requires not only accurate instrumentation but also well-prepared samples. It
has been shown that the UV-visible transmission is strongly affected by microstructure and
surface conditions[81-84]. The importance of surface conditions can be appreciated by
noting the penetration depth of light in opaque materials is typically 100 - 500 A in the
near UV, so even 1-A surface films can affect the dielectric function (€) and reflectance
(R) of materials as much as several percentage points. There are several surface
imperfection which always accompany with bulk sample preparation: (1) a contaminant or
oxide layer, (2) a stressed layer due to mechanical forces involved in the preparation of
sample (e.g., cleaning or polishing), and (3) surface roughness. All these should be
considered potential sources of error in the determination of optical properties by a light-
reflection technique such as ellipsometry. In this research, the imperfect surface layer was
considered an individual thin film above the bulk ceramic sample. The theory of effective
media approximation (EMA) was used to described this surface layer.

The ellipsometry parameters, A and ‘¥, were analyzed by the software developed

by J.A. Woollam Company. The analysis consists of building a nominal optical model for
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the sample, choosing fit parameters such as film thickness or optical constants, and
initiating a regression algorithm. In order to obtain the accurate results, the proper optical
model has to be built up according to the nature of the samples. For instance, a
heterogeneous surface overlayer need to be included in the optical model for bulk
ceramics. Once the model is built up, a proper optical dispersion function has to be
selected to fit the experimental data. In this study, two dispersion models, Cauchy and
Lorentz Oscillator, were attempted. By selecting the proper dispersion function, not only
can the optical constants in the optical frequency region be obtained, but the approximate

energy band gap can also be estimated.

5.2 Experimental Procedure

The polycrystalline compounds of SBTN were made by solid state synthesis as
described in Section 2.2. A 17 mm diameter disk with 2 mm thickness was obtained after
sintering. The phase of SBTN layer-type structure was identified by X-ray diffraction. The
sample surfaces were polished to mirror-like surfaces so the reflected light could be

collected during ellipsometric measurement.

5.3 The Optical Model And The Effective Medium Approximation Theory (EMA)

The dielectric response of a heterogeneous medium can be described in terms of
the dielectric properties of its components[84]. The effective dielectric response of a
heterogeneous medium can be described by the Bruggeman Effective Medium

Approximation (EMA)[74] and is represented as
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n

YAETE 2 (5-1)

i=1 € +2¢

where n is the number of components in the heterogeneous medium, f; is the volume
fraction of each component, €, is the dielectric function of each component, and € is the
effective dielectric function of the heterogeneous medium. For most oxides, the extinction
coefficients are much smaller than the refractive indices at visible wavelengths. Thus, the
dielectric function in this region can be related to the refractive index by € = n2. Therefore,

for a single phase material with voids in it, the EMA becomes

22 2
n,—n -

- niT <o (5-2)
nb+2n 1+n

where fis the volume fraction of material, n, is the refractive index of the bulk material
and 7 is the effective refractive index of the heterogeneous medium.

It is well known that grain boundaries, voids, disordered regions and other
inhomogenieties on the microstructural length scale of 10-10000A significantly affect the
UV-visible optical properties of materials, even if they are macroscopically uniform. These
imperfections exist everywhere in the material from the surface to the bulk and can not be
ignored even after polishing. The existence of the surface heterogeneous overlayer has
been proved by Thacher, et. al., for PZT ceramics. It shows[78-80] that the refractive
index of surface layer is lower than the refractive index of the bulk due to the roughness

and mechanical stress on the surface.
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Basically, there are two ways to deal with this heterogeneous overlayer, one is to
eliminate the overlayer, and another is to accept it as a necessary evil and have their effects
identified by proper data acquisition and reduction. For the first approach, however, it is
very difficult to eliminate the imperfect surface layer. Even though the surface oxidation
layer and contamination can be taken off by processing in high vacuum system, the stress,
voids and surface roughness are still there. Thus, the second approach becomes more
practical in dealing with the overlayers.

Since several situations arise when a layer is not homogeneous, it is necessary to
combine two or more different materials in this layer. For example, a rough surface has
both mean height and correlation length of the irregularities less than the wavelength of
light. Therefore, the combination of the material itself and the voids can be considered to
make up an "effective layer" as suggested in Figure 5-1. Subsequently, the effective
dielectric function and optical constants of this effective layer can be estimated by the
EMA theory.

The sintered density of SBTN ceramics made for this research were about 90% of
theoretical density, thus the voids were spread all over the materials. The mechanical
stress was also induced in the sample surface during the polishing process. All these
inhomogeneities need to be considered as the potential defects affecting the optical

.properties of SBT. However, it is difficult to distinguish the individual effects of each
defect. Therefore, an alternative way to deal with this is using a void fraction to represent
the total effect of all the possible inhomogeneities existed in the materials. The optical
model of SBTN ceramics used in this study is schematic in Figure 5-2. It is assumed the
infinite thickness of homogeneous bulk ceramics having a finite inhomogeneous surface
layer above it. This inhomogeneous layer with thickness d results from the porosity, stress

and roughness on the surface. It is also assumed that a portion of incident light is absorbed
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Figure 5-1. (A) A rough surface and (B) the equivalent effective
layer on a substrate of the original material.

78



o

(*EMA layer = SBTN + voids)

Figure 5-2. The optical model of SBTN bulk ceramics.
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by the bulk whereas another portion of incident light is reflected from the interface of the
effective surface layer and the bulk. It is the reflected light that is collected for
ellipsometric analysis. The optical properties of the effective surface layer is estimated on
the basis of the bulk properties. In other words, any parameter change of the bulk

consequently alters the properties of the effective surface layer.

5.4 Optical Dispersion Models

When a beam of light traverses a transparent liquid or solid, the velocity is a
function of the wavelength, or frequency; usually the velocity is reduced for the higher
frequencies. This means the index of refraction varies with wavelength, usually becoming
greater as the wavelength becomes shorter. This phenomenon is called dispersion, since in
optical devices it leads to the gradual separation of wavelengths in the direction of
propagation.

When a large portion of the electromagnetic spectrum is considered, all materials
have specific absorption bands, which occur at those frequencies where the atoms or
molecules of the material absorb light quanta and undergo a change in state.
Measurements of the index of refraction are difficult near the absorption bands since the
light becomes almost completely absorbed. Most of the mathematical relationships for the
treatment of dispersion have been developed empirically. A typical dispersion curve is
shown in Figure 5-3. These curves are representative of normal dispersion, for which the

following is noted:

1. The index of refraction increases as the wavelength decreases.

2. The rate of increase becomes greater at shorter wavelengths.
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3. For different substances the curve at a given wavelength is usually steeper for
larger index of refraction.
4. The dispersion of one substance cannot in general be obtained from that of

another substance by a mere change in the scale of ordinate.

The first successful attempt to represent the curve of normal dispersion by an

equation was made by Cauchy in 1830 [85]. His equation may be written

n=A+x£;+;?+---- (5-3)

where A, B, and C are empirical constants. For dielectrics, this equation represents the
curves in the visible region with considerable accuracy. However, if the measurements of
refractive index of a transparent substance are extended into an absorption band, the
dispersion curves begin to show marked deviations from the Cauchy equation. This
equation predicts a very gradual decrease of n for long wavelength; the index approaches
a limiting value as wavelength approaches infinity. This is not true for real dielectric
materials. In contrary to the Cauchy's prediction, the measurement values of n decrease
more and more rapidly as it approaches a region where light ceases to be transmitted at all.
The behavior of the curves in the vicinity of absorption region is referred to as anomalous
dispersion, because it does not correspond to relations like Cauchy formula. An typical
example of anomalous dispersion is schematic as Figure 5-4. The region enclosed between
dotted lines is found to be a continuous variation[86,87].

