
AN ABSTRACT OF THE DISSERTATION OF 

Jason William Nikkel for the degree of Doctor of Philosophy in Chemistry presented on 

December 18, 2020. 

Title:  Designing Dielectric Materials through Complex Metal Oxides. 

Abstract approved: ______________________________________________________ 

David P. Cann 

This dissertation demonstrated that the electrical properties of complex oxide-based 

perovskite materials could be controlled through the careful modification of both material 

composition and structure. This was first shown through the modification of lead zirconate 

titanate (Pb(Zr0.52Ti0.48)O3, PZT) solid solutions with bismuth indate (BiInO3, BI) where 

the relative stability of the parent PZT phases, tetragonal (P4mm) and rhombohedral (R3m,) 

were shifted with increasing additions of BI.  There were also observations of a correlated 

reduction in the Curie temperature with increasing additions of BI. Control over the 

electrical properties was also demonstrated through the modification of the 

Ba0.85Ca0.15(Zr0.10Ti0.90)O3 solid solution with Bi(Zn0.50Ti0.50)O3 through the disruption of 

long-range ferroelectric dipole order, resulting in a relaxor ferroelectric phase with a very 

high permittivity over a very large temperature range. 

Studies into BI modified PZT solid solutions showed the formation of stable solid 

solutions with the incorporation of BI at up to 10 mol% for PZT compositions with a Zr:Ti 

ratio of 50:50, and with up to 15 mol% BI with a Zr:Ti ratio of 52:48. Dielectric and 

ferroelectric studies were carried out on xBI – (1-x) PZT (52/48) samples for 0% ≤ x ≤ 

10%. These studies showed a decrease to the Curie temperature from 390°C at 0% BI to 



325°C at 10% BI, a transition in the room temperature ferroelectric phase from tetragonal 

at 0%, to mixed tetragonal and rhombohedral at 2.5%, to rhombohedral at 5% and above, 

and a variation to the high temperature phase transitions prior to the cubic paraelectric 

phase resulting in a rhombohedral to tetragonal phase transition in the 10% BI composition. 

Ferroelectric studies showed all samples to saturate at approximately 40 kV/cm upon which 

polarization loops of a normal ferroelectric were observed with coercive fields ranging 

from 10.8 kV/cm to 14.1 kV/cm, remanent polarizations ranging from 7.4 C/cm2 to 12.1 

C/cm2, and maximum polarizations ranging from 18.4 C/cm2
 to 24 C/cm2 (properties 

summarized from a maximum applied field of 50 kV/cm.) Piezoelectric studies were 

carried out on 2.5% BI – PZT (52/48) samples showing an average maximum strain of 0.2% 

correlating to an inverse piezoelectric coefficient (d33
*) of 280 pC/N at 70 kV/cm. 

The modification of the ferroelectric Ba0.85Ca0.15(Zr0.10Ti0.90)O3 solid solutions with 

1% Bi(Zn0.50Ti0.50)O3 resulted in a high permittivity relaxor ferroelectric phase. The 

induced relaxor phase was observed to be very sensitive to both processing effects and 

stoichiometry, with small modifications to processing parameters resulting in complex 

changes to the magnitude of the permittivity and the size distribution of PNRs, as evidenced 

by shifts in the observed Tmax. The desirable high permittivity relaxor phase was determined 

to be dependent on the existence of secondary phases, as single-phase samples were 

observed to maintain relaxor character in the dielectric properties while exhibiting 

relatively low permittivity. The existence of secondary phases was determined to be a 

function of cooling rate, with increased cooling rates showing lesser impurities, and 

bismuth oxide excess, as opposed to being determined by maximum sintering temperature. 

This material was found to be promising for multi-layer ceramic capacitor applications, 



though further research is needed into mitigating space charge contributions to the 

permittivity. 
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Chapter 1 

1. INTRODUCTION

Advanced, high performance, dielectric materials are central to modern 

infrastructure and key to developing future technologies. As the backbone of advanced 

electronic devices, dielectric materials range widely in role when it comes to technology. 

Their applications range from those who rely solely on the dielectric effect (insulators, 

multi-layer capacitors, electronic filters, etc.) to more advanced applications such as 

piezoelectrics (actuators, acoustic resonators, ultra-sound, energy harvesters, etc.) or 

ferroelectrics (non-volatile memory, ferroelectric capacitors, etc.) Dielectric materials 

provide the basis for charge displacement through polarization in otherwise insulating, 

non-electronically active solids, and leads to more elaborate phenomena in these materials 

such as the piezoelectric effect, which couples mechanical energy and electrical energy, 

and the ferroelectric effect, which allows for switchable binary memory. The use of these 

materials pervades the world of electronic devices and many are at the leading edge of the 

development of higher performing, and more efficient, advanced dielectric materials. This 

is the driving force behind improving current technology and developing novel futuristic 

technologies. The scope of this work is to develop dielectric materials for broad 

temperature range and high permittivity applications through a fundamental understanding 

of the dielectric effect and crystal chemistry of solid-state solutions of complex metallic 

oxides. 

The aim of this review is to develop a rich fundamental knowledge base pertaining 

to dielectric materials from industrial, historical, and scientific viewpoints using available 
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literature, and to explore the current literature and state of high permittivity (high ) 

materials to develop possible novel materials for multilayer capacitor applications. It is 

important to note that the scope of this work will be focused on, and limited to, bulk 

electroceramic systems, as the application of the thin film paradigm only further convolutes 

the issues at hand. 

 

1.1 The Push for High  

 The ability to store electrical charge was first demonstrated in the mid-18th century 

and one year later the first primitive capacitor, the Leyden jar, was invented [1]. Even while 

it was not fully understood, it was quickly improved upon by attaching multiple jars in 

parallel [2]. Although it is not an earth-shattering anecdote, it has one large implication: 

even at their inception, capacitors have continually been engineered and designed to store 

greater and greater charge. 

Today, charge storage is an integral part of our society. Just recently in 2019, it was 

determined that the number of physical electronic devices out populated the worldwide 

human populace [3]. Each one of these devices rely on hundreds, if not thousands, of 

multilayer ceramic capacitors (MLCCs) that range from macroscopic to microscopic in 

size. With the ever-increasing push for miniaturization of electronic devices and to 

incorporate elaborate space-consuming functionalities into newer models, the space 

available for their necessary basic components, namely MLCCs, has become a limiting 

barrier to miniaturization [4]. Therefore, designing MLCCs of smaller size, yet equal 

capacitance, is a necessary hurdle on the current path to miniaturization of 5G devices and 

beyond. However, brute engineering of MLCC components can only get one so far, as the 



3 

 

 

capacitance of these devices is mainly dependent on two factors: the number of layers in 

the MLCC (which within a fixed form factor is limited by thickness of each layer and is 

limited by the mechanical integrity of the device) and the relative permittivity of the 

dielectric material of each layer. As the layer thickness of MLCCs had already hit 0.5m 

in 2010 [5], the theoretical thickness of these dielectric layers is currently being approached 

and only leaves one avenue forward to further decrease the size of MLCCs, that is, 

increasing the relative permittivity of the material. This can be observed through the 

fundamental formula for the capacitance of an MLCC: 

𝐶 =
𝑁𝜅휀0𝐴

𝑡
 

Where N represents the number of layers in the MLCC devices, t is the thickness of each 

layer, A is the area of electrode overlap of top and bottom electrodes in a layer, 0 is the 

permittivity of free space, and k is the dielectric constant of the material. 

Further complicating things is the need for the capacitance of the MLCC to be 

temperature stable as most mobile devices operate over a wide range of temperatures. As 

a materials permittivity is generally a highly temperature sensitive property, due in part to 

the inherent nature of the dielectric effect, as well as the fundamental mechanisms of 

polarization, the challenge of developing high  materials for MLCC applications is a 

multi-faceted one deserving of careful scrutiny and investigation. 

 

1.1.1 A Note of Clarity on Permittivity and the Dielectric Constant 

 Given the redundant nomenclature around a materials permittivity (relative 

permittivity, 휀𝑟, permittivity of free space, 휀0, and permittivity, 휀, as the actual materials 

property,) as well as the added convolution that the relative permittivity of a material is 
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equivalent to the dielectric constant, , the language found in literature to discuss 

permittivity (as a concept) can be ambiguous and vary widely. In this work, the 

nomenclature of relative permittivity and dielectric constant will be used interchangeably 

as mathematically: 

𝜅 ≡ 휀𝑟 

For purposes of shorthand, also note that, unless explicitly stated as the actual 

materials property, , the use of the term permittivity will also be used interchangeably with 

relative permittivity, and therefore will also refer to the dielectric constant, . This use of 

shorthand is believed to be the root of the confusion, as the relative permittivity, 휀𝑟, of a 

material is the ratio of the materials property permittivity, 휀, and the permittivity of free 

space, 휀0, mathematically represented here: 

휀𝑟 =
휀

휀0
 

 

1.1.2 Classes of Dielectric Materials 

 With the scope of this work focusing on dielectric materials for capacitor 

applications, a brief overview of how these materials are organized is beneficial. The 

following was summarized from Moulson and Herbert second edition [6] and compiled in 

Table 1.1 with the electronic industrial alliance (EIA) coding scheme as reported by 

Fortunato [7]. There are four individual classes of dielectric ceramics, and they are 

qualified by relative permittivity range as well as type of dielectric. 

  Class I dielectrics are low permittivity dielectrics with very low dielectric loss. 

These materials range from dielectric constants on the order of 10(s) to 1000(s) with 

dielectric losses on the order of 0.001. While these materials are high quality insulators due 
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to their very low loss and can be used under large voltages, their very low dielectric 

constants make them undesirable for capacitor technologies and will not be considered in 

this work.  

 Class II and III dielectrics are high permittivity materials and are generally based 

on ferroelectric materials systems. These materials range from dielectric constants on the 

order of 1000(s) to 10,000(s) while maintaining relatively low dielectric losses on the order 

of 0.01. They are known for high volumetric efficiencies; however high losses can be 

induced at higher temperatures and under the application of a.c. fields. As these materials 

combine a high permittivity with low dielectric loss, they are very desirable for capacitor 

technologies and will be of main consideration in this work, and the most well-known 

ferroelectric material belonging to this class is barium titanate. 

 Class IV dielectrics are also high permittivity materials, but of high dielectric loss. 

These materials generally contain a highly conductive phase, or large contributions to the 

dielectric constant through space charge, which can lead to very high permittivities over 

limited frequencies and voltages. These permittivities are inherently voltage dependent and 

Class  r range EIA code Temp (°C) EIA # Temp (°C) EIA code Capacitance change %

X -55 2 +45 D ±3.3

I 15 - 500 Y -30 4 +65 E ±4.7

Z +10 5 +85 F ±7.5

6 +105 P ±10

II/III 2000 - 20,000 7 +125 R ±15

8 +150 S ±22

9 +200 T  + 22, -33

IV > 20,000 U  + 22, -56

V  + 22, -82

Table 1.1: Summary of classes of capacitor materials and coding designation for Class 

II/III as defined by the Electronic Industry Alliance (EIA). X7R, one of the most well-

known capacitor materials can be determined from this coding to vary only 15% in 

capacitance from -55°C to +125°C. It is acknowledged that this coding is out of date due 

to the adoption of the International Electrotechnical Commission (IEC) standards adopted 

in 2010, however EIA coding is still widely used and referenced. Data summarized from 

Moulson and Herbert and Fortunato [6],[7] 
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therefore this class of dielectrics is limited to very low voltages for use in electrical circuits. 

Materials of this class commonly exhibit what is known as the Maxwell-Wagner effect 

[8],[9], or can be modeled as internal barrier layer capacitors. Due to these factors, these 

materials are not desirable for use at the frequency and voltage levels necessary for mobile 

applications. 

 As previously stated, the scope of this work is focused on high permittivity 

materials for capacitor applications. As the literature around high permittivity materials 

can be indiscriminate to Class II/III and Class IV dielectrics, a large portion of this work 

will be dedicated to deconvoluting this fact and identifying possible Class II/III dielectrics 

of high permittivity for future research and development.  

 

1.1.3 Historic and Current State of Tech 

 Capacitor technology has been in the crucible of advancement for centuries. 

However, leaps and bounds of progress in capacitor and materials technologies have been 

made over just the past half-century, culminating in the wide variety of capacitor devices 

Figure 1.1: First figure from ‘Advanced Dielectrics for Capacitors’ Tan et al. [15] 

showing the energy density of various capacitor devices as conceived throughout history. 
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in utilization today. From the historical inception of the Leyden Jar in 1745, to mica-based 

capacitors developed in 1850 (which saw use along-side rolled paper/ceramic capacitors, 

developed in 1900, throughout both world wars,) to more advanced technologies such as 

the rolled foil tower capacitor in 1960, and electrolytic capacitors in 1970. On the turn of 

the 20th, and start of the 21st century, however, capacitor technology exploded with the 

development of multi-layer ceramic capacitors (MLCCs) in between 1950 and 1970 [11]–

[15], the metallized film cap capacitor in 1990, ultra-capacitors 2000, nano-dielectric 

capacitors in 2002, and finally nonlinear composites 2004 summarized in Fig. 1.1 [16]. 

Notably of these technologies are MLCCs which take advantage of class II/III dielectric 

ceramics (namely barium titanate, or composites thereof.) 

 

1.1.3.1 History of Barium Titanate 

 Barium titanate, BaTiO3, the most important material in MLCC capacitors and one 

of the first oxide materials in which ferroelectricity was observed, was discovered during 

World War II in 1941 and 1944 [17]. Initially discovered through doping studies of TiO2 

with barium oxide, due to dwindling mica supplies as German U-boats threatened the 

Allies mica sources in South America, it was found to have dielectric constants an order of 

magnitude higher than any other known material at the time [18]. Immediate realization of 

the possible benefits of such a material are seen through the plethora of work done after its 

public availability at the close of the war [19]–[27]. This body of work is responsible for 

elucidating, not only the foundational knowledge of the materials system still built upon 

today, but foundational knowledge of the interplay between ferroelectric domains and grain 
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size, the effects of mechanical stress on domain switching, and early understandings on 

poling and induced piezoelectric effects. This plethora of knowledge led to a boom in 

ceramic capacitors, with barium titanate at its core, helping the initial push for 

miniaturization. As technology continued the path of miniaturization, devices quickly 

became more nuanced and demands for capacitors of higher volume efficiency were 

realized in the invention of MLCCs. 

  Multilayer ceramic capacitors are composite brick capacitors of sandwiched 

dielectric layers between alternating metal electrodes electrically connected in parallel with 

encapsulating metal caps on opposite ends. They are generally formed as green-bodies and 

fired as individual units in reducing atmospheres. The diagram observed in Fig. 1.2 (left) 

[28] shows the general design of an MLCC. Since its conception between the late 1950’s 

and late 1960’s for use in the Apollo space program, multilayer ceramic capacitor 

technology has been consistently improved upon for the past two decades, though mainly 

in engineering of the dielectric layer thickness of the device as discussed above and seen 

Figure 1.2: (left) general diagram of a multilayer capacitor as depicted in figure 1 Blattau 

et al. and (right) plot showing achieved dielectric layer thickness versus year from Y. 

