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ABSTRACT 

 Technological advancements in power electronics devices require the 

development of capacitors that are capable of operating at elevated temperature and 

under large applied electric fields. The BaTiO3 – Bi(M)O3 family of dielectrics (where M 

represents a net-trivalent cation or cation pair) has proven to be a promising alternative 

to currently available X7R- and C0G-type capacitors. However, much is yet to be known 

about this class of materials in order to enable design optimization and proper 

integration into industrial applications. This work studies the effects of atomic structure, 

phase formation, processing conditions, and microstructure development of (1-x)BaTiO3 

– xBi(M)O3 on its measured dielectric properties, with a focus on (1-x)BaTiO3-

xBi(Zn1/2Ti1/2)O3. Studies included in this work are in situ hot-stage x-ray diffraction, 

which elucidated the reaction pathways of precursors as they reacted to form 

0.8BaTiO3-0.2Bi(Zn1/2Ti1/2)O3; Rietveld refinements of high resolution x-ray diffraction 

scans of 0.8BaTiO3-0.2Bi(Zn1/2Ti1/2)O3, which provided valuable information about the 

structure(s) at room temperature; studies about overcoming the thermodynamic 

challenge of cofiring copper electrodes with bismuth oxide-based dielectrics, 

accomplished through x-ray diffraction and thermal analysis; and a general review of the 

current understanding of structure-processing-property relationships in BaTiO3-Bi(M)O3 

dielectrics, accompanied by a case study of the microstructure development and 

dielectric properties of a subset of BaTiO3-Bi(M)O3 compositions. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

1.1 Applications: Multilayer Ceramic Capacitors (MLCCs) 

Growing technologies in the power electronics field and other industries are 

demanding the development and utilization of capacitors that are able to operate 

efficiently and effectively at elevated temperatures (≥200 °C) and under large applied 

electric field (≫100 kV/cm, depending on the size and application of the capacitor). For 

example, the heat dissipated by wide bandgap SiC- and GaN-based power electronics 

devices currently necessitates active cooling to accommodate the operating window of 

nearby passive components, including capacitors. Additionally, roughly 30-50% of the 

volume and cost of typical inverters is made up of capacitors, and half of all inverter 

failures are caused by capacitor failures, often as a result of derating for out-of-spec 

operation.1 Such inverters are used in electric and hybrid vehicles, and in large scale 

energy storage and conversion facilities to integrate renewable energy resources into 

the power grid. Capacitor innovations play an essential role in advancing energy 

storage and conversion technology. 

The most common motif for capacitors that are used in such applications is that 

of a multilayer ceramic capacitor (MLCC). A schematic of an MLCC is shown in Figure 

1.1; it consists of alternating combed layers of electrode (metal) and dielectric (ceramic) 

materials, with connecting electrode terminals capping either end. 

 

Figure 1.1 Schematic of a typical MLCC.2 
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The volumetric efficiency of a capacitor is a measure of the capacitance per unit 

volume, and is given by the equation3 = � 0ℎ2         (1.1) 

where C is capacitance, V is volume, r is relative permittivity, 0 is the permittivity of 

free space, and h is the separation between electrodes. Capacitance is defined as the 

ability of a system or body to store an electric charge, and is dependent on the 

geometry of the capacitor/sample and the relative permittivity of the material. Relative 

permittivity is a material property, defined as the ratio between the permittivity of the 

material and that of a vacuum, and it is essentially a measure of the amount of energy 

that can be stored in a material under an applied electric field. Volumetric efficiency is 

particularly important for MLCCs, especially with the constant ambition to create smaller 

and/or more energy efficient devices. 

 The volumetric efficiency can only be increased to a certain point by reducing the 

thickness, after which the applied electric field, given by3 � = �ℎ          (1.2)  

(where UW is the working voltage) reaches the breakdown value, Eb, and the capacitor 

becomes conductive and can no longer store energy. The breakdown voltage is thus 

defined as Ebh, and must be greater than the working voltage by a factor of  such that3 = � ℎ             (1.3)  

By combining Equations 1.1 and 1.3 we arrive at the expression for the maximum 

permissible energy density, given by3 

�2 = � 0�2�2            (1.4)  

The current Electronics Industry Association (EIA) classifications of capacitors 

most commonly used in industry are the NP0/C0G (Class I), X7R (Class II), and Z5U 

(Class III). Class I capacitors have stable capacitance but low volumetric efficiency, and 

are typically used for resonant circuits. Class II capacitors possess higher volumetric 
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efficiency but poor stability, and are typically used for by-pass or coupling applications. 

Class III capacitors are considered “general purpose capacitors” and have the highest 

volumetric efficiency but the lowest stability, and are made of ferroelectric materials.4 

Table 1.1 lists typical values for volumetric efficiency, energy density, operating 

temperature range, and the maximum change in capacitance over the operating 

temperature range for these three classes of capacitors. The most recently developed 

Class II capacitor is the X9R, which can operate from -55 to +200 °C with ±15% 

capacitance change. 

 
Table 1.1 Typical specifications for NP0/C0G, X7R, and Z5U capacitors. 
*The values were calculated based on stated maximum ‘working’ voltages.3 

Capacitor 

type 

Typical volumetric 

efficiency 

(μF/cm3) 

Typical working 

energy density* 

(mJ/cm3) 

Temperature 

range (°C) 

Capacitance 

change 

NP0/C0G 0.5 3 1.5 3 -55 to +125 4 ± 30 ppm/°C4 

X7R 30 3 35 3 -55 to +125 3, 4 ± 15%3, 4 

Z5U 300 3 40 3 +10 to +85 4 +22%, -56%4 

 

While the currently available X7R and X9R classes of capacitors are the result of 

careful and persistent engineering and design of BaTiO3-based compositions, the 

existing approach used to extend the operating temperature is becoming obsolete for 

temperatures significantly larger than the Curie Temperature (defined in the following 

section; the Curie Temperature for BaTiO3 is ~125 °C). BaTiO3 and Pb(Zr0.52,Ti0.48)O3 

(PZT) –based ceramics have historically been the first choice of materials to consider 

for dielectric applications; however, the relatively low and narrow operating temperature 

of BaTiO3 and environmental concerns over the toxicity of lead have instigated an 

ongoing investigation into alternative material options. 

1.2 Background: Perovskite Structure 

BaTiO3 and PZT both have the perovskite crystal structure, a highly versatile 

structure having the general formula ABX3, where A is a cation much larger than the B 
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cation, and X is an anion. Figure 1.2 shows a typical unit cell representation of the 

structure, with the A-sites sitting on the corners (0, 0, 0), the B-site at the center (½, ½, 

½), and the X-sites (oxygen) on the faces (½, ½, 0). Since the subject of this research 

does not concern non-oxide perovskites, the X-site will be referred to as the oxygen site 

or O-site. Materials with the perovskite structure often exhibit interesting properties such 

as ferroelectricity and piezoelectricity. The origins of these properties are caused (either 

directly or indirectly) by the tendency of the B-site cation to be displaced from its central 

position, either spontaneously or in response to an external force or field. 

 

Figure 1.2 Schematic of the cubic perovskite ABO3 structure. Blue spheres on the 
corners represent the A-cations (12-coordinated), the black sphere in the center 
represents the B-cation (6-coordinated), and the red spheres on the faces represent the 
oxygen anions.5 
 

Examining the geometry of the perovskite structure reveals the relationship3 + � = � + �                (1.5)  

where RA, RB, and RO are the ionic radii of the A, B, and oxygen ions, respectively, and t 

is the tolerance factor, typically in the range of 0.95 ≤ t ≤ 1.06. For a perfectly cubic 

structure t = 1 (e.g., in the case of SrTiO3); when t ≠ 1, small distortions in the lattice 

occur in order to reduce the lattice energy, resulting in a change in the net structure. For 

t >1 tetragonal phases are observed, and for t <1 rhombohedral or orthorhombic phases 

are observed. Perovskites can also exist in a type of mixed symmetry known as 

pseudocubic. This term is used to describe a lattice system that is locally non-cubic due 

to small distortions in the lattice, but globally the long-range structure averages out to be 

cubic. 
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1.3 Background: Ferroelectricity 

Ferroelectric materials are characterized by a spontaneous and reversible 

polarization, even in the absence of an applied electric field. BaTiO3 is a classic 

example of a ferroelectric material, with a Curie point of ~125 °C, corresponding to a 

first order phase transition from tetragonal (P4mm) below TC to cubic (Pm3m) above TC. 

BaTiO3 also experiences other first order phase transitions from tetragonal to 

orthorhombic at zero °C, and orthorhombic to rhombohedral at -90 °C. These phase 

transitions are illustrated in Figure 1.3. 

 

Figure 1.3 Illustrations of the phase transitions of BaTiO3.3 
 

Normal ferroelectrics such at BaTiO3 follow the Curie-Weiss Law3  

� = −            (1.6)  

where r is relative permittivity, C is the Curie constant, T is the measurement 

temperature, and TC is the Curie point. The softening of the lattice accompanied by the 

phase transition causes a large maximum in relative permittivity, which drops off with a 

1/T dependence above TC and is independent of frequency. The relative permittivity of 

BaTiO3 as a function of temperature is shown in Figure 1.4; each peak represents the 
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transition from one phase to another, with the maximum relative permittivity value (on 

the order of tens of thousands) occurring at the tetragonal-to-cubic transition. 

 

Figure 1.4 Relative permittivity versus temperature for BaTiO3, a prototypical 
ferroelectric material. Each peak in relative permittivity represents one of the three 
phase transitions.3 
 

1.3.1 Relaxor Ferroelectrics 

 Relaxor ferroelectrics (relaxors) also display local spontaneous polarization, but 

where normal ferroelectrics contain macro-sized ferroelectric domains, relaxors are 

characterized by having nano-sized polar domains, often referred to as polar nano-

regions (PNRs).  

Relaxors are perhaps best described by their behavior near the Curie point. 

While normal ferroelectrics exhibit a first-order transition at the Curie point, relaxors 

deviate from the Curie-Weiss law, experiencing a diffuse phase transition (DPT). 

Instead of following Curie-Weiss behavior like normal ferroelectrics, the relative 

permittivity of relaxors can be described by the quadratic Curie-Weiss law, given by6, 7 
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� ��,� = + ( − � � )2 � ≤ ≤       (1.7)  

where max is the maximum relative permittivity at Tm, Tm is the temperature of the DPT, 

γ is the degree of dielectric relaxation (where γ = 1 corresponds to a first-order 

ferroelectric phase transition), and γ is the degree of diffuseness for the transition 

peaks. The DPT is not a first order transition, and is characterized by a broad peak in 

relative permittivity, with a strong frequency dispersion. The frequency dispersion at the 

dielectric maximum follows the Vogel-Fulcher law8, 9 

= �� ( �( � �− �))                     (1.8)  

where f is the measurement frequency, f0 is a fitting parameter, k is the Boltzmann 

constant, and Ea is activation energy.  

 An example of typical relaxor behavior is shown in Figure 1.5 for 

Pb(Mg1/2Nb1/2)O3 (PMN).  

1.4 (1-x)BaTiO3 – xBi(M)O3 Dielectrics 

By substituting select ions (or pairs of ions) onto the B-site of the perovskite 

BaTiO3, the emergence of relaxor behavior can be initiated. This class of materials is 

generally referred to as (1-x)BaTiO3 – xBi(M)O3 (barium titanate – bismuth metal 

oxides), where M represents a net trivalent cation or pair of cations, and the emergence 

of relaxor behavior occurs at different values of x, depending on the system. The 

structure and properties that arise from variations in B-site cation substitution are 

summarized in Chapter 2 and in work by Milne and Zeb10 and Huang.11 Also noteworthy 

is the fact that Bi-based relaxors exhibit an order of magnitude different activation 

energies than Pb-based relaxors when Vogel-Fulcher analysis is done (this is tied to the 

temperature stability), and for this reason they are referred to as “weakly-coupled 

relaxors.”12, 13 
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Figure 1.5 Relative permittivity and dielectric loss as a function of temperature and 
frequency for Pb(Mg1/2Nb1/2)O3 (PMN), a typical relaxor ferroelectric material.3 
 

In some systems (e.g., BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3 (BT-BZT-BS)14, 15) the 

relative permittivity remains relatively constant over a broad temperature range instead 

of the gradual decrease in permittivity at elevated temperatures seen in Figure 1.5. 

Such temperature stability of permittivity is an attractive feature for materials to be used 

in capacitors that must operate over wide variations in temperatures. However, the 

exact mechanisms by which this behavior occurs remain elusive. Studies by Krayzman 

et al, and others have proposed various models to explain the mechanisms behind 

relaxor behavior.16, 17 Identifying the origins of this permittivity stability would enable the 

intentional engineering of dielectrics that maximize this phenomenon. 

The bulk of this work focuses on the system BaTiO3 – Bi(Zn1/2Ti1/2)O3 (i.e. M = 

Zn2+ and Ti4+), with a small section (Section 3.2) summarizing a select group of other 

cation substitutions that produce similar properties and microstructures. 
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1.5 Cofiring BaTiO3 – Bi(Zn1/2Ti1/2)O3 with Electrodes 

 While the BaTiO3 – Bi(M)O3 family of dielectrics provide a promising new solution 

to the growing demands for capacitors that must operate at elevated temperatures, the 

bismuth oxide (key to the dielectric performance of the material) necessitates the use of 

expensive precious metals as the electrode component of the capacitor. The intricacies 

involved in cofiring precious metals with bismuth oxide-based dielectrics are detailed in 

work by Wang and Heubner on the cofiring of Ag/Pd electrodes with various bismuth 

oxide-based dielectrics,18, 19 Ogihara et al. for Pt electrodes with 0.7BaTiO3 – 

0.3Bi(Sc)O3 (0.7BT – 0.3BS),20 and Raengthon et al. for Ag/Pd electrodes with 0.5BT – 

0.25BZT – 0.25BS.14 The results of these studies point out the non-trivial nature of the 

processing methods for these types of materials, even when cofiring with materials like 

precious metals that are known to have little reactivity. 

The primary requirements of an effective electrode are low cost and high 

electrical conductivity; considering this alone, Cu seems to be an ideal candidate. 

However, the high processing temperatures of BaTiO3 – Bi(M)O3 dielectrics (≥900 °C) 

makes Cu thermodynamically incompatible with bismuth oxide. Figure 1.6 shows an 

adapted Ellingham diagram showing the thermodynamically stable regions for several 

species of interest, where the lines represent the boundaries between these regions. 

For example, at combinations of temperature and partial pressure of oxygen (pO2) that 

lie above the Bi – Bi2O3 boundary line, the thermodynamically stable compound is 

Bi2O3; conversely, temperature and pO2 combinations that lie below the boundary line 

indicate that metallic Bi will be thermodynamically stable. Note that the boundary lines 

for Bi – Bi2O3 and Cu – Cu2O lie very close to one another. In order for Cu to retain its 

electrical conductivity it must remain un-oxidized, and in order for the bismuth oxide in 

BaTiO3 – Bi(M)O3 to retain its dielectric properties, it must not be reduced. The range of 

temperatures and pressures over which these conditions are thermodynamically 

favorable is so small that it would be nearly impossible to consistently produce those 

conditions in the laboratory (or in industry). This means that in order to consider the 

option of integrating Cu electrodes with bismuth oxide-based dielectrics, a solution must 
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be found that enables the two materials to be cofired while ensuring 1.) the Cu does not 

oxidize or melt, and 2.) the bismuth oxide does not reduce. 

 Precious metals currently account for >99% of the total cost of raw materials 

when used as electrodes in MLCCs. Replacing precious metal electrodes with Cu would 

reduce that expense by up to 4000%. 

 

Figure 1.6 Ellingham diagram showing the thermodynamic equilibrium conditions for 
oxidation/reduction in several species of interest for BT-Bi(M)O3-based capacitors. 
 

1.5.1 Proposed Solution to Thermodynamic Challenges 

 In order to overcome the thermodynamic hurdle of cofiring Cu electrodes with 

bismuth oxide-based dielectrics, a kinetic solution is being investigated. Atomic layer 
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deposition (ALD) technology, provided by Forge Nano (Louisville, CO), enables 

precision coating of oxygen diffusion barriers onto the Cu particles, providing sufficient 

kinetic control to prevent the oxidation of Cu at the relatively high processing 

temperatures and pO2 required for sintering the dielectric. Gaseous precursors engage 

in a self-limiting reaction on the surface of each particle, enabling the amount of coating 

to be controlled down to the part per million (ppm), with thicknesses on the order of 

nanometers.  

A schematic of the ALD method and how it will assist in the cofiring process is 

illustrated in Figure 1.7. The barrier layers currently being considered are Al2O3, TiO2, 

and TiN; details on the viability of each option are presented in Section 3.3. 