One of the first attempts at a theoretical treatment of dispersion was Sellmeier in

1871 [87]. The equation obtained by Sellmeier fits the experiments much better than
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Cauchy's formula and, in particular, shows a good fit near the absorption bands. However,
Sellmeier's equation fails in the absorption bands; it goes to infinity at a resonant point and
shows discontinuity in this absorption region. The discrepancy is because that Sellmeier's
equation takes no account of the energy absorption of the wave. The dissipation of energy
is due to the emission of electromagnetic waves by vibrating electrons. He neglected the
effect of damping which has to be considered as an essential factor in the whole process.
By taking into account the damping effect, H.A. Lorentz[88,89] proposed a model

which describe the motion of an electron bound to the nucleus:

d7 _
m—+ml"z+ma)(2)7 =—eEj,. (5-4)

where m is the free electronic mass, @, is the resonance frequency which is the frequency

of incident field that the electron oscillates with, and I' is the broadness. The field £, _ is

the local field acting on the electron as a driving force and is taken to vary in time as e’'®

The term mlI'(dF/dt) represents viscous damping and provides for an energy loss
mechanism. The term mco(z)F is a Hook's law restoring force. Consequently, the complex

dielectric function for nonmagnetic materials derived from Lorentz's model can be

expressed by

2 N
. _ 1"_41!18 j _and (5-5)
m T (0} -0*)-Te
XN; =N (5-6)



where M is the density of electrons bound with resonance frequencies &, Since
e =¢g'+ie", and (5-7)
n'=n-—ik (5-8)

According to Maxwell's relation, € = n? | the optical constants of dielectric materials can

be related to the dielectric function by

2 2
V2 2 _ 41TJV82 (m]_m )
e=n*—k?=1+ - ? @ o' , and (5-9)
J

4mNe’ e
g =2nk = 5-10
m ? (0} -0?)? +To? (5-10)

The Lorentz dispersion model shows much better fit to the actual behavior of dielectric
materials, especially in the absorption region. In the anomalous dispersion region,

continuous decrease of €' function is derived with increasing frequency.
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5.5 Results And Discussion
5.5.1 Homogeneous Bulk of SrBi,Ta,0, (or SBT)

If we assume a homogeneous bulk model with no overlayers, the optical constants
can be directly inverted from the ellipsometric data and are so called pseudo-optical
constants. In Figure 5-5 the solid circles represents the pseudo-» of SBT obtained from
experimental data. Both normal and anomalous dispersions were observed from the data.
In the visible region, a gradual increase in the refractive indices was observed. The rate of
increase of pseudo-n increased with decreasing wavelength. This is the phenomenon for
normal dispersion. A decrease of refractive index was then observed when the wavelength
was decreased to the near ultra-violet region. This anomalous dispersion of refractive
index indicates the absorption band associated with electronic oscillation. Two models,
Cauchy dispersion and Lorentz Oscillators models, were applied to fit the experimental
data. In Figure 5-5, the data obtained from Cauchy dispersion model is shown by dotted
line. In the region of normal dispersion, the model showed very good fit with the
experiment. However, the model began to show departure from the experimental values
when it was close to anomalous dispersion region at the low wavelength'end. The value of
refractive index from the Cauchy model increased rapidly in the low wavelength region
and almost reached infinity at the resonance point. This is in disagreement with the
experimental values which show a decrease of refractive index when close to the
resonance point.

On the other hand, the Lorentz Oscillator model, represented by solid line as

shown in Figure 5-5, shows a better fit with the experimental data. Only one oscillator was
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assumed in the ultra-violet region. Therefore only one resonance frequency w, (4, for

wavelength) is taken into account. Eq. (5-5) is then reduced to

(5-11)

From the data, it can be seen that the model shows very good fit to the experiment not
only in the normal dispersion region but also in the anomalous dispersion region. The
resonance frequency @y is about 8.54x101° s’ (at wavelength about 221 nm). In the region
of anomalous dispersion, the curve of the Lorentz Oscillator model has a maximum at a
value of A which is slightly greater than the resonance wavelength A, and a minimum at a
value slightly smaller than A, Between the maximum and minimum the refractive index
decreases continuously with decreasing wavelength.

Using the Lorentz oscillator model, we can analyze the wavelength-dependence
behavior of SBT in terms of whether it is primarily reflection, absorption or transparent.
The result is shown in Figure 5-6; the curves obtained were very similar to the case of KCl
[88] which typically has a refractive index of about 1.5 in region I. Thus, the region I is
characterized by high transparency without absorption, and probably a small reflection.
The reflectivity arises from the induced polarization current corresponding to the valence
electrons oscillating out of phase with the incident radiation. Region II of Figure 5-6 is
characterized by strong absorption. However, there may also be appreciable reflectivity in
this region because of high values of » and £. This simply means that, the light that is not
reflected is strongly absorbed in the material. In region III where w » ®,, the electrons in
the material respond as if they were free electrons. This is because the photon energy is
much greater than the binding energy of electrons so that the material has a metallic
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reflectance. For SBT ceramics, this region lies well into the ultraviolet and therefore it
cannot be observed visually.

Although large deviation occurs in the absorption region for Cauchy dispersion, it
still shows fairly good fit in the visible region which is far away from the absorption band.
In fact, in the non-absorption region, the data obtained from the Cauchy dispersion model
was very close to the data from the Lorentz Oscillator model; and both of them are in
good agreement with the experimental data. Therefore, if only indices of refraction in the
visible region are considered, a simple Cauchy model can describe the dispersion behavior

very well.

5.5.2 Heterogeneous Surface Layer Correction for Bulk SBT

The index of refraction shown above was obtained directly from the experimental
ellipsometric data assuming bulk without surface overlayers. However, this is not true for
most of the bulk ceramics. There is always a heterogeneous surface layer as a result of the
sample preparation process and it is very difficult to get rid of According to the
ellipsometry model illustrated in Figure 5-2, light was reflected at the interfaces between
substrate-surface layer-ambient multilayer system. Here the ambient is air, the surface
layer is the EMA layer which represents the effective inhomogeneous overlayer related to
the surface roughness, stress and the other inhomogenieties; and the substrate is
homogeneous SBT bulk ceramics. The optical constants obtained for the substrate phase
were correlated to the bulk component of EMA layer. The optical properties of EMA
layer can be changed by varying the parameters of SBT bulk substrate.

The effect of surface inhomogeniety on optical constants can be seen from Figure

5-7. It shows the dispersion relationship for the SBT bulk substrate and the surface layer.
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Since only the wavelengths in visible region were considered, the Cauchy dispersion model
was applied to obtain the optical constants. For both the bulk phase and the surface layer,
similar dispersion relations were observed. The refractive indices increased gradually at the
moderate wavelength range, and increased more rapidly at low wavelength region.
However, the refractive index for the surface layer was found to be lower than for the bulk
substrate. For example, the index of refraction of bulk SBT is about 2.38 at wavelength
640 nm while it is only 2.32 for the surface layer at the same wavelength. The difference is
a result of the voids that were introduced to model the surface layer to represent the
effects of microscopic roughness present at the surface. The void fraction, f, in the surface
layer is shown in Table 5-1. The fraction of voids indicates the degree of inhomogeniety of
the surface layers. It was assumed that the inhomogeniety was mainly caused by surface
roughness, porosity and residual stress as resulting from the sample surface preparation.
According to the Bruggeman effective medium approximation, a large void fraction
existing leads to a lower refractive index.

In addition to the refractive index, the extinction coefficient, k, was also
determined. Figure 5-8 shows the extinction coefficient as a function of wavelength for
SBT surface layer and substrate phase. In contrast to the refractive indices, the values of
extinction coefficients obtained for both the surface layer and the bulk substrate were
almost the same throughout the observed wavelength range. This is to be expected since
in the optical model adopted, the void fraction was used to represent the mhomogenieties
of the surface layer and these voids had air filled in them. There is almost no absorption of
light for air within the UV-visible regime. Therefore, in the proposed effective surface
layer, the absorption behavior is only the result of SBT component in the surface layer.