Honda, AEI, p. 48, October (2004) 
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in Fig. 1.2 (right). As the capacitance of a normal (vacuous) parallel plate capacitor is a 

function of the area of the capacitor plate and the thickness between the plates, it follows 

that the capacitance of an MLCC is a function of not only the area and thickness of the 

dielectric layer, but also a function of the number of layers as seen in the equation from 

section 1.1. The capacitance density of an MLCC then increases simply with decreasing 

thickness of the dielectric layers and increasing number of layers.  However, these variables 

are limited by device form factors and theoretical limits on layer thickness. Therefore, the 

development of higher k materials is the only route forward for developing MLCCs of 

similar or higher capacitance while lowering the form factor, with the included significant 

challenge of temperature dependence. Currently the main route to solve the challenge of 

temperature independent high permittivity responses is though composite materials.  

 

1.1.4 Composite Approach 

 To mitigate problems imposed by the temperature dependence of the dielectric 

properties, composite microstructures that exploit non-stoichiometric barium titanate are 

utilized. It is well known that phase transition temperatures in barium titanate can be shifted 

in temperature space with either doping or defect incorporation through oxygen vacancies. 

Therefore, composites of various compositions of non-stoichiometric barium titanate can 

be developed in which the overall permittivity of the composite capacitor would be an 

integration of the permittivity of all components. This allows for a new family of materials 

with a temperature-stable high permittivity, one well-known being X7R barium titanate. 

As the X7R moniker is coded from Table 1.1, there are various versions of X7R barium 

titanate. While some X7R composites are based on oxygen deficient barium titanate, the 
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X7R composite seen in Fig. 1.3 [29] is a composite of strontium doped barium titanate.  

While a good approach to obtain high permittivity materials with low temperature 

dependence, composite materials suffers from homogeneity issues, as each individual 

composition undergoes a phase transition at each peak observed in Fig. 1.3. This constant 

cycling of phase transitions in the composite imposes stress/strain issues that can result in 

defect agglomeration. These generally build at high energy surfaces or interfaces, 

especially electrode-dielectric interfaces and can lead to delamination. This work will focus 

solely on permittivity of non-composite systems with the knowledge that any materials 

system with high-permittivity compositions that vary in Tmax through composition, or 

defect chemistry, are good candidates for further composite engineering studies.  

 

1.1.5 Maxwell – Wagner and the Internal Barrier Layer Model 

  Another manner to artificially obtain temperature-stable high permittivity materials 

is through the internal barrier layer model. In this model, conducting grains surrounded in 

an insulative grain boundary matrix (or conversely, insulating grains surrounded by 

conductive grain boundary matrix,) allow the material itself to act as a composite array of 

individual capacitors, with each capacitive element located at the grain boundaries. This 

Figure 1.3: Relative permittivity of (Ba(1-u)Sru)TiO3, as seen in U.S. Patent 6108191 filed 

by Bruchhaus et al. in 2000, as a function of Sr composition in individual compositions 

(left) and a single composite structure (right) 
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model, visualized in Fig. 1.4, gives rise to very high capacitances and, effectively, 

“extrinsic” permittivities that can be as high as 1x106 or greater that are not respective of 

the actual materials property. This model can also be described by the Maxwell-Wagner 

model of a two-phase dielectric medium [8],[9]. As both models rely on charge buildup on 

interfacial surfaces, the realized gain to the capacitance of the device will be lost upon 

application of an electric potential strong enough to excite charge carriers into the 

conduction band. The voltage needed for such excitation is generally low, and therefore 

these materials behave more like a resistor under relatively low applied fields ~ 10 kV/cm. 

As these devices must be able to work under varied applied fields, materials with high 

permittivities due to these secondary effects are generally undesirable for MLCC 

applications. 

 In fact, it was reported by Lukenheimer et al. [30] that the majority of ‘colossal’ 

permittivities observed in oxide-based high permittivity materials can be attributed to these 

secondary mechanisms. Therefore, greater scrutiny and analysis of the voltage, or field, 

dependence of these materials is paramount in the search for high permittivity materials. 

 

Figure 1.4: Hypothetical brick-wall diagram of conducting grains sized tg (bricks) and 

insulating grain boundaries sized tgb (mortar) representative of the internal barrier layer 

model. 
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1.2 Classes of Materials 

 Regarding electronic materials, they are generally grouped into three classes: 

conducting, semi-conducting and insulating. While all are important in their own regard 

and, in concert, can work together to develop society and planet-changing technologies, 

the scope of this work will focus mainly on insulating materials. Namely, this work will 

focus on dielectric materials, in addition to ferroelectric and piezoelectric materials, 

especially with regards to high permittivity and high temperature dielectric materials. 

 

1.3 The Dielectric Effect 

The dielectric effect is the displacement of charge under the application of an 

external electric field. As all matter consists of atoms that displace their electrons under 

such conditions, all materials exhibit the dielectric effect. However, if a material does not 

have an incipient energy barrier to conduction, i.e. conductive or non-insulating materials, 

any charge displaced by the dielectric effect will result in free electron transport through 

the system, or conduction. This phenomenon is defined by dielectric displacement, �⃗⃗� , a 

vector parallel to applied field that is governed by the materials property of permittivity, . 

A materials permittivity is its inherent ability to resist the application of an external field 

through the mechanism of dielectric displacement and is shown here: 

�⃗⃗� = 휀�⃗⃗�  

Note that for the permittivity for an isotropic material is a scalar quantity, however, 

for general cases of anisotropy,  is a second rank tensor with units of farad per meter. Also 

note, however, that the dielectric displacement within a sample is not the same as its 

dielectric constant, 𝜅 . A materials dielectric constant, 𝜅 , is defined as its relative 
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permittivity, r, or the ratio of the materials property, , to that of the permittivity of free 

space, 휀0, as shown here: 

𝜅 = 휀𝑟 =
휀

휀0
 

This relation arises from the insertion of a dielectric material into the free space of 

a parallel plate capacitor which will be discussed in a later section. Notice that 𝜅 is a 

dimensionless constant that directly represents a materials property,  휀 . Therefore, the 

relationship between the dielectric displacement vector, �⃗⃗� , within a material and its 

dielectric constant, 𝜅, representing the materials property, is:  

�⃗⃗� = 휀𝑟휀0�⃗⃗� =  𝜅휀0�⃗⃗�  

 

1.3.1 Origins of Dielectric Displacement and Polarization 

With this simple definition of the dielectric effect, it can be easily seen that various 

components of matter will give rise to this dielectric displacement, as any electronically 

active component of a material with a fixed or net charge, q, will displace, 𝑟 , under an 

external applied field, �⃗⃗� ex, generating a static or average dipole moment, 𝜇 . Note that this 

does not exclude components of neutral charge at equilibrium. This dipole moment will 

have units of Coulomb-meter and can be directly seen in Fig. 1.5a and is summarized here: 

𝜇 𝑖(�⃗⃗� 0) = 𝑞 ∙ r𝑖⃗⃗    

Where ‘i’ represents some charged component of a material, 𝑟 𝑖 is the separation distance, 

di measured from the center of the negatively charged moment to that of the positive, dotted 

with the unit vector, 𝑬𝟎
⃗⃗ ⃗⃗  , of the applied electric field.  Inherent static dipoles will align 
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themselves with the applied field due to torsion forces and charge neutral equilibrium 

components (i.e. a neutral atom) will displace to form dipoles in alignment with the applied 

field. These two factors, q and 𝑟 ,  contribute directly to the overall dielectric constant, 𝜅, 

and therefore permittivity, , of the material. As q normally remains fixed in a dipole, the 

largest potential contributor to a materials permittivity is 𝑟 .  

Moving further, if this idea of a dipole moment is applied to an ideal infinite array 

of an indistinguishable chargeable species Fig. 1.5b, each unit of this array will experience 

an equal yet individual dipole moment in response to �⃗⃗� . The summation of all these dipole 

moments in the array is known as the polarization, �⃗⃗� , of the array and is shown here: 

�⃗⃗� (�⃗⃗� 0) =  ∑ 𝑁�⃗⃗� 𝑖
𝜇 𝑖

∞

𝑁=1

(�⃗⃗� 0) 

Where N represents an individual dipole moment. Note that to extrapolate this to a multi-

dimensional array, a simple area (2D) or volume (3D) term would be added to the 

denominator of the summation, and the equation would take on a number density form: 

Figure 1.5: a) Diagram of an elementary dipole and effective dipole moment aligned with 

an external electric field and b) an infinite one-dimensional array of dipoles aligned with 

an external electric field and their resultant polarization 
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�⃗⃗� (�⃗⃗� 0) =  ∑ 𝜌𝑁,�⃗⃗� 𝑖
𝜇 𝑖

∞

𝑁=1

(�⃗⃗� 0) 

Here, 𝜌𝑁,�⃗⃗� 𝑖
is the number density of dipole moments per unit volume of the array. Now, 

substituting in the coulombic representation of the dipole moment we find: 

�⃗⃗� (�⃗⃗� 0) =  ∑ 𝜌𝑁,�⃗⃗� 𝑖
𝑞 ∗

∞

𝑁=1

𝑑 ∙ �⃗⃗� 0 

Remembering, 

𝜌𝑁,�⃗⃗� 𝑖
=

𝑁

𝑉
 

And assuming our three-dimensional array of dipoles is surrounded by a cylindrical prism 

of length d and base surface area A then, 

�⃗⃗� (�⃗⃗� 0) =  ∑
𝑁 ∗ 𝑞 ∗ 𝑑𝑖

𝐴 ∗ 𝑑

∞

𝑁=1

∙ �⃗⃗� 0 

And, as the sum of all individual dipole moments in the array, N, and their charge, q, is 

simply the total charge QT then: 

�⃗⃗� (�⃗⃗� 0) =  
𝑄𝑇

𝐴
∙ �⃗⃗� 0  

Or, 

�⃗⃗� =  
𝑄𝑇

𝐴
∙ �⃗⃗�  

Which represents of the total accumulated charge density on the surface, A, of the indefinite 

cylindrical prism enclosing an infinite three-dimensional array of dipoles, like that depicted 

in Fig. 1.5b. Considering this hypothetical polarized cylindrical prism with a charge 

density of +𝜎𝑇 on one surface, and a correlative -𝜎𝑇 on the opposing surface, the basis for 

an analogous parallel plate capacitor becomes apparent where, 
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𝜎𝑇 =
𝑄𝑇

𝐴
  , �⃗⃗� =  𝜎𝑇 �⃗⃗�  

Note that, as the magnitude of �⃗⃗�  is the total charge density, 𝜎𝑇 (or total displaced charge,) 

the polarization vector and dielectric displacement of this idealized material are equivalent: 

�⃗⃗� = |�⃗⃗� | ∙ �⃗⃗� ≡ �⃗⃗�  

 

1.3.2 The Parallel Plate Capacitor 

 Building from the hypothetical situation posed above, if both charged surfaces of 

the cylinder were covered with perfectly flat, conductive plates, both plates were connected 

to a source of electric potential, U, and subsequently all matter was removed from within 

the cylinder, the resultant circuit would be a parallel plate capacitor as depicted in Figure 

1.6a. As the plates of this capacitor are separated by vacuous free space, the electric field 

across this capacitor, as well as its overall capacitance, are defined by the permittivity of 

free space, 휀0, summarized from Fig. 1.6a here: 

𝐶0 = 
𝑄𝑇

𝑈
 = 휀0

𝐴

𝑑
; �⃗⃗� =  

𝜎𝑇

휀0
 

From this electric field definition, the naught, �⃗⃗� 0, dielectric displacement relationship can 

also be defined: 

�⃗⃗� 0 = 휀0�⃗⃗�  

As the total charge accumulation on the plates due to the vacuum is equivalent to the total 

charge displaced from the insertion of a dielectric material with permittivity of free space. 
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 More interestingly, if a dielectric material of discrete permittivity (휀 > 휀0 ) is 

inserted between these plates, complementary charge, p, will begin to build up on the 

surface of the dielectric material as depicted in Fig. 1.6b. This complementary charge 

‘resists’ applied electric field by effectively reducing the overall charge generating the 

applied field: 

�⃗⃗� =  
𝜎𝑇 − 𝜎𝑃

휀0
 

The resultant capacitance is therefore increased as the effective potential, U, is 

decreased proportionately to �⃗⃗� , and the permittivity of the inserted dielectric material 

contributes to that of free space through its dielectric constant : 

𝐶 =
휀 ∗ 𝐴

𝑑
=

휀𝑟휀0𝐴

𝑑
 𝑜𝑟 

𝜅휀0𝐴

𝑑
 

Note that, for experimentally measured capacitance values, a materials dielectric constant 

can be calculated by solving for , with a sample of known area, A, and thickness, d 

Figure 1.6: a) Schematic of a parallel plate capacitor of two plates with equal area, A, 

separated by a vacuum with discrete distance, d (or volume A*d), attached to a potential 

source, U, and b) insertion of a dielectric material into free space of a parallel plate 

capacitor, subsequent dipole formation within the material (denoted by oblong circles 

between plates) generating the polarization, �⃗⃗� , leading to complementary charge buildup 

on surface of the dielectric material, p, a and its effect on the overall electric field across 

the capacitor 
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𝜅 =
𝐶′휀0𝐴

𝑑
 

Where C’ represents an experimentally measured capacitance of a parallel plate capacitor. 