 

Figure 1.7 Schematic of the thermodynamic challenge and proposed solution of cofiring 
Cu electrodes with bismuth oxide-based dielectrics. The top panel represents cofiring in 
oxidizing conditions, in which the Cu electrode becomes oxidized, ruining its electric 
conductivity; the middle panel represents cofiring in reducing conditions, in which the 
Bi2O3 reduces to bismuth metal, ruining its dielectric properties; the bottom panel 
represents cofiring in oxidizing conditions, where the Cu metal has been coated with a 
protective barrier layer prior to cofiring. In this case, the Cu remains metallic and the 
Bi2O3 remains an oxide. 
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1.5.2 Additional Challenge: Lowering the Dielectric Sintering Temperature 

 The typical sintering temperature for BaTiO3 – Bi(Zn1/2Ti1/2)O3 dielectrics is in the 

range of ~1100 °C, and many BaTiO3 – Bi(M)O3 dielectrics have sintering temperatures 

upwards of 1200 and 1300 °C. This presents another significant challenge to cofiring Cu 

electrodes with bismuth-oxide based dielectrics, as the melting temperature of Cu is 

1085 °C. However, it is possible to lower the sintering temperature of the dielectric by 

using glass as a sintering aid via liquid phase sintering (LPS). A schematic of the 

shrinkage behavior as a function of time for LPS is shown in Figure 1.8. The stages of 

LPS are described as:21 

1.) Particle rearrangement and liquid redistribution: the particle surfaces are wetted 

by the liquid phase, which fills the interstices between the particles prior to the 

densification of the microstructure. Bulk phase particles begin to rearrange as 

densification begins. 

2.) Solution-precipitation: the solid phase is dissolved by the liquid phase at 

interfaces with high chemical potentials, then diffuses through the liquid phase 

and precipitates onto surfaces with lower chemical potentials. The result is grain 

coarsening and the reshaping of grains into polyhedra with flattened faces. 

3.) Final densification: the liquid phase becomes trapped by interconnected grains to 

form isolated pores. Further grain coarsening occurs by solid state diffusion in 

areas where there is no liquid phase, and the trapped liquid assists in 

densification in areas where it does exist. 

Previous work by Shahin studied the viability of various bismuth-zinc-borate and 

bismuth borosilicate glass compositions as sintering aids for 0.8BT-0.2BZT dielectrics.22 

An important concern when considering glass compositions for dielectric sintering aids 

is the dielectric properties of the glass itself after sintering. If the interstices between the 

grains of the dielectric are filled with a material with a low relative permittivity, the overall 

dielectric properties of the combined materials are significantly impacted. It is also 

important for the glass to wet the dielectric in order for the first stage of densification to 

occur. 
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Figure 1.8 Shrinkage behavior as a function of time for the various stages of liquid 
phase sintering.21 
 
1.6 Thesis Organization 

This section concludes the general introduction of Chapter 1. Chapter 2 consists 

of a paper which was published in The Journal of the American Ceramic Society in its 

entirety. Although I (Michaela Beuerlein) am the lead author of the paper, which was 

featured on the cover of the journal, and contributed significantly to the writing and 

compiling of the publication, the paper was a collaborative effort of many different 

researchers. As such, there will be included at the end of Chapter 2 (Section 2.7) a 

short description of the experiments/analysis for which I was directly responsible, as 

well as some elaboration on those topics. 

Chapter 3 outlines additional research accomplishments that were not included in 

the publication in Chapter 2. Chapter 4 consists of general conclusions that can be 

drawn from the work as a whole. 
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CHAPTER 2 

CURRENT UNDERSTANDING OF STRUCTURE – PROCESSING – PROPERTY 

RELATIONSHIPS IN BaTiO3 – Bi(M)O3 DIELECTRICS 

A paper published in the Journal of the American Ceramic Society 

Michaela Beuerlein1, Nitish Kumar2, Tedi-Marie Usher3*, Harlan James Brown-Shaklee4, 

Natthaphon Raengthon5, Ian M. Reaney6, David P. Cann2, Jacob L. Jones3, Geoff L. 

Brennecka1† 

Abstract 

As part of a continued push for high permittivity dielectrics suitable for use at 

elevated operating temperatures and/or large electric fields, modifications of BaTiO3 

with Bi(M)O3, where M represents a net-trivalent B-site occupied by one or more 

species, have received a great deal of recent attention. Materials in this composition 

family exhibit weakly-coupled relaxor behavior that is not only remarkably stable at high 

temperatures and under large electric fields, but is also quite similar across various 

identities of M. Moderate levels of Bi content (as much as 50 mol%) appear to be crucial  

to the stability of the dielectric response. In addition, the presence of significant Bi 

reduces the processing required oxygen content in processing atmospheres relative to 

traditional X7R-type BaTiO3-based dielectrics. Although detailed understanding of the 

structure-processing-property relationships in this class of materials is still in its infancy,
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this article reviews the current state of understanding of the mechanisms underlying the 

high and stable values of both relative permittivity and resistivity that are characteristic 

of BaTiO3-Bi(M)O3 dielectrics as well as the processing challenges and opportunities 

associated with these materials. 

2.1 Introduction 

In the continual quest for increased integration, efficiency, and process 

monitoring, electronics systems are being subjected to increasingly harsh operating 

conditions. One key class of components that has received a great deal of attention 

over the past decade is capacitors that can operate efficiently and reliably under large 

fields and at temperatures ≥200 °C.1-4 For example, devices built around wide bandgap 

semiconductors such as SiC and GaN can operate with greater efficiency, higher 

frequencies, and higher powers than their Si-based counterparts, but even these more 

efficient devices dissipate sufficient heat that active cooling is often required in order to 

accommodate the operating temperature limitations of nearby passive components 

such as capacitors. Such temperature concerns are only exacerbated with passive 

components for which high power operation in the 10s of kHz frequency regime results 

in non-negligible self-heating. Thus, low-loss ceramic capacitors with low equivalent 

series resistance (ESR) capable of operating reliably at temperatures of 200 °C and 

above are of great interest.   

BaTiO3-based compositions remain the workhorses of high permittivity ceramic 

capacitors, but as maximum rating temperatures have crept from 125 °C of the X7R 

specification to 150 °C (X8R), and 200 °C (X9R) or above, manufacturers have been 

forced to abandon traditional approaches to engineering temperature stability. The 

wildly successful approach of using core-shell dopant profiles to smear out spatially-

graded phase transitions and associated permittivity maxima is insufficient for operating 

temperatures substantially above the Curie Temperature (TC, the temperature at which 

the transition between a cubic phase above TC and a non-cubic phase below TC is 

accompanied by a large maximum in relative permittivity; TC for BaTiO3 is approximately 

125 °C). While the solid solution of BaTiO3 and PbTiO3 seems to provide a simple 

method for shifting the temperature maxima to higher values, both the difficulty of 

cofiring Pb-based materials with low-cost Ni electrodes and the parallel push to 
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eliminate Pb from such compositions for environmental and health concerns further 

complicate the situation. At present, three types of dielectric materials seem poised as 

potential candidates to lead the push above 200 °C operating temperatures: linear 

dielectrics such as CaZrO3 and alkali-free glasses,5-8 Pb-free normal ferroelectrics 

(potentially mixed with antiferroelectric compounds) that exhibit higher TC values than 

BaTiO3,9-14 and a recently-developed class of weakly-coupled relaxor dielectrics based 

on Bi(M)O3 additions to normal ferroelectrics.15-19 Other reports have summarized the 

performance of these various classes of materials;3, 4, 20 the current work examines the 

structure and processing origins of the rather unusual properties of the last category, 

with a particular focus on BaTiO3-Bi(M)O3 materials, where M represents one or more 

trivalent cations able to occupy the perovskite B-site (e.g., M = Fe, Sc, In, Ga, Al, …) or 

a stoichiometric ratio of non-trivalent cations that average out to a trivalent equivalent 

(e.g., M = Zn1/2Ti1/2, Mg2/3Nb1/3, …). In order to appropriately frame the weakly-coupled 

relaxor dielectric response of these materials, we compare their behavior to traditional 

ferroelectric and prototypic relaxor behavior. 

Ever since its discovery, BaTiO3 has been one of the most widely studied 

ferroelectric materials, and it remains the cornerstone of the capacitor industry today. 

The BaTiO3 crystal is stable as a cubic perovskite (Pm̅m) above TC (~130 °C) and 

follows the Curie-Weiss law  

� = −            (2.1) 

where r is relative permittivity, C is the Curie constant, T is the measurement 

temperature, and TC is the Curie temperature. With further decreases in temperature, 

BaTiO3 transforms from tetragonal symmetry (P4mm) to orthorhombic symmetry 

(Amm2) at ~ 5 °C and finally to rhombohedral symmetry (R3m) at ~ -90 °C.  Each of 

these phase transitions is associated with a frequency-independent anomaly in 

dielectric constant (Figure 2.1(a), page 20). On making chemical substitutions onto the 

A- or B-site, a crossover to a relaxor state often occurs, depending upon the type and 

mole fraction of the substitution. In general, after substitution, these transition 

temperatures shift and become broad, leading to a diffuse phase transition (DPT). A 

DPT is different from a first order transition in normal ferroelectrics, as it starts to show 

deviation from the Curie-Weiss law at temperatures above Tmax (Figure 2.1(b), page 20). 
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It does not, however, exhibit the frequency dispersion at the permittivity maximum which 

is characteristic of relaxor materials. Close to the dielectric maximum, the permittivity 

( ′) can be described by the following equation as suggested by Santos et al.21 (one of 

the several functions proposed in literature),  

′ = � �′+ �−�� � �      (2.2) 

where, �′  is maximum permittivity,  describes the degree of diffuseness (a 

parameterized description of the temperature breadth of a phase transition),  and  

describes the type of transition which increases with the increase in mole fraction of 

chemical substitution from a value of 1 for a normal ferroelectric towards 2 for a 

complete DPT. At even higher levels of substitution, the solid solution becomes a 

relaxor with a characteristic frequency-dispersion at the dielectric maxima (Figure 

2.1(c)), and follows the Vogel-Fulcher law 22, 23 in general: = exp�( �( � �− �))                               (2.3) 

where f is the measurement frequency,  is a fitting parameter, � is the Boltzmann 

constant, and � �is activation energy. In BaTiO3-Bi(Zn1/2Ti1/2)O3 (BT-BZT) ceramics, for 

example, this crossover from normal ferroelectric to relaxor takes place around 8 mol% 

BZT. For isovalent substitutions, the mole fraction of substitutions required may be 

higher, as they are expected to create relatively less disorder than aliovalent cations.24 

The type of substitution not only determines the degree of crossover to relaxor behavior, 

it also regulates technologically important material properties like the temperature 

coefficient of permittivity� � = �� .25 For BT- Bi(M)O3 ceramics in general, it has 

been found that as the amount of substitution (Bi3+ for Ba2+ and M3+ for Ti4+) increases, 

the permittivity becomes more stable with temperature and the absolute value of TCε 

decreases, which can be further manipulated by introducing ternary or quaternary 

perovskite end-members to the solid solutions.3, 25-27  
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Figure 2.1 (a) Evolution of temperature-dependent relative permittivity with composition 
for (1-x)BT-xBZT ceramics, (b) relative permittivity versus temperature for 0.93BT-
0.07BZT exhibiting moderate DPT behavior, and (c) temperature-dependent relative 
permittivity for 0.89BT-0.11BZT exhibiting relaxor characteristics. From [29] (used with 
permission). 
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Typical ferroelectric materials, such as BaTiO3 and Pb(ZrxTi1-x)O3 (for x ⪅0.95, 

BT and PZT, respectively), are characterized by a sharp peak in relative permittivity ( r, 

often on the order of ~10-15,00028) associated with TC. Above TC, the permittivity 

follows the Curie-Weiss Law (Equation 2.1). 

In certain cases, the compositional and site disorder that accompanies solid 

solutions produces an (T) relationship that deviates from Curie-Weiss behavior above 

Tc and produces a broad frequency-dependent (T) curve that is characteristic of relaxor 

dielectrics.20, 29, 30  Research on relaxor behavior was first reported in BaTiO3-BaSnO3 in 

1954 by Smolenskii et al. along with early reports on Bi-based relaxors,31 but the 

majority of research on relaxor materials has focused on Pb-based solid solutions. The 

earliest studies of relaxor materials focused on chemical disorder on the perovskite B-

site (e.g., Ba(Ti,Sn)O3, Pb(Mg1/3,Nb2/3)O3, K(Ta,Nb)O3) with essentially the same 

physics successfully applied to materials with A-site disorder, such as 

(Pb,La)(Zr,Ti)O3.30, 32 These studies invoked the concept of polar nano-regions (PNRs), 

which are nanoscale regions of polarization within a non-polar matrix in order to explain 

the frequency-dependence.20, 33-35 Recent interest in the development of Pb-free 

dielectrics has led to the discovery of a new family of materials that have been classified 

as weakly-coupled relaxors. The frequency- and temperature-dependent dielectric 

response of these materials can be described by the Curie-Weiss and PNR model 

applied to traditional relaxors, but Vogel-Fulcher analysis reveals activation energies 

that are roughly an order of magnitude higher than in traditional relaxors, related to the 

unusual (and desirable) temperature stability of permittivity above Tmax.36 Figure 2.2 

provides an example of relative permittivity as a function of temperature for 0.50BaTiO3-

0.25Bi(Zn1/2Ti1/2)O3-0.25BiScO3 (0.ηBT-0.2ηBZT-0.2ηBS) and demonstrates the 

significant difference in low-field permittivity of these materials compared to that of 

prototypic normal ferroelectrics (BaTiO3) and relaxors (Pb(Mg1/3Nb2/3)O3, PMN), shown 

in the inset. In addition to temperature stability, materials in this BT-Bi(M)O3 family of 

weakly coupled relaxors also frequently exhibit attractive stability under large electric 

fields (Figure 2.3, page 23). While permittivity values for BT-Bi(M)O3 materials start 

lower than many traditional optimized BaTiO3-based capacitor compositions, tuning is  
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Figure 2.2 Relative permittivity versus temperature for 0.50BaTiO3-0.25BiZn1/2Ti1/2O3 - 
0.25BiScO3. For comparison, the inset shows typical temperature dependence of 
permittivity for relaxor PbMg1/3Nb2/3O3 and normal ferroelectric BaTiO3 (adapted from 
[1]). 

 

much less severe in these materials, such that at high fields they tend to maintain 

higher permittivity values than other known materials. Furthermore, both the resistivity 

and activation energy for charge transport in BT-Bi(M)O3 materials tend to be noticeably 

larger than values seen even in highly-engineered commercial compositions (Figure 

2.4, page 24). This is particularly important because it implies that these materials could 

be significantly more reliable when operated at the high fields and elevated 

temperatures at which their properties exceed those of traditional high-permittivity 

materials. Intriguingly, the measured activation energies for these materials are 

commonly approximately half of the optical band gap, characteristic of conduction 

dominated by thermally-activated intrinsic carriers rather than carriers from either 

intentionally-doped or unintended impurities or point defects. This is particularly unusual 

for complex ceramics with volatile cations fabricated across a wide variety of 

compositions by a number of different groups around the world. 29, 33 
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Figure 2.3 Relative permittivity at room temperature versus applied dc bias for a number 
of commercial capacitors including BaTiO3-based Y5V and X7R, in-house 
PbNb0.024,Zr0.517Ti0.459O3, commercial CaZrO3-based NP0, and in-house 0.8BaTiO3 – 
0.2BiZn1/2Ti1/2O3. 
 

Development of Ni-compatible BaTiO3-based multilayer cofired ceramic (MLCC) 

capacitors with X7R temperature stability (X7R is a designation from the Electronic 

Industries Alliance, EIA, that indicates a variation of permittivity of no more than ±15% 

over the rated operating range of -55 to 125 °C; similarly, Y5V designation applies to 

capacitance variation less than +22 and -82% between −30 and +8η °C) represents one 

of the great materials engineering accomplishments of recent decades. This 

temperature stability is made possible by the development of carefully-controlled 

compositional gradients that form the well-known core-shell structure within individual 

grains of the microstructure, resulting in a ‘smearing out’ of the structural phase 

transitions present in BaTiO3. Similarly, though there are significant ongoing efforts to 

reduce long-term degradation, control of defect chemistry to enable low-pO2 cofiring 

with nickel electrodes while retaining reasonably high resistivity is a truly incredible 
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Figure 2.4 Temperature-dependent resistivity and associated activation energies for 
charge transport measured for typical commercial BaTiO3-based X7R and Y5V 
capacitors, commercial PZT, and in-house 0.8BaTiO3-0.2BiZn1/2Ti1/2O3. 

 

achievement. What makes the properties of BT-Bi(M)O3 dielectrics especially intriguing 

is that both this temperature stability and compensation of inevitable charged and 

mobile defects appear to happen intrinsically, with little to no engineering required on 

the part of the fabricator.   