Because the effect of surface overlayer is excluded from the bulk sample in the

EMA approximation, the optical constants obtained for the bulk substrate are the actual
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Table 5-1 The void fractions* (f) and the thickness (d) of surface heterogeneous layer
of SBTN estimated by EAM theory and Cauchy dispersion model.
SrBi,(Ta, Nb ),0, x=0 x=02 | x=04 | x=05 | x=0.7 x=1
Cauchy | f(%) | 44401 | 2.140.9 | 6.9402 | 49402 | 35403 | 13.9+17
d(A) | 37440.6 | 346%9.5 | 331+0.4 | 378+0.5 | 364%1.2 | 239+3.0
Lorentz | f(%) 2.310.3 0 29+0.2 | 4.0£0.4 | 0.8+0.2 1.510.7
Oscillator [ d(A) | 583%1.8 0 533+1.2 | 581%1.4 | 596+3.7 | 435+12.9

*The void fractions and thicknesses here show the combining effect of surface

inhomogeniety arising from the porosity, roughness and residual stress at the sample

surface.
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values for SBT ceramics. By comparison with the result obtained from the assumption of
bulk without surface overlayers (in Section 5.5.1), the actual index of refraction for SBT

ceramics is higher than the pseudo-» (i.e., pseudo-n = 2.32 at 640 nm).
5.5.3 Optical Properties of SBTN Solid Solutions

Since only wavelengths in the visible region were concerned, Cauchy dispersion
model was applied for SBTN solid solutions. The optical dispersion functions of the solid
solutions were similar to the case of SBT as shown in Figure 5-7. In the SBTN solid
solution system, the refractive indices were found to vary with Ta/Nb ratio. Figure 5-9
shows the composition dependence of refractive index (at wavelength 640 nm) for SBTN.
Initially, the index of refraction increases with increasing Nb content reaching a maximum
value when Nb content is about 50%, and then decreases with continuously increasing Nb
content. In order to understand the relationship between optical properties and
composition effects, it is convenient to discuss the polarizability of these materials.

It is known that dielectric materials react with and affect electromagnetic radiation
because they contain charge carriers that can be displaced. The light waves are retarded
because of the interaction of the electromagnetic radiation and the electronic systems of
the atoms. According to the Lorentz-Lorentz equation, the polarizability o of the atoms of

an elementary monatomic gas is related with the refractive index for waves of infinite

wavelength through:

_3g, ' -1 M 3,
AN'O I’l2 + 2 p AVO

(5-19)
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where €, is the dielectric constant of vacuum, N, is Avogadro's number, M is the
molecular weight, p is the density, n is refractive index, and R__ is the molar refractivity
which is directly proportional to the atomic polarizability.

In general, it is expected that the ionic polarizability increases with the size of the
ion and with the degree of negative charge on isoelectric ions. As a result, the index of
refraction increases with increasing atomic polarizability for large ions as indicated in the
Lorentz-Lorentz equation. However, for SBTN solid solutions, both Ta>* and Nb** ion
sizes are almost the same (about 0.6824). Therefore, the variation of refractive indices for
SBTN is not because of the ion size. In addition to the ion size, the immediate
surroundings and the arrangement of ions also affect the refractive index. In crystalline
materials other than with cubic structure, the index of refraction is usually high in the
directions that are close-packed in the structure. The more open structures lead to lower
index of refraction. For SBTN solid solutions, since both Ta>* and Nb5* ions sizes are
about the same, the variation of refractive indices of SBTN solid solutions could probably
arise from the geometric arrangement of the atoms in the lattice. In bismuth layered-type
structure, as illustrated in Figure 5-10, the loose packed planes are found between bismuth
oxide lavers and perovskite-like layers. If incident light is parallel to these layers (i.e., (00/)
planes), the interaction between incident waves and atoms is expected to be less compared
to the other directions. Thus the refractive index should be lower in the direction parallel
to the (00/) planes, or perpendicular to the (#k0) planes. As a result, the variation of
refractive indices for SBTN could be associated with the variation in lattice orientation.
Figure 5-11 shows the lattice orientation ratio, Ig;0/1200) -for SBTN calculated from
XRD data. The data shows a maximum I 44,4120, ratio at about 50% Nb content. That is,

at this composition, fewer (£00) planes are oriented parallel to the sample surface. This is
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in agreement with the result of refractive indices which also showed a maximum refractive

index at about 50% Nb content.

5.6 Discussion

For frequencies within the visible region, both Cauchy and Lorentz Oscillator
models can describe the normal dispersion behavior very well. However, in the anomalous
dispersion region (i.e. absorption band), only the Lorentz Oscillator model can give the
information accurately. By using the Lorentz Oscillator model with the surface layer
correction, we are able to estimate the approximate energy band gap as well as the high-
frequency dielectric constant, €_,.

In general, the total polarizability of the dielectric materials can be represented as
the sum of electronic, ionic, dipolar and space charge polarizabilities. Among these, the
dipoles and space charges only contribute to polarizability at frequencies lower than
microwave. The contribution of ionic motions to the polarizability is mainly at infrared
region and its contribution is rarely small at optical frequencies because the massive ions
cannot follow such high frequencies. Thus, at visible and ultraviolet region, we shall only
consider the electronic contribution to the dielectric constant. Consequently, the
absorption band observed in visible-near ultraviolet region can be correlate to the band
gap of the materials; and #w( can be identified as corresponding approximately to the
band gap. Additionally, the high-frequency dielectric constant can be obtained from the
relation €, = n*. The data of energy band gap and high-frequency dielectric constants are

listed in Table 5-2. For SBTN solid solutions, according to Lorentz Oscillator model, all

compositions have an energy band gap at about 5 ev, and £_ with values at about 5 - 6.
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Table 5-2 The energy band gap (Eg) and high frequency dielectric constants (&,(>2))
of SBTN.
Cauchy* Lorentz Oscillator**
SrBiy(Ta, ,Nb,),0, | Eg (eV) €.(o0) =n? Eg (eV) €,(o0) = n?
(at 640nm) (at 640nm)
x=0 4.55 5.66 5.47+0.03 5.62+0.10
x =0.2 4.55 5.84 5.09£0.06 571+0.16
x =0.4 4.55 5.96 5.30%£0.02 5.81+0.05
x=0.5 4.55 5.93 5.23£0.02 6.05+0.08
| x=0.7 4.55 5.85 5.11+0.03 5.71£0.08
{ x=1 4.55 5.72 r 5.10£0.06 5.29+0.30

*Eg's of Cauchy model were estimated by the wavelength dependence absorption

coefficients as shown in Appendix A.

**Eg's of Lorentz Oscillator model were obtained from ellipsometric simulation

parameter.
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According to the Debye equation, the real part of the complex dielectric constant

can be expressed by

80 —Ew

1-(2)

ew)y=¢_ + (5-20)

where w, is the transient frequency, and €,, €_ are the static dielectric constant and the
dielectric constant at high frequencies (® » ®,). In the first term on the right, €_ contains
only the contribution from the electronic polarizability. The second term on the right is the
ac polarizability, and the ionic contribution is contained entirely m this term. As a matter
of fact, the measured dielectric constants of SBTN [90] are within the range 100 - 300 (at
frequencies 100 - 500 kHz). According to the previous result, for SBTN, the electronic
contribution to the dielectric polarization is only 2-6%. Therefore, for SBTN, the
contributions to the dielectric constant are mainly through ionic and dipolar polarizabilities

in the low frequency range.

5.7 Conclusion

For the first time, the optical dispersion functions of StBi,(Ta, Nb,),0, ceramics
were obtained by spectroscopic ellipsometry. The refractive indices of surface layer were
found to be lower than the indices of the bulk. With lacking of surface layer correction in
the optical model, the values of refractive index obtained for the bulk SBTN was found to
be lower than the actual values because of the existing of the inhomogenieties in the
materials. In the visible region, both Cauchy and Lorentz Oscillator models could describe

the optical index dispersion behavior very well. However, in the absorption region, the
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Cauchy model showed a large departure from the experimental data. In contrast, the
Lorentz Oscillator provides a more accurate model in the absorption region. The
approximate energy band gap for SBTN estimated by the Lorentz Oscillator model was
about 5 ev. The results also indicated that the variation of refractive indices of SBTN was

associated with the lattice orientation of the solid solution system.
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Chapter 6. Fatigue Behavior of SrBi,Ta,0, And SrBi,Nb,0, By
Impedance Spectroscopy Studies

In this chapter, the fatigue model of SBT and SBN is proposed for the first time.
The model is built on the basis of the fatigue model proposed by Yoo and Desu [91-94].
The mechanism of less fatigue of SrBi,Ta,0, and SrBi,Nb,O, was discussed via the bulk
ionic conductivities of the compounds. To obtain the bulk ionic conductivity, impedance
spectroscopy study provides an effective method which allows to separate the individual

contributions of bulk, grain boundaries and electrode-ferroelectric interfaces from the total

cell impedance.