Another consequence of complementary charge buildup can be seen through the induced 

polarization of the dielectric medium. Remembering that the polarization is the net sum of 

all dipole moments within the material, we can see that there are multiple contributions to 

�⃗⃗� : 

�⃗⃗� = �⃗⃗� − �⃗⃗� 0 

In other words, the resultant polarization of the dielectric material is difference between 

the overall charge density displaced and the naught dielectric displacement of the empty 

capacitor. Given our previous definition of �⃗⃗� 0 and �⃗⃗� , we can see that, 

�⃗⃗� = �⃗⃗� − 휀0�⃗⃗� − 𝑜𝑟 − �⃗⃗� = 휀0�⃗⃗� + �⃗⃗�  

Also, 

�⃗⃗� = 휀𝑟휀0�⃗⃗� − 휀0�⃗⃗�  

Which simplifying gives: 

�⃗⃗� = (휀𝑟 − 1) 휀0�⃗⃗� ≡ (𝜅 − 1) 휀0�⃗⃗�  

Now, if the dielectric is a ‘linear’ dielectric (which will be further discussed in a later 

section), its polarization can also be defined by its electric susceptibility, e: 

�⃗⃗� = 𝜒𝑒휀0�⃗⃗�  

Where the electric susceptibility is a dimensionless constant and a second rank tensor. As 

the applied field and the resultant polarization are assumed to be collinear in a capacitor, 

the relationship between a materials electric susceptibility and the dielectric constant, 𝜅, is, 

𝜒𝑒 = 𝜅 − 1 ∴
휀

휀0
= 𝜒𝑒 + 1 
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1.3.3 Mechanisms of Dielectric Displacement and Polarization 

With the viewpoint building from that of a single atom to a real complex 

polycrystalline material, multiple charge displacement mechanisms in which these dipole 

moments can be formed arise.  These mechanisms give rise to various contributions to the 

materials permittivity and are defined as atomic displacement, 휀𝑎𝑡𝑜𝑚𝑖𝑐, ionic displacement, 

휀𝑖𝑜𝑛𝑖𝑐, displacement of incipient dipoles, 휀𝑑𝑖𝑝𝑜𝑙𝑒, and inertial displacement of space charge, 

휀𝑠𝑐 . Therefore, the materials overall permittivity can be defined as the sum of these 

contributions: 

휀 = 휀𝑎𝑡𝑜𝑚 + 휀𝑖𝑜𝑛 + 휀𝑑𝑖𝑝𝑜𝑙𝑒 + 휀𝑠𝑐 

In each of these mechanisms, the charged species that gives rise to a dipole moment 

have a different effective mass and therefore will have various relaxation times, or 

frequency dependencies, 𝜔(𝑡) . Also, note that the magnitude of contribution to the 

dielectric constant for each mechanism varies, as each has individual constraints on the 

extent of its possible displacement distance, 𝑟 . For instance, 휀𝑠𝑐 , is the largest possible 

contributor as space charge is able to freely move through the bulk conduction band of a 

material and accumulate on defect interfaces and boundaries (e.g. grain boundaries, line 

defects, etc.) in the material. This effectively gives rise to relatively large values of 𝑟 , 

equivalent to the average value of the grain size. Dipole contributions, 휀𝑑𝑖𝑝𝑜𝑙𝑒, are the next 

highest contributor as, within complex polycrystalline materials, these fixed dipoles 

originate from crystallographic inhomogeneity within a grain. That is regions of 

homogenously aligned unit cells with similar dipole moments dispersed heterogeneously 

throughout a crystallite. In ceramic metal oxides these dipole moments arise from average 

charge displacement in ionic bonds. Therefore, it follows that possible values of 𝑟  for 
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dipole contributions are smaller than that of the average grain size, yet much larger than 

that of dipole moments from purely ionic contributions, 휀𝑖𝑜𝑛, that have 𝑟  values on the 

order of magnitude equivalent to the ionic bond length. Lastly, the smallest contributor to 

the overall permittivity would be that of 휀𝑎𝑡𝑜𝑚, which all matter contains, as the possible 

displacement distances are limited to individual atomic orbitals. This general relationship 

can be seen in Fig. 1.7, and is summarized here: 

휀𝑎𝑡𝑜𝑚 < 휀𝑖𝑜𝑛 < 휀𝑑𝑖𝑝𝑜𝑙𝑒 < 휀𝑠𝑐 

Also note from Fig. 1.7 that these mechanisms can either be continuous or 

discontinuous with respect to frequency. This arises from the mode in which the dipole is 

formed or re-arranged and can give rise to various interesting characteristics of the 

dielectric constant. 

 

1.3.4 Frequency Dependence 

If the dipolar formation, or re-arrangement, resultant from the applied electric field 

requires diffusion of atoms or ions, or more simply the breaking of symmetry elements 

within the crystallite, as is the case for 휀𝑎𝑡𝑜𝑚 and 휀𝑖𝑜𝑛, then there will be an activation 

Figure 1.7: Hypothetical frequency dependence for unique components of the dielectric 

constant with relative contribution to its magnitude. 
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energy, Ea, of equivalence to the bond strength felt by the diffusing, symmetry breaking, 

species at ground state. As diffusion is a rate determined process, as defined by the 

Arrhenius equation, that is determined the vibrational frequency, or jump frequency, of the 

diffusing species as well as the potential energy barrier (Ea), it follows that a discrete 

frequency will exist where all diffusing species will be able to instantaneously overcome 

Ea, leading to the observed discontinuity or sinusoidal behavior observed in Fig. 1.7. This 

phenomenon is tied to crystallographic first-order phase transitions in a material, and is 

therefore temperature dependent, and results in large gains to  over very limited 

temperature ranges that do not vary with frequency. 

More interesting are the cases that give rise to continuous behavior with respect to 

frequency, 휀𝑑𝑖𝑝𝑜𝑙𝑒, and 휀𝑠𝑐. In these mechanisms charge, or fixed dipoles, can move and 

re-arrange freely until inhibited by an energy barrier. In the case of 휀𝑠𝑐, charge carriers 

within the conduction or valence band can move freely with the applied electric field until 

inhibited by a discontinuity in the band structure, i.e., a defect surface or grain boundary. 

As for 휀𝑑𝑖𝑝𝑜𝑙𝑒, fixed dipoles, such as the Ti4+ ion within the TiO6 octahedron depicted in 

Figure 1.8: Example of a TiO6 octahedron with Ti4+ cation displaced from its equilibrium 

bond position generating a dipole moment under the application of an external field. The 

displacement process for generating this structure is an example of ionic polarization, 

where the octahedron itself becomes a dipole. However, if this non-equilibrium structure 

is inherent in a material, the reorientation of the octahedron with the applied field is an 

example of dipolar polarization. 
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Fig. 1.8, within the crystallite can move and re-orient freely as the process does not involve 

diffusion and involve only slight distortions away from equilibrium positions. Unlike the 

polarization mechanisms that require diffusion, these mechanisms are continuous and can 

lead to frequency dependence in , namely dipolar, as dipoles of different size and 

magnitude will reorient in the applied field at different rates. To elucidate these 

mechanisms, alternating current is used so that capacitance can be measured at varying 

frequencies, isolating the contributions to the overall permittivity. 

 

1.3.5 Complex Permittivity 

 Thus far, the discussion has only focused on hypothetical, ideal, dielectric 

materials. As dielectric materials are insulators, it is assumed that the ideal dielectric is a 

perfect insulator with zero energy dissipation or loss. In real materials, this is not the case. 

The main form of loss in a dielectric material is energy dissipation through resistive 

heating. With all materials considered in this work being bulk polycrystalline ceramics 

which contain inherent defects, namely grain boundaries and impurities, this energy 

dissipation can be largely attributed to conduction losses through defects and cations with 

unfilled bonding orbitals. While proportionally more conductive than the bulk of the 

material, these grain boundaries are mainly resistive due to small mean free paths, and 

therefore conducting species in grain boundaries will result in resistive heating. Note that 

the mean free path, in this case, is closely tied to the average grain size. Furthermore, as 

earlier defined, displacing space charge within a dielectric contributes to the overall 

dielectric displacement through and increase to the relative permittivity. This apparent 

increase to the dielectric constant is non-real and is considered as the complex permittivity: 
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휀𝑟 = 휀𝑟
′ + 𝑖휀𝑟

′′ 

Experimentally, this energy dissipation is measured as the ‘loss factor’ or tan , where  is 

the phase angle between the capacitive current and the overall current and its relationship 

with the real and non-real parts of the dielectric constant is: 

tan 𝛿 =
휀𝑟
′′

휀𝑟
′
 

 

1.4 Linearity and Non-Linearity in Dielectrics: Ferroelectricity 

 One large assumption made until this point is that the hypothetical dielectric 

material responds to the applied electric field in a linear manner. From the expanded 

definition of the dielectric displacement, we see that, if plotted against the applied field, 

our dielectric displacement behaves linearly with a slope, m, of: 

𝑚 = 𝜅 ∗ 휀0 

Or in the experimental case of polarization vs. electric field: 

𝑚 = (𝜅 − 1) ∗ 휀0 

Consequentially, a linear dielectric can be polarized under the application of an 

electric field and that polarization will be lost with removal of the applied field. These 

materials are commonly referred to as paraelectric. However, not all dielectrics are 

paraelectric. There are a variety of non-linear dielectric materials and one of the more 

common examples is the ferroelectric material which exhibits a ‘switching’ phenomena 

first discovered in analogous ferromagnetism. ‘Switching’ is more aptly described as 

instantaneous polarization within a material that can be reoriented with an external electric 
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field, and as the induced polarization from an applied external field generates its own self-

sustaining internal electric field. The field at which non-linearity occurs is known as the 

coercive field, Ec, and a non-linear ferroelectric material will behave as a normal linear 

dielectric at all fields other than Ec. Another notable consequence of non-linearity is that, 

once formed, the polarized units remain within the material upon removal of the applied 

field. This zero-field polarization is known as remenant polarization, PR, and can be flipped 

in sense upon application of -Ec (thus the term ‘switched’). The process of forming these 

polarized units is called poling and can be used to artificially increase a materials 

permittivity, as it adds to the inherent zero-field 휀𝑑𝑖𝑝𝑜𝑙𝑒 . Note that this gain to the 

permittivity is anisotropic, as the spontaneous polarization only exists in the direction in 

which the material was poled, and that ferroelectric phases of materials generally have 

higher dielectric constants due to incipient dipoles within the material even at ground state. 

Finally, once a material is poled, the polarized state of the material will not return 

to zero unless sufficiently thermally annealed for it to undergo a paraelectric phase 

transformation. Remenant polarization may reduce over time, however, as the polarized 

units may relax via defect diffusion to reduce the systems overall internal strain. Idealized 

Figure 1.9 idealized polarization response to an applied electric field of triangular 

waveform for (left) a linear dielectric, or paraelectric material, and (right) a non-linear 

dielectric, or ferroelectric material. 
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plots of polarization versus electric field for hypothetical paraelectric and ferroelectric 

material are shown in Fig. 1.9 to help elucidate this phenomenon. 

 

1.4.1 Domains and Ferroelectricity 

 The polarization seen in Fig. 1.9 above is idealized and, in fact, would only be 

possible from a perfect single crystal with only one alignment of unit cell. This type of 

response would never be possible, though, even in a single crystal. Polarized unit cells add 

to the overall entropy of the system through the electric potential of the self-stabilizing 

electric field so, if all polarized unit cells in a single crystal are aligned in tandem, this 

would result in a non-equilibrium structure that could not exist without the stabilization 

from some external stressor. This non-equilibrium effect is countered by entropic gains 

arising from dipole moment direction, that is unit cells develop a new source of degrees of 

freedom when polarized. It follows that, if all unit cells in a crystal share the same dipole 

moment sense, entropy would be minimized, and the system would be thermodynamically 

unfavorable. Therefore, to increase the thermodynamic favorability of the system, unit cells 

will align with like sense in small regions within a crystallite. This correlation of like-

polarized unit cells is known as a domain, the correlation length is the domain size, and the 

finite boundaries that separate these regions are known as domain walls. For a tetragonal 

Figure 1.10: Idealized examples of a) 180° domains, b) 90° domains and c) ferroelectric 

domains in BaTiO3 through electron microscopy as reported by Scott et al. [31] 
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ferroelectric crystallite to form at equilibrium there are two common types of domain walls: 

180° and 90°. Antiparallel domain boundaries, 180°, are most efficient at establishing 

equilibrium, while 90° and other angle boundaries are less efficient, examples can be seen 

in Fig. 1.10 with incorporated data from Scott et al. [31]. 

 At ground state, domains are generally small, dispersed randomly, of large density 

within a grain, and relatively mobile. Domains will re-orient and grow together under the 

application of sufficient field, increasing their polarization magnitude, though lowering 

their density and relative mobility. However, these fields tend to be relatively high 

(generally > 15 kV/cm), much higher than normal fields used within capacitor devices. The 

contribution of domains to an un-poled materials overall permittivity is therefore mostly 

due to domain wall motion, as the polarization magnitude of un-poled domains is small. In 

fact, domain wall motion gives rise to variations in the polarization of a grain, ∆P, which 

(for highly mobile domains) can be very high and is the main contributor to the materials 

permittivity and 휀𝑑𝑖𝑝𝑜𝑙𝑒. 

 

1.4.2 The Curie Temperature  

 While these domains form inherently in ferroelectric materials, materials contain 

various crystallographic phases of which not all are ferroelectric phases. In fact, 

ferroelectric materials have either a first or second order phase transition from a 

ferroelectric phase to a paraelectric phase. As this work focuses on perovskite materials, 

the most common ferroelectric phases are tetragonal and rhombohedral while the 

paraelectric phase is most commonly cubic. As the cubic phase is of higher symmetry, it is 

commonly a high temperature phase, and the temperature at which a material transitions 
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from a ferroelectric (FE) phase to a paraelectric (PE) phase is known as the Curie 

temperature, Tc [32]. Paraelectric phases are non-polar and therefore cannot be polarized 

or form domains. Consequentially, cooling through the Tc, spontaneous formation of 

domains is observed with a large gain to the materials permittivity, and therefore the Tc is 

generally (though sometimes incorrectly) correlated to a materials maximum dielectric 

constant, max, in ferroelectric materials. 

 

1.4.3 Relaxor Ferroelectrics 

 An important mechanism in solid state phenomena to increase the overall entropy 

of a FE is chemical inhomogeneity. As the formation of domains lowers the Gibbs free 

energy of the system through periodic arrangement of crystallographically identical unit 

cells, chemical inhomogeneity lowers the overall Gibbs free energy through 

inhomogeneous dispersion of ions on a local, nanometer, scale. This effect can be 

visualized in Fig. 1.11 as adapted from Bokov and Ye [33], where a hypothetical array of 

equal components A and B can be arranged in various configurations while maintaining the 

Figure 1.11: Hypothetical array of two distinct species, A and B, distributed in a 

homogeneous periodic array and inhomogeneous dispersions of only A, only B, or non-

ordered mixtures of A and B while maintaining equal atomic ratios of A and B. Figure 

adapted from the original as developed by Bokov and Ye [33] 
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same local atomic ratio: a homogenous periodic array of A and B, or inhomogeneous 

dispersion with regions of only species A, only species B, or non-ordered mixtures of A and 

B. In some FE systems, this inhomogeneity is incorporated by small, nanometer-sized, 

regions of the ordered, polar, FE phase being separated by the inhomogeneous distribution 

(matrix) of identical stoichiometry. These systems are called relaxor ferroelectrics (RFEs,) 

and these ordered polarized regions are commonly referred to as nano polar regions 

(PNRs.) While there are currently various theorized models of how this inhomogeneity 

gives rise PNRs, they have been regularly observed and their existence has been widely 

confirmed using inelastic neutron scattering, piezo-response microscopy, refractive index, 

and single crystal diffraction [34]–[38]. 

While this inhomogeneity of the cubic matrix is non-ground state, the high density, 

and relatively small correlation lengths, of PNRs allow for their entropic gain to the system 

to out-weigh the increase to the systems enthalpy. Furthermore, while the cubic matrix is 

in-homogenously dispersed, the stoichiometries of these regions are identical, and 

therefore the overall stoichiometry of the material will be uniform. The bulk structure will 

then be an average of all PNRs in the material, as well as the in-homogenous bulk crystal 

matrix in which they exist.  