A number of publications have surveyed the high temperature dielectric 

performance of various materials systems including several members of the BT-Bi(M)O3 

family, the most recent being from Zeb and Milne.3 The scope of the present work 

instead focuses on the structural and microstructural effects of Bi(M)O3 additions to BT 

in order to elucidate the origins of the interesting and unusual properties of these 

materials.  Specifically, we highlight recent insights into the local and average atomic 

structures, detail phase and microstructure development during processing, and discuss 

proposed mechanisms underlying the observed properties. 
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2.2 Structure: Crystallochemical Relations in BaTiO3 – Bi(M)O3 Materials  

The long-range structure of BaTiO3 (BT) is well understood, and at 300 K it can 

be described by the P4mm space group with lattice parameters of a = 3.99095(29) and 

c = 4.0352(3) with a c/a ratio of 1.011.37 In tetragonal BT, the Ba2+ cations are found at 

the symmetric (0,0,0) unit cell corner positions while the O2- octahedral and Ti4+ cation 

are shifted in antiparallel directions by ~0.08 Å, which is the origin of the spontaneous 

polarization.37   

While the structure of tetragonal BT is relatively simple, the structures of Bi-

based perovskites are generally more complex, and any ferroelectric properties cannot 

be attributed exclusively to B-site distortions. Many studies have found that in Bi-based 

perovskites, the Bi3+ cation is offset from its symmetric position; this offset of the Bi3+ 

cation has been observed in pyrochlores as well, suggesting that this phenomenon is 

not limited to perovskite structures.38-40 Several reports on the widely-studied lead (Pb)-

free ferroelectric material Na1/2Bi1/2TiO3 (NBT) have demonstrated that the Bi3+ cation is 

off-centered within its 12-fold O2- coordination environment, which creates a bimodal Bi-

O bond length distribution.41-43 In crystallographic refinements, such Bi3+ displacements 

(i.e., “static disorder”) are often observed as unusually large atomic displacement 

parameters in Bi- or NBT-based materials.44, 45 Furthermore, it has been shown that, in 

NBT, the direction of the Bi3+ displacement will reorient to align with an applied electric 

field.46 Generally, behavior of the Bi3+ cation is attributed to its relatively small ionic 

radius (1.31 Å) compared to other A-site cations like Ba2+ (1.61 Å) or Pb2+ (1.49 Å).47, 48 

When BT is modified with a sufficient amount of Bi(M)O3, a pseudocubic 

structure is observed; this transition typically occurs when the mole fraction of Bi(M)O3 

is between 0.05 and 0.15.27, 36, 49-56 In the literature both “cubic” and “pseudocubic” are 

used to describe the BT-Bi(M)O3 phase, and in this section it will be evidenced that 

pseudocubic is the more appropriate term. We define pseudocubic as the following: a 

structure which appears cubic by X-ray or neutron diffraction (i.e., no apparent peak 

splitting), but has one or more of these features: 1) nearly-cubic lattice parameters but 

atomic displacements within the unit cell that do not obey cubic symmetry; 2) lattice 

distortions at the local scale which “average out” to cubic (or nearly-cubic); 3) subtle 

distortions that are not resolvable with the instrument(s) used. Figure 2.5(a) (page 27) 
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shows a generalized phase diagram for BT-Bi(M)O3 systems. For pure BT at the left 

side of the phase diagram, the structure from 5-120 °C is tetragonal (P4mm) and at 

higher temperatures the structure is cubic (Pm̅m). All BT-Bi(M)O3 material systems 

discussed here undergo a phase transition at room temperature from the tetragonal 

P4mm phase of BaTiO3 to a phase-pure pseudocubic perovskite phase with increasing 

Bi(M)O3 concentration. This pseudocubic phase is typically maintained to ~0.4 Bi(M)O3 

before impurity phases are observed. The BT-Bi(Zn1/2Zr1/2)O3 system is the single 

example found by the authors where another phase is observed at high Bi(M)O3 

content; a transition from a pseudocubic phase to an orthorhombic phase in addition to 

the presence of secondary phases for x ≥ 0.40 was reported.50 

Tolerance factor may be considered as one variable which should influence the 

concentration at which Bi(M)O3 becomes a pseudocubic phase. The tolerance factor, t, 

is defined as  � = � � +��√ � +��              (2.4) 

When equal to 1, the perovskite structure should exhibit the cubic phase.25,62 When 

larger than 1, tetragonal phases are expected, and when smaller than 1, rhombohedral 

or orthorhombic phases are expected. 

The tolerance factor of BT is 1.06, which corresponds with the tetragonal phase 

observed at room temperature. Figure 2.5(b) shows the compositional limit of the BT-

rich P4mm phase plotted against the tolerance factor of various Bi(M)O3 compounds. 

There is a trend of moderate strength between the two; the Bi(M)O3 compounds with 

lower tolerance factors (i.e., further deviation from the tolerance factor of BT, as shown 

at the top of Figure 2.5(b)) exhibit lower compositional limits. This behavior is what one 

would expect; the lower the tolerance factor for the Bi(M)O3 compound, the smaller the 

fraction of the Bi(M)O3 compound required to induce the pseudocubic phase. 

It is a curious feature of the BT-Bi(M)O3 material systems that they consistently 

form pseudocubic phases seemingly regardless of the M cation or cations. Not all of the 

Bi(M)O3 compounds discussed here have been synthesized in pure form; in fact, their 

synthesis routes typically require high pressures, which is why they are often referred to 

as “unstable perovskites”. Despite this, several have been synthesized in phase-pure 
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Figure 2.5 (a) Representative phase diagram for BaTiO3 – Bi(M)O3 systems. The phase 
boundary between the high-temperature cubic phase and the lower-temperature 
pseudocubic phase is currently undetermined and the slope likely varies with different 
M3+ cations (data extracted from Ref. [35, 48, 49, 53, 55-58]). (b) Compositional limit 
(between P4mm and pseudocubic phase) for BaTiO3 – Bi(M)O3 systems as a function 
of tolerance factor of Bi(M)O3. Error bars report the compositional range within which 
the phase boundary lies. 

 

form and are reported to exhibit a variety of structures. For example, Bi(Zn1/2Ti1/2)O3 

(BZT), which has been formed under six GPa at 900 °C, exhibits a highly tetragonal 

structure with a c/a ratio of 1.211 and a spontaneous polarization of 1η0 μC/cm2, of 

which both values are exceptionally large.63 In this structure, the Bi3+ cation is shifted 

0.88 Å towards one square face of its 12-fold coordination environment (0.4 Å further 

than Pb2+ is shifted in PbTiO3), resulting in essentially four short Bi-O bonds, four 

intermediate Bi-O bonds, and four ‘absent’ Bi-O bonds.63 The highly tetragonal structure 

reported conflicts with the rhombohedral or orthorhombic structure expected from the 

tolerance factor guidelines (for BZT, t = 0.925). However, first-principles calculations 

have demonstrated that the rhombohedral structure is not the lowest energy due to 

Coulombic repulsion of Bi and Zn, and instead the highly-distorted tetragonal structure 

is stabilized.64 Similarly, phase-pure Bi(Mg1/2Ti1/2)O3 (BMT) has been synthesized at six 

GPa and ~1000 °C.65 Despite any apparent similarities between BZT and BMT 

regarding chemistry and processing routes, the structure of BMT is quite different from 

that of BZT; it is best described by the orthorhombic Pnnm space group and exhibits 

antiphase tilting as well as antiferroelectric-like displacements of the Bi3+ cation of ~0.21 
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Å.65 First-principles calculations also report octahedral tilts and off-centering of both the 

Bi3+ and B-site cations for BMT.66 In this case, the tolerance factor guidelines can 

accurately predict the structure of BMT (t = 0.929); this is attributed to the weaker 

Coulombic repulsion between Bi and Mg.64 BZT and BMT are just two examples of 

“unstable” Bi(M)O3 perovskites that can be alloyed with BT, and though they have very 

different structures in pure form, they have similar tolerance factors and both induce a 

pseudocubic structure at x ≈ 0.07 in (1-x)BaTiO3-xBi(M)O3. 

Within the class of BT-Bi(M)O3 materials, a recent study on 0.6BaTiO3-

0.4BiScO3, which used a combination of multiple experimental datasets (X-ray and 

neutron total scattering and pair distribution functions (PDFs), extended X-ray 

absorption fine structure (EXAFS) for the Bi and Sc edges, and diffuse scattering in 

electron diffraction patterns), has revealed many structural details. In this composition, 

the larger Ba2+ and Sc3+ cations create oversized A-site cages for the Bi3+ ion, which 

leads to off-centering of the Bi3+ cations in order to create short Bi-O bonds and relieve 

the tensile bond strain.67 It was found that both Bi3+ and Ti4+ cations prefer displaced 

sites with specific distributions (14 sites for Bi3+ and eight sites for Ti4+) and that there 

are correlations among the directions of the displacements.67 The authors of the study 

proposed dynamic hopping among the different sites as a possible mechanism for 

dielectric relaxation. The concurrent hopping of both Bi3+ and Ti4+ within this chemically 

disordered system would have a very broad distribution of relaxation times, which 

concurs with the strong frequency dispersion found in the relative permittivity as a 

function of temperature as well as the anomalously-high Vogel-Fulcher activation 

energies that led to these materials being referred to as weakly-coupled relaxors.1, 36 

The preference of rattling Bi3+ ions to displace to specific sites in terms of both angle 

and displacement in much the same way as the Ti4+ ions inspired the phrase “double 

rattling ion model” to describe the phenomenon. This is in contrast to the manner in 

which Pb2+ ions are commonly described to displace to varying magnitudes in 

somewhat less-restricted directions in Pb-based relaxor dielectrics. It should be noted, 

however, that an earlier computational study did suggest a weak preference for distinct 

sites for displaced Pb2+ ions,68 so it is possible that the apparent differences between 
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the Bi3+ and Pb2+ displacements in these systems are more related to experimental 

resolution and magnitude of effects than to completely distinct phenomena. 

2.2.1 Case Study on a Representative System  

In this section we present a detailed structural study on the system (1-x)BT-

xBZT, which is a representative BT-Bi(M)O3 system.69 Previously, the phases present in 

the (1-x)BT-xBZT system have been reported to be a tetragonal phase for x≤0.08 and a 

pseudocubic phase for greater BZT content.27 The results here focus on two 

compositions of (1-x)BT-xBZT, one on each side of the phase boundary, using high 

resolution X-ray diffraction (HRXRD) and neutron total scattering, which is converted 

into PDFs. HRXRD yields the average, long-range structure of these materials, and the 

exceptionally high resolution of the synchrotron X-ray diffractometer allows the 

observation of subtle structural distortions.70 In contrast, analyses of the neutron PDFs 

reveal the ‘local structure’ of the material (i.e., the local coordination and bonding 

environments and atom-atom distances from 0 to ~75 Å). Both measurements are 

spatial averages (e.g., could not differentiate homogeneous from core-shell-type of 

heterogeneous structures) as they record the signal from the entire sample volume. 

HRXRD patterns were measured on beamline 11-BM at the Advanced Photon 

Source at Argonne National Laboratory.70 Crushed powders of each composition were 

loaded into Kapton capillaries and spun to achieve improved powder averaging 

statistics. XRD patterns were recorded at room temperature with a wavelength of 

0.413132 Å, using standard data collection protocol (30 keV, multi-detector range 

covering approximately 0.η to η2° in 2 ). 

Samples for the PDF measurements originated from the same batch of powders 

as those used in the HRXRD experiments. Approximately six-eight g of each powder 

was loaded into a vanadium can and neutron total scattering data were recorded for 

approximately three h at room temperature on the neutron total scattering powder 

diffractometer NPDF at the Lujan Neutron Scattering Center at Los Alamos National 

Laboratory.71 Using the program PDFgetN (software used to calculate a PDF from 

neutron total scattering data), the data were corrected for instrument background, 

incident neutron spectrum, absorption and multiple scattering, were normalized, and the 

experimental G(r) (i.e., the experimental PDF) were extracted.72 Total scattering data 
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are typically presented as a function of the scattering momentum transfer Q, where =� sin /�, in which θ is one half of the scattering angle 2θ and λ is the radiation 

wavelength. Based on the inspection of noise levels in the data, the total scattering data 

were  terminated at Q = 34 Å-1. Due to the high resolution at high Q of NPDF, PDFs 

have clearly defined atom-atom distances (pair correlations) to a high r-range 

(approximately 100 Å).  

Combined Rietveld refinements utilizing both the HRXRD and neutron total 

scattering patterns were performed using the refinement package GSAS with the 

EXPGUI interface.73,74 For a given space group or combination of space groups, the 

lattice parameters, atomic positions, atomic occupancies, and isotropic displacement 

parameters were refined. Least-squares refinements of the PDF data were performed 

using PDFgui.75 Additional details regarding the experiment and analyses can be found 

in Ref. 69. 

The HRXRD and neutron total scattering patterns for 0.94BT-0.06BZT, which lies 

on the tetragonal side of the phase boundary, revealed additional structural complexity 

compared to prior studies. As shown in the top panel of Figure 2.6, three peaks were 

observed for the (110) and (200) diffraction reflections, indicating that either an 

additional phase is present or the symmetry is lower than P4mm, as a pure P4mm 

phase would result in only two peaks for these diffraction reflections. A combined 

Rietveld refinement using both the HRXRD and the neutron total scattering data 

revealed that a two-phase mixture of tetragonal and cubic phases best fits the data (70 

wt% P4mm, 30 wt% Pm̅m), as shown in Figure 2.6. By utilizing a higher resolution 

probe, it was discovered that this composition actually lies within a two-phase region, 

and is not purely a tetragonal phase.  

For 0.8BT-0.2BZT, the HRXRD and neutron total scattering patterns are shown 

in Figure 2.7 (page 32). A combined Rietveld refinement was first attempted in the cubic 

Pm̅m space group, as there is only one peak for each diffraction reflection. However, 

this model did not satisfactorily model the diffraction pattern. If the structure is 

pseudocubic and not truly cubic, it is likely that a lower symmetry space group would 

better model the pattern. Therefore, a combined Rietveld refinement with the P4mm 

space group was trialed and found to provide a much improved fit. The c/a ratio 
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remained nearly cubic (1.000141(5)), but the atomic positions of the B-site cations and 

the O2- anions were displaced from those of the cubic perovskite structure (Pm̅m). The 

B-site cation (Zn/Ti) was shifted from the high-symmetry position (0.5, 0.5, 0.5) by 

~0.018 (in fractional coordinates) in the [001] direction. The O1 and O2 atomic 

displacements had a similar magnitude but were displaced in the opposite direction. 

This atomic arrangement is similar to that of BaTiO3.  

 

Figure 2.6 Combined X-ray (top panel) and neutron (bottom panel) Rietveld refinement 
of 0.94BT-0.06BZT using a combination of P4mm and Pm̅m space groups. Data (red 
x) and refined model (continuous line) are shown, along with the difference pattern and 
hkl markers below. The insets show magnified views of select characteristic reflections. 

 

PDFs are sensitive to local-scale correlations of atomic displacements which are 

not discernable in a long-range structure determined from Bragg diffraction. PDFs are 

calculated from the sine Fourier transform of the total scattering data and yield the 

probability of atom-atom pairs as a function of distance, r(Å) 76. The PDFs of 0.94BT-



 
32 

 

0.06BZT and 0.8BT-0.2BZT were analyzed using a small-box modeling approach in the 

program PDFgui.75 It was found that both compositions were best modeled through the 

use of a single P4mm phase. In the case of 0.94BT-0.06BZT, the inclusion of the 

secondary cubic phase observed via Bragg diffraction did not improve the PDF fit. 

 

Figure 2.7 Combined X-ray (top panel) and neutron (bottom panel) Rietveld refinement 
of 0.8BT-0.2BZT using the P4mm space group. Data (red x) and refined model 
(continuous line) are shown, along with the difference pattern and hkl markers below. 
The insets show magnified views of select characteristic reflections. 

 

The c/a ratio for the single tetragonal phase is 1.00896(2), which is similar to that of 

pure BT. For 0.8BT-0.2BZT, it was found that the cubic Pm̅m model did not adequately 

model the PDFs, and changing to the P4mm space group provided a much improved fit. 

Notably different than the long-range refined structure, the c/a ratio is 1.00663(1), which 

is much larger than the pseudocubic c/a ratio obtained from the Rietveld refinement and 

more similar to that of 0.94BT-0.06BZT and pure BT. 
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As a result of the fact that the long-range structures determined from Bragg 

diffraction and the local structures determined from the PDFs are different, it can be 

said that (1-x)BT-xBZT exhibits a length-scale dependent structure. The local structure 

differs from the intermediate and long-range, average structures. In order to 

characterize this length scale dependence, a box-car fitting technique was applied to 

the neutron PDFs in order to refine the lattice parameters as a function of length scale. 

In the box-car fitting method, r-ranges of 10 Å (1-10, 5-15, 10-20, 15-2η…70-80 Å) were 

sequentially refined. The r-ranges selected were larger than a single unit cell (~four Å) 

and overlapped with one another. This analysis method allowed the structure from the 

smallest length scale observable (<10 Å) to the longest length scale (80 Å) to be 

refined. For example, in the 1-10 Å range, the structure was refined based on atom-

atom distances which are 0-2.5 unit cells apart. Any unit cell-level distortion would be 

apparent. Conversely, for the 70-80 Å range, the structure was refined based on atom-

atom distances which are 17.5-20 unit cells apart. If there were nanoscale regions in the 

material with distortions that varied over a smaller length scale (i.e., polar nano-

regions), the distortions would be averaged out when considering atom-atom distances 

that are ~20 unit cells apart, and the structure would appear pseudocubic. 