6.1 Introduction

Although SBTN thin films exhibit high potential for non-volatile memory
applications, complete characterization of these material has not been done, yet. So far,
we only know that the material has the property of fatigue resistance. However, the
reasons for this fatigue behavior in these material is still unknown. Therefore, the objective
of this study is to elucidate the reasons for fatigue resistance of these materials.

Fatigue in ferroelectric devices has been studied for several years and several
mechanisms have been proposed to .explain this degradation phenomenon [91-98]. A
theoretical expression for the decrease in polarization was developed by Karan [95] based
on space charge entrapment inside the ferroelectric that results in an increase in the
interfacial resistance and decrease in the interfacial capacitance. Zheludev [96] proposed a
planar model based on the formation of an inactive surface by space charge at the

electrode-ferroelectric interfaces to produce a smaller amount of switched charge. Kudzin
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[97] ascribed fatigue to the accumulation and resorption of space charge at the domain
boundaries. Duiker [98] simulated fatigue by assuming dendritic growth of oxygen-
deficient filaments. A quantitative fatigue model was proposed by Yoo and Desu [91-94]
for PZT thin films. The model is on the basis of effective one-directional movement of
defects due to asymmetric polarization under alternating pulses, and defects entrapment at
electrode-ferroelectric interface (and/or grain and domain boundaries). The entrapment of
defects creates space charges at electrode-ferroelectric interface.

In this research, the fatigue model of bismuth layered oxides, StBi,Ta,O, (or SBT)
and SrBi,Nb,O, (or SBN), was proposed on the basis of the concepts from Yoo and Desu
[91-94]. The model was hypothesized by oxygen vacancies movement and was discussed
via ionic transport phenomenon in the materials. In the present work, a new introduced
complex impedance in the ferroelectric SBT and SBN bulk ceramics was employed to
obtain the information about ionic transport phenomenon in the materials. The technique
of complex impedance allows us to separate the individual contributions of grain interior,
grain boundaries and electrode-ferroelectric interfaces to the total cell impedance. By
using this technique, the ionic transport phenomenon in each component can be

understand and can be used to explain the fatigue behavior in SBT/SBN.

6.2 Fatigue Model

As mentioned previously, fatigue in ferroelectric capacitors is manifested as a loss
of switchable polarization and increase in coercive field with increasing number of
polarization reversals. According to Yoo and Desu's fatigue model for Pt/PZT/Pt
capacitors, defect movement under alternating pulses and defect entrapment at trapping

sites (e.g., electrode-ferroelectric interface, domain boundaries and grain boundaries) has
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been cited as the source of fatigue. These point defects could either be extrinsic or
intrinsic. Extrinsic defects are impurities that are incorporated in the films during
processing and can be controlled by controlling the processing environment. Intrinsic
defects may include both defects that maintain the stoichiometry (Schottky defects) and
defects that alter the stoichiometry in the materials.

When an ac field is applied to a ferroelectric capacitor, the ferroelectric material is
polarized and an internal field is created by this polarization. The net local field is then

expressed as [91-94]

E, =E,-E; (6-1)

where £, is the applied field and E; the internal field. Although the extemally applied field
is symmetric, the net local field is asymmetric as a result of the internal field contribution.
Under this asymmetric local field, there is an effective one-directional movement of the
mobile defects towards the electrode-ferroelectric interfaces. In general, in polycrystalline
thin films, the grain boundaries and the domain boundaries are usually coincident with the
electrode-ferroelectric  interfaces. = The large interfacial energy at these
boundaries/interfaces provides low potential energy sites for the defects and as a result
causes their entrapment. Defects entrapment at the interfaces results in the development of
space charge in these regions which in turn causes the domains to be pinned. The
reduction in switchable polarization and increase in coercive field with increasing
polarization reversals is a direct result of the domain pinning by the space charge.

There is sufficient experimental evidence to indicate that the defects accumulated
at electrode-ferroelectric interfaces are mainly oxygen vacancies and it has a direct effect

on the fatigue properties of the ferroelectric films. Scott et al. [99] have noticed a decrease

106



in the oxygen concentration (along with a loss of polarization) near the electrodes after
fatigue cycling in Pt/PZT/Pt capacitors indicating increased accumulation of oxygen
vacancies near the electrode-ferroelectric interface. Kwok and Desu [100] created near-
surface oxygen depletion regions of different thickness in PZT films by processing the
films under different partial pressures of oxygen. Higher fatigue rate was observed for the
films processed under a low partial pressure of oxygen in the processing ambient (i.e.,
higher oxygen vacancy concentration in the films). Lee and Desu [101] have observed an
increase in the interfacial capacitance (with no change in bulk permittivity) with increasing
fatigue cycles in Pt/PZT/Pt capacitors. This observation has been attributed to the build up
of space charge in the interface regions.

According to the above model, it is concluded that several requirements have to be
satisfied for observing high fatigue rate. Generally, there should be enough high oxygen
vacancy concentration in the materials; and these oxygen vacancies should have reasonable
mobility to move under an applied electrical field. Additionally, there should be good trap
sites existed in the cell. By applying an electric field, these oxygen vacancies will easily
move in one direction towards the electrode. By changing the applied field direction, i.e.,
ac electric field, those oxygen vacancies which have already reached the interface are
trapped by some abnormal positions at the interface and are not able to move back to the
bulk. As a result, these trapped oxygen vacancies create the space charges at the
electrode-ferroelectric interface and fatigue happens. Referring this, the reason of less
fatigue in the materials is possibly due to one of these factors, e.g., low defect
concentration, low mobility and absence of good trap sites in the materials, or the
combining effect of these factors.

The above concepts of fatigue are now applied to bismuth layered oxides SBT and

SBN. The layer-type structure of SBT/SBN is comprised of a stacking of 2 perovskite-like
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units of O-R-O (R denote Ta or Nb) chains between Bi,O, layers along the
pseudotetrahedral c-axis. As mentioned previously, oxygen vacancies are considered as
the most mobile charges in perovskite ferroelectrics. Additionally, for highly conductive
oxides like Bi,O,, the conducting species were also found to be oxygen vacancies.
Considering these two structures, it is assumed that the most mobile charges in bismuth
layered oxide are oxygen vacancies and they are responsible for the ionic conductivity in
the materials [102,103]. The fatigue behavior in SBT/SBN is then discussed via bulk ionic
conductivity in these materials.

The model of fatigue behavior in SBT and SBN is illustrated in Figure 6-1. This
model is built on the basis of the assumptions of oxygen vacancy concentration, mobility,
and the existence of trap sites in these materials. There are two hypothesises that lead to
the characteristics of fatigue resistance for these materials. According to the model, the
first hypothesis is that there is considerably low defect concentration in the materials.
Therefore, the amount of defects accumulated at the trap sites (e.g., electrode-ferroelectric
interfaces) is very little within a limited time. The space charges created in this case are not
significant so that no fatigue properties is observed. According to this hypothesis, the bulk
ionic conductivity in SBT/SBN should be considerably low, because of low defect
concentration.

The second hypothesis to be considered is high defect concentration in these
materials. In this case, the defect mobility can be either low or high. In the case of low
defect mobility, high defect concentration may lead to a medium ionic conductivity in the
bulk materials. On the other hand, the case of high defect mobility associated with high
defect concentration may lead to a high ionic conductivity in the materials. For both cases,
the defects could probably reach the electrode-ferroelectric interface in a limited time and

are blocked by the electrode under an applied electric field. However, for the absence of
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ferroelectric fatigue for SBT/SBN, the possible reason is that the easy recovery from the
entrapment of these defects. Once the applied electrical field is switched, these defects can
easily move back to the bulk from the trap sites. Because of no defects accumulation,
there is no space charges created at the interface therefore the resistance to fatigue is

increased.