Most commonly, the bulk matrix in these systems is cubic and therefore, these 

materials are identified as ‘pseudo-cubic,’ for metrically they appear cubic yet exhibit 

ferroelectric properties which are symmetrically not allowed by a cubic, centrosymmetric, 

crystal system. 

 More interestingly, RFEs exhibit diffuse phase transitions and a frequency 

dependence of the dielectric constant, which can result in a material exhibiting a large value 
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of  over a wide temperature range. Identical to FE materials, RFEs exhibit a cubic PE 

phase at high temperature, though cooling through the PE to RFE phase transition 

temperature does not give a normal Curie temperature-like transition. Instead, RFEs exhibit 

a continuous, frequency dependent, peak in the permittivity, and the PE – RFE transition 

temperature is referred to as the Burns temperature, TB. This frequency dependence can be 

described as a dynamic interaction of the applied field with PNRs of varied size, each with 

its own size dependent relaxation constant, and apparent Tc. The region beneath the Burns 

temperature is known as the ergodic region, and in this region PNRs form within the cubic 

crystalline matrix. PNRs are formed with a size distribution equivalent to that of a 

Figure 1.12: Relaxor ferroelectric diagram of the permittivity versus temperature response 

of a real RFE which exhibits and summarizes the phenomena inherent to relaxor 

ferroelectrics as developed by Andrew Bell [39] 
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Maxwell-Boltzmann distribution, are mobile and dynamic, and their average structure 

approaches that of the cubic matrix, hence the term ergodic from statistical mechanics. 

These RFE characteristics are summarized and described visually in Fig. 1.12. 

As temperature decreases, these regions begin to lose mobility until completely 

immobile at the freezing temperature, Tf. At this temperature, the inhomogeneous cubic 

matrix will either relax and enter a normal FE phase or persist as a non-ergodic, canonical, 

RFE. As the size distribution of PNRs follows that of a Maxwell-Boltzmann distribution, 

PNRs are frequency dependent and gives rise to a broad, frequency dependent, peak in the 

permittivity as a function of temperature.  The breadth of observed peak in the permittivity 

is correlated to the size distribution of PNRs and the extent of frequency dependence is a 

function of the PNR mobility. Finally, past Tf, ‘frozen’ PNRs exist in a randomly 

distributed, glassy state and are immobile unless acted upon by an external electric field. 

Figure 1.13: Hypothetical relative permittivity versus temperature data for an idealized 

relaxor material showing the ergodic region where the peak breadth is dependent on the 

size distribution of PNRs growing at onset of TB and the frequency dispersion due to 

PNR mobility. Theorized models of PNR formation are seen as (bottom right) polar nano 

regions in a inhomogenous crystalline matrix and (bottom left) ordered polar ferroelectric 

regions (domains) in a cubic-like domain walls. Models are inspired by Bokov and Ye 

[33] 

�⃗⃗�  
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One large consequence of this ergodic PNR behavior is that the material no longer will 

exhibit an instantaneous switching event, most characteristic of a FE. This frequency 

dependence of permittivity response due to size distribution and mobility of PNRs is 

summarized through use of a hypothetical, idealized, RFE permittivity versus temperature 

response as seen in Fig. 1.13 [hypothetical]  

 

1.5 Piezoelectricity and Strain 

 Another direct, and significant, consequence of dielectric displacement is the 

piezoelectric effect. More specifically, dielectric displacement in a non-centrosymmetric 

material gives rise strain in a material, which is known as the indirect piezoelectric effect. 

Here, the displaced charge generates strain within the material, or a physical deformation 

of the material, and can be elucidated from the example of ionic polarization given in Fig. 

1.14. Conversely, and more commonly referenced, the direct piezoelectric effect is defined 

as the conversion of mechanical energy to electrical energy through a physical deformation 

of the material generating an induced current within the material. As the symmetry 

requirements for piezoelectricity is a non-centrosymmetric structure, all ferroelectrics are 

Figure 1.14: Strain generation due to the ionic polarization in an octahedron due to the 

application of an electric field. The induced strain results in mechanical deformation of a 

material and is known as the indirect piezoelectric effect. 
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intrinsically non-centrosymmetric, it follows that all ferroelectric materials are 

piezoelectric. However, as the qualifier for a polar unit cell is non-centrosymmetry, and 

not all non-centrosymmetric materials exhibit ferroelectricity, it follows that not all 

piezoelectrics are ferroelectrics. Piezoelectric materials are characterized by their 

piezoelectric coefficient, dijk, a third rank tensor, which is governed, directly, by: 

�⃗⃗� 𝒊𝒋 = 𝑑𝑖𝑗𝑘�⃗⃗� 𝒋𝒌 

Where �⃗⃗� 𝒊𝒋 is the displacement field and �⃗⃗� 𝒋𝒌 is the applied mechanical stress. Indirectly, 

they are characterized by the indirect piezoelectric coefficient dijk
* through: 

�⃗⃗� 𝒊𝒋 = 𝑑𝑖𝑗𝑘
∗ �⃗⃗� 𝒋𝒌 

Where �⃗⃗� 𝒊𝒋 is the strain field and �⃗⃗� 𝒋𝒌 is the applied electric field. 

 Strain behavior for PE, FE and RFE materials vary, as the switching paradigm in 

FE materials generates a large instantaneous negative strain, representing lattice 

rearrangement, in the material. This can be observed in Fig. 1.15. As the polarization in PE 

and RFE materials do not exhibit switching effects, the resultant strain will remain linear 

and positive, as the strain is resultant of polarized units moving reversibly within a matrix. 

While this materials property can be very desirable for advanced technologies, it is notably 

Figure 1.15: Strain behavior of a dielectric material under an applied electric field for a 

linear dielectric, paraelectric, material and a non-linear dielectric, ferroelectric, material. 

Note that relaxor ferroelectric materials do not exhibit switching and therefore behave 

linearly in strain. 
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undesirable for capacitor applications, as induced strain within a fixed device structure will 

lead to mechanical instability and device failure. 

 

1.6 Structure – Property Relationships 

To better understand the properties discussed above, it is paramount to understand 

a materials structure. In fact, a materials structure is what allows, and gives rise to, its 

inherent properties through allowable atomic interactions. A materials structure is 

determined by how its fundamental building blocks (atoms, ions, etc.) organize to fill 

space, and their resultant interactions in doing so. In crystalline materials, these building 

blocks (motifs) arrange themselves periodically in space in a three-dimensional array of 

mathematically identical points (lattice.) In doing so, they generate a unique structure (unit 

cell) that is indistinguishable at any translational point within a perfect crystal and whatever 

symmetry is incipient to the unit cell on a local, nano, scale will be reflected by the material 

in the macro scale. As real materials are limited finitely, it follows that unit cells cannot 

repeat indefinitely, and translational symmetry must be broken at some point. These 

terminations are two-dimensional surface defects known as grain boundaries, given that 

grains are regions in which unit cells maintain translational symmetry. Grains range widely 

in size and the density at which they are packed within a polycrystalline material also has 

a large impact on the materials properties. 

 

1.6.1 The Perovskite Structure 

 While the world of crystals is filled with a plethora of different crystal structures, 

(pyrochlore, rutile, wurtzite, sphalerite, etc.) one is paramount in the realm of 
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electroceramics, especially ferroelectric ceramics. That crystal system is the perovskite 

crystal system. The perovskite mineral was first discovered naturally occurring in calcium 

titanate (CaTiO3) and is named honorifically after the Russian mineralogist Lev Perovski. 

This mineral was discovered in Russia by Gustav Rose in 1839 [40], and was first 

described, much later, by Goldschmidt in 1926 [41]. While not crystallographically solving 

the structure, Goldschmidts’ work resulted in the Goldschmidt tolerance factor (TF), t, 

which is still commonly used today to accurately approximate the packing in the perovskite 

structure [42].  

𝑡 =
𝑅𝐴 + 𝑅𝑂

√2(𝑅𝐵 + 𝑅𝑂)
 

Where RX is the ionic radii of specific ionic species in their appropriate coordination 

environment, and t defines the phase stability of the structure: perovskites with unity values 

of t (t = 1) being ideal simple cubic, those of t > 1 tending tetragonal and those of t < 1 

tending rhombohedral or orthorhombic.  The perovskite structure is generally stable over 

the range of 0.8 < t < 1.2. 

The publication of the first solved perovskite structure was not published until 1945 

on studies of the, then, newly discovered, BaTiO3 system [ref-megaw]. This perovskite 

structure can be described chemically as ABX3 where A and B represent cations and X 

represents a (2-) anion. As this work focuses specifically on metal oxides, X will always 

be represented by oxygen and thus the chemical formula is ABO3. For neutrality 

arguments, A cations are larger and generally of second (II) oxidation state and B cations 
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are smaller and of fourth (IV) oxidation state as the overall anion valence is -6, so the 

general expanded formula can be written as: 

𝐴2+𝐵4+𝑂3 

However, this generality can be broken as the A and B site can be of any 

combination of oxidation states generating 6+ overall and allows for aliovalency (is not 

restricted to isovalent combinations.) This structure is based on cubic-close packing of the 

anion (O2-) with all resultant, six coordinated, octahedral holes filled by the B cation. This 

results in a cubic array of corner shared octahedrons, BO6, such as the TiO6 example given 

in Fig. 1.8 (section 1.3.4.) This is the B-site sublattice, and it generates twelve-coordinated 

cuboctcahedral voids which are filled by the larger A cations. The ideal perovskite, of t = 

1, has a 𝑃𝑚3̅𝑚 space group and is realized by SrTiO3 as seen in Fig. 1.16. 

 

Figure 1.16: Unit cell of SrTiO3 with space group 𝑃𝑚3̅𝑚 exemplifying the perovskite 

structure with a tolerance factor of unity. Sr2+ cation is visualized as the largest sphere 

(center of cuboctahedral,) Ti4+ cations are visualized by medium spheres on unit cell 

corners, and O2- anions are visualized as smallest spheres surrounding Ti4+ cations forming 

octahedrons. The B-site sub lattice of a simple cubic array of corner shared BO6 octahedra 

can be seen generating the 12-fold cuboctcahedral A-site.  
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1.6.1.1 Solid Solutions and the Perovskite Structure 

One very powerful consequence of the perovskite structure is seen through the 

application of solid solutions. Solid solutions are exactly as they seem, solid-state 

analogues of liquid-state (solvent-solute) solutions. In the solid-state, solvents are the 

stoichiometric ions in an ionic solid with discrete structure, sometimes referred to as the 

‘parent-structure,’ and solutes are ions of similar valence, ionic size, electronegativity, and 

preferred coordination. The accepted rules governing the formation of solid-state solutions 

are summarized by the Hume-Rothery rules [44]. These rules state that the ionic radii of 

solute and solvent cations must not vary by more than 15%, and that solute and solvent 

should be of like crystal structure, electronegativity, and valence. Unlike defects, solute 

species are incorporated by a stoichiometric substitution and therefore incorporate directly 

onto lattice sites of the solvent species as opposed to interstitial, or vacancy-based, defect 

sites. Applying solid solutions to the perovskite structure allows for chemical variance such 

as (AA)(BB)O3, which can lead to complex phenomena such as the relaxor effect 

discussed above. In fact, there is no fixed limit to the amount of substitution of a lattice site 

so long as the solutes agree with the Hume-Rothery rules. Notably this has been realized 

within the last decade in high entropy materials which contain five or more cations in one 

lattice site [45]–[48].  

While the Hume-Rothery rules are reasonable guidelines, they are not governing 

laws. In fact, solid solutions of aliovalent cations, cations of different valence, are 

commonplace and have large implications for perovskite materials. Looking at the B-site 

of the perovskite, aliovalent substitutions, as well as substitutions of different ionic size, 

can lead to subsequent distortions in the surrounding O2- bonding array, generating a wide 
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variety of distortions in the BO6 octahedra. These distortions can give rise various 

subsequent properties and are the main form of dipole generation in a perovskite unit cell. 

Note that similar substitutions can be made on the A-site and these substitutions are also 

accommodated by octahedral distortion. However, A-site substitutions of deviated ionic 

radius are generally accommodated by octahedral tilting, though they can lead to 

distortions of the BO6 bonding array. 

 

1.6.1.2 Jahn-Teller Distortions and Common Phases of Perovskites 

 There are multiple types of octahedral distortions in a perovskite though they can 

be generalized into two types: distortion of the octahedra and octahedral tilting. Distortion 

requires a deviation from equilibrium bond distances and tilting is symmetric rotation of a 

static octahedra around a fixed point. These octahedral distortions can be well described 

by the Jahn-Teller effect [49] and, within a perovskite material, are tied closely to the 

tolerance factor. The Jahn-Teller effect describes two mechanisms leading to distortion, 

first order and second order. To describe these effects, it is helpful to look at the rotational 

symmetry of a perfect octahedron, that is it contains three indistinct rotation axes of four-

fold symmetry.  In first order distortions, the octahedron is elongated or contracted through 

breaking of orbital degeneracy [49].[50] which induces tetragonality in a perovskite unit 

cell. In this distortion, four-fold symmetry is maintained along one of the rotational axes, 

while the other two axes are reduced to two-fold rotational symmetry. Second order Jahn-

Teller distortions are characterized by displacement of the B-site cation from its ideal 

crystallographic site and subsequent lengthening and shortening of B-O bonds in the 

octahedron. Symmetrically, this breaks all four-fold symmetry axes into lower symmetry 
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axes and can result in various distortions of the octahedra. Given that there are two 

symmetrically distinct displacement types for the cation in an octahedron (displacement 

along a B-O bond, or axis of rotational symmetry, and displacements between bonds, or 

off-axis of rotational symmetry), second order Jahn-Teller distortions can also lead to 

tetragonality as seen in the example of ionic polarization in section 1.3.4, Fig. 1.8. 

Displacements leading to tetragonality are those along a bonding direction and distortions 

between bonding directions will lead to bending/rotational distortions.  

While these distortions are generally resultant in perovskites of chemical variance 

in the B-site cation, they can also be induced through variance of the A-site cation. 

Furthermore, these distortions can help explain stable incorporation of cations with lone 

pairs (Pb2+, Bi2+) as the, non-symmetrical, excess electron density on the A-site can be 

mitigated through octahedral deformation or tilting. These distortions are also responsible 

for deviations in tolerance factors from unity, which are typified by tetragonal (t > 1), 

orthorhombic (TF < 1), and rhombohedral (TF < 1) phases. These phases are the most 

Figure 1.17: In situ powder X-ray diffraction data on BaTiO3 showing the evolution of the 

{200} peak from a single peak at high temperature, cubic (a=b=c), to a split peak at 2:1 

intensity, tetragonal (a=b≠c), to three distinct peaks, orthorhombic (a≠b≠c), back to a single 

peak, rhombohedral (a=b=c), at low temperature. Diffracted X-ray intensity is denoted by 

color, blue being low (background) intensity increasing to red (high) intensity. Extra 

intensities seen as peak ‘shadows’ (example of low intensity peak above main in cubic 

regime) are due to use of a non-filtered X-ray source. Data was collected by primary author 

using instruments at Analytical Instrumentation Facilities of North Carolina State 

University. 
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common phases seen in perovskite materials and are exemplified by lead titanate (PbTiO3, 

tetragonal), calcium titanate (CaTiO3, orthorhombic), low temperature barium titanate, 

(low-T BaTiO3, rhombohedral), and strontium titanate (SrTiO3, cubic.) 