The box-car fits for four 10 Å ranges (1-10, 10-20, 20-30, and 60-70 Å) are 

shown for 0.80BT-0.20BZT in Figure 2.8. The goodness of fit (Rw) and c/a ratios are 

listed in each panel. The c/a ratios decrease with increasing r-ranges, from 1.0138(2) 

for the 1-10 Å range to 1.00049(4) for the 60-70 Å range. 

The lattice parameters as a function of length scale for both 0.94BT-0.06BZT and 

0.8BT-0.2BZT are shown in Figure 2.9 as the solid symbols, while the lattice 

parameters determined from the combined Rietveld refinement are shown as solid blue 

lines for the tetragonal phases and a dashed pink line for the cubic phase in 0.94BT-

0.06BZT. The lattice parameters exhibit a slight increase in tetragonality at the shortest 

length scales for 0.94BT-0.06BZT, but then converge to the long-range lattice 

parameters. For 0.8BT-0.2BZT, the behavior is very different. At the shortest length 

scale, the same tetragonal distortion is present, but decreases with increasing length 

scale. For atom-atom distances > 40 Å, the lattice parameters are close to the 

pseudocubic lattice parameters determined from the combined Rietveld refinement.  
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Figure 2.8 Box-car fitting of individual 10 Å ranges for 0.8BT-0.2BZT demonstrating that 
the best fit to individual ranges results in a decreasing c/a ratio with increasing atom-
atom distances. 
 

 

Figure 2.9 The box-car analysis of the PDFs resulted in the lattice parameters shown as 
red and black symbols. The blue lines indicate the tetragonal lattice parameters 
obtained from the Rietveld refinements and the dashed pink line represents the lattice 
parameter for the cubic phase obtained from the Rietveld refinements. Error bars are 
smaller than the symbols. 

 

This analysis indicates that there are local-scale regions of tetragonal distortions 

which are disrupted at increasing length scale, either through a variation in domain 

orientation (the 2nd definition of pseudocubic) or because of separation by a cubic 

region. Either case is similar to the polar nano-regions (PNRs) thought to be present in 

canonical relaxors such as PMN. At the long-range scale, a pseudocubic lattice is 
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observed, while the nanometer-scale reveals the tetragonal distortions and atomic 

displacements. It appears that Bi3+ and Zn2+ contribute to local lattice distortions (up  

to 10 unit cells), but also induce sufficient disorder to disrupt the long-range ferroelectric 

symmetry present in unmodified BaTiO3. 

To conclude the discussion of the structure of these materials, the BT-Bi(M)O3 

systems discussed herein exhibit similar behavior in terms of both phase transitions and 

dielectric properties. It appears that the addition of any one of many Bi(M)O3 

compounds (or combination of compounds) to BT introduces sufficient chemical and 

positional disorder to disrupt the long-range ferroelectric order present in pure BT, which 

is observed as a transition to a pseudocubic phase. The composition or compositional 

range where this transition occurs depends at least partly on the sizes of the B-site 

cations of the Bi(M)O3 compound, as represented by phase boundary versus tolerance 

factor trend shown in Figure 2.5 (page 27) . This transition to a pseudocubic phase is 

observed in the case of 0.8BT-0.2BZT, where the long-range structure is determined by 

Rietveld refinement of HRXRD and neutron diffraction patterns. However, a local-

structure probe reveals that the presence of short-range distortions is maintained – 

likely in part by the tendency of Bi3+ to be offset from the A-site high-symmetry position 

and towards one side of the 12-fold O2- coordination environment. 

2.3 Processing 

Understanding the crystallography and structural origins of the attractive 

dielectric response of BT-Bi(M)O3 materials is crucial from a scientific perspective, but 

from an application standpoint, it means little unless functional parts can be 

manufactured. The potential for these materials as complements to the traditional X7R 

and C0G classes of capacitor dielectrics was recognized early, so significant efforts 

have gone into exploring compositional and processing modifications to improve 

dielectric properties,2, 19, 56, 57 as well as into fabricating proof-of-concept prototype 

capacitors.15, 18, 77, 78 

Based upon reported processing conditions and resulting densities, optimum 

sintering temperatures decrease with increased Bi(M)O3 content, with most reports 

focusing on sintering ceramic pellets of (1-x)BaTiO3-xBi(M)O3 with 0.1 ≤ x ≤ 0.3 at 

temperatures between 1100 and 1200 °C. Significant fractions of Bi-containing species 
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enhance densification and reduce the required sintering temperatures relative to pure 

BaTiO3, but bring additional processing complications. For one, inspection of an 

Ellingham diagram (Figure 2.10) immediately indicates an enormous thermodynamic 

challenge for cofiring Bi-containing dielectrics with base metal electrodes: equilibrium 

reduction of Bi2O3 to metallic Bi occurs at oxygen partial pressures essentially identical 

to those for Cu2O/Cu and roughly 5 orders of magnitude higher pO2 levels than NiO/Ni. 

Thus, it seems that any scheme for successfully cofiring BT-Bi(M)O3 with base metal 

electrodes will need to rely more on kinetic hindrance than thermodynamic stability.  

Even cofiring with precious metal electrodes is not necessarily trivial. Wang and 

Huebner reported on extensive reactions of Ag/Pd electrodes with various Bi-based 

dielectrics,79,80 and Ogihara et al. noted a marked decrease in performance for 

0.7BaTiO3-0.3BiScO3 (0.7BT-0.3BS) MLCCs cofired with Pt electrodes at 1250 °C.36 

However, Raengthon et al. saw very little difference in performance between 0.5BT-

0.25BZT-0.25BS pellets and MLCCs of the same composition cofired with 0.7Ag-0.3Pd 

electrodes at 1000 °C.15 To explore this phenomenon further, we report here the case 

study on the cofiring of physically large high voltage MLCCs consisting of 0.8BT-0.2BZT 

dielectric layers with Pt electrodes. Despite an optimized binder burnout process in 

flowing O2 that was monitored by in situ residual gas analysis (Figure 2.11 on page 38; 

RGA 300, Stanford Research Systems, Sunnyvale, CA), parts sintered at 1200 °C for 6 

h showed catastrophic bubbling and delamination (Figure 2.12, page 38). 

Using the same RGA setup during sintering revealed the evolution of O2 

beginning ~1020 °C (Figure 2.13, page 39), which corresponded closely to the 

temperature at which an optical camera focused on the sample in the center of the tube 

furnace observed blister formation. Reducing the sintering temperature to 1000 °C 

avoided such interactions with the Pt electrodes and produced relatively dense (~95 %) 

dielectrics with properties largely comparable to ceramic disks sintered to full density at 

1120 °C (Figure 2.14, page 40). 
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Figure 2.10 Ellingham diagram showing the thermodynamic equilibrium conditions for 
oxidation / reduction of several species of interest for BT-Bi(M)O3-based capacitors. The 
melting point of metallic Cu is also indicated. 
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Figure 2.11 In situ RGA data showing the gas evolution and temperature rise 
associated with MLCC binder burnout.  An exothermic rise in temperature detectable at 
~160 °C agrees well with combustion products. 

 

 

 

Figure 2.12 Even after complete binder removal was verified by RGA, 0.8BT-0.2BZT 
dielectrics cofired with Pt electrodes at 1200 °C in flowing O2 and intended for use as 
high voltage capacitors exhibited catastrophic delamination (a) and bubbling (b). 
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Figure 2.13 In situ RGA oxygen signal collected during MLCC sintering.  A modest 
increase in oxygen signal is evident at 1020 °C. 
 
The value of in situ process monitoring is certainly not limited to sintering. Even 

calcination of BT-Bi(M)O3 materials has been found to be non-trivial. For example, 

Triamnak et al. described both in situ and quenched ex situ studies of the complex 

phase formation during calcination of 0.8BT-0.2BZT and 0.85BT-0.15BZT powders.81 

Related subsequent studies (Figure 2.15, page 41) have verified the findings of the 

earlier work and even suggest the possibility of two closely-related but distinct 

perovskite phases (or, potentially, polymorphs of the same phase) following calcination. 

Figure 2.1η(a) summarizes an in-situ high-temperature XRD study (performed at 

CoorsTek Advanced Ceramics, Bruker D8 Discover, Anton Parr HTK-2000N hot stage), 

during which precursor powders reacted to form a (presumably) solid solution of 0.8BT-

0.2BZT (denoted as “BaTiO3 (SS)” on the figure). The reduction in required processing 

temperatures compared to pure BaCO3 + TiO2  BaTiO3 is a direct consequence of the 

intermediate phases accelerating decomposition of BaCO3. In addition, note that there 

are active redox reactions taking place throughout this process, as some of the Bi3+ 

introduced as Bi2O3 is oxidized to Bi5+ in BaBiO3 (a perovskite in which Bi occupies the 
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B-site with equal amounts of Bi3+ and Bi5+) and later reduced to occupy the A-sites of 

Bi4Ti3O12 and BaTiO3 (SS) as Bi3+. Further, the peak-splitting that is observed in the 

BaTiO3 (SS) phase upon consumption of the last of the Bi4Ti3O12 phase (shown in more 

detail for the (110) reflection in Figure 2.1η(b,c), but present for all peaks) suggests the 

existence of multiple phases or at least multiple polymorphs, even at processing 

temperatures. 

 

Figure 2.14 0.80BT-0.20BZT sintered at 1000 °C produced MLCCs that (a) were 
relatively dense (~95 %), (b) experienced little or no interaction with the Pt electrode, 
and (c) exhibited similar dielectric properties to ceramic discs sintered to full density at 
1120 °C. Scale of the MLCC is shown in the inset of part (b). 
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Figure 2.15 (a) In-situ hot stage XRD of 0.8BT-0.2BZT during solid state reaction of 
precursors, with two isothermal holds at 980 and 1120 °C to mimic typical calcination 
and sintering steps; (b) zoomed-in view of the (110) reflection peak during the 
isothermal hold at 1120 °C; (c) two individual scans taken at the beginning and the end 
of the 1120 °C isotherm. 

 

Figure 2.16 schematically illustrates the reaction pathways observed for the 

formation of the apparent solid solution of 0.8BT-0.2BZT. It should be noted that while 

ZnO likely plays an important role in the phase evolution of these materials, because of 

its low atomic number and relatively small mole fraction, diffraction studies have 

provided essentially no information about its incorporation during calcination, so it does 

not appear in Figure 2.16. 

Such subtle heterogeneity may explain—at least in part—the common 

occurrence of multicolored calcined powders of these systems; Figure 2.17 (page 43)  
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Figure 2.16 Proposed mechanism for reaction pathways of BT-BZT from typical 
precursors; (a) unreacted precursor powders BaCO3 (blue), Bi2O3 (yellow), and TiO2 
(red); (b) precursors react to form the first intermediate phase BaBi4Ti4O15 (BBT, gray); 
(c) intermediate phase BaBiO3 forms at higher temperatures; (d) at temperatures near 
900 °C, the remaining Bi2O3 reacts to form the intermediate phase Bi4Ti3O12 (BiT, 
purple) and the perovskite solid solution BT-BZT (BT(SS), green); (e) further heating 
leads to consumption of all intermediate phases except BiT; (f) after holding at the 
calcination temperature, all that remains is single-phase BT-BZT (BT(SS)). 

 

shows one example of such an occurrence. Using XRD and x-ray fluorescence (XRF), 

no definitive difference in composition or structure can be claimed between the different 

colored powders, at least within the measurement threshold for each technique (Figure 

2.17). Such optical heterogeneity has not been previously reported in the literature, but 

offline conversations with other research groups have indicated that similar multicolor 

powders have been observed for, at the very least, various ratios of BT-BZT, BT-BMT, 

BT-BS, and BT-BZT-Bi(M)O3 where M=Sc, Al, Fe, Y. Based upon the assumption that 

Bi (and Zn, when present) ions are the most mobile species at calcination and sintering 

temperatures, the consensus working hypothesis is that very small relative amounts of 

Bi segregation leads to the observed color changes. 
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Figure 2.17 (a) Optical photograph of one type of powder discoloration effect frequently 
observed after calcination of BT-BZT (and related) powders. (b) XRF measurements 
suggest that discoloration may be related to Bi diffusion, but chemical analysis (via XRF 
and other techniques—see text) is inconclusive. 

 

Both optical and electrical properties can be extremely sensitive to defect 

chemistry, so it seems a reasonable assumption that the variability observed in calcined 

powders would correspond to comparable variability in the electrical response of 

sintered parts. Extensive optical and chemical studies could presumably clarify the 

mechanisms involved, but the fact that densification and electrical behaviors of these 

multicolored powder batches are indistinguishable from those of optically homogeneous 

batches seems to have limited motivation for deeper study of powders.  

The majority of published reports of BT-Bi(M)O3 ceramics have focused on the 

properties without many details about processing and microstructure, but the 

microstructures that have been published are mostly consistent with Figure 2.18. Dense 

microstructures with 2-5 µm grain sizes are typical for compositions with ≥20 % Bi(M)O3 

additions (those with lower amounts of Bi(M)O3 commonly have finer grains unless the 

sintering temperature was >1300 °C). The most striking features of these 

microstructures, however, are not the density or grain sizes but rather the contrasting 

regions within the grains. When imaged with secondary electrons, the surfaces appear 

essentially featureless if well-polished or similar to Figure 2.18(a) if thermally etched to 

accentuate the grain boundaries. When well-polished samples are imaged with 
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backscattered electrons, however, compositional heterogeneity becomes apparent 

(Figure 2.18(b)). For example, Figure 2.18(b) was collected using the in-lens 

backscatter detector on a Zeiss Supra 55VP; thus, contrast from one grain to another is 

dominated by differences in grain orientation due to electron channeling effects, 

whereas contrast within an individual grain is caused by differences in average atomic 

number, with regions of higher atomic number appearing brighter. 

 

Figure 2.18 (a) Polished surfaces of BT-BZT ceramics (here, 0.8BT-0.2BZT) after 
thermal etching reveal dense and seemingly homogeneous microstructures, but (b) 
highly-contrasted backscatter images of the same materials reveal evidence of chemical 
heterogeneity within the grains. 

 

Others have seen similar effects, but what is much more frequently reported is 

the development and then disappearance of a more traditional core-shell structure akin 

to that which has been engineered into traditional X7R-type dielectrics. While the origins 

may be similar from the chemical mechanism(s) perspective, the type of heterogeneity 

seen in X7R-type dielectrics (see, for example, Figure 2.3(c) and (d) on page 23) is 

distinct from that in Figure 2.18(b) because the cores of the grains clearly show ferroic 

domain walls while the differences between the ‘core’ and ‘shell’ of the grains in Figure 

2.18(b) appear to be purely compositional with no evidence of any domains. 

TEM analysis (FEI Tecnai G2 30 with STEM-EDS and Axsia multivariate statistical 

analysis software) revealed just how subtle the compositional variation is. As shown in 

Figure 2.19, regions that exhibit a high degree of contrast in the SEM, when lifted out 

via FIB and imaged in the TEM, are somewhat difficult to identify. Quantitative EDS, 

including non-trivial deconvolution of the overlapping Ba and Ti signals, revealed 
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variations in the Ba/Bi ratio that correlate closely with the image contrast and vary only 

2-3% in terms of overall A-site occupancy. Thus, while not at all quantitative, the SEM 

imaging technique in this case provides a quick and sensitive indication of 

compositional heterogeneity. Subsequent studies on other samples in the BT-BZT 

family confirmed the anticorrelated variation of Ba and Bi across the grain core (Figure 

2.20). Most of the grains observed over a wide range of compositions and processing 

parameter sets showed some amount of increased Bi content in or near grain centers, 

and often at grain boundaries, though a number showed the inverse, with Bi-rich rings 

between Ba-rich grain centers and boundaries.  

 

Figure 2.19 TEM-EDS composition maps showing that the contrast from Fig 2.18 
correlates with small variations in Ba / Bi distribution within the 0.8BT-0.2BZT grains. 
 

Deviations from stoichiometry affect not only electrical behavior (as discussed in 

detail in the next section), but by controlling the rate limiting step for diffusion, can also 

significantly alter processing behavior. With this in mind, an extensive study of the 

effects of acceptor and donor doping on BT-BZT ceramics was undertaken, again as a 

representative system for the broader BT-Bi(M)O3 family. Regardless of the dopant(s) 
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used—or, within the limits of the study, their amounts—the resulting microstructures 

could be grouped into two types as exemplified by Figure 2.21(a) and (b).   

 

 

Figure 2.20 Independent TEM-EDS scans on 0.8BT-0.2BZT samples fabricated in a 
different lab confirmed the presence and levels of cation heterogeneity. 

 

 

Figure 2.21 Representative highly contrasted backscatter SEM images of effectively (a) 
donor-doped and (b) acceptor-doped 0.8BT – 0.2BZT ceramics showing the effects of 
doping (via control of cation mobility) on microstructure and chemical heterogeneity. 
 

Donor doped specimens (Figure 2.21(a)) exhibited somewhat smaller average 

grain sizes (typically 1-2 µm after sintering at ~1150 °C for 6 h) than nominally 

stoichiometric samples and, while they exhibited a great deal of (qualitative) 
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heterogeneity with occasional sharp interfaces, the dominant characteristic of the intra-

grain contrast is a rather graded transition from one level of brightness to another. 