According to this fatigue model, the mechanism of fatigue resistance in SBT and
SBN is able to be identified by detecting the bulk ionic conductivity of these materials. To
obtain the bulk ionic conductivity, the complex impedance was employed and it was
shown to be a convenience technique which allowed to separate the contribution of the

bulk from the total cell impedance.

6.3 Complex Impedance And The Equivalent Circuit Models

The use of complex impedance plane for the analysis of electrochemical reactions
was introduced by Sluyters [104]. The complex impedance presentations represent the
most basic form of information about the dielectric properties of a substance and they
form the basis of most interpretational analysis on experimental data, i.e. the presence of
inhomogenieties at separate regions characterized by different dielectric properties. The
frequency-dependent complex impedance can be expressed by the combination of

frequency-independent resistance and capacitance as shown below

Z*=R-jX=R-jloC (6-2)

where R is resistance, X is reactance and C is capacitance of the cell. As pointed out by

Bauerle[105], this technique allows the separation of several contributions to the total cell
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impedance, arising from bulk conduction and interfacial phenomena, as polarization effects
at the electrode-electrolyte interfaces. Powers and Mitoff [106] have also achieved the
experimental separation of electrode and grain boundary effects from bulk conductivities
in B-alumina electrolyte.

The successful separation of intergranular from bulk phenomena depends
ultimately on the choice of an appropriate equivalent circuit to represent the electrolyte
properties. Armstrong et al. [107] have used equivalent circuit models in complex
impedance planes to simulate the effects of blocking electrodes, grain boundaries, etc., and
have shown that this method of circuit analysis can be applied to practical systems. There
are several models of specific examples illustrated in Figure 6-2. In these models, the
terms blocking , non-blocking and absorption have to be defined. These terms are applied
to electrodes and they describe the degree to which the mobile ions in the electrolyte can
penetrate the electrode material. A completely blocking electrode is the one which no
penetration of the mobile ions can occur. The equivalent circuit and predicted complex
impedance plane of this case are illustrated as Figure 6-2 (a), where Cg is a geometric
capacitance of electrolyte, Rv is its bulk resistance, ®," is equal to (RsCg)!, and Ca is the
capacitance which arises from the effect of mobile ions blocked by electrodes at electrode-
electrolyte interfaces.

The opposite situation is that involving non-blocking electrodes which equivalent
circuit model is shown in Figure 6-2 (c). Here, Ra is a charge transfer resistance between
the electrode and electrolyte and w,” is equal to (CaRa)!. For the case when charge
transfer resistance for mobile ion transfer between the electrode and electrolyte is less than
that between adjacent layers in the bulk of the electrolyte, the interfacial impedance

becomes negligible and the equivalent circuit reduces to Ro in parallel with Cg.
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The case of absorption, as shows in Figure 6-2 (b), is because some abnormal
positions of the proximity of electrode surface become possible for the mobile ions and
lead to the entrapment of these mobile ions. In this case, Ca is a capacitance which arises

from the specific adsorption of the mobile ions and w," here is equal to (CaRa)-1.

6.4 Experimental Procedure

From our previous studies [50,51,53,108,109], good ferroelectric hysteresis
properties were obtained for SrBiy(Ta, Nb,),0, solid solution system. In this research,
SrBi,Ta,0, (or SBT) and SrBi,Nb,O, (or SBN) were selected so that the properties may
be extrapolated to the solid solution system. The reason for using bulk materials is to
avoid the difficulties rising from thin film measurement. The bulk of samples were
prepared by solid state reaction as described in Section 2.2. In order to have an external
contact, the platinum electrodes were sputtered onto both sides of SBN pellet. Then it had
a platinum lead attached on the electrodes with platinum paste. Whereas, for SBT sample,
a platinum lead was directly attached on each side of the pellet with platinum paste.

The complex impedance of each sample were then measured by HP4192A
impedance analyzer with a four terminal-shielded two terminal extension configuration.
The applied frequency was scanned from 10 Hz to 1M Hz with no bias voltage applied. A
very small oscillating amplitude (50 mV) was applied for each measurement. During the
measurement, the heat treatment was carried out in a stand-alone oven controlled by
OMEGA mode CN9000 temperature controller through a temperature range from room
temperature to 700°C. The applicability of the impedance spectroscopy is limited only by
the accuracy and range of the laboratory impedance analyzer. HP4192A can measure

impedance in the frequency range of 5 Hz to 13 MHz. The upper limit of the measured
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impedance value is approximately 1.3 MQ. This value was shown to be the important

limitation in the application of impedance spectroscopy.
6.5 Experimental Results
6.5.1 Complex Impedance of SrBi,Ta,0,

The complex impedance of the samples was measured with temperature ranging
from room temperature to 650°C, and across a frequency range from 10 Hz to 1 MHz.
Because the resistance limitation of the instrument is only about 1.3 M(), the elevated
temperatures are required to bring sample resistance below the limitation. Figure 6-3 (a),
(b) and (c) show the typical examples of complex impedance planes for SBT ceramics at
108°C, 400°C, and 575°C. To a first approximation, these complex impedance planes can
be represented by the equivalent circuit models shown in these Figures. Each semi-circle is
represented by a parallel RC circuit which is corresponding to the individual component of
the material, ie., grain , grain boundary and electrode-ferroelectric interface. The
resistances of each component can be obtained from the mtersections of the arcs with x-
axis; the capacitance can be calculated from the equation, w;R;C; = 1, where w; is the
frequency at the maximum of the semi-circle for i component. The calculated R and C
values for each component at elevated temperatures are shown in these figures.

For temperatures below 400°C, similar complex impedance planes were observed
with only one semicircle representing the bulk behavior as shown in Figure 6-3 (a). The
bulk behavior of SBT ceramics is described in terms of the grain resistance Rg and the
grain capacitance Cg in parallel, as illustrated in Figure 6-3 (a). The model of a parallel RC

circuit was verified by a straight line observed in the admittance spectrum as shown in the
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Figure 6-3(a). Complex impedance plane of SBT ceramics (with Pt-electrodes)
measured at 108°C. (Sintering temperature: 1280°C/3 hrs; sample

area = 1.1759 cm’; sample thickness = 0.1498 cm)

- Right upper figure: complete spectrum of the complex impedance.

- Left upper figure: complex adimittance plane at 108°C.
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upper left comer of Figure 6-3(a). The whole spectrum of the complex impedance at
108°C is shown in the upper right comer of Figure 6-3(a); an inclined spike observed at
low frequencies represents the effect of blocking capacitor at the electrode-ferroelectric
interface and denoted by Cp) in the equivalent circuit. As it was mentioned by
Bauerle[105], this spike shown at low frequencies attributes to polarization at electrode-
electrolyte interface and it would arise if charge carrier is mobile ions. In this case, the
value of Rg obtained at the intersection was then recognized as a resistance corresponding
to ionic conduction motion resulted from the mobile species of oxygen vacancies.
However, when temperature increased to above 400°C, the semicircle representing
grain boundary effect became visible at low frequencies, e.g., Figure 6-3(b). As
temperature increased further, e.g., above 500°C, three semicircles at high, moderate and
low frequencies were detected corresponding to the dielectric behaviors arising from the
grain interior, grain boundary and the electrode-ferroelectric interface polarization, e.g.,
Figure 6-3(c). The high temperature representations such as Figure 6-3(b) and (c) can be
represented by the equivalent circuit shown in Figure 6-3(c). Three parallel RC circuit
elements in series are corresponding to the dielectric behaviors of grain, grain boundary
and electrode-ferroelectric interface, respectively. The correlation of these components in
the complex impedance was investigated by the temperature dependence resistances
obtained from the complex impedance plane as shown in Figure 6-4. It was found that the
values of Ry and Rgp, obtained from the two semi-circles in high and moderate
frequencies, showed a strong similarity in their temperature dependence. This suggests
that the resistance Rg and Rgp may arise from the same type of physical process. In other
words, the two semi-circles in high and moderate frequency regions may represented the
dielectric behaviors of SBT arising from grain interior and grain boundaries. Generally,

grain boundaries exhibit high resistance in comparison to grain interior. As a result, the
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Figure 6-4. Temperature dependence resistance of SBT grain interior (R,),
grain boundary (Rgb), and electrode-ferroelectric interface (R,).
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semi-circle in high frequency region was recognized as the impedance of SBT grain
interior (or bulk SBT), while the semi-circle in moderate frequency region was recognized
as the impedance of grain boundaries. Thus, the values of Rg and Rgb corresponded to the
resistances of bulk and grain boundaries, respectively. Consequently, the third semi-circle
in low frequency region was then referred to the impedance of electrode-ferroelectric
interface. From Figure 6-4, it was also found that the temperature dependence of
electrode-ferroelectric interface resistance, R;;, corresponded to a thermally activated
process with a higher activation energy approximately 1.5 eV. According to the Bauerle's
argument, this thermally activated process is possibly resulted from an electron-transfer

reaction at the electrode-ferroelectric interface.