 

1.6.2 Phase Transitions and Permittivity 

The phase of the perovskite materials above were only considered at a specific 

temperature. Each of these materials, however, exhibit two or more of the common phases 

between absolute zero and the materials melting point, with their highest temperature phase 

generally being cubic. This can be seen as represented by the BaTiO3 system Fig. 1.17, 

which is rhombohedral at T < -90°C, orthorhombic between -90°C < T < 0°C, tetragonal 

between 0°C < T < 123°C [51], and finally cubic from 130°C to its melting point [52]. 

Each of these phase transitions are first-order phase transitions, where first-order phase 

transitions exhibit a discontinuity in the specific heat of the system at the transition 

temperature. That is the systems specific heat increases instantaneously, known as latent 

heat, as more thermal energy is put into the system. This is associated with an incorporation 

of thermal energy into the lattice necessary for it to rearrange and break symmetry. Second-

order phase transitions are continuous transitions and do not incorporate latent heat into 

the system and is typified in this work by RFEs but is also observed in fine-grained BaTiO3. 

Crystallographic phase transitions, as those described above in barium titanate, are always 

first-order phase transitions as they require lattice rearrangement. However, some of these 

first-order phase transitions can approach second-order behavior under stress or if their 

lattice enthalpies are very similar and only require slight distortions in transition. This can 
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be observed through a broadening of the permittivity peak at the phase transition as 

opposed to a sharp delta peak. 

As phase transitions require movement of charged species, it follows that any phase 

transition will contribute to dielectric displacement. This contribution to �⃗⃗�  in perovskite 

phase transitions is seen as a gain to  and is due to rearrangement of cations. In a PE – FE 

transition, not only is there a gain to  from the rearrangement of cations but also from the 

instantaneous formation of polar domains, though this gain is only accessible in a small 

temperature window around Tc. Essentially, PE – FE phase transitions include both ionic 

contributions to permittivity (atomic displacements to distort crystal structure) and 

instantaneous dipolar contributions (formations of domains.) Above Tc, the ionic 

contributions diminish as ions stabilize in the new crystallographic phase, while dipolar 

contributions remain, though are dispersed through small randomly oriented domains. The 

result is that ferroelectric phases of materials generally exhibit higher permittivities than 

non-ferroelectric phases, especially around the transition temperature. However, as the 

very large gains are limited in temperature range, it is difficult to take advantage of this 

effect for high permittivity materials that operate over large temperature ranges.  

It is possible to counteract this effect through engineering of the materials chemistry 

and incorporating chemical inhomogeneity into the material through solid solution. Such 

engineering can be of three approaches, shifting phase transitions closer in temperature 

space via varying stoichiometry, inducing second-order phase transition behavior into the 

material (relaxor behavior) through chemical disorder, or engineering composites of a 

single materials system of varied stoichiometry, where the material has stoichiometrically 
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dependent phase transition temperatures (as is done in X7R barium titanate described 

earlier.) 

 

1.6.2.1 Morphotropic Phase Transitions 

 One unconventional phenomenon resulting from shifting phase transitions closer in 

temperature space through compositional variance, and solid-state solution, is the 

morphotropic phase boundary (MPB). This effect is seen as a compositionally driven phase 

transition that is independent of temperature and occurs when the Gibbs free energy of one 

of the compositions phases is equivalent to another. Consequentially, various desirable 

effects are seen in MPB compositions as they exhibit co-existence of phases at a 

temperature. This allows for more available polarization directions with dramatic increases 

in materials properties (e.g. very large polarizations and enhanced electromechanical 

properties.) This effect is exemplified in lead zirconate titanate with a zirconium/titanium 

ratio of 52/48, Pb(Zr0.52Ti0.48)O3 (PZT 52/48), and this material is one of the most widely 

used electronic materials for ferroelectric and piezoelectric applications. A large 

experimental issue with the MPB effect is that these compositions are highly sensitive to 

stoichiometry and any changes in stoichiometry due to processing effects can cause 

deviations from the MPB composition. This generally results in materials that exhibit 

mixed-phase characteristics and, as the phases may not be exactly equivalent in free energy 

but close, can be hard to distinguish from actual MPB compositions. 

 Another, currently theorized, aspect of the MPB effect is that MPBs may be due to 

pressure effects, as an MPB was seen in pure PbTiO3 under high pressure [53]. This work 

theorizes that it is an induced chemical pressure, due to differences in chemical potentials 
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in the substituents of a solid solution, that gives rise to the MPB seen in PZT (52/48) and 

that all materials could exhibit such a pressure induced MPB. If correct, this theory could 

allow developing solid solutions with perovskite end members that would not generally 

form solutions such as non-ambient (refractory) materials that only exist at high pressure 

or high temperature. 

 

1.6.3 Microstructure Effects 

 If we consider a materials unit cell (local) structure as its fundamental, primary, 

contributions to a material’s dielectric properties, we see that various secondary effects 

arise from a materials microstructure. As a materials local structure is determined from the 

coherency in the periodic arrangement of unit cells, and gives rise to domains in FE 

materials, its microstructure is determined by the degree of coherency over larger scales. 

The regions in which domains share crystallographic symmetry are known as grains and 

are terminated by grain boundaries. Grains, also known as crystallites, can vary widely in 

size, ranging from nanometers in diameter to hundreds of centimeters. While the extremes 

of this range describe nanomaterials (grain size (tg) < 100 nanometers) and single crystals 

of varied size (tg > 1 mm), this work focuses on polycrystalline ceramics where grain sizes 

typically range on the micrometer scale. In ferroelectric polycrystalline materials, grain 

size has a very large effect on the overall properties of a material, especially its permittivity.  

The effect grain size has on a FE material depends on the interplay between domain 

wall density and grain size. Given that the width of a domain wall (td.w.) is [6]: 

𝑡𝑑.𝑤. = √𝑡𝑔 
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It follows that, with decreasing tg, the number of domains in the grain will also decrease by 

a squared root factor of tg. This suggests that as tg decreases, the domain density within that 

grain will increase, and therefore the grain will have inherently more unresolved stress. 

These increased stress states have been shown to inherently increase the permittivity of a 

material through the Devonshire phenomenological theory [22], [23]. However, as tg 

continues to decrease (specifically tg < 1 m), the induced stress due to increased domain 

density becomes sufficient to mechanically suppress the FE phase in a material and 

therefore suppress polarization modes, essentially pushing the material back into a PE 

phase through stress induced pressure [54], [55]. This, in turn, will decrease the overall 

permittivity of the material. As a materials tg is an effect of various variables in processing, 

as well as composition, determining parameters for ideal grain sizes to maximize 

permittivity is generally an issue for secondary process refinement and engineering. 

However, in any study of permittivity, microstructure should be considered and elucidated 

to determine any degree of permittivity contribution due to grain size. 

 

1.7 Materials Systems and Applications 

 In today’s world there exists a near infinite demand for development of advanced 

materials. This is owed to the intricately intertwined relationship between materials and 

technology. That is materials discovery drives new technologies, by example of the 

relatively recent discovery of quantum dots [56] and the development of ultra-high 

resolution 8K quantum dot supplemented light emitting diode (QLED) technologies by 

Samsung, and technology drives materials discovery, evidenced by the ever persisting, 

capitalistic, push for cost minimalization and increased output and/or efficiency through 
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materials refinement or advancement. In fact, our civilizations and species have always 

existed in this manner, as the great periods of time of our existence, almost universally, 

become defined by the type of material leveraged by humankind at that time [57] (stone 

age, bronze age, iron age, coal/steel age, polymer age, silicon age, etc.) From everyday 

building materials, to sophisticated complex electronic devices, to advanced materials for 

extreme environments, if there exists an application, there exists a materials system, if not 

multiple, to fit its needs. This work will focus solely on dielectric materials systems for the 

applications of high temperature memory and actuators in ferroelectric and piezoelectric 

materials, and high permittivity dielectrics for advanced capacitor applications. 

 

1.7.1 Dielectrics for High-Temperature Memory and Actuator Applications 

 The advancement of dielectric materials for high temperature applications depends 

on a variety of figures of merit. Specifically, for memory and actuator applications, these 

materials are ferroelectric, therefore exhibit a curie temperature, and are also piezoelectric. 

A main figure of merit for these materials is their Tc, as it defines the upper limit of the 

temperature range in which they are application viable. Other important figures of merit in 

these systems are their coercive field, Ec, remnant polarization, Pr, the piezoelectric 

coefficient, d33, dielectric loss, tan , and dielectric constant, . In the world of high 

temperature materials there are two distinct regimes, lead-based materials, and lead-free 

materials. To this regard, the focus of this work will be lead-based materials, however the 

study of lead-free materials for normal and high-temperature materials has led to discovery 

of various different materials systems that will be discussed for high-permittivity 

applications, and therefore they shall be discussed briefly as well. 
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1.7.1.1 Lead-Based Materials 

 Lead based materials generally exhibit very desirable ferroelectric and piezoelectric 

properties owing to the inherent qualities of lead cations (Pb2+) in perovskite solid 

solutions. Lead (II) is not only a very large, polarizable, cation, its electron configuration 

of [Xe]6s2(4f145d10)6p0 gives rise to a stable lone pair of electrons. This lone pair effect 

contributes to its electrostatic polarizability, as well as the polarizability of the overall unit 

cell. This is realized through an incorporation of excess electron density onto the perovskite 

A-site which must be accounted for through octahedral distortion. This can easily be 

observed in the PbTiO3 materials system, where the size of Pb2+ and its lone pair effect 

give rise a very stable tetragonal phase at standard temperature and pressure (STP) which 

persists to high temperature, exhibiting a Tc at 495°C. While PbTiO3 itself is not a desirable 

material for ferroelectric and piezoelectric properties due to high dielectric losses and low 

electromechanical coupling factors [58] its high Tc and ability to readily form solid-

solutions make it the starting point for many research endeavors into high Tc ferroelectric 

materials systems. In fact, no materials system is more ubiquitous in the realm of 

piezoelectric and ferroelectric materials than lead zirconate titanate (PZT), Pb(Zr,Ti)O3, 

the binary solid solution of PbTiO3 and PbZrO3 [52], [59], [60]. Lead zirconate titanate 

owes its ubiquity to its exhibition of an MPB at the zirconium/titanium ratio of 52/48. This 

MPB composition is responsible for very desirable materials properties (namely exhibiting 

excellent piezoelectric properties,) as well as a very tunable materials system.  
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1.7.1.2 Lead-Free Materials 

 While PZT and lead-based materials currently demonstrate the most advantageous 

materials properties for ferroelectric and piezoelectric applications, the known high toxicity 

levels of metallic Pb (and Pb containing compounds) necessitate questions of toxicity in 

lead-based perovskite materials. Insofar as legislative bodies around the world have 

limited, or even banned through regulation, the extent of lead content in materials and 

complex devices. Passing of original legislation to this effect in the European Union and 

United States around the early 2000’s preempted a boom of research into lead-free 

materials of comparable or equal quality to that of PZT. This led to research trying to mimic 

the MPB found in PZT in well-known barium titanate systems, as well as incorporation of 

the lone pair effect from Pb2+ through use of similar elements whose ionic state contains a 

lone pair such as tin (Sn2+) and bismuth (Bi3+). While this research is still ongoing and has 

yet to produce a single system to rival PZT, it has produced various systems of comparable 

properties such as the solid solution of sodium bismuth titanate and barium titanate (NBiT-

BT) [61], potassium sodium niobate (KNN) [62], [63], and barium calcium zirconate 

titanate (BCZT) [64]. A comparison of the inverse piezoelectric coefficients of these 

materials systems and PZT can be seen in Fig. 1.18 [65]. Another important consequence 

of these lead-free systems was the discovery of relatively high permittivity materials with 

phase transitions near, or around, room temperature, namely that seen in the BCZT system.  
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1.7.2 High Permittivity Dielectrics for Multilayer Ceramic Capacitors 

 As discussed earlier, the main characteristics that define a dielectric material for 

capacitor applications are its dielectric constant, , dielectric loss, tan d, temperature 

dependence (to be defined qualitatively for this review), and voltage dependence. Other 

important characteristics are the materials insulation resistance and piezoelectric 

coefficient (low to avoid delamination within the capacitor,) however these are secondary 

in concern as the material cannot perform well within a capacitor if the first four properties 

are not within desirable ranges. The epitome of a high permittivity dielectric material for 

MLCC applications would be one with a very high dielectric constant > 20,000, very low 

dielectric loss < 0.01, little to no temperature dependence over the desired temperature 

range (defined by Table 1.1 section 1.1.2,) and zero voltage dependence. As capacitors 

function normally at or around room temperature, this review will focus on materials 

systems in literature with reported instances of high permittivity near room temperature. 

For each material system reported, there will be brief discussion on quality of the observed 

 

Figure 1.18: Inverse piezoelectric coefficient (d33
*) of various lead-free based solid 

solutions as compared to Pb(ZrxTi1-x)O3. Figure adopted from Rodel et al. [65] 
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permittivity, the compositional variance of the system, its permittivity, and any trends 

therein, the proposed mechanisms underpinning its dielectric response, and a brief 

discussion on candidacy for further research into the system for MLCC applications. 

 

1.7.2.1 BaTiO3 Based High- Systems 

 As previously discussed, barium titanate (BT) is the primary material used in 

MLCC applications. With it being a well-known ferroelectric system, ahe push for lead-

free materials generating various solid solutions based on BT, it becomes a natural starting 

place for research into high permittivity materials for MLCCs. Barium titanate itself 

exhibits various ferroelectric phases between its PE-FE phase transition (~130°C) as 

discussed section 1.6.2 and seen in Fig. 1.17, which exhibit, relatively, high permittivities 

(on a historical scope) as seen in Fig. 1.19 (a). One important aspect of these phase 

transitions is their ability to be influenced through cation doping of the A-site or B-site in 

(b) 
(a) 

Figure 1.19 (a) dielectric permittivity versus temperature for single crystal BaTiO3 as 

digitized from Jaffe Piezoelectrics [51] and (b) effect of A-site or B-site cation doping on 

phase transition temperatures in BaTiO3 as adopted from Herbert and Moulson [6] 
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BT. As seen in Fig. 1.19 (b), different stoichiometric additions of doping cations to BT can 

increase, or decrease, the temperature at which a phase transition occurs. For example, 5% 

doping of Zr 4+ on the B-site will increase the rhombohedral – orthorhombic phase 

transition by ~50°C, increase the orthorhombic – tetragonal transition by ~50°C and 

decrease the tetragonal – cubic transition by ~10°C. As the materials permittivity can be 

maximized through mixed-phase stability regimes, the ability to shift phase transitions 

through cation doping to a common temperature is a plausible route to maximizing 

permittivity in BT.  