Some grains contain dark cores, others light cores, and some show complex mixtures of 

the two extremes, but in nearly all cases, the interfaces appear to be graded and 

indistinct. On the other hand, acceptor-doped samples typically exhibited somewhat 

larger grains on the order of 5-10 µm. As seen in Figure 2.21(b), the compositional 

contrast within each grain is significantly less than that seen in the donor doped 

samples, but the contrasting regions that are present are very distinct with sharp 

boundaries between light, dark, and intermediate (nominal grain background). Dark 

contrast (low atomic number) regions are frequently found within light (high atomic 

number) regions, with morphologies reminiscent of precipitates. Finally, while BT-

Bi(M)O3 samples of all types frequently have thin high-atomic-number grain boundaries, 

these boundary layers are noticeably thicker for the acceptor-doped samples and are 

often accompanied by bright pockets at triple points. It is not clear whether the increase 

in thickness represents nominally the same volume of high atomic number grain 

boundary material concentrated around a smaller number of large grains or whether 

there is actually more of this grain boundary phase present in the acceptor-doped 

samples. 

Clearly the presence of significant amounts of Bi substantially affects the phase 

evolution and microstructure development in BT-Bi(M)O3 ceramics. In particular, the 

diffusion and occupancy of Bi seems to be a particularly valuable topic for further study.   

2.4 Properties 

As mentioned in the introduction, BaTiO3-based relaxors are obvious candidates 

for dielectric applications, especially for demanding applications that require high 

voltages, high temperatures, and temperature-stable permittivity values.3 Relaxors 

based on solid solutions of BaTiO3 with Bi(M)O3 exhibit excellent electrical properties, 

with some unusual characteristics compared to conventional high permittivity dielectrics 

including high energy density values, improved insulation resistance, and temperature 

and electric-field stable dielectric properties, as discussed in this section. 

 Figure 2.22 (page 50) shows some examples of relaxor BT-Bi(M)O3 ceramics, 

where M = (Zn,Ti), (Zn,Ti,Sc), (Sc,Ti), Sc and (Ni,Ti).18, 26, 82 The relative permittivity 
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values of all of these solid solutions remain large ( � ~ 1000) and relatively stable as 

compared to undoped BT, which has a characteristic sharp phase transition at the Curie 

point (Tc).83 This crossover from normal ferroelectric behavior for BT to relaxor behavior 

in these solid solutions is intimately related to the destabilization of long-range dipole 

order (i.e., domains) and the formation of PNRs. It has been argued that the PNRs form 

due to random fields generated as a result of structural and charge inhomogeneities 

driven by homogeneous or heterogeneous cation substitutions on the A-site or B-site in 

the parent normal ferroelectric (here, BaTiO3), and that the random interaction between 

the PNRs is key to the destabilization of domains. Interestingly, these PNRs are 

nucleated at a temperature (Burns temperature, TB) much higher than the temperature 

of maximum permittivity (Tmax). While TC for BaTiO3 is known to be ~125 °C, the Burns 

temperature for relaxor BZT-modified BT, for example, has been reported to be as high 

as ~400 °C.84 As discussed earlier, the local symmetry of these PNRs can be polar and 

quite different from the apparent macroscopic symmetry. At the same time, in the 

absence of any external stimuli, these PNRs are randomly oriented and the net 

polarization remains close to zero. As the temperature is decreased, these PNRs 

remain dynamic with their dipole moments easily fluctuating thermally between 

equivalent polarization states, as was proposed by the polar-glassy model inspired from 

the superparaelectric model and superparamagnetism.20, 23 These relaxors have been 

labeled ergodic relaxors (ER) in the literature, and they typically have sufficient energy 

to return back to their original state after an external excitation is applied and then 

subsequently removed.85 As the temperature is reduced further, the PNRs within these 

relaxors grow in size and number, and the interactions between them grow stronger. 

They typically pass through a maximum in permittivity (Tmax), which is usually broad and 

a direct result of the wide distribution of relaxation times due to a wide distribution of the 

sizes of PNRs and random interactions between them.86 The average size of these 

PNRs abruptly increases and the number decreases at the freezing temperature (Tf) 

which represents the temperature at which the dynamics of some PNRs become slow 

enough to freeze and transition to a glassy-like non-ergodic state (NR).86, 87 Unlike ER 

relaxors, NR relaxors usually transform irreversibly to a ferroelectric (FE) state on 

application of an external stimulus, such as an electric field. 
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Figure 2.22 Relative permittivity as a function of temperature for (a) BT-BZT-based 
ceramics[27], (b) 0.7BT-0.3BS[76], (c) BaTiO3-Bi(Ni1/2Ti1/2)O3 (BT-BNiT)[82], and (d) a 
representative canonical relaxor[83]. The BI stands for BiInO3, NR for non-ergodic, ER 
for ergodic, PE for paraelectric, CW for Curie-Weiss, URD for universal relaxation 
dispersion, CRD for universal relaxation dispersion, and Tf , TB and Tm are freezing 
temperature, Burns temperatures and temperature of maximum permittivity (Tmax) 
respectively. 
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While this is a rather simplistic review of the evolution of PNRs with temperature, 

it helps to highlight the differences between canonical relaxors (e.g., Figure 2.22(d)) and 

a normal ferroelectric material such as BT. Several advanced models have also been 

developed over time such as the random-site model, the spherical random-bond-

random-field model and others, and can be used to gain further insights into the relaxor 

phenomenon.88, 89 There might also be more complexities present in certain relaxor 

materials than the simple model presented above. One peculiar example is that of BT-

BiScO3, which has been shown to exhibit “weakly-coupled behavior” as discussed 

earlier, and a re-entrant behavior (Figure 2.23) analogous to re-entrant magnetic spin 

glass systems.90, 91 It can be seen that the remanent polarization first increases upon 

lowering the temperature and reaches a maximum, which was interpreted to be a result 

of a long-range dipole ordered state. A disordered phase then develops from this 

ferroelectric-like state, which is unusual because most relaxors develop from a high-

temperature paraelectric phase.91 Alternate complex scenarios can exist in other 

relaxors, the details of which can be found in some excellent review papers.82, 86, 92, 93  

 

Figure 2.23 Re-entrant behavior shown in xBT-yBS ceramics using switchable 
polarization measured at different electric fields as a function of temperature.[91] 

 

As seen in Figure 2.1 (page 20) and discussed broadly in the introduction, 

addition of BZT to BT results in a gradual transition to a relaxor state (Figure 2.1(c)), via 

a DPT (Figure 2.1(b)). As discussed, the behavior of DPT can be described by Equation 

(2.1), and the relaxors in general follow Vogel-Fulcher law (Equation 2.3). Raengthon et 
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al. recently showed that tolerance factor can be used as a guide to tailor TCε in BT- 
Bi(M)O3 ceramics.25 Recall from Figure 2.5 (page 27) that the solubility of Bi(M)O3 

species in BaTiO3 is also lower for Bi(M)O3 species with small tolerance factors. 

Typically, ferroelectric perovskites exhibit high relative permittivity values 

(>1000), and since the mechanisms controlling the permittivity and macroscopic 

polarization are related, typically these also exhibit high values of macroscopic 

polarization on application of an external electric field. Some relaxor materials can 

exhibit an electric field-induced phase transition to a ferroelectric state on the 

application of an electric field, which results in increased polarization and strain 

values.85 The ER relaxors (especially those with Tf  below room temperature) are of 

particular interest, as they can exhibit a reversible phase change with electric field and 

negligible remanent polarization. At moderate fields, an approximately linear dielectric 

response is observed for these relaxors, where the polarization, P, can be given by,  = � �, where,  is the permittivity of free space and � �is the linear susceptibility of 

the material. This is technologically important for high energy-density applications, since 

the energy density per unit volume �� = ∫� d , which can be calculated by the area 

enclosed by the P-E loop (decreasing field) and the polarization axis, is enhanced 

(Figure 2.24, page 54) versus a hysteretic normal ferroelectric because of the tiny 

remanence associated with relaxors. In recent years, multilayer ceramic capacitors 

(MLCCs) have been fabricated based on these (ergodic) relaxor BT-Bi(M)O3 ceramics 

that exhibit excellent energy density values and which remain relatively insensitive to 

temperature.18, 94 At room temperature and an applied electric field of 350 kV/cm, the 

0.7BT-0.3BS and 0.85BT-0.15BZT MLCCs had energy density values of ~3 J/cm3, 

which was noticeably higher than some other commercially available MLCC devices 

(Figure 2.24 (b)). 

Several members of the BT-Bi(M)O3 family of ceramics exhibit excellent dielectric 

properties that are intrinsically stable at high temperatures and/or under strong electric 

fields. Operating under large applied fields obviously requires a high breakdown 

strength; because many target applications operate under a baseline dc field with a 

superimposed ac ripple, both a high dc resistivity and a low tangent delta at operating 

frequencies are important to avoid self-heating and thermal runaway. Additionally, the 
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migration of ionic species under field may only contribute a small amount to initial dc 

conductivity, but can lead to catastrophic degradation of properties over time. Because 

of the activated nature of charge transport, all of these mechanisms are made easier 

(and therefore of greater concern) at elevated temperatures. Likewise, all of this charge 

transport is intimately related to the underlying defect chemistry of these BT- Bi(M)O3 

ceramics. Put simply, using dielectrics at high fields and elevated temperatures requires 

minimization of the concentration of electrically active defects.  

A systematic study of transport properties by Kumar et al. on polycrystalline BT-

BZT and a similar study on SrTiO3-BZT (ST-BZT) demonstrated that the addition of a 

small mole fraction of BZT improved the bulk resistivity value by multiple orders of 

magnitude (Figure 2.25 (a,b), page 55).95 The activation energy values, obtained from 

the slopes of the Arrhenius plots, also increased from ~1 eV for BT to values very nearly 

equal to half of the optical band gap (~3.1 eV), as determined from diffuse reflectance 

measurements.95 These results were consistent with other studies based on different 

BT-Bi(M)O3 materials, pointing to the accommodating nature of this family of 

dielectrics15, 56, 96, 97. Such high resistivity values together with large activation energies 

for conduction suggest that charge transport in these BT-Bi(M)O3 dielectrics is 

dominated by thermal activation of intrinsic electron-hole pairs or similar carrier 

generation mechanisms as opposed to the defect-dominated conduction that is 

common in BaTiO3.98  

Resistivity measurements in different atmospheres can be used to determine the 

dominant conduction species in a material. Cation conductivity in BaTiO3 and related 

materials is negligible compared to that of electrons, holes, and oxygen vacancies, so 

we can focus our attention on these three mobile species. Because the mobilities of 

electrons and holes are much higher than for oxygen vacancies99 and because 

laboratory experiments can normally be performed close to the conductivity minima for 

BT-based ceramics100, conduction controlled by oxygen vacancies is independent of 

pO2, whereas conduction dominated by electronic species will show a direct relationship 

with pO2 for n-type conduction or an inverse relationship with pO2 for p-type conduction 

(Figure 2.26(b), page 56).  
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Figure 2.24  (a) Polarization-electric field loop for 0.7BT-0.3BS with the area 
representing energy density highlighted in blue,[76] (b) energy density of  0.7BT-0.3BS 
as compared with some commercial MLCCs,[24] and (c) energy density of 0.85BT-
0.15BZT MLCCs as a function of temperature.[95] 
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Figure 2.25 Arrhenius plots of bulk resistivity values measured in air using ac 
impedance spectroscopy for (a) BT-BZT ceramics, (b) ST-BZT ceramics, and (c) BT-BS 
and BT-BNiT ceramics. The bulk resistivity values of BaTiO3 and SrTiO3 have also been 
shown for reference. 
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Figure 2.26 (a) Nyquist plots for BT with ac impedance spectroscopy performed in 
vacuum, air and oxygen.[102] The inset shows the zoomed-in version of high-frequency 
arcs of bulk resistivity. (b) Defect diagram for undoped or p-type doped BT adapted from 
Smyth et al.[99] The n is electron concentration and A’ represents an acceptor dopant. 

 

The known p-type behavior of BaTiO3 was demonstrated through pO2-dependent 

ac impedance spectroscopy (Figure 2.26(a)).  Bulk resistivity values, determined from 

the x-axis intercept of the high frequency arc in Nyquist plots, decreased with increased 

oxygen partial pressure101. For BaTiO3 and similar titanate perovskites, the p-type 

behavior is considered to be a consequence of unintentional low valence impurities 

which are present in titania, barium carbonate, or other cation precursors and high 

temperature processing conditions that result in frozen-in cation vacancies.102-104 These 

acceptors can be compensated by holes or oxygen vacancies which can lead to a p-

type behavior at high oxygen partial pressure (pO2) according to following defect 

reaction:  VȮ̇+ �O2  OOX �+ 2h˙       (2.5) 

where, VȮ̇ represents doubly-ionized oxygen vacancies, OOX �represents an oxygen ion 

located on an oxygen lattice site, and h˙ represents a hole.  

In considering the observed improvement in resistivity on adding BZT to BaTiO3 

or SrTiO3, the results of Kumar et al. suggest that the mechanism is either due to a 

reduction in the source of holes or unintentional donor doping leading to compensation 
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of holes.101 In other words, either the concentration of cation vacancies was reduced, 

which was a possibility since the sintering temperatures of the BZT-containing ceramics 

were lower than typical for pure BaTiO3, or there should be an alternative charge 

compensation mechanism present to compensate for acceptor impurities or cation 

vacancies. Some of the possible candidates that could act as effective donors include 

oxygen vacancies, pentavalent bismuth on the B-site, and loss of volatile zinc during 

processing resulting in an effective excess of A-site Bi3+.101 

Impedance spectroscopy on BT-BZT ceramics as a function of pO2 showed that 

the resistivity increased with pO2, revealing that the conduction was still electronic, but 

dominated by electrons (Figure 2.27(a)),101, suggesting the following dominant 

compensation reaction: VȮ̇ + ′ + �O2  OOX �        (2.6) 

where, ′ represents an electron. The observation of a p-type to n-type transition with 

the addition of small amounts of BZT to BaTiO3 was further supported by Seebeck 

measurements (Figure 2.28, page 59)97, 101 and corroborated the hypothesis that BZT 

additions appear to be effectively donor doping the BaTiO3 and reducing the 

concentration of holes. Similar results were obtained for ST-BZT ceramics. Adding 

BiScO3 instead of Bi(Zn1/2Ti1/2)O3 to BaTiO3 similarly reduced the concentration of 

holes, but fell short of a full transition to n-type behavior (Figure 2.27(c)), suggesting 

both that multiple compensation mechanisms are likely acting simultaneously in BT-

Bi(M)O3 and that unintentional doping and/or volatility associated with Zn may be the 

key to the p- to n-type crossover. Similar behavior was seen for donor doped BaTiO3 by 

Smyth et al.105 (Figure 2.29, page 59), in which they showed that on introducing small 

amounts of donor doping or reducing the amount of acceptor dopants, the conductivity 

minima shifted towards higher pO2. At larger concentrations of donor doping, however, 

the conductivity became independent of pO2 for a certain temperature range, as 

expected.99, 105 
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Figure 2.27 (a) Nyquist plots for stoichiometric 0.97BT-0.03BZT with ac impedance 
spectroscopy performed in vacuum, air and oxygen. (b) Nyquist plots for stoichiometric 
0.95ST-0.05BZT with ac impedance spectroscopy performed in nitrogen, air and 
oxygen. (c) Nyquist plots for stoichiometric 0.97BT-0.3BS with ac impedance 
spectroscopy performed in nitrogen, air and oxygen. 
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Figure 2.28 Seebeck measurements on BT and 0.97BT-0.03BZT ceramics exhibiting p-
type and n-type behavior respectively. 

 

 

Figure 2.29 Electrical conductivities at 1000 °C as a function of pO2 for BT doped with 
various amounts of Al and Nb.[106] 

 

In addition, it has been shown that manipulating the cation stoichiometries in BT-

Bi(M)O3 ceramics by a small amount can have a significant influence on the transport 

properties.97, 106 Figure 2.30 (page 61) shows Arrhenius plots for three representative 

non-stoichiometric solid solutions: ST-BZT, BT-BZT and BT-BS. Non-stoichiometry was 
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introduced onto the A-site by adjusting the ratio of Ba2+ or Sr2+ to Bi3+. Some general 

observations can be made on inspection of the data shown in Figure 2.30: (1) effective 

acceptor doping via a greater-than-stoichiometric (Ba2+, Sr2+) to Bi3+ ratio decreased the 

resistivity by orders of magnitude, (2) effective donor doping via a less-than-

stoichiometric Ba2+ to Bi3+ ratio improved the resistivity values by orders of magnitude, 

whereas the ST-BZT analogues remained essentially unchanged.  Furthermore, 

effectively acceptor-doped samples exhibited p-type conduction, while effectively donor-

doped samples exhibited n-type conduction.106 Since acceptor doping (Equation 2.7) 

can only be compensated by oxygen vacancies or holes, both of which can lead to 

increase in conduction, a decrease in resistivity was always observed. The increase in 

(or, in the case of ST-BZT, maintenance of high) resistivity via donor doping suggests 

that donors may be compensated in these systems by relatively immobile cation 

vacancies (Equation 2.8).  