6.5.2 Complex Impedance of SrBi,Nb,O,

Similar to SBT, the complex impedance of SBN was measured with temperature
ranging from room temperature to 700°C, and across a frequency range from 10 Hz to 1
MHz. Figure 6-5 (a) and (b) show the typical examples of complex impedance planes of
SBN at 100°C and 600°C, respectively. For temperature below 450°C, similar complex
impedance planes were obtained as illustrated in Figure 6-5(a). In this low temperature
region, only one semi-circle representing bulk dielectric behavior was observed. The
corresponding equivalent circuit is also shown in this figure. A inclined spike shown at low
frequencies indicated that the resistance Ry corresponded to the ionic conduction motion
resulted from oxygen vacancies movement. The values of R and C are shown in these
figures.

When temperature increased above 450°C, a broad second semi-circle began to

show in low frequency region. As temperature increased further, e.g., to about 700°C, the
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complex impedance planes were similar to the typical example shown in Figure 6-5(b). In
this high temperature region, two semi-circles were shown associated with a small spike in
low frequency end. The corresponding equivalent circuit for high temperature
representation is also shown in Figure 6-5(b), which has two parallel RC circuit in series in
conjunction with a blocking capacitance. How this complex impedance representation
correlates to the material properties can be seen from the temperature dependence
resistance as shown in Figure 6-6. A very strong similarity of Rg and Rgy, in temperature
dependence was observed. These two parallel lines indicate that the resistances Rg and
Rgp may be resulted from the same conduction mechanism. This suggests that the two
semi-circles observed in high temperature region may represent the dielectric behavior of
SBN arising from the grain interior and grain boundaries. Since grain boundaries normally
exhibit higher resistance than grain interior; as a result, the first semi-circle in high
frequencies region may refer to the bulk behavior while the second semi-circle in low
frequencies region may represent the dielectric behavior of grain boundaries. In the case of
SBN, the effect of electrode-ferroelectric interface was simply shown by a electrode

blocking effect.
6.6 Discussion

By complex impedance study, the effect of ion transport within the bulk ( or grain
interior) was separated from the whole cell impedance. According to the above results, the
bulk ionic conductivity, o;, can be derived from the bulk resistance, Rg, by a geometric
factor. Figure 6-7 shows the temperature dependence bulk ionic conductivities of SBT and
SBN. For both cases, a temperature, Ty, was observed (i.e., 283°C for SBT and 340°C for

SBN) at which the conduction mechanism changed. Below this temperature, the o;j's were
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found to be not sensitive to the measuring temperatures and with the values of about 10~
S/cm. However, for the temperatures above T;, the oj's were found to be thermally
activated with the activation energies about 0.81 eV and 0.95 eV for SBT and SBN,
respectively.

It is interesting to note that these Ty's of SBT and SBN were found to be close to
the Curie temperatures (T.) of these materials. As it is shown in Figure 6-8, the Curie
temperatures were observed at around 320°C and 420°C for SBT and SBN, respectively.
This suggests that the changes in the temperature dependence of bulk ionic conductivity is
possibly associated with ferroelectric-paraelectric phase transformation around the T,.

The ionic conductivity of the materials, oj, can be expressed by

o, = aneuj (6-3)
J

where H; is the mobility of ; mobile charges and 7 the number of the mobile charges which
corresponds to the defects concentration in the material. It can be seen that the ionic
conductivity can be changed by changing either the number of mobile charges or the
mobility. However, in the cases of SBT and SBN, abrupt changes of defect concentration
at around Curie temperatures should not be expected because, in this temperature region
(ie., around 300-400°C), the temperatures are significantly low for intrinsic defects
creation. Consequently, according to the Equation (3), the abrupt changes of
conductivities at around Curie temperatures for SBT and SBN is resulted from the
mobility changes in the materials. This suggests that the change in conduction mechanism
around T; could be related to the change in mobilities (u;) due to ferroelectric to

paraelectric phase transformation. However, how the polarization state affects the
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mobilities in these materials is not clear at this point. Further studies are needed for
understanding ferroelectric conduction mechanism.

According to the previous researches [103,110,111], the values of bulk ionic
conductivities of perovskite ferroelectric materials (e.g. PZT and BaTiO;, etc.) are
approximately 10-1! - 1019 S/cm at 100°C and the activation energies are about 1 eV in
high temperature region. In comparison, the bulk ionic conductivities of SBT and SBN are
much larger (about 107 S/cm as shown in Figure 6-7)) than those for the perovskite
ferroelectric materials at the same temperature. This suggests that high ionic conductivities
of these materials in ferroelectric state may be the result of either high defect
concentration or high charge mobility in the materials.

According to the fatigue model, the high ionic conductivities and less fatigue lead
us to conclude that the reason for fatigue resistance of these materials is possibly due to
the easy recovery of these oxygen vacancies from the entrapments. As a result, the oxygen
vacancies which reach the interface can easily move back to the bulk ferroelectric when
switching the applied field. Consequently, no space charge built up at the interfaces and no
fatigue phenomenon is observed.

In the same time, the high temperature complex impedance planes of SBT and
SBN also showed that no specific absorption occurred at electrode-ferroelectric interfaces.
For SBT, the charge-transfer resistance, R;;,, at electrode-ferroelectric interface is due to
electron-transfer at the interface. This electron-transfer is associated with oxygen
dissociation at the electrode-ferroelectric interface caused by highly porosity of Pt-
electrodes [105], since the electrodes of SBT sample were simply made by Pt paste. On
the other hand, for SBN sample, dense electrodes were made by sputtering method then Pt

paste was applied for external connection. Therefore, only simple electrode blocking effect
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was observed for SBN. In conclusion, for both SBT and SBN, no specific charge

absorption was observed at the electrode-ferroelectric interfaces.

6.7 Conclusion

For the first time, the fatigue model of bismuth layered oxide, SBT and SBN, is
proposed. In this model, the reasons for fatigue resistance in SBT and SBN were
discussed via the bulk ionic conductivity of the compounds. Complex impedance studies
provides an effective method which allows to separate the dielectric behaviors of bulk,
grain boundaries and electrode-ferroelectric interfaces from the total cell impedance. In
comparison to PZT case, SBT and SBN having perovskite-like layer-type structure
showed much higher bulk ionic conductivities. The high ionic conductivities and less
fatigue were both observed in these materials, which implies either high defects
concentration or mobilities in the materials. Therefore, the model of, which presume low
conductivity, low defects concentration is excluded. Consequently, the possible reason to
explain high resistance in fatigue for bismuth layered oxides is the easy recovery of these
defects from the entrapments at electrode-ferroelectric interfaces. Because of this easy
recovery from the entrapments, no space charges can be generated during the polarization
reversal process. Additionally, the changes of conduction mechanism around Curie
temperatures suggest that ferroelectric polarization may be the key factor that dominates
the mobilities in these materials.