A note on the following subsections and terminology. As to the terminology of 

doping and solid-state solutions, as these two terms can commonly be used 

interchangeably, it is important they are well defined. In this work, doping will refer to 

small additions to a solid solution of a single cation > 3 mol%. Doping can be done 

stoichiometrically (leading to a solid solution and the inherent confusion) or non-

stoichiometrically (leading to incorporation of dopant on defect sites within the material.) 

Furthermore, in any materials system researched for high permittivity, it is commonplace 

to dope a system with small amounts of a rare earth metal or lanthanide/actinide to increase 

overall permittivity through Zeff.  

 

1.7.2.1.1 (Ba,Ca)(Zr,Ti)O3 

 Ba,Ca(Zr,Ti)O3 was discovered in 1954 by McQuarrie et al., [66] for potential 

capacitor applications. However, the system did not receive much attention until the late 

90’s and early 2000’s when lead-free piezoelectric materials became desirable. It was then 

that the BCZT system was found to exhibit compositions with piezoelectric coefficients 
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comparable to that of PZT (d33 BCZT ~ 620 pC/N) [67]. While a large amount of research 

into this pseudo-quaternary system for piezoelectric applications has occurred [64], [67]–

[71] since then, the work presented in this dissertation focuses solely on the systems 

observed, compositionally dependent, high permittivity (r ~ 10,000) at or around room 

temperature. Throughout this body of work, the relatively high permittivity has been 

continually observed, namely by [64], [65], [70], however (as the goal of this work is to 

develop materials for MLCC applications,) the large piezoelectric coefficients are not 

desirable. Despite this inherent issue, the BCZT material system is suggested to be a 

possible candidate material system for research, with the hypothesis of: if a relaxor 

ferroelectric phase can be induced through small phase fraction incorporation of chemically 

dissimilar cations, then the Curie temperature response of the parent BCZT solid solution 

will become diffusely distributed, maintaining the desirable high permittivity phase over a 

large temperature window. In addition, the possibility exists that, if the large apparent 

strains are dependent mainly on domain wall motion, the breaking of domain wall 

formation due to the induced RFE could inhibit the piezoelectric effect in these materials. 

 Barium calcium zirconium titanate is a pseudo-quaternary solid solution of BaTiO3 

(BT), CaTiO3 (CT), CaZrO3 (CZ), and BaZrO3 (BZ). To simplify, and better represent the 

physical reality of the solid solution, CZ will not be considered. As any composition in this 

phase space can be defined by A-site (Ba/Ca) ratio and B-site (Ti/Zr) ratio, the removal of 

CZ has no mathematical ramifications. This system is also commonly defined in literature 

as a binary of Ba(Zr1/2Ti1/2)O3 (BZT) and (Ba1/2Ca1/2)TiO3 (BCT). While the literature 

varies on style of reporting (Ba,Ca)(Zr,Ti)O3 compositions, the ternary definition of BT-

BZ-CT will be used in this review. Studies into this system mostly focus on the BaTiO3 
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rich side of the ternary, from 65% - 85% BT [67] or fixed percentages of BT, generally 

50% with varying CT/BZ phase fractions. 

 Synthesis of BCZT ceramics generally follows nominal solid-state solution 

processing, though some studies have shown processing methods can play a critical role 

on resultant properties. Studies done by Bai et al. [64] show a dependency between the 

sintering temperature and resultant grain sizes for compositions of 50% BT with varying 

BZ/CT. That is, lowering the sintering temperature (1450°C – 1475°C) would result in 

more desirable densities and average grain sizes. Furthermore, processing studies have 

shown that the use of sintering aides (non-stoichiometric additions) can improve processing 

for BCZT. Namely, the addition 0.5mol% CuO resulted in improved densities from 94% 

to 98% for undoped samples sintered at 1450°C versus doped samples sintered at 1325°C 

[68]. It has also been seen that Ti deficiencies in BCZT can lead to stabilization of the 

tetragonal phase [72], and that the microstructure is also dependent on oxygen partial 

pressure during sintering [73] It is notable that these studies were done on samples 

processed using the sol-gel method. 

 These studies have shown BCZT to have an intricate phase diagram. The sintering 

studies done by Bai et al. show a stable tetragonal phase for fixed 50% BT with increasing 

CT phase fractions (greater that CT/BZ of 50/50) at room temperature, with the 50/50 

sample exhibiting a phase mixture of orthorhombic and tetragonal. Compositions of higher 

BZ phase fraction exhibit a rhombohedral phase. This is consistent with the doping scheme 

seen in Fig 1.18, where increasing phase fractions of Ca into BT disproportionately 

destabilizes the orthorhombic and rhombohedral phases in respect to the destabilization of 

the tetragonal phase. Further studies into BCZT with fixed BT or fixed CT done by Chaiyo 
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et al. [67], [70] show that increasing phase fractions of BZ induce a tetragonal to cubic 

phase transition from low BZ content to high BZ content at a CT/BZ ratio of 0.10/0.15. It 

should also be noted that, from observed XRD patterns in Chaiyo’s work the degree of 

tetragonality decreases substantially as that ratio is approached. The apparent consequence 

of these studies is that the BCZT solid solution presents a compositionally tunable triple 

point where the FE phases at the FE-PE phase transition (orthorhombic, rhombohedral, and 

tetragonal) are of equivalent free energy and therefore equiprobable to exist and, that, at 

this triple point, the dielectric properties of the solid solution are maximized. 

 Table 1.2 

Compilation of dielectric properties of BCZT solid solutions at Tc 

or Tmax as a function of composition from the work of Chaiyo et al.  

% BT % BZ % CT Tc (°C) r @ Tc tan  ref 

       

82.5 2.5 15 100 ~9000 0.02 [70] 

77.5 7.5 15 75 ~10,000 0.02 [70] 

72.5 12.5 15 30 ~10,500 0.025 [70] 

75 0 25 100 ~5,500 0.015 [67] 

75 5 20 80 ~6,250 0.02 [67] 

75 10 15 60 ~10,000 0.02 [67] 

75 15 10 45 ~11,500 0.025 [67] 

75 20 5 10* ~9,000 0.03 [67] 

75 25 0 -20* ~9,000 0.0175 [67] 

       
* samples that exhibit relaxor ferroelectricity and therefore value reported refers to Tmax, as opposed to Tc 

 

The dielectric properties of the BCZT system are best summarized by the work of 

chaiyo [both refs] and are summarized in Table 1.2. Note that the Tc reported in Table 1.2 

is not a true Curie temperature for all samples, as relaxor behavior onset with increasing 

phase fractions of BZ, as noted by an asterisk in the table. Notably, there are various 

compositions of note for candidacy, with most compositions exhibiting relative 

permittivities higher than 9000 with correlated low dielectric loss ≤ 0.03 at the maximum 
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temperature, all within the desired temperature range for X(5-7) capacitors (from Table 

1.1). Also of note is the trend of increasing maximum permittivity with increasing phase 

fraction of BZ, and lower fractions of CT, where the permittivity maximizes at a Ca/Zr 

ratio of 1.5/1. 

 Overall, the BCZT solid solution presents a very desirable candidate system for 

development of a high permittivity relaxor ferroelectric material for MLCC applications. 

This is due to its compositionally dependent, high permittivity, FE-PE phase transitions 

within the desired temperature range for MLCC materials. While it is recognized that 

challenges due to the high piezoelectricity of the parent BCZT solid solution may exist for 

any developed material, these concerns are secondary and could be mitigated with further 

research and device engineering if, indeed, a desirable material is developed. 

 

1.7.2.1.2 Cerium doping in BaTiO3 

 Various literature reports over the past two decades have shown that cerium doping 

in barium titanate is a possible candidate to develop high permittivity relaxor ferroelectric 

materials. However, this system is innately complex as cerium can be incorporated into BT 

solid solutions on both the perovskite A and B-site given its electronic configuration [Xe] 

4f1 4d1 6s2, and ionic radii for Ce(II) and Ce(IV) being comparable to Ba(II) and Ti(IV). 

Generally, the oxidation state for Ce in these solid solutions are fixed stoichiometrically in 

batching, however any slight off-stoichiometries that can arise during processing can lead 

to multivalency in Ce and partial doping of both A and B sites in the perovskite. Therefore, 

careful attention to the processing of these ceramics is very important. And, as it is well 

known that oxygen partial pressure is needed in the processing of stoichiometric BaTiO3 
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to prevent reduction of Ti4+ to Ti3+ [74], it is feasible that some Ce multivalency would be 

inherent to all Ce-doped BT materials. Studies into this system generally focus on B-site 

Ce doping with additions of up to 50% Ce on the B-site done by Chen et al. [75], and up 

to 30% done by Canu et al. [76] and Hwang et al. [77]. Notably, the study done by Hwang 

et al. simultaneously focused on A-site doping of Ce with additions of Ce between 30% 

and 100%. 

 Samples reported in these literature reports were synthesized by normal solid 

solution processing routes. Samples of raw precursors were mixed stoichiometrically, wet 

milled, pressed isostatically, and thermally treated in air with calcining temperatures 

around 1350°C and sintering temperatures averaging at 1550°C. Notably, A-site doped 

samples were sintered at 1350°C in air for 5 hours. Literature is scant on processing studies, 

however one notable study [78] found that the material permittivity was critically 

dependent on Ce particle size, with lower particle sizes deteriorating ferroelectric 

properties, and therefore the observed permittivities. Structural studies show the normal 

room temperature orthorhombic BaTiO3 progressively averaging into a pseudo-cubic 

phase with increasing fractions of Ce. In general, the structure typically transformed fully 

into the pseudo-cubic phase by ~3 mol% Ce [77].  

 Dielectric properties for these Ce-doped BT samples are compiled and summarized 

in Table 1.3. First observations show very high permittivities at Tmax (r,Tmax > 10,000) with  

maximum temperatures in the desired temperature for MLCC applications. Notably, 

however, there are some observable inconsistencies between studies, with large variations 

between measured permittivities at specific compositions. Namely, between all three 

studies referenced, measured permittivities for BT doped with 10 mol% C e on the B-site  
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ranged from a minimum of ~6,500 to a maximum of ~13,000. However, the trend in 

decreasing maximum permittivities with increasing content of Ce holds across all studies, 

with exception of the work of Hwang et al. [77] which showed an increase in the 

permittivity at small fractions of Ce up to 5 mol% Ce, with the decrease in the maximum 

permittivity beginning at 10 mol%. Other notable discrepancies are a lack of reported 

dielectric loss in [77],[74] and variation in Tmax for equivalent compositions across studies. 

These discrepancies could be attributed to the observed dependency on particulate size in 

Ce [78] and the use of Ce precursors from various sources. This is highly likely as additions 

Table 1.3 

Compilation of dielectric properties of Ce doped BaTiO3 solid solutions at 

Tmax as a function of composition for both A-site and B-site substituted Ce 

% Ba % Ti % Ce Tmax (°C) r @ Tmax tan  @ Tmax ref 

              

100 100 0 140 8,000 -- [77] 

100 98 2 127 7,500 -- [74] 

100 95 5 122 10,000 -- [74] 

100 95 5 140 9,000 -- [77] 

100 90 10 109 13,000 -- [74] 

100 90 10 140 8,750 -- [77] 

100 90 10 77 6,500 0.04 [75] 

100 88 12 90 10,000 -- [74] 

100 85 15 62 10,500 -- [74] 

100 82.5 17.5 27 9,500 -- [74] 

100 80 20 2 8,000 -- [74] 

100 80 20 30 3,900 0.02 [75] 

100 70 30 140 8,000 -- [77] 

100 70 30 -76 1,200 0.03 [75] 

100 67 33 -73 800 0.03 [75] 

100 60 40 -90 500 0.03 [75] 

100 50 50 -90 300 0.03 [75] 

70 100 30 75 8,500 -- [77] 

50 100 50 30 15,000 -- [77] 

30 100 70 -15 20,000 -- [77] 

0 100 100 -20 16,000 -- [77] 
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of Ce > 3 mol% led to the onset of RFE characteristics observable in the dielectric response. 

As the Tmax in RFE systems is highly dependent on the size distribution of PNRs (as 

discussed in section 1.4.3), which likely depend on initial particle sizes in the system, it is 

likely that this would lead to the observed discrepancies in Tmax across studies.  

Contrastingly, A-site doping of Ce shows much higher permittivity values (15,000 

to 20,000) which increase with increasing phase fractions of Ce, the highest observable 

permittivity of 20,000 at 70 mol% Ce, and lower maximum temperatures which decrease 

with increasing Ce content. However, the maximum permittivity decreases again between 

70 and 100 mol% Ce. It, therefore, may be more beneficial to pursue A-site doping of Ce 

for high permittivity applications, however the report lacks data on the dielectric loss which 

might suggest the possibility of inherent space charge mechanisms. It should also be noted 

that, as all samples in these studies were processed in air, it is probable that they all contain 

some degree of aliovalent Ce. 

Overall, this system presents a promising candidate for further study. As the 

addition of Ce to BT already induces RFE character in compositions with as low as 3 mol% 

Ce, it lends itself well to the proposed hypothesis for generating desirable high permittivity 

RFE materials. This system also provides for various routes to develop these materials, 

focusing either on low mol% B-site doping, high mol% A-site doping, or studies into 

engineered aliovalent A-site and B-site doping. 

 

1.7.2.2 Co-doping Systems 

 Co-doping, as applied to perovskites, is the doping of a specific lattice site (namely 

the B-site) with aliovalent cations. In general, the site occupancy of the nominal 
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stoichiometry material is reduced by a fraction, x, and is replaced by a 1:1 ratio of two 

various cations with different formal charge, ensuring that the resultant solid solution is 

charge neutral. For instance, in a A(II)B(IV)O3 perovskite, the B4+ cation is reduced by x% 

and doped by x/2% B`(III) + x/2% B``(V). In general, this doping scheme is reported as x% 

(B` + B``), and can vary in valence state so long as the overall charge balance on the B-site 

is charge neutral, i.e. x% (B`(II) + B``(VI)) while physically improbable is a possible 

combination. Some work has focused on applying this scheme to BaTiO3 based solid 

solutions [79]–[81], however the most notable recent work was that on co-doping in TiO2 

published in Nature [82]. 

 

1.7.2.2.1 Co-doped TiO2 

 Co-doping in TiO2 using Nb5+ and In3+ is examined at depth in the work done by 

Hu et al. [82]. This work focuses on four different levels of Nb+In co-doping, 0.05%, 0.5%, 

5%, and 10% as well as asserts some preliminary studies on the use of varied 3+ cations in 

the co-doping scheme such as Al3+ and Ga3+. These samples were synthesized via normal 

solid-state methods, except for the lack of a calcination step, where homogenously mixed 

precursor oxides were annealed at 1400°C/10h with 2°C/min ramp rates. Notably, rutile-

type TiO2 was used in these experiments owing to it exhibiting the largest permittivity of 

TiO2 allotropes. 