Ba:Bi >1 (acceptor):      [BaBi′ ] + n[Vcati′ ]�+ [e′] ≈ 2[VȮ̇] + [h˙]             (2.7) 

Ba:Bi <1 (donor):         [BiBa˙ ] + 2[VȮ̇] + [h˙] ≈ n[Vcati′ ] + [e′]            (2.8) 

Thus, the most reasonable conclusion to draw from the large amount of defect 

chemistry-focused work on the BT-Bi(M)O3 family (and ST-based analogues) is that as 

long as the total charge of effective donor dopants is equal to or exceeds the total 

charge of effective acceptor dopants, the resulting net positive charge is compensated 

by low-mobility cation vacancies, resulting in high resistivity values and large intrinsic-

like activation energies for conduction.  This conclusion is consistent with the electrical 

data as well as optical spectroscopy and limited EPR results, but it seems rather 

fortuitous that the defect states would form deep mid-band traps across the entire family 

of these materials, even when 5, 6, or even 7 cations are involved.  

The above scenario assumes that the material is homogeneous and is 

dominated by bulk grain behavior, but recalling Figure 2.21(a) (page 46) opens up 

another intriguing possibility.  If the Bi-rich regions are n-type and the Ba-rich regions 

are p-type(as would be likely if B-site cation diffusion is slower than A-site cation 

diffusion), and there are no percolating pathways of either type, the net result of 

electrical transport measurements on bulk ceramics would be intrinsic-like activation  
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Figure 2.30 Arrhenius plots of bulk resistivity in air as obtained from ac impedance 
spectroscopy for (a) stoichiometric (S) and non-stoichiometric (Bi excess, Sr deficient, 
Sr excess) 0.95ST-0.05BZT, (b) stoichiometric (S) and Ba-deficient (-2Ba) 0.8BT-
0.2BZT, and (c) stoichiometric (S) and non-stoichiometric (Bi excess, Ba deficient, Bi 
deficient) 0.7BT-0.3BS.[102] 
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energies. Such a scenario would also likely offer such intrinsic-like activation energies 

and high resistivity values over a much broader range of compositions (in terms of both 

cation identities as well as ratios) than the deep trap / cation vacancy model. Especially 

if these BT-Bi(M)O3 materials are to fulfill their promise as reliable high-operating-

temperature dielectrics, it will be important to elucidate the defect mechanisms involved 

and their long-term evolution under challenging operating conditions. 

2.5 Summary 

Weakly-coupled relaxor dielectrics in the BT-Bi(M)O3 family show great promise 

for use at elevated temperatures and/or large operating fields, but a number of scientific 

and technological issues demand further study. The double rattling ion model67 can be 

used to describe the temperature- and frequency-dependence of the polarizability of 

these materials fairly well, but the underlying mechanisms need to be verified across a 

broader compositional range. Similarly, with further study, this concept could enable 

researchers to devise even better temperature stable and high-permittivity dielectrics 

across other systems.  

Significant additions of Bi2O3 reduce the processing temperatures required for 

BaTiO3- and SrTiO3-based dielectrics, but also impose severe restrictions on electrode 

compatibility for cofiring because Bi2O3 is thermodynamically incompatible with both 

metallic Ni and Cu, and Bi-based species are known to react aggressively with both Pt 

and Pd at common sintering temperatures. Nevertheless, multiple groups have 

successfully demonstrated the cofiring of BT-Bi(M)O3 dielectrics with Ag-Pd electrodes, 

and efforts to extend the temperature, atmosphere, and electrode compatibility of these 

dielectrics are ongoing. 

The greatest challenges and opportunities associated with the BT-Bi(M)O3 family 

of materials, however, are related to defect chemistry because of its crucial role in 

processing, charge transport, and long-term reliability under target operating conditions. 

The surprisingly-robust resistivity and activation energies for charge transport hint at 

some sort of self-adjusting mechanism for stoichiometry control and defect 

compensation; while a variety of possible mechanisms have been put forward in this 

work and elsewhere, more work is required to better understand the mechanism(s) at 

work as well as the associated impacts on processing and operation.   
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The incredible ability of the perovskite crystal structure to accommodate a variety 

of doping and defect schemes, symmetries, and polarization mechanisms has made it 

one of the favorite crystal chemistry playgrounds of the electroceramist for decades. 

The rich behavior reported for materials in the BT-Bi(M)O3 family and related systems 

reminds us yet again that while the simple unit cell and the space-filling grain structure 

are valuable starting points, even in combination they are insufficient to capture the 

complexity inherent in many functional materials. These materials highlight the 

importance of being able to describe, understand, and ultimately control structure and 

chemistry across length scales from Angstroms to microns. 
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2.7 Author’s Contribution 

 As the lead author of this publication, I was ultimately responsible for the writing 

and submission of the entire document. I carried out much of the literature review and 

contributed some of the processing-related technical content, in addition to compiling 

the contributions from all authors and formulating the overall summary and associated 

conclusions of the work. The following figures from the publication represent my own 

experimental contributions to the scientific research that went into the article; an 

additional figure and table are also provided to further clarify the significance of the 

work. 

2.7.1 In Situ Hot Stage XRD: Experimental Details 

In order to better understand the complexity of the phase formation of BT-BZT 

dielectrics, a study was conducted to observe the reaction pathways in situ via hot stage 

XRD. 

Batching of the precursors for the composition 0.8BT – 0.2BZT was achieved by 

mixing stoichiometric amounts of reagent grade BaCO3, TiO2, Bi2O3, and ZnO, which 

were ball milled with methanol and yttrium-stabilized zirconia milling media, with 

Menhaden fish oil as a dispersant, for six hours. The mixed powders were then dried 

and pressed at ~12 ksi into 13 mm-diameter discs approximately one millimeter thick 

(no binder was necessary and none was used) to improve particle-particle interaction 

during the calcination step. This disc sat directly upon a platinum hot stage (Anton Paar 

HTK-2000N) during the in situ XRD (Bruker) experiment that was performed with 

collaborators at CoorsTek Advanced Ceramics (Golden, CO). 

The sample was heated at ~five °C/minute up to 980 °C, held at 980 °C for four 

hours, then heated at ~five °C/minute up to 1120 °C, held at 1120 °C for four hours, 

then cooled back to room temperature at ~five °C/minute. The approximation of the 
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heating rates is due to the fact that the heating rate was paused intermittently in order to 

collect the diffraction scans. During the heating steps, the first diffraction scan was 

taken at 500 °C, after which a scan was taken every 20 °C increase in temperature. 

During the isotherms, a diffraction scan was taken every 30 minutes. It is worth noting 

that, under normal laboratory solid state processing conditions, the sample would be 

cooled to room temperature after calcining in order to form the green body, which would 

then be heated back up to the sintering temperature (in this case, 1120 °C). The heating 

profile used in this study was designed to imitate that of the calcination and sintering 

conditions of 0.8BT-0.2BZT. While certain differences from the actual temperature 

profile for calcination and sintering do exist (i.e., the slower heating rate and the 

absence of a cooling step between calcination and sintering), the process was similar 

enough as to provide valuable insights regarding the phase formation of 0.8BT-0.2BZT. 

2.7.2 Analysis 

The in situ hot stage x-ray diffraction (XRD) study summarized in Figure 2.15(a) 

on page 41 (and shown again below in Figure 2.31) illustrates the complexity of the 

reaction pathways that occur during the phase formation of 0.8BT-0.2BZT and confirms 

and extends the findings of a previous study by Triamnak et al.78 Table 2.1 (page 67) 

provides an additional visual aid summarizing the progression of phase formations that 

occur during this experiment. Some noteworthy aspects of the reactions taking place 

are the formation of several different intermediate phases (BaBiO3, Bi4Ti3O12, 

BaBi4Ti4O15) and the perovskite peak splitting that occurs during the 1120 °C isotherm, 

suggesting the existence of two similar but distinct perovskite phases. Figure 2.31(b) 

shows a zoomed-in view of the (110) reflection of the pseudocubic BaTiO3 phase, and 

Figure 2.31(c) shows the individual scans that were taken at the beginning and the end 

of the 1120 °C isotherm. It is evident that the reflection was a single peak at the 

beginning of the isotherm, which then split into (at least) two peaks at the end of the 

isotherm. 
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Figure 2.31 (Figure 2.15 in publication) (a) In situ hot stage XRD of 0.8BT – 0.2BZT 
during solid-state reaction of precursors, with two isothermal holds at 980 °C and 1120 
°C to mimic typical calcination and sintering steps; (b) zoomed-in view of the (110) 
reflection of the pseudocubic BaTiO3 phase during the isothermal hold at 1120 °C; (c) 
two individual scans taken at the beginning and the end of the 1120 °C isotherm. 
 

Even though a fully calcined sample will appear to be single phase perovskite by 

laboratory XRD (PANalytical X’Pert Pro MRD), as shown in Figure 2.32, the 

intermediate reactions that were discovered by the in situ study revealed the fact that 

achieving single phase is more complicated than one might first assume. The 

intermediate phases can have important implications for defect chemistry, which affects 

both the kinetics of sintering and electrical properties. Understanding the reaction 

pathways taken by the precursors in order to form the final product is also important for 

understanding microstructural developments, as similar chemical reactions may also be 

taking place during the sintering process. 
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Table 2.1 A representation of the reaction pathways that occur during the calcination 
and sintering of BT-BZT, as determined by in situ XRD. Precursors are shown in 
orange, intermediate phases in blue, and perovskite phases in green. The (SS) stands 
for solid solution. 

 

 

 

 

Figure 2.32 a.) Laboratory XRD (PANalytical X’Pert Pro MRD ) of 0.8BT – 0.2BZT 
powder after full calcination at 950 °C for eight hours, with a heating and cooling rate of 
five °C/minute, and b.) same data plotted on a log10 scale to highlight the lack of minor 
peaks. 
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Figure 2.33 (Figure 2.16 in the publication, page 42) is a schematic of the 

proposed mechanism for the reaction pathways that were revealed by the study 

summarized in Figure 2.31 (page 66). It should be noted again that while ZnO likely 

plays an important role in the phase evolution of BT-BZT, its low atomic number and 

relatively small mole fraction causes it to be virtually undetectable in these diffraction 

studies, so it was not included in the schematic in Figure 2.33. 

 

 

Figure 2.33 (Figure 2.16 in publication) Proposed mechanism for reaction pathways of 
BT-BZT from typical precursors; (a) unreacted precursor powders BaCO3 (blue), Bi2O3 
(yellow), and TiO2 (red); (b) precursors react to form the first intermediate phase 
BaBi4Ti4O15 (BBT, gray); (c) intermediate phase BaBiO3 forms at higher temperatures; 
(d) at temperatures near 900 °C, the remaining Bi2O3 reacts to form the intermediate 
phase Bi4Ti3O12 (BiT, purple); and the perovskite solid solution BT-BZT (BT(SS), green); 
(e) further heating leads to consumption of all intermediate phases except BiT; (f) after 
holding at the calcination temperature, all that remains is the single-phase BT-BZT 
(BT(SS)). 
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The complexity revealed by the in situ XRD study prompted more advanced 

ongoing synchrotron diffraction studies at multiple beamlines: the Advanced Photon 

Source (APS) 11-BM beamline, Brookhaven National Laboratory 28ID beamline, and 

SLAC National Accelerator Laboratory Stanford Synchrotron Radiation Lightsource 

(SSRL) beamline 7.2. A portion of this work is presented and analyzed in Section 3.1. 
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CHAPTER 3 

ADDITIONAL RESEARCH ACCOMPLISHMENTS 

 In addition to the published review article reproduced in Chapter 2, further 

studies were conducted in order to better understand the structure-processing-property 

relationships in BaTiO3 – Bi(M)O3 dielectrics. 

3.1 Structural Analysis of (1-x)BaTiO3 – xBi(Zn1/2Ti1/2)O3 

The composition 0.8BT-0.2BZT lies within the pseudocubic region of the 

estimated phase diagram at room temperature (recall Figure 2.5, page 27), and exhibits 

the relaxor behavior described in Section 1.3.1. In order to better understand the 

structure of BaTiO3 – Bi(Zn1/2Ti1/2)O3 and how it relates to the measured dielectric 

properties, a sample of 0.8BaTiO3 – 0.2Bi(Zn1/2Ti1/2)O3 (0.8BT-0.2BZT) was synthesized 

by conventional solid state synthesis (process detailed in Section 2.1.1), confirmed to 

be single phase by laboratory XRD (PANalytical X’Pert Pro MRD) at Colorado School of 

Mines (CSM), and high resolution diffraction scans were collected using the mail-in 

program at the 11-BM synchrotron beamline at the APS at Argonne National 

Laboratory.1, 2 The wavelength of the x-rays used at this beamline was 0.414229 Å 

(corresponding to an energy of 24.14 keV). XRD patterns were collected at room 

temperature using a multi-detector range covering approximately 0.5 – η2° in 2 . 

Rietveld refinements were performed using the General Structure Analysis 

System (GSAS) software with the Experiment Graphical User Interface (EXPGUI).3, 4 

The diffraction pattern was fitted using the cubic Pm3m and tetragonal P4mm space 

groups, and refinements of the lattice parameters, atomic positions, and isotropic 

displacements were carried out. The cubic and tetragonal models provided similar fits to 

the data, with χ2 values of θ.322 and θ.770, respectively (where χ2 is a measure of the 

goodness-of-fit), and most of the trends between the calculated model and the 

experimental data are consistent with the study summarized in the Structure section in 

Chapter 2 (Section 2.2). Figure 3.1 (a) summarizes the refinement using the Pm3m 

space group, with magnified views of select families of reflections shown in Figure 3.1 
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(b-g). The lattice parameter was determined to be 4.01594 Å, and the isotropic 

displacement parameters for the A- and B-site cations were determined to be 0.00249 

and 0.02951, respectively. 

 

Figure 3.1 (a) Rietveld refinement of 0.8BaTiO3 – 0.2Bi(Zn1/2Ti1/2)O3 using the Pm3m 
space group; (b – g) shows zoomed in views of the (100), (200), (110), (220), (111), and 
(222) reflections, respectively. The values for degrees 2  were converted to correspond 
to the Cu Kα wavelength, for ease of comparison to laboratory XRD patterns. 
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Figure 3.2 (a) summarizes the refinement using the tetragonal P4mm space 

group, with magnified views of select families of reflections shown in Figure 3.2 (b-g). 

The lattice parameter a was found to be 4.01521 Å, with a c/a ratio of 1.00055 (similar 

to the c/a ratio of 1.00014 as determined by the case study example in Section 2.2), so 

the lattice remained mostly cubic with a slight distortion in the c-direction. The isotropic 

displacement parameters for the A- and B-site cations were determined to be ~0.03 and 

-0.01, respectively. The average atomic position of the B-site cations was displaced 

from the high symmetry position by 0.028 (fractional coordinates) in the [001] direction, 

and the oxygen ions were shifted by 0.085 in the opposite direction. Although the 

magnitudes of these displacements differ slightly from those found in the case study in 

Section 2.2, the overall trend is the same. The most noticeable difference between the 

refinements in Figures 3.1 and 3.2 is that the difference between the observed and 

calculated relative intensity of the (110) reflection is significantly larger for the P4mm 

refinement than for the Pm3m, suggesting that the local displacements discussed in 

detail in Section 2.2 may be more isotropic than (or at least not as limited to the <001> 

directions as) restricted by the tetragonal 4mm. 

While χ2 values on the order of ~6 by no means indicate a perfect fit, the fit is 

adequate to glean some information from the refinements and take note of certain 

trends. For instance, intensity trends within peaks of the same family indicate the 

possible presence of multiple phases of the same structure (recall Figure 2.15, page 

41), and/or a spread in lattice parameters. This also supports the finding that the 0.8BT-

0.2BZT structure exhibits length scale dependencies (as concluded in the case study in 

Section 2.2); the differences between the observed and calculated patterns may arise 

from local distortions in the lattice that differ from the long-range average structure. 