In conclusion, although the fatigue model proposed in this research is an empirical
result and further studies are needed to ensure the model, the ionic transport phenomenon
in bismuth layered oxides, which was studied by impedance spectroscopy study, is shown

to be the key factor contributing to the fatigue minimization.
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Chapter 7. Summary

The results of this research are summarized as below:
7.1 Thin Film Characterization
7.1.1 Low Temperature Process Approach

In Chapter 3, we present for the first time the structure development study of
SBTN thin films as revealed by spectroscopic ellipsometry. The technique was shown to
be a non-destructive, convenience and an effective method to obtain the characteristic
temperatures of phase transformation for the films deposited on an opaque substrate, i.e.,
Pt coated Si-substrate. By this optical method, the temperatures of phase transformation
and grain growth were determined by observing the changes in refractive index and films
thickness as functions of annealing temperature. The consistent results were obtained from
X-ray diffraction measurement. By comparing 'the results of the structure development
study and ferroelectric hysteresis properties investigation, the onset temperature of well-
defined hysteresis curves for SBTN films were determined. The critical factor for
obtaining well-defined hysteresis properties was found to be the grain size. Even though
the nucleation was observed at the temperatures as low as 550°C for SBT films with 50%
excess Bi, no ferroelectric properties were detected untill the grain size is grown larger
than a critical value, i.e., 0.1 um in width and 0.27 in length. It was also found that, the
additional amount of Bi in SBTN films enhanced the grain growth process and improved

the ferroelectric properties dramateically. Without excess Bi, the grain size of SBT films is
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far beyoung the critical value and no ferroelectric hysteresis properties were detected
below 800°C. However, when the 50% excess Bi was added into SBT film, the grain size
was enhanced a lot and the TyH was observed at about 700°C. Moreover, the onset
temperatures for obtaining well-defined hysteresis properties can also be reduced by
substituting the Ta ions with Nb ions. By choosing SBN with 50% excess Bi, the T was

reduced to about 650°C.

7.1.2 Optimized Process Parameters for SBT Thin Film by MOD Method

1. For SBT thin films made by MOD method, the compounds with additional amount
of bismuth were required to have good ferroelectric properties. The results suggest that
the optimized composition for SBT films to have good ferroelectric hysteresis properties
is with 30 - 50% excess bismuth in the films with respect to grain size, crystallographic
orientation and single phase formation. Within this composition range, the limited solid
solution of SBT and Bi,0, was formed. The formation of solid solution enhanced the
grain size and the degree of a-b plane orientation of SBT films, resulting in improved
hysteresis properties of low leakage current density (~ 10° A/cm?) and high ramanent
polarization (2P, ~ 12 C/cm?). For the compound with excess bismuth amount more
than 50%, highly conductive Bi,0; was observed as a second phase and led to high

leakage current and poor ferroelectric properties.

2. A post-top-electrode-deposition annealing was found to be necessary to obtain the
symmetric ferroelectric hysteresis loop as well as improve the ferroelectric properties. The
asymmetric hysteresis loop obtained after first annealing could be due to the asymmetry of

top and bottom electrode-ferroelectric interfaces. Post-electrode deposition annealing
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might change the electrode-ferroelectric interfaces so that improved the ferroelectric

hysteresis properties.

7.2 Characterization of SBTN Bulk Ceramics

7.2.1 Optical Properties

The optical dispersion functions of SBTN bulk ceramics shown in Chapter 5 were
obtained for the first time. The refractive indices of SBTN were found to vary with Ta/Nb
ratio. The variation of refractive indices with composition could be due to the geometric
arrangement of atoms. The approximate energy band gaps of the compounds were

estimate by %@ using the Lorentz Oscillator model with a surface layer correction. The

estimated Eg's for SBTN solid solutions were about 5 eV.

7.2.2 Fatigue Behavior in SBT and SBN

In Chapter 6, the fatigue model of SBT and SBN was proposed for the fist time.
The reasons for fatigue resistance of SBT and SBN were discussed via the bulk ionic
conductivity of the compounds. To obtain the bulk ionic conductivity, impedance
spectroscopy study was employed which provides an effective method allowing to
separate the individual contributions of bulk, grain boundaries and electrode-ferroelectric
interfaces from the total cell impedance. The impedance spectroscopy study suggested that
the conduction mechanism of SBT and SBN was mainly contributed by ion migration. It
was found that the bulk ionic conductivities of SBT and SBN (~ 107 S/cm) were much

higher than for perovskite ferroelectrics, i.e, PZT (~ 10-1! - 10-1° S/cm). According to the
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proposed fatigue model in Chapter 6, the high ionic conductivities and less fatigue led us
to the conclude that the reason for fatigue resistance in SBT and SBN was possibly due to
easy recovery of defects, i.e., oxygen vacancies, from the entrapments at electrode-
ferroelectric interface, because of which, no space charges can be generated during the
polarization reversal process. Additionally, the changes of conduction mechanism of
SBT/SBN around Curie temperatures suggest that ferroelectric polarization may be the

key factor that dominates the charge mobilities in these materials.
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Chapter 8. Future Works

The structure and properties interrelationship of SBTN was studied in detail in this
research. However, the results of this research are still far from final The fully
characterization of SBTN compounds is not complete yet. In order to achieve the final
goal of non-volatile memory device application, further studies on the fundamental
understanding of the materials need to be done. The following are the suggestions for

future research.

8.1 Thin Film Characterization

It is a challenge to reduce the processing temperature of SBTN thin films
fabrication. In other words, not only crystalline layered structure has to be formed at low
temperature, but the well-defined ferroelectric hysteresis properties also have to be
developed at low temperature. In Chapter 2, we learned the grain size effect on
ferroelectric properties. To reduce the onset temperature of well-defined ferroelectric
hysteresis properties, we should be able to grow larger grains at lower temperature. It has
been shown that larger grain can be obtained at temperature as low as 650°C by choosing
SBN compound with 50% excess Bi. At this temperature, a saturated hysteresis curve was
developed. However, the values of 2P, are low and E are high at such low temperature.
This might be due to that the process parameters for SBN were not optimized yet. The
results of this research suggest that the SBTN solid solutions have highly potential to
develop low temperature processing for the application. Although the properties of SBTN

solid solution system were studied in this research, the fully characterization is not
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complete. In order to investigate the optimum process parameters, further characterization
need to be completed for SBTN solid solution system.

In addition to the optimized process parameters, the results of this research also
suggest that combining effect of grain size and crystallographic orientation can improve
the ferroelectric hysteresis properties at low temperatures. It has been shown in Chapter 2
and 3 that the grain size and crystallographic orientation are two important factors that
affect the ferroelectric hysteresis properties of SBTN films. However, it cannot tell which
one is dominant for exhibiting good ferroelectric properties because the effects of grain
size and lattice orientation could not be separated in the present work. For the case of
SBT with 50% excess Bi, a-b plane preferred orientation and larger grain were observed
simultaneously within temperature range of 650 - 700°C. Therefore, we hypothesize that,
for the same preferred orientation ratio, larger grain size will give higher P, values. To
show this, the effects of grain size and lattice orientation have to be separated. To
approach this, one may fabricate several films with different deposition techniques and
different parameters so that it will provide the films with various grain size and lattice
orientation. By comparing the ferroelectric properties (i.e., P, values) with the grain size

and orientation, one may be able to separate the contributions from these two factors.

8.2 Bulk Ceramics Characterization

The fatigue model for bismuth layered oxides proposed in this research is the
preliminary results from impedance spectroscopy study. The model was built on several
assumptions, e.g., oxygen vacancy conducting species and defect entrapment at electrode-
ferroelectric interface. According to the model, the behavior of less fatigue for SBT and

SBN is possibly due to easy recovery of the defects from the entrapment. One of the
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possibilities leading to this result is the small energy barrier height at the interface.

Therefore, to ensure the proposed fatigue model, the further studies shown below are

suggested:

1. Oxygen vacancy conducting mechanism

2. determination of energy barrier height at electrode-ferroelectric interface.

According to the present study, high ionic conductivity indicates high oxygen vacancy
concentration. If this is the case, one may detect oxygen vacancy conduction behavior as a
function of oxygen partial pressure.