 The dielectric properties of these co-doped TiO2 compositions are summarized in 

Figure 1.20 as taken from Hu et al. In Figure 1.20a it be seen that the permittivity response 

maintains a very high (termed ‘colossal’) permittivity that increases with % co-doping 
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constituents and is mostly independent of frequency at room temperature. In Figure 1.20b 

the permittivity response for 10% (Nb+In) co-doped TiO2 is essentially flat for the desired 

working temperature range, correlated with low dielectric loss, for most MLCC 

applications. These permittivity values range from r ~ 20,000 for 0.05% co-doping of Nb 

+ In, to r ~ 60,000 for 10% co-doping of Nb + In at room temperature, with the 10% co-

doping composition ranging from r ~ 55,000 at T = -55°C to r ~ 62,000 at T = 85°C.  

If the entirety of these permittivity values can be realized for capacitor applications, 

these materials could be very desirable for use in MLCC devices. However, proposed 

mechanisms for the described ‘colossal’ permittivity (K~60,000 in 10% (Nb + In) co-doped 

TiO2 vs. K~250 in stoichiometric rutile TiO2) of stabilized electron pinned defect structures 

arising from the co-doping scheme, suggest that the very large gain to the permittivity may 

be partly, or largely, due to space charge or Maxwell-Wagner type polarization mechanism. 

If so, the permittivity of these materials would be voltage dependent, and result in large 

conduction values under application of relatively low fields (~ 1kV/cm). However, the near 

(a) 
(b) 

Figure 1.20: Dielectric properties as (a) a function of frequency for co-doped TiO2 with 

x% (Nb+In) and (b) as a function of temperature for 10% (Nb+In) co-doped TiO2 as 

reported by Hu et al. in Nature [82] 
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perfect dielectric response of high permittivity, temperature stable materials for MLCC 

applications necessitates further study into this system to determine the extent of utilizable 

permittivity of the observed ‘colossal’ permittivity response. 

 

1.7.2.3 Ba(Fe,Nb)O3 

 While most perovskites under consideration for study into advanced dielectric 

materials are titanium based (or on an A(II)B(IV)O3 formal charge distributions), 

A(I)B(V)O3 type perovskites are also prevalent in this field of study. Namely, many 

niobium-based perovskites have been researched and shown to exhibit a wide array of 

properties for both A(I)NbO3 and A(II)(B`(II/III)Nb)O3 typic perovskites. 

 In the aftermath of the discovery of ‘colossal’ permittivities in CaCu3Ti4O12 at 

DuPont as reported by Subramanian et al. [83] a large volume of research was dedicated 

to the discovery of ‘giant’ permittivities observed in iron containing perovskites of the type 

A(Fe1/2B1/2)O3. This body of work is summarized in [84]–[91] and generally focuses on, 

or around, the processing effects of stoichiometric BFN with Fe:Nb ratio of 1:1. Lacking 

in the body of work is any study into BFN solid solutions of Fe:Nb ratio of 1:2 as a charge 

balanced perovskite can be formed at this ratio given the multivalency of Fe, 

Ba(Fe1/3
2+ Nb2/3

5+ )O3. Also, given the aliovalent nature of Fe (its tendency to exist in solid 

solution in both Fe(II) and Fe(III) simultaneously), it is possible that this system could 

exhibit various stable perovskites with mixed Fe valency as the B-site must have a formal 

charge of +4, and the equation: 

2𝑋𝐹𝑒(𝐼𝐼) + 3𝑋𝐹𝑒(𝐼𝐼𝐼) + 5𝑋𝑁𝑏(𝑉) = 4 
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defines a truncated plane of real numbers (when considered for absolute values), any point 

on which could correspond to a stable BFN perovskite with incorporated Fe(II/III) 

aliovalency. While no studies were found by this work into these hypothetical 

compositions, they could be promising for future studies into both high permittivity 

materials as well as multiferroic perovskites. One of the biggest challenges will be 

controlling the oxidation state of the Fe ion and the resultant stoichiometry of the 

perovskite phase throughout the temperature ranges experienced during processing. 

Of further note, a handful of studies into the BFN 1:1 material explored 

modifications to the BFN solid solution through doping and varying processing methods. 

These included the doping of Ti(IV) on the B-site up to 5% Ti [88], La(II) doping on the 

A-site up to 20% La [84], and mechanochemical synthesis of BFN [90], [91]. 

 Samples of BFN were synthesized via normal solid-state methods with calcining 

and sintering done in air at temperatures ranging from 950°C – 1250°C, and 1200°C – 

1550°C, respectively. Dwell times for both calcining and sintering steps averaged around 

4 hours in all studies. Notably, powders and pellets were processed in either Pt crucibles 

or Pt-foil lined crucibles in all studies, most likely to prevent crucible reaction with the 

sample. Mechanochemically synthesized samples were processed with an initial wet mill 

to homogenize, and subsequent high-energy ball milling with times varied between 1-75 h 

[90] and 25-100h [91]. Mechanically reacted powders in [90] were immediately processed 

into dense ceramics, did not contain a calcination step, whereas those fabricated in [91] 

maintained a calcination step at 1250°C/4h prior to sintering at 1350°C/4h. Structures of 

synthesized BFN ceramics were found to be metrically cubic via XRD with no effect to 
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the bulk structure through A-site or B-site doping or mechanochemically synthesis, 

however conflicting data exists in the La-doped study suggesting the un-modified BFN and 

subsequent La-modified compositions to be monoclinic through least-squares refinement. 

However, no description as to the type of refinements utilized requires further research for 

the structure to be elucidated substantially. 

 The observed dielectric phenomena for these samples varies widely on a study-to-

study basis, however all studies report very high permittivity values from r ~ 12,000 to 

upwards of 200,000 [85] at max. While these very large and desirable permittivity values 

were generally associated with low dielectric loss values, tan d ~ 0.2, various studies did 

not report any loss values. In almost all studies, the permittivity peak was highly diffuse 

and frequency dependent as is typified in Figure 1.21. Here, multiple peaks in the 

permittivity are observed with a characteristic frequency dependence persisting throughout 

the entire temperature range. This is consistent with the observed cubic structure in these 

materials, as this frequency dependence is most likely not due to a relaxor ferroelectric 

Figure 1.21: Dielectric permittivity as a function of temperature for BFN as reported by 

Wang et al. in Applied Physics Letters 
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phase, but due to point defects and/or defect structures within the material. Therefore, it is 

very likely that the observed ‘colossal’ permittivities are due to Maxwell-Wagner-like 

mechanisms arising from polar defects and space charge with various activation/relaxation 

constants. However, due to desirability of the observed permittivity responses, studies into 

this material, and the underlying mechanisms giving rise to its permittivity, are warranted 

to explore the potential for MLCC applications. 
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Chapter 2 

 

2. EXPERIMENTAL METHODS 

 Synthesis and processing methods for oxide based ceramic materials vary widely, 

though all methods contain a thread of commonality. In all syntheses of oxide-based 

ceramics, precursor reagents (generally primary metal oxides and carbonates) must be 

combined in some manner stoichiometrically to form the target compound. These mixed 

reagents are then treated via an external stressor (chemical, thermal, pressure), resulting in 

initial nucleation and formation of the target compound. The resultant phase mixture is 

then collected, formed into a sample, and then finally reacted to completion forming a 

single phase, dense, ceramic body of the target solid solution. Further complicating matters 

are the various realms of these materials, bulk polycrystalline ceramics, and thin film 

ceramics. This work focuses solely on the fabrication of bulk polycrystalline ceramics 

through the mixed oxides solid-state method. 

 

2.1 Materials Processing: The Mixed Oxides Solid-State Method 

 The mixed oxides solid-state method consists of stoichiometric massing of 

precursor fine-grained (sub-micron) powder reagents to form a set mass of the target 

compound. These massed reagents are then mixed into a slurry with ethanol and 

homogenized through ‘milling’ with dense ceramic media, normally yttria-stabilized 

zirconia (YTZ). This milling is a pulverization process which breaks apart any formed 

agglomerates and maximizes reactant grain surface area for reaction through minimizing 

particle size. Milled powders are then dried with the milling media removed from the 



73 

 

 

solution, forming an initial ‘batched’ powder. This batched powder is then heated to a set 

temperature to form initial nucleation of the final product, ‘calcined,’ milled again to 

maximize reaction surface area after any crystallite growth through the initial calcination, 

and then formed into dense ‘green bodies’ through application of high pressure in a die 

press. The green bodies are then heated again at a higher temperature, typically within 10% 

of the theoretical melting point of the target compound, also known as ‘sintering.’ Here the 

initially formed nucleates react and grow to completion, producing a dense, single phase 

sample.  

 

2.1.2 Initial Powder Processing 

 Initial powder processing is a function of analytical massing and wet milling. In 

this work, all precursor reagents were massed stoichiometrically and combined with 

ethanol (EtOH) into a slurry of 80 wt% EtOH. Special considerations were made for 

precursors not of primary oxides, namely carbonate based and hydroxide-based precursors. 

As these precursors readily hydrate with ambient humidity, and any mass due to hydration 

not accounted for in calculations will drive the final composition off the desired 

stoichiometry, precursors of this type were kept in a constant temperature oven at 120°C. 

These precursors were also massed while hot to achieve the highest degree of accuracy 

with the calculated stoichiometry, as the degree of hydration for hydrophilic materials is 

impossible to be known on a given day with a given humidity level and therefore 

impossible to account for adequately in any stoichiometry calculations. Finally, once all 

precursors are massed, ‘batched,’ and combined with 80 wt% EtOH into a slurry, 

cylindrical YTZ media, of 1 cm diameter and 1 cm height, were added at a ratio of 1.2 
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media/gram batched powder (rounding to the nearest integer) in preparation for wet 

milling. 

 

2.1.2.1 A Quick Note on Safety 

 As a large portion of the work undertaken was in use of a highly toxic and hazardous 

material, PbO, it was always of utmost importance to use adequate personal protection 

equipment (PPE) handling this material. As the PbO used was of nano-sized crystallites, 

PPE included well ventilated (negative pressure) spaces, respirator masks with appropriate 

filter ratings when handling the raw reagent powder, eye protection and lab coats. All PbO 

related processing is to be handled with care, and any instrument used in said processing 

(scoopulas, drying bowls, mortar, and pestle, etc.) was Pb-contaminated and only used in 

processing of materials where Pb was a component of the system. 

 

2.1.3 Wet Milling and Calcination 

 In this work, wet milling of slurried batched powders with sufficient YTZ media 

was performed on a high energy random-orbital vibratory mill for 6-10 hours depending 

on desired crystallite size. The main purpose of this milling step is to homogenize the 

precursor powders within the slurry, as well as break up any large particle agglomerates 

and minimize crystallite size to maximize surface area for reaction. With adequate milling 

times, required temperatures for reaction can theoretically be minimized and therefore 

initial nucleation of the desired phase can be achieved at lower temperatures and dwell 

times. As most ceramic oxides must be reacted at relatively high temperatures (> 1,000°C,) 

and that some primary oxides will readily volatilize due to low vapor pressures, achieving 
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maximum reactive surface area to minimize calcination temperatures as well as dwell times 

can be very important. After milling, homogenized slurries are then recovered and 

separated from the YTZ media and allowed to dry. Dried batched powders are then placed 

into ceramic crucibles (alumina, Al2O3, or magnesia, MgO, depending on possible 

solubility of reagents with the crucible, i.e., BaO readily forms stable phases with Al2O3 at 

high temperature [1]) for calcination. Samples in covered crucibles are then heated in high 

temperature furnaces to the set calcination temperature, generally with quick heating and 

cooling rates, for a set dwell time. While dwell times are generally on the order of 2-4 

hours, and temperatures are ~20% of the theoretical melting point of the target 

composition, best calcination temperatures and dwell times must be determined 

experimentally on a case-by-case basis. Upon successful calcination of loose batched 

powders, it will commonly be seen that powders will densify to varying degrees in the 

crucible which is characterized by the loose powder receding from the edges of the crucible 

‘caking.’ 

 Calcined powders are then removed from crucibles and gently pulverized in a 

mortar and pestle if densified to any degree. At this point, X-ray diffraction is utilized to 

determine the extent, if any, of formation of the desired phase. If, indeed, diffraction peak 

intensities of the desired phase are observed in initial X-ray diffraction studies, then the 

calcined powder is ready for a secondary milling step, to again break up any agglomerates 

formed (missed by mortar and pestle pulverization) and reduce any grain growth during 

calcination prior to being formed into samples. Once milled, the slurry is again dried, and 

the resultant calcined powder is ready for sample processing. 
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2.1.4 Green Body Formation – Uniaxial Pressing 

 To form the loose calcined powders into dense, single phase, ceramics, it is first 

formed into ~1 mm thick, 13 mm diameter, cylindrical pucks known as green bodies. First, 

the powder is massed into approximate amounts necessary to form ~1mm thick pellets. As 

this mass is a function of the atomic weight of the elemental components, compositions 

with large fractions of more massive elements (like lead) require larger masses of calcined 

powder (~0.5 grams for barium titanate based solid solutions and ~1.5 grams for Pb based 

solid solutions.) Once massed, the powder is then, optionally, processed further through 

the addition of sintering/pressing aides (to be discussed later) or elemental excess to 

account for volatile compounds (such as PbO and Bi2O3) before being added into a 13mm 

cylindrical die press as seen in Fig. 2.1. Samples are then pressed at 170 MPa for 3 mins 

in a uniaxial hydraulic press resulting in solid green bodies. These bodies are then set into 

a ceramic crucible (same considerations for alumina or magnesia use as before hold) for 

Figure 2.1: Schematic showing formation of ceramic green body from loose powder 

through uniaxial pressing in a die press  
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the final sintering step. In the crucible, green bodies are set upon a small layer of calcined 

powder of same composition known as ‘sacrificial’ (sac) powder. The green body is then 

covered in sacrificial powder of the same composition, and the crucible is covered with a 

ceramic lid, readying the sample for the sintering step. As diffusion readily occurs across 

the surfaces of green bodies, sacrificial powder is used to mitigate this diffusion by 

minimizing the chemical gradients between the surfaces of the green body and the crucible 

(bottom) and air (top/sides). 

 It should also be noted that pressing of green bodies can also be used prior to 

calcining in effort to maximize diffusion of reaction by minimizing void space in the loose 

powder. In this case, calcined green bodies densify significantly and must be pulverized 

prior to milling. This technique is generally employed if it is observed that loose powder 

does not calcine homogenously (observation of inhomogeneous coloring and densification 

of the loose powder.) However, as these techniques do not work well with mixed precursor 

reagents (use of oxides and carbonates) as done in this work, no issue of inhomogeneous 

calcining was encountered, and this extra step is a possible point for impurity incorporation 

into the sample, it was not necessary and therefore not utilized. 