3.2 Property-Processing Relationships in (1-x)BaTiO3 – xBi(M)O3 Dielectrics 

While the bulk of this work has focused on one composition (0.8BT-0.2BZT), a 

study was conducted to examine similar BaTiO3 – Bi(M)O3 systems in order to elucidate 

potential trends across compositions. As specified in the paper in Chapter 2, M 

represents a pair of net-trivalent cations which occupy the B-site of the perovskite 

crystal structure, and this class of materials has demonstrated significant potential for 
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use in capacitors that can operate efficiently and effectively at elevated temperatures 

and under high applied electric fields. In light of the unusual microstructural 

development observed for BT-BZT materials and its presumed importance to the 

resulting properties, a survey-level study was conducted to investigate the relationship 

between the microstructure development and dielectric properties of a select subset of

 

Figure 3.2 (a) Rietveld refinement of 0.8BaTiO3 – 0.2Bi(Zn1/2Ti1/2)O3 using the P4mm 
space group; (b – g) shows zoomed in views of the (100), (200), (110), (220), (111), and 
(222) reflections, respectively. The values for degrees 2  were converted to correspond 
to the Cu Kα wavelength, for ease of comparison to laboratory XRD patterns. 
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materials with different M cation substitutions. These compositions were chosen based 

on variations in M cation size and concentration, and their promising dielectric 

performance.5 

Stoichiometric amounts of reagent grade precursors were batched and ball milled 

in methanol and YSZ milling media, with Menhaden fish oil as a dispersant, for six 

hours. The mixed powders were then dried and calcined in alumina crucibles at 950 – 

1100 °C for four or eight hours, with heating and cooling rates of 5 °C/minute. After the 

first calcination, powders were thoroughly crushed with a mortar and pestle then 

calcined again under the same conditions. Diffraction patterns of each powder sample 

were measured by laboratory XRD (PANalytical X’Pert Pro MRD), shown in Figure 3.3 

(page 84). The powders were then bound with 1.5 wt% polyvinyl butyral (PVB) and 

pressed at ~14 ksi into 13 mm diameter pellets approximately 2.5 mm thick, and 

sintered at temperatures of 1100 – 1300 °C for 2-8 hours. The calcination and sintering 

times and temperatures were chosen primarily based upon those used in literature 

reports for each of the various compositions.6-9 

Note in Figure 3.3 the presence of additional phases in the compositions 0.64BT-

0.36BZT and 0.75BT-0.25BMW. It is possible that these secondary phases arise due to 

the fact that these compositions lie outside of the solid solubility ranges for those 

systems. 

Table 3.1 summarizes the average grain size and relative densities of the sample 

set, as well as the shorthand notation for each composition. The grain size was 

quantified using image analysis of SEM micrographs of each sample using the ImageJ 

software, and density was measured using the fluid displacement (aka Archimedes) 

method.10 Table 3.2 lists the calcination and sintering profiles for each family of 

compositions. 

XRD was again performed on the sintered pellets, and the results are 

summarized in Figure 3.4 (page 85). Note in Figure 3.4 the appearance of secondary 

phases (denoted with red stars) in some compositions (0.75BT-0.25BMN and 0.85BT-

0.15BMW) that were single phase prior to sintering. Also note the composition 0.75BT-
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0.25BMW formed additional secondary peaks after sintering. The microstructural 

features and dielectric properties are summarized in the following sections. 

Table 3.1 Relative density, average grain size, and shorthand notation for all 
compositions used in this study. 

Composition Shorthand 
Relative 

density (%) 

Average grain 

size (μm) 

0.8BaTiO3-0.2Bi(Zn1/5Ti1/2)O3 0.8BT-0.2BZT 92.9 1.03 ± 0.13 

0.64BaTiO3-0.36Bi(Zn1/5Ti1/2)O3 0.64BT-0.36BZT 97.8 1.46 ± 0.21 

0.935BaTiO3-0.065Bi(Zn2/3Nb1/3)O3 0.935BT-0.065BZN 95.2 0.75 ± 0.06 

0.9BaTiO3-0.1Bi(Zn2/3Nb1/3)O3 0.9BT-0.1BZN 95.1 1.10 ± 0.20 

0.85BaTiO3-0.15Bi(Zn2/3Nb1/3)O3 0.85BT-0.15BZN 95.6 1.73 ± 0.28 

0.9BaTiO3-0.1Bi(Mg2/3Nb1/3)O3 0.9BT-0.1BMN 96.5 1.69 ± 0.53 

0.85BaTiO3-0.15Bi(Mg2/3Nb1/3)O3 0.85BT-0.15BMN 96.3 3.70 ± 0.49 

0.75BaTiO3-0.25Bi(Mg2/3Nb1/3)O3 0.75BT-0.25BMN 97.5 1.14 ± 0.16 

0.93BaTiO3-0.07Bi(Mg3/4W1/4)O3 0.93BT-0.07BMW 94.3 3.52 ± 0.60 

0.85BaTiO3-0.15Bi(Mg3/4W1/4)O3 0.85BT-0.15BMW 94.1 1.55 ± 0.23 

0.75BaTiO3-0.25Bi(Mg3/4W1/4)O3 0.75BT-0.25BMW 93.1 7.65 ± 0.60 

 

Table 3.2 Calcination and sintering profiles for each family of compositions. *Each 
calcination profile listed was performed twice, to ensure complete reaction of 
precursors. 

Compositional 

family 
Precursors used 

Calcination time, 

temperature (x2)* 

Sintering time, 

temperature 

(1-x)BT-xBZT BaCO3, TiO2, Bi2O3, ZnO 8 hr, 950 °C 12 hr, 1130 °C 

(1-x)BT-xBZN BaCO3, TiO2, Bi2O3, ZnO, Nb2O5 4 hr, 1100 °C 6 hr, 1350 °C 

(1-x)BT-xBMN BaCO3, TiO2, Bi2O3, MgO, Nb2O5 4 hr, 1000 °C 2.5 hr, 1300 °C 

(1-x)BT-xBMW BaCO3, TiO2, Bi2O3, MgO, WO3 4 hr, 1100 °C 6 hr, 1350 °C 
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Figure 3.3 XRD of (1-x)BaTiO3 – xBi(M)O3 powders after being calcined twice. The 
ICDD pattern for perovskite BaTiO3 is given at the bottom of the figure; any additional 
phases present are denoted with a red star. 
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Figure 3.4 XRD of (1-x)BaTiO3 – xBi(M)O3 pellets after sintering. The ICDD pattern for 
perovskite BaTiO3 is given at the bottom of the figure; any additional phases present are 
denoted with a red star. 
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3.2.1 Microstructure 

 Samples were polished to one μm surface finish by using successively finer grits 

of SiC abrasive (600, 800, then 1200 grit) followed by successively finer particles size 

diamond emulsion (three then one μm). The pellets were sputtered with a thin coating of 

gold (Hummer VI sputtering system, ~1.5 minutes at ~5 Volts) then imaged using a field 

emission scanning electron microscope (FESEM, JEOL-7000F; backscatter detector 

model SM-54031). The images produced from the backscatter detector of the FESEM 

are not the simple secondary images that are typically reported in the literature, and it 

should be noted that none of the samples were thermally etched prior to imaging. The 

grayscale contrast seen in each image is associated with differences in average atomic 

mass, where visually lighter areas correspond to heavier elements, and darker areas 

correspond to lighter elements. Note that each composition exhibits mesoscale 

chemical heterogeneity to some extent. Also note that the chemical information 

obtained from these images is qualitative only; quantitative chemical information from 

energy dispersive spectroscopy (EDS) in the SEM is ineffective because the 

heterogeneities occur on size scales similar to the electron beam interaction volume, 

but as detailed in Section 2.3, TEM-based EDS has confirmed the chemical distributions 

discussed here for select samples. 

The micrographs of 0.8BT-0.2BZT and 0.64BT-0.36BZT are shown in Figure 3.5. 

About half of the grains in the composition 0.8BT-0.2BZT (Figure 3.5 (a) and (b)) 

contain a concentration of lighter elements (likely Zn and/or Ti) in the center, and about 

half have a concentration of heavier elements (likely Bi and/or Ba) in the center. These 

two different types of grains are interspersed evenly throughout the sample. Contrarily, 

the grains in the composition 0.64BT-0.36BZT (Figure 3.5 (c) and (d)), tend to cluster 

into groups of different grain types, with some regions having grains with heavier 

elements in the centers (Figure 3.5 (c)) and some regions having grains with lighter 

elements at the centers (Figure 3.5 (d)). Recall the presence of secondary phases in the 

diffraction pattern for 0.64BT-0.36BZT in Figure 3.4. This apparent phase separation in 

the 0.64BT-0.36BZT micrograph is likely due to the fact that this composition lies 

outside of the solid solubility limit for that compositional family. 
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Figure 3.5 Representative SEM images of a.) and b.) 0.8BT-0.2BZT; c.) and d.) 0.64BT-
0.36BZT. 
  

The micrographs of 0.935BT-0.065BZN, 0.9BT-0.1BZN, and 0.85BT-0.15BZN 

are shown in Figure 3.6. Most of the grains in the compositions 0.935BT-0.065BZN 

(Figure 3.6 (a)) and 0.9BT-0.1BZN (Figure 3.6 (b)) contain concentrations of heavier 

elements within their centers, with lighter elements having diffused toward the outside 

edges of the grains. There is also a variance in contrast from one grain to another. It is 

likely that the grain-to-grain contrast has significant influence from channeling, and is 

related to grain orientation rather than composition alone. Additionally, the diffuseness 

of the grain edges suggests the occurrence of a liquid phase during sintering. The 

composition 0.85BT-0.15BZN (Figure 3.6 (c) and (d)) contains clustering of grain types, 

with approximately half having light centers and half dark centers. Again, the clustering 

observed in Figure 3.6 (d) is likely due to the this composition existing outside of or very 

close to the compositional solid solubility limit for this chemical system, where the 

different clusters of grain types could represent the clustering of separate phases. The 
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effect of liquid phase sintering is especially apparent in this composition by the thick 

outline surrounding each grain. 

 

Figure 3.6 Representative SEM images of a.) 0.935BT-0.065BZN, b.) 0.9BT-0.1BZN, c.) 
and d.) 0.85BT-0.15BZN. 
  

The micrographs of 0.9BT-0.1BMN, 0.85BT-0.15BMN, and 0.75BT-0.25BMN are 

shown in Figure 3.7. Most of the grains in each composition of this family contain 

concentrations of lighter elements at their centers, with very few grains containing 

concentrations of heavier elements in their centers. The contrast of the grains in 0.9BT-

0.1BMN varies from one grain to another, again likely due to channeling rather than 

compositional differences. It is apparent that liquid phase sintering occurred in 0.85BT-

0.15BMN (Figure 3.7 (c)) and 0.75BT-0.25BZT (Figure 3.7 (d)), based on the thick 

outlines of the grains. 
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Figure 3.7 Representative SEM images of a.) and b.) 0.9BT-0.1BMN, c.) 0.85BT-
0.15BMN, and d.) 0.75BT-0.25BMN. 
  

Representative micrographs of 0.93BT-0.7BMW, 0.85BT-0.15BMW, and 0.75BT-

0.25BMW are shown in Figure 3.8. This family of compositions exhibited much different 

microstructural development than the other families. The composition 0.93BT-0.7BMW 

in particular is different from the rest. Most of the sample consists of larger grains with 

very little observable chemical heterogeneity, interspersed with chemically different 

smaller grains (Figure 3.8 (a)). There are also small pockets of grains that contain 

distinct chemical heterogeneity within each grain (Figure 3.8 (b)). Recall from Figure 3.1 

(page 79) that the diffraction pattern for 0.93BT-0.07BMW indicated the formation of 

secondary phase(s) after sintering, which corresponds to the observed phase 

separation in the micrograph. The chemical heterogeneity in 0.85BT-0.15BMW (Figure 

3.8 (c)) and 0.75BT-0.25BMW (Figure 3.8 (d)) is present, although not as obvious or 

distinct as in other compositions. Figure 3.8 (e) and (f) show two different areas of the 

0.75BT-0.25BMW sample that were broken off, leaving the grain surfaces exposed. 

This afforded a glimpse beneath the surface at the effects of liquid phase sintering, and 
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allowed the visual observation of some of the phase variations shown in the XRD 

pattern in figure 3.2 (page 81). 

 

Figure 3.8 Representative SEM images of a.) and b.) 0.93BT-0.7BMW, c.) 0.85BT-
0.15BMW, and d.), e.), and f.) 0.75BT-0.25BMW. 
 

3.2.2 Dielectric Properties 

 Silver electrodes were painted onto either side of the samples, platinum wires 

were attached as leads, and the relative permittivity (k’) and dielectric loss (k’’) as a 

function of temperature were measured using an Agilent 4294A Precision Impendence 

Analyzer with a 1 V oscillator. Samples were contained in a Sun environmental chamber 

(model EC1A), heated to 300 °C at three °C/min, and then cooled to -70 °C at three 

°C/min using liquid nitrogen. 

 The maximum relative permittivity of the 0.8BT-0.2BZT and 0.64BT-0.36BZT 

samples were ~950 (compared to literature values of ~2000)11 and ~1000, respectively. 

The difference between the experimental and literature values of relative permittivity is 

likely due to the relatively low relative density of this particular sample (~93 %). The 

0.64BT-0.36BZT sample appeared to demonstrate better temperature stability than the 

0.8BT-0.2BZT sample, with k’ remaining at ~900 up to 300 °C; however much of that 

stability was artificial, with the increase in dielectric loss at higher temperatures (>225 
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°C) causing an artificial increase in k’. The dielectric response as a function of 

temperature for these two samples is summarized in Figure 3.9. 

 

Figure 3.9 Relative permittivity (k’) and dielectric loss (k’’) as a function of temperature 
for 0.8BT-0.2BZT (top panel) and 0.64BT-0.36BZT (bottom panel). 
 

The dielectric response of 0.9BT-0.1BZN and 0.85BT-0.15BZN as a function of 

temperature is summarized in Figure 3.10. The maximum k’ for 0.9BT-0.1BZN was 

measured to be ~1550 (compared to the varying literature values of ~3000 and ~1400)8, 

12, which was reduced by ~η0% at ~27η °C. The maximum k’ for 0.8ηBT-0.15BZN was 

~900, supporting claims in literature that the maximum dielectric response decreases as 

x increases from 0.1 to 0.2.12 However, the 0.85BT-0.15BZT sample exhibited better 

temperature stability, with k’ decreasing by only ~30% from its room temperature value 

when measured at 300 °C. 
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Figure 3.10 Relative permittivity (k’) and dielectric loss (k’’) as a function of temperature 
for 0.9BT-0.1BZN (top panel) and 0.85BT-0.15BZN (bottom panel). 
  

Figure 3.11 summarizes the dielectric response as a function of temperature of 

0.8BT-0.1BMN, 0.85BT-0.15BMN, and 0.75BT-0.2ηBMN, with maximum k’ values of 

~1300 (compare to literature value of 1600)13, ~550 (compared to literature value of 

~1100)13, and ~1150, respectively. The best temperature stability of this family belongs 

to the 0.85BT-0.1ηBMN sample, with its k’ remaining approximately constant from 0 to 

300 °C. 

Figure 3.12 (page 94) summarizes the dielectric response as a function of 

temperature for 0.93BT-0.07BMW and 0.85BT-0.15BMW. While the 0.93BT-0.07BMW 

sample has a relatively small max k’ at ~800 (compared to literature value of ~8000, 

though the samples in this reference had extremely high losses)7, it exhibits reasonable 

temperature stability, with k’ decreasing by ~2η% at 300 °C. The maximum k’ for 

0.85BT-0.25BMW is ~1200 (compared to literature value of ~2000).7 
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Figure 3.11 Relative permittivity (k’) and dielectric loss (k’’) as a function of temperature 
for 0.9BT-0.1BMN (top panel), 0.85BT-0.15BMN (middle panel), and 0.75BT-0.25BMN. 
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Figure 3.12 Relative permittivity (k’) and dielectric loss (k’’) as a function of temperature 
for 0.93BT-0.07BMW (top panel) and 0.85BT-0.15BMW (bottom panel). 
  

Overall there are a few general trends that can be observed from this survey-

level study. First, we have verified that several different compositions in the (1-x)BaTiO3 

– xBi(M)O3 exhibit qualitatively similar mesoscale microstructural stability as well as the 

temperature- and frequency-dependent dielectric response that seems to be unique to 

these “weakly-coupled relaxors”.14 Additionally, we note that the smaller the difference 

in ionic radii of the pair of cations that make up M, the larger the maximum k’ will be. 

The sample with the smallest maximum k’ measured also had the largest difference in 

B-site cation ionic radii. This trend is shown in Table 3.3, which lists the M cation pairs 

found in each family of compositions, their ionic radii, the maximum k’ measured for that 

family, and the relative density of the sample. 
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Table 3.3 Ionic radii differences for pairs of M cations and measured maximum relative 
permittivity (k’) for each compositional family from this study. 

Composition 

Family 
M cations 

Ionic radii 

(Å) 

Ionic radii 

difference 

(Å) 

Max k’ 
Relative 

density (%) 

(1-x)BT-xBZT (Zn2+, Ti4+) (0.88, 0.745) 0.135 1000 97.8 

(1-x)BT-xBMW (Mg2+, W6+) (0.86, 0.740) 0.120 1200 93.1 

(1-x)BT-xBZN (Zn2+, Nb3+) (0.88, 0.86) 0.02 1550 95.1 

(1-x)BT-xBMN (Mg2+, Nb3+) (0.86, 0.86) 0.00 1300 96.5 

 

Another general trend is that as the value of x increases, the average grain size 

increases for samples sintered at the same temperature. This is likely due to the effect 

of composition and reaction pathways on diffusion rates, though we cannot necessarily 

pick out any strong conclusions yet. Aside from this, there are a few trends to take note 

of within each family. For the (1-x)BT-xBZT  and (1-x)BT-xBMW families, higher values 

of x corresponded to higher values of k’. Contrarily, higher values of x corresponded to 

lower values of k’ for the (1-x)BT-xBZN family. Better temperature stability of permittivity 

was observed for higher x values in the (1-x)BT-xBZT and (1-x)BT-xBZN families, but 

for lower x values in the (1-x)BT-xBMW family. This may be due to the anomalous 

nature of the microstructures observed for the (1-x)BT-xBMW family. 