Moreover, the results of impedance spectroscopy studies of SBT/SBN also
suggest that the change in conduction mechanism around Curie temperature could be
related to the change in charge mobilities due to ferroelectric to paraelectric
transformation. However, how the polarization state affects the mobilities in these
materials is not clear at this point. Therefore, further studies are also needed for

understanding ferroelectric conduction mechanism.
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Appendix A

This appendix collects figures not presented in Chapter 5 for the optical dispersion
function (i.e., 7 and k) of SBTN bulk ceramics. They are:

Figure A-1 ~ A-6 Wavelength dependence refractive index of SrBiy(Ta,_
Nb,),0, by Cauchy dispersion model.

Figure A-7 ~ A-12  Wavelength dependence refractive index of SrBiy(Ta,_
Nb,),0, by Lorentz Oscillator model.

Figure A-13 ~ A-18 Wavelength dependence extinction coefficient of SrBiy(Ta,_
Nb,),0, by Cauchy dispersion model.

Figure A-19 ~ A-24 Wavelength dependence extinction coefficient of SrBi,(Ta,_
Nb,),0, by Lorentz Oscillator model.

Figure A-25 ~ A-30 Dispersion curves of absorption coefficient for SrBi,(Ta,_
Nb,),0, by Cauchy dispersion model.
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Figure A-1. Wavelength dependence refractive indices of SrBi Ta,O, bulk and
surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-3. Wavelength dependence refractive indices of StBi(Ta  Nb  ,),0, bulk
and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-4. Wavelength dependence refractive indices of StBi(Ta, Nb, ),0, bulk
and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-5. Wavelength dependence refractive indices of SrBi (Ta, ,Nb ,),0, bulk
and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-6. Wavelength dependence refractive indices of SrBi,Nb,O, bulk
and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-7. Wavelength dependence refractive indices of SrBi,Ta,O, bulk and
surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-8. Wavelength dependence refractive indices of SrBi (Ta  Nb, ,),0, bulk
and surface layer (EMA) obtained by Lorentz Oscillator model.

143



3.5
SrBi,(Ta, (Nb, ,),0,

Sintering at 1260°C/3hrs
by Lorentz Oscillator model

B o o nbulk

nEMA

Refractive Index (n)

200 400 600 800 1000
Wavelength (nm)

Figure A-9. Wavelength dependence refractive indices of SrBi(Ta, Nb, ,),0, bulk
and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-10. Wavelength dependence refractive indices of StBi,(Ta, Nb, ,),0, bulk
and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-11. Wavelength dependence refractive indices of StBi,(Ta  ;Nb .),0, bulk
and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-12. Wavelength dependence refractive indices of SrBi,Nb,O, bulk
and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-13. Wavelength dependence extinction coefficients of SrBi,Ta,O, bulk
and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-14. Wavelength dependence extinction coefficients of SrBi(Ta, Nb, ,),0,
bulk and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-15. Wavelength dependence extinction coefficients of SrBi(Ta, Nb ,),0,
bulk and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-16. Wavelength dependence extinction coefficients of StBi,(Ta, Nb ;),O,
bulk and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-17. Wavelength dependence extinction coefficients of SrBi,(Ta, ;Nb, ,),0,
bulk and surface layer (EMA) obtained by Cauchy dispersion model.
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Figure A-18. Wavelength dependence extinction coefficients of SrBi,Nb,O,
bulk and surface layer (EMA) obtained by Cauchy dispersion model.

153



1.5

_ » SrBi,Ta,0,
- o ak Sintering at 1280°C/3hrs
r EMA by Lorentz Oscillator model
< i
= 1.0
c
= ]
2 _
b=
(h] L
@]
O ]
S 0.5 -
© L
£ %
'§ -
L L
|
0.0
|
l | | 1 | 1 l R { | I | | 1 L | 1

200 400 600 800 1000
Wavelength (nm)

Figure A-19. Wavelength dependence extinction coefficients of StBi,Ta,O,
bulk and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-20. Wavelength dependence extinction coefficients of SrBi,(Ta, Nb,),0,
bulk and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-21. Wavelength dependence extinction coefficients of SrBi(Ta, Nb, ,),0,
bulk and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-22. Wavelength dependence extinction coefficients of SrBi,(Ta, ;Nb, ,),0,
bulk and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-23. Wavelength dependence extinction coefficients of SrBi (Ta,,Nb, ,),0,
bulk and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-24. Wavelength dependence extinction coefficients of StBi,Nb,O,
bulk and surface layer (EMA) obtained by Lorentz Oscillator model.
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Figure A-26. Dispersion curve of absorption coefficient for StBi(Ta, [Nb ,),0,
bulk Ceramics obtained by Cauchy dispersion model.
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Figure A-27. Dispersion curve of absorption coefficient for SrBi,(Ta, [Nb, ,),0,
bulk Ceramics obtained by Cauchy dispersion model.
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Figure A-28. Dispersion curve of absorption coefficient for SrBi,(Ta, ;Nb ;),0,
bulk Ceramics obtained by Cauchy dispersion model.
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Figure A-29. Dispersion curve of absorption coefficient for StBi (Ta,,Nb, ,),0,
bulk Ceramics obtained by Cauchy dispersion model.
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Figure A-30. Dispersion curve of absorption coefficient for SrBi,Nb,O,
bulk Ceramics obtained by Cauchy dispersion model.
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Appendix B

This appendix collects figures not presented in Chapter 6 for impedance
spectroscopy of SBT and SBN bulk ceramics as a function of temperatures. They are:

Figure B-1 ~B-18  Complex impedance plane of SrBi,Ta,Oq bulk ceramics at
various temperatures, from room temperature (25°C) to
650°C.

Figure B-19 ~B-31 Complex impedance plane of SrBi,Nb,Og bulk ceramics at
various temperatures, from room temperature (25°C) to

700°C.

166



6e+5
. Complete Spectrum
PUSrBi,Ta,0,/Pt o
o 2.0e+6 — [
] at 25°C .
%_ 1.5e+6 —
Sintering at 1280°C/3hrs
Area = 1.1759 cm? 10076
4e+5 — Thickness = 0.1498 cm ours
R, =4.91X10° Q "o
0.0e+0 T I T T
—~ Cg = 74 PF 0.0e+0 50e+5 1.0e+6 15e+6 2.0e+6
S A
2e+5
[ ]
Oe+0 N I
0e+0 2e+5 4e+5 Ry 6e+5

Figure B-1. Complex impedance plane of SrBi, Ta,O, bulk ceramics at 25°C.
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Figure B-2. Complex impedance plane of SrBi, Ta,O, bulk ceramics at 108°C.
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Figure B-7. Complex impedance plane of SrBi, Ta,O, bulk ceramics at 300°C.
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Figure B-8. Complex impedance plane of SrBi, Ta,O, bulk ceramics at 310°C.
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Figure B-9. Complex impedance plane of SrBi,Ta,O, bulk ceramics at 320°C.
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Figure B-10. Complex impedance plane of SrBi, Ta,O, bulk ceramics at 330°C.
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Figure B-11. Complex impedance plane of StBi,Ta,0, bulk ceramics at 340°C.
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Figure B-12. Complex impedance plane of SrBi, Ta,O, bulk ceramics at 400°C.
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Figure B-16. Complex impedance plane of SrBi, Ta,O, bulk ceramics at 575°C.
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Figure B-17. Complex impedance plane of SrBi Ta,O, bulk ceramics at 600°C.
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Figure B-18. Complex impedance plane of SrBi, Ta,0, bulk ceramics at 650°C.
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Figure B-19. Complex impedance plane of StBi,Nb,O, bulk ceramics at 25°C.
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Figure B-20. Complex impedance plane of StBi,Nb,O, bulk ceramics at 100°C.
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Figure B-21. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 200°C.
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Figure B-22. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 300°C.
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Figure B-23. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 380°C.
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Figure B-24. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 420°C.
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Figure B-25. Complex impedance plane of StBi,Nb,O, bulk ceramics at 450°C.
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Figure B-26. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 480°C.
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Figure B-27. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 490°C.
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Figure B-28. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 520°C.
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Figure B-29. Complex impedance plane of StBi,Nb,O, bulk ceramics at 560°C.
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Figure B-30. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 600°C.
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Figure B-31. Complex impedance plane of SrBi,Nb,O, bulk ceramics at 700°C.
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