Seeing as this is a relatively small sample set, more data would have to be 

collected (e.g., for more variations in x and M, and more samples for statistical 

significance) in order to truly verify or deny the validity of the trends observed in this 

study; however, the information gained from this study provides a beneficial step 

towards understanding the mechanisms behind these dielectrics and may eventually 

lead to more efficient design of dielectrics for capacitors that must operate at elevated 

temperatures and high applied electric field.  

3.3 Cofiring BaTiO3 – Bi(Zn1/2Ti1/2)O3 with Cu Electrodes 

 Using copper electrodes in place of expensive precious metal electrodes would 

eliminate >99% of the cost of materials associated with manufacturing such types of 
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capacitors. The challenges of achieving this lie in overcoming the thermodynamically 

limited compatibility of Cu metal with bismuth oxide, as well as lowering the sintering 

temperature of the dielectric to below the melting point of Cu. Recall from Section 1.4 

and Figure 1.6 (page 10) that, at the high processing temperatures (>1100 °C) required 

to densify the BaTiO3 – Bi(M)O3 dielectric, there is an infeasibly small range of 

pressures and temperatures over which the Cu is thermodynamically stable as a metal 

and the bismuth is thermodynamically stable as an oxide. One proposed solution to this 

challenge is to provide an oxidation barrier to the Cu, enabling cofire processing to 

successfully occur at large enough pO2 to keep the bismuth in oxide form while 

preventing the oxidation of the Cu.  

 The materials considered for the barrier layer were TiN, Al2O3, and TiO2. TiN was 

an ideal candidate from a materials selection standpoint based on its high electrical 

conductivity and low oxygen diffusivity. However, the ALD of TiN onto Cu proved 

unsuccessful, as the temperatures required for cracking ammonia (the N source) lead to 

the Cu powder fusing together. A thin layer of Al2O3 would be acceptable from an 

electrical conductivity standpoint, as long as the barrier layer was thin enough (i.e., 

<10nm) to allow electrons to easily tunnel through. TiO2 was considered because of its 

chemical compatibility/similarity with the dielectric, minimizing the potential for interfacial 

complications.  

 Another challenge presented by cofiring Cu and BT-BZT is lowering the sintering 

temperature of BT-BZT to below the melting temperature of Cu (1085 °C). While this 

was not the focus of this work, a proposed solution is to use glass as a sintering aid, 

which would lower the sintering temperature via liquid phase sintering. A more 

extensive study detailing the dielectric properties and densification effects of this and 

other glass compositions was carried out by Shahin.15 

 Cu powder was coated with precise layers of Al2O3 and TiO2 using atomic layer 

deposition (ALD) technology from Forge Nano (Louisville, CO). Thermal analysis and 

XRD of cofired samples was examined, and are outlined in detail in the following 

sections. 
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3.3.1 Thermal Analysis 

 To investigate the viability of Al2O3 and TiO2 as effective barrier layers against 

oxidation, samples of Al2O3-coated Cu, TiO2-coated Cu, and pristine (uncoated) Cu 

were analyzed using differential scanning calorimetry and thermal gravimetric analysis 

(DSC and TGA, measured simultaneously with a Setaram SETSYS Evolution). It should 

be noted that the pristine copper possessed a small layer of native oxide due to 

extended exposure to the atmosphere under ambient conditions. The thickness of the 

Al2O3 coating was 2.4 nm (1200 ppm, as measured by inductively coupled plasma mass 

spectroscopy, ICP-MS, by our collaborators at ForgeNano), and the thickness of the 

TiO2 coating was 18 nm (9047 ppm).  Each sample was heated in an alumina crucible 

in the DSC chamber in flowing air from room temperature to 1000 °C at 10 °C/minute, 

held at 1000 °C for 1 hour, then cooled to room temperature at 10 °C/minute. Since 

nothing significant happened after the heating step, the isothermal and cooling data are 

omitted from this section. During heating, each sample gained a significant amount of 

mass, presumably from oxidation. Figure 3.13 shows that the pristine Cu gained the 

most mass (~30 wt%), followed by the Al2O3-coated Cu (~20 wt%) then the TiO2-coated 

Cu (~15 wt%). However, the flattening of the Al2O3-coated Cu data after ~500 °C 

indicates that the detector became saturated at this point and could no longer detect 

any mass changes for that particular sample; therefore, the Al2O3-coated Cu sample 

likely continued to gain mass after 500 °C. The absolute values of these mass gains are 

not entirely realistic, as the most % mass gain possible from oxidation is ~25% (based 

on stoichiometric calculations based on the reaction Cu + ½O2  CuO). Interpreting the 

data qualitatively (i.e., oxidation of pristine Cu ≥ that of Al2O3-coated Cu > that of TiO2 

coated Cu) suggests that while the TiO2 (and possibly the Al2O3) coatings provide some 

degree of protection from oxidation, they are insufficient to allow cofired processing in 

air; reduced pO2 levels may be required. 

To examine the chemical compatibility of TiO2-coated Cu with 0.8BT-0.2BZT 

dielectric, the two powders were mixed in a 1:1 ratio by weight, then analyzed by DSC 

and compared to data on the unmixed powders. The heating profile was the same as in 

Figure 3.13 (10 °C/min up to 1000 °C), except the heating was done in helium instead of 
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Figure 3.13 Percent mass gained during heating as a function of sample temperature, 
TGA, heating rate of 10 °C/minute. 
  

air, in order to mimic the atmospheric processing conditions for cofiring. The heat flow 

as a function of sample temperature for the TiO2-coated Cu, 0.8BT-0.2BZT, and 0.8BT-

02BZT mixed with TiO2-coated powder is shown in Figure 3.14. The increase in heat 

flow at ~275 °C is likely due to the burning off of residual organic matter that was 

deposited onto the TiO2-coated Cu during the ALD process. The curve representing the 

mixed powders is essentially a superposition of the individual dielectric and coated-

copper powder curves. Since no additional variations in heat flow are apparent, it can 

be inferred that neither the Cu nor the TiO2 reacted significantly with the 0.8BT-0.2BZT, 

at least within the sensitivity of the equipment. 

3.3.2 XRD Characterization 

 Conventional solid state synthesis (the same process as described in detail in 

Section 2.1.1) was used to prepare single phase 0.8BT-0.2BZT dielectric powder, which 

was mixed in a 2:1 ratio by mass with three samples of Cu powder: pristine (uncoated) 

powder, and two TiO2-coated powders, one with a coating thickness of 5 nm (2505 

ppm) and one with a coating thickness of 18 nm (9047 ppm). The powders were mixed 

by hand in a mortar and pestle, then pressed into a 13 mm diameter pellet. The pellets 
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Figure 3.14 Heat Flow as a function of sample temperature (DSC), heating rate of 10 
°C/min. 
 

were set on a dense alumina substrate with a powder bed of 0.8BT-0.2BZT between the 

pellets and the substrate (to prevent the pellets from sticking to the alumina). The 

pellets were then sintered in flowing argon gas (pO2 = 1.3 x 10-6 atm at T = 1000 °C) 

with a heating rate of 5 °C/minute up to 1000 °C, held at 1000 °C for 8 hours, then 

cooled to room temperature at 5 °C/minute. Once cooled, the pellets were analyzed by 

laboratory XRD (PANalytical X’Pert Pro MRD) to investigate potential formation of 

copper oxide during sintering. 

 Figure 3.15 (a) summarizes the XRD results of the sintered pellets. Based on the 

lack of peaks between 32 and 34 degrees 2  in the diffraction patterns, the only copper 

oxide that is present is CuO. A magnified view of the peaks outlined in red is shown in 

Figure 3.15 (b), allowing closer inspection of the nearly overlapping BaTiO3 and CuO 

peaks. It could be argued that the relative intensity of the BaTiO3 peak compared to the 

Cu2O peak increases as the thickness of the TiO2 barrier layer increases, and thus 

inferred that TiO2 acts as a barrier to the oxidation of copper. This observation is rather 

imprecise, so it is difficult to draw any definitive conclusions from these diffraction 

patterns alone, but at the very least, the coating process did not make the situation 

significantly worse. 
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Figure 3.15 XRD of 0.8BT-0.2BZT powder mixed with pristine (uncoated) Cu, TiO2-
coated Cu [5 nm (2505 ppm) thickness], and TiO2-coated Cu [18 nm (9047 ppm) 
thickness]. a.) shows all scans measured and the ICDD patterns for Cu, Cu2O, CuO, 
and pseudocubic BaTiO3; b.) is a magnified view of the closely overlapping BaTiO3 and 
CuO peaks. 
  

While thermal analysis and XRD have provided some supporting evidence to the 

claim that TiO2 is a viable option as a barrier layer for preventing Cu oxidation, further 

work is required to prove/disprove the absolute feasibility of this hypothesis. For 

example, no experiments were conducted to test the electrical conductivity of the TiO2-

coated Cu, which is a definite concern for the 18 nm-thick coating, and a probable 

concern for the 5 nm-thick coating. Additionally, further studies are needed to 

investigate the cofiring behavior of Al2O3-coated Cu with 0.8BT-0.2BZT.  
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CHAPTER 4 

GENERAL CONCLUSIONS 

 The publication in Chapter 2 reviews the current understanding of structure-

processing-property relationships in BaTiO3 – Bi(M)O3 dielectrics. Additional research 

efforts exploring the microstructure and dielectric properties of a select subset of 

compositions, as well as potential advancements in the ability to cofire Cu electrodes 

with bismuth oxide based dielectrics are detailed in Chapter 3. The general conclusions 

drawn by this collection of work as a whole are summarized in the following 

subsections. 

4.1 Structural Analysis 

 The introduction of Bi(M)O3 compounds to ferroelectric BaTiO3 introduces 

sufficient disorder to the system to disrupt the long-range tetragonal order at room 

temperature, leading to a material that can only be described globally as pseudocubic. 

This structural modification changes the ferroelectric behavior of BaTiO3, where the 

addition of certain fractions of Bi(M)O3 compounds causes a transition from traditional 

ferroelectric to relaxor ferroelectric behavior. The exact fraction of Bi(M)O3 addition 

necessary to induce relaxor behavior depends on the M cation or pair of cations. 

Understanding the structure of BaTiO3 – Bi(M)O3 dielectrics provides valuable insights 

to the origins of the relaxor behavior, enabling more intelligent and intentional design of 

these materials. As demonstrated in the case study on 0.8BaTiO3 – 0.2Bi(Zn1/2Ti1/2)O3 

(0.8BT-0.2BZT) (Section 2.2), the long-range structure of this material is pseudocubic 

when inspected via laboratory XRD methods; however, Rietveld refinements of high 

resolution x-ray diffraction (HRXRD) and neutron diffraction patterns have indicated the 

presence of local tetragonal distortions that are not correlated over larger periods. This 

claim was supported by refinements of additional HRXRD diffraction patterns taken at 

the APS (Section 3.1), where differences between the experimental and calculated 

patterns (modeled using the Pm3m and P4mm space groups) were attributed to the 

local distortions in the lattice that differed from the long-range average structure. 
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4.2 Processing Analysis of BaTiO3 – Bi(M)O3 Dielectrics 

 From a processing perspective, the addition of Bi(M)O3 compounds to BaTiO3 

lowers the sintering temperature and enhances densification, but also adds substantial 

complexity to the processing and phase development of the system. The challenges of 

cofiring bismuth oxide-based dielectrics with Ag/Pd, Pt, or Cu electrodes necessitates 

the implementation of specifically designed processing considerations. Even precious 

metals which are thermodynamically compatible with bismuth oxide can experience 

oxygen-evolving interactions, which cause catastrophic bubbling and delamination in 

MLCCs. 

 Although cofiring with Cu electrodes would dramatically decrease the cost 

associated with manufacturing BT-Bi(M)O3 capacitors, it is challenging because of its 

thermodynamic incompatibility with bismuth oxide at processing temperatures (See 

figure 1.6, page 10). As a potential solution to the thermodynamic obstacle, protective 

barrier layers of Al2O3 and TiO2 were deposited via ALD onto Cu powder by 

collaborators at Forge Nano. Qualitative analysis of TGA results of pristine and coated 

Cu heated to 1000 °C in air revealed that the TiO2- and Al2O3-coated Cu powder 

experienced less mass gain than pristine Cu. Since the mass gain was presumably 

caused by oxidation, it can be inferred that the Al2O3 and TiO2 coatings provided some 

protection against the oxidation of Cu. While this is a promising development, the Cu 

still oxidized to some extent, and more work is required to determine whether or not the 

protection provided by the coatings is sufficient to retain the electrical conductivity of the 

Cu. 

In an additional study, pristine and TiO2-coated Cu of varying thicknesses were 

sintered with 0.8BT-0.2BZT at 1000 °C in flowing argon. XRD studies of the cofired 

samples prior to sintering may suggest that increasing the layer thickness of TiO2 

decreased copper oxidation; however it is difficult to determine the validity of this claim 

based on the XRD study alone. 

 Even processing conditions without considering electrodes have proven to be 

quite complex. In situ hot stage XRD analysis (Figure 2.15, page 41) has elucidated the 

complex reaction pathways that occur during the phase formation of 0.8BT-0.2BZT, 
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revealing the formation of the intermediate phases BaBiO3 (a perovskite with Bi 

occupying the B-site), Bi4Ti3O12 (a layered perovskite with Bi occupying the A-site), and 

BaBi4Ti4O15. Additionally, the peak splitting observed at 1120 °C revealed the possible 

existence of two distinct perovskite phases. The complexity of phase formation is 

matched by the complex microstructure development of 0.8BT-0.2BZT. Backscatter 

SEM images revealed contrasting regions within grains, indicating mesoscale chemical 

heterogeneity. TEM-EDS scans confirmed and quantified the presence of cation 

heterogeneity within the grains, showing most grains to have Bi-rich centers and some 

grains to have Ba-rich centers surrounded by Bi-rich rings. These stoichiometric 

deviations can significantly affect processing behavior by controlling the rate-limiting 

step for diffusion, and the microstructure development can be specifically tailored by 

donor- or acceptor-doping the sample. 

 An additional study (detailed in Section 3.2) of the microstructure development of 

a select subset of (1-x)BaTiO3 – xBi(M)O3 compositions revealed that chemical 

gradients within the grains is not specific to the BT-BZT system, but is also 

characteristic of BZN-, BMN-, and BMW-modified BT compositions. These systems 

have all demonstrated promising dielectric response and temperature stability, and the 

implication that the mesoscale chemical heterogeneity is linked to the electrical 

performance of these materials is an intriguing prospect that requires further study.  

4.3 Properties Analysis of BaTiO3 – Bi(M)O3 Dielectrics 

As part of the additional study detailed in Section 3.2, the dielectric response as 

a function of temperature of (1-x)BT-xBZT, (1-x)BT-xBZN, (1-x)BT-xBMN, and (1-x)BT-

xBMW compositions was measured, and certain trends were observed across the 

compositions. The most general trend was the inverse relationship between the 

difference in ionic radii of the two cations that make up M and the maximum relative 

permittivity. Another is that as x increased, the average grain size increased for samples 

sintered at the same temperature; this makes sense intuitively, as it was previously 

stated that additions of Bi(M)O3 to BaTiO3 decrease the sintering temperature. Further 

trends in temperature stability and maximum relative permittivity were observed within 

each family of compositions. 
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As discussed in the Introduction, the foremost attractive features of the BaTiO3 – 

Bi(M)O3 family of ceramics is their excellent dielectric response and their temperature 

stability of permittivity at elevated temperatures. A high breakdown strength and low 

loss factor are also important to avoid failure under high applied electric field, and to 

avoid self-heating and thermal runaway, especially at elevated operating temperatures. 

The concentration of electrically active defects must be minimized in order for these 

dielectrics to operate at elevated temperatures and under large applied electric fields. 

Defect chemistry and deviations from stoichiometry not only affect the processing 

behavior of BaTiO3 – Bi(M)O3 dielectrics, but also the electrical properties. An extensive 

study was carried out (Section 2.4) to determine the possible mechanism(s) responsible 

for the robust resistivity and activation energies of the SrTiO3-Bi(Zn1/2Ti1/2)O3 (ST-BZT) 

and BT-BZT systems. One possible explanation construed from the experiment 

suggests that intrinsic-like activation energies are the source of measured electrical 

transport properties of bulk ceramics. There is still much to be learned about the defect 

mechanisms involved in the electrical behavior of BaTiO3 – Bi(M)O3 dielectrics and how 

they change over time during processing conditions, and more work is required to fully 

identify and understand the mechanisms at work. 

4.4 Summary 

The collection of data gathered from this work has provided valuable insights into 

the structure-processing-property relationships of BaTiO3 – Bi(M)O3 dielectrics, as well 

as the potential to replace precious metal electrodes with more economical Cu 

electrodes in bismuth oxide-based capacitors, which are capable of operating efficiently 

and effectively at elevated temperatures and under high applied electric fields. Such 

innovations will improve advancements in energy storage and conversion technology, 

with many applications including, but not limited to: inverters used in hybrid and electric 

vehicles, components of wide bandgap SiC- and GaN-based power electronics, and the 

integration of renewable energy sources into the power grid.  