 

2.1.4.1 Use of Pressing/Sintering Aides – Liquid Phase Binders 

 As crystallite grains are rigid bodies of relatively high hardness, they have large 

wetting angles when interacting with other crystallites and, generally, will not be able to 

pack efficiently under high pressure due to incongruous shaping. This can result in packing 

faults during pressing, large pores or void spaces inside the green body, or non-stable green 

bodies that crumble or fall apart after removal from the die press. Note that, while general, 
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this is not always true and must be determined experimentally on a case-by-case basis. To 

combat these problems with green body formation, there are various methods to apply. One 

technique is to ensure that the powder is of finest crystallite size possible (and of 

homogenous size distribution), as the smaller the crystallite, the larger the surface area and 

amount of high energy surfaces. This requires various milling steps with intermixed sieving 

to remove agglomerates and crystallites that are too large. Sieving also ensures semi-

homogenous crystallite size distributions which also helps reduce these effects and requires 

low pressure < 100 MPa pressing for very short periods of time (order of 10s of seconds) 

to achieve stable green body formation.  

These techniques, while effective, are tedious, time consuming, and are not always 

sufficient to solve the problem. Therefore, a more common approach is the use of a 

polymer-based liquid phase binder. These binders are additives mixed into the calcined 

powder pre-pressing, where the polymer binder is dissolved in a polar solvent (ethanol, 

acetone, xylene) at small weight percentages (wt. %) then mixed with the calcined powder 

in mortar and pestle. Upon mixing, the solvent evaporates leaving behind the polymer 

binder, and the dried calcined/polymer powder mixture is ready for pressing. Under high 

pressure, the polymer binder (Polyvinyl Butryal, PVB, dissolved in EtOH as used in this 

work) undergoes a phase transition from solid to liquid, hence the terminology of ‘liquid-

phase binders.’ The binder creates a ceramic-liquid composite, where the binder wets all 

crystallite surfaces, effectively reducing the wetting angle between crystallites and 

allowing for efficient packing fractions. After pressing, the polymer binder returns to a 

solid state existing between crystallite boundaries within the green body. This polymer can 

easily be removed through thermal annealing, as most organic based compounds will 
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vaporize above 250°C. To ensure all organic compounds are burned off, a 450°C/2-4 hours 

thermal step is added to sintering profiles when polymer binders are used. In this work 1-

4 wt.% PVB (determined experimentally) was used for all fabricated samples. 

Another common addition to samples, pre-green body formation, are termed 

‘sintering aides.’ These additions have no function during actual green body formation but 

help to form dense, single-phase samples, during the actual sintering process. They have 

functions from lowering the overall melting point of the system, allowing for lower 

sintering temperatures, to accounting for non-stoichiometries which arise from component 

volatilization at high temperature. 

 

2.1.4.2 Considerations for Componential Volatilization 

 Some primary metal oxides have a very low vapor point (relative to the high 

sintering temperatures needed for ceramics) and will readily volatilize at high 

temperatures. In this work the two main species of interest are PbO and Bi2O3. As any form 

of volatilization will result in non-stoichiometry and unsuccessful processing of samples 

(inhomogeneities in sintered sample, off-stoichiometry defect incorporation, delamination, 

cracks, etc.,) managing volatile components during sintering can be very important.  

There are multiple avenues utilized to deal with volatilization. One avenue is to 

first react volatile elements through secondary pathways of reaction. If a metastable 

compound exists between the volatile component and another component in the system, 

those two reagents can first be reacted into the meta-stable phase, that is stable prior to 

volatilization temperature, then react meta-stable phase normally to form desired product. 

This however is limited, as not all components in a solid solution will have meta-stable 
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phases for secondary reaction pathways, and (even if they do) it is not guaranteed that the 

meta-stable phase forms at a low enough temperature to avoid volatilization.  

Another avenue to mitigate vaporization of volatile reagents is to address the 

mechanism of volatilization itself. As it is a function of partial pressure and chemical 

gradients, large amounts of sacrificial powder can be used to reduce possible chemical 

gradients (between sample surfaces and air/crucible.) The sacrificial powder can also 

preferentially volatilize, prior to the sample, and create an equilibrium partial pressure 

environment in the crucible, inhibiting further volatilization.  

Finally, a very commonly used avenue is the incorporation of excess constituents 

of the volatile reagent into sample pre-green body formation, or into sacrificial powder to 

account for stoichiometry lost due to volatilization. This amount of excess is generally 

experimentally determined but varies from 1 mol% to 10 mol%. In this work, 3 mol% 

excess of PbO was sufficient to achieve dense, phase pure samples of Pb(Zr,Ti)O3. Also 

note that these volatile elements are an inherent health and safety hazard, and necessary 

safety precautions in the processing and fabrication of materials with these elements should 

always be observed. In this work, all high temperature furnaces used for lead-based 

processing were done in a fume hood with adequate chemical scrubbers to ensure no 

leeching of toxic chemicals into ambient atmosphere. 

 

2.1.4.2.1 Seasoning – Furnace and Crucible effects 

 Another factor to account for in dealing with volatile components is the crucible. 

As crucibles are porous ceramics of differing chemical makeup to the samples being made, 

they are another source of chemical gradients within the sintering system, as well as source 
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of physisorption or chemisorption for the evaporating species. In fact, it can be visually 

observed that ceramic crucibles will absorb evaporated oxides during sintering through 

changes in coloring of the crucible walls. While not known to any scientific certainty, due 

to inherent difficulties of observing these chemical gradients at such high temperatures, it 

is widely acknowledged that using ‘seasoned’ crucibles, crucibles in which the volatile 

substance have been used in prior and show evidence of deposition, to inhibit the excess 

chemical gradient, as well as be a source of excess vapor pressure, is necessary in 

producing dense, single phase samples which contain volatile precursors. 

This phenomena was encountered experimentally in this work in the sintering 

process of Pb(Zr0.52Ti0.48)O3, pertaining to the research discussed in Chapter 3. Initial 

processing of these samples had a very high failure rate ~75% of samples fabricated had 

some inherent physical flaw (low density, macroscopic faults, delamination, gradient 

densities, etc.) even with excess PbO incorporated into the sample. In effort to explore the 

source of this issue, four samples of varied PbO excess incorporated into the green body 

were arranged in a new, unused, alumina crucible with sacrificial powder. To ensure that 

the sintering environment was sufficiently saturated with PbO and drive any possible 

chemical gradients away from leeching PbO from the samples, piles of raw PbO were 

deposited between samples in the crucible as depicted in the diagram in Fig. 2.2. Post-

sintering, it was observed that all piles of raw PbO had volatilized with no trace of powder 

left on the crucible where they were deposited. However, it was observed that the walls of 

the new crucible underwent a color change and appeared the color of raw PbO powder, 

suggesting that the piles of raw PbO powder volatilized and physiosorbed into the walls of 

the virgin crucible. The sintered samples were of high quality and density with no 
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observable flaws or inhomogeneities and exhibited density differences reflecting the extent 

of PbO excess incorporated into the sample (lower density S4 containing no excess, highest 

densities, S2/S3, of highest excess in Fig 2.2). This suggests that, to account for 

componential volatilization in a system, both the use of stoichiometric excess and seasoned 

crucibles are necessary to produce dense samples. 

 

2.1.5 Sample Preparation and Sintering 

Once all considerations for necessary additions to calcined powders to achieve 

dense single-phase samples has been made, and the samples have successfully been pressed 

into stable green bodies, samples are ready to be prepared for the final sintering process. 

Green body samples are arrayed in crucibles, set on top of a bed of calcined sacrificial 

Figure 2.2: X-ray diffraction of the {200} family of planes in Pb(Zr0.52Ti0.48)O3 samples 

fired in a highly PbO rich environment. The ‘x’s’ on the inserted diagram represent piles 

of raw PbO deposited prior to sintering which no longer were present post sintering. The 

identifier ‘S1-S4’ represent Sample 1 – Sample 4 in which varying degrees of PbO excess 

were incorporated into the green body sample, S1 containing 3 mol % Pb excess, S2 

containing 5 mol% Pb excess, S3 containing 10 mol% Pb excess and S4 being the nominal 

stoichiometric control. 
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powder of the same composition to the sample and covered in the same sacrificial powder, 

ensuring that edges of the sample are adequately covered as well. Prepared crucibles are 

then covered and inserted into a furnace for sintering. 

The temperature at which samples are sintered is a function of the melting point of 

the target materials system. In general, highest densities are achieved as the melting point 

is approached, however any melting that occurs will ruin the sample completely. As most 

materials systems being made are either novel or relatively unknown, melting points must 

be approximated by the rule of mixtures – which states that the resultant properties of a 

solid solution between compound A and B will be a weighted average of the two 

components individual properties. While these approximations are generally accurate, they 

fail to account for secondary effects which can artificially lower the melting point. This, 

and the fact that high temperature furnaces typically have not-well defined thermal 

gradients within a furnace (deviating from the reported temperature) and temperature can 

fluctuate unexpectedly, leads to the general acceptance that sintering temperatures should 

be chosen typically ~10% below the theoretical melting point. This tends to lead to 

adequate sintering temperatures for theoretical solid solutions, and experimental methods 

can be used to improve best sintering practices. 

Dwell time at sintering temperature, and heating/cooling rates, also tend to be 

experimentally determined sintering parameters. As these parameters govern the amount 

of time the sample is at high temperature, they govern all diffusion driven kinetic processes 

during sintering and sufficient dwell time for full reaction, grain growth, and densification 

must occur. However, too long of dwell time, or too low of a cooling rate, can lead to too 

much grain growth or stabilization of defects in oxides. In this work, a dwell time of 4 
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hours, with heating/cooling rates of 2°C/min, was chosen for sintering unless parameters 

are already well defined in literature.  

 Once single-phase samples are obtained, their as-sintered density is measured via 

the Archimedes principle and compared to theoretical densities as determined from single 

phase XRD patterns and target solid solution composition. Desired percent densities for 

dense samples are >90% theoretical density, as beneath this density percentage the amount 

of void-space, of permittivity between 휀0  and 휀𝑎𝑖𝑟 , in the sample is large enough to 

noticeably convolute the materials properties. These dense, single-phase, samples are then 

polished using progressively finer grit silica-based polishing paper until mirror polish to 

remove the as-sintered defect surfaces and obtain near-parallel surfaces, ensuring parallel-

plate capacitor configuration during characterization. 

 

2.1.6 Electrode Application 

 Finally, once parallel surfaces of mirror polish are obtained and the physical 

dimensions of the sample are recorded, electrodes are applied to the surfaces of the sample 

for characterization. Two types of electrodes were utilized in this work for ambient 

measurements and non-ambient measurements. For ambient measurements, gold 

electrodes were applied using a plasma-based target sputtering setup. To ensure that no 

electrode material was deposited on the edges of the sample, acetone-based varnish was 

applied to the edges prior to sputtering, and removed post-sputtering using an acetone bath. 

For non-ambient measurements, high or low temperature, silver electrodes were painted 

on sample surfaces and thermally annealed at a temperature 100°C above the max 

temperature to be used in characterization (generally 750°C) for 30 mins. In this work, 
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most samples underwent non-ambient characterization techniques so silver painted 

electrodes were generally used. 

 

2.2 Density Measurements – Archimedes Method 

 Post-processing, various techniques are utilized to explore and characterize the 

samples crystallographic structure, microstructure, and electronic properties. As bulk 

ceramic samples are arrays of tightly stacked, rigid crystallites, they do not always tend to 

pack in the most efficient manner. Any packing faults that occur during sample processing, 

and are not relieved during the sintering process, result in the incorporation of void-space, 

or pores, in the sample. As these pores will have very low permittivities, the overall 

permittivity of the sample will be of a composite permittivity of the material itself and the 

permittivity of the void spaces. Therefore, the Archimedes principle is utilized to determine 

the density of the sample relative to that of deionized water at room temperature. The 

calculated density of the sample is then compared to the theoretical density of the sample 

to determine its percent theoretical density. This theoretical density is determined either 

from literature sources of the sample, or X-ray diffraction studies used to determine the 

materials crystallographic structure in combination with the expected stoichiometric 

composition of the target solid solution. Theoretical densities of less than 90% are not 

sufficiently dense for purposes of materials characterization as the ratio of void-space to 

sample mass is too high and the permittivity of the pores becomes a substantial fraction of 

the samples measured properties.  
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2.3 Structure Characterization – X-ray Diffraction 

 After the discovery of X-rays by Roentgen in 1895 [2], it took less than two decades 

for novel techniques using X-rays to elucidate the structure of materials to be developed. 

By 1913, father and son researchers William Henry and Lawrence Bragg developed the 

law by which the well-known diffraction paradigm (defined by the famous double-slit 

experiment in 1801 by Thomas Young [3]) could be applied with X-rays to probe planes 

of atoms in a well-defined lattice, as the wavelength regime of X-rays are of the right order 

of magnitude to interact with the planar separation distances in the average unit cell, and 

X-rays can inelastically scatter off of core shell electrons in an atom. This law is known as 

Bragg’s Law and is seen here [4]: 

𝑛𝜆 = 2 ∙ 𝑑 ∙ sin (𝜃) 

Where n is an integer term describing the plane order, 𝜆 is the discrete wavelength of 

diffracting X-rays, d is the distance separating the crystallographic planes, and 𝜃 is the 

angle of incidence between the incident X-rays and the surface of the crystal. This 

relationship can be visualized and derived from Fig. 2.3. 

 Applying this law to the paradigm of a crystal, a motif of atoms on a translationally 

repeatable matrix of lattice points seen in Fig. 2.3, diffraction will occur at specific angles 

Figure 2.3: X-ray diffraction off planes of atoms in a lattice due to constructive interference 

at angles of coherence, image taken from Hyperphysics by R. Nave, (left) with a 

representative perovskite unit cell giving physical reference to the lattice planes (right) 
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of 𝜃, or experimentally 2𝜃 for incident and diffracted (measured) beams, where planes of 

lattice points are in coincidence leading to constructive interference of diffracted beams. 

These instances of constructive diffraction are measured by the intensity of the diffracted 

beam and, for a perfect single crystal, would show up as instantaneous delta peaks. The 

collection of these delta peaks through 2𝜃  space generates a diffraction pattern which 

reflects the symmetry of the unit cell as well as its physical dimensions. For non-idealized 

crystals, and polycrystals, the diffraction peaks grow in breadth (reflecting a Maxwell-

Boltzmann distribution), reflecting the relative size of the crystallites, or their average size 

distribution, and any inherent stress between crystallites. Also, as crystals vary in symmetry 

and lattice types (spatially defined by the lattice parameters a, b, and c), interplay between 

the equality relationship of a, b, and c will give rise to degeneracy and peak-splitting when 

degeneracy is broken. For example, in the cubic case of a=b=c, an instance of diffraction 

off of the (100) plane will be equal to that of the (010) plane and (001) plane (visualized in 

Fig 2.2), however in the tetragonal case of a=b≠c, an instance of diffraction off of the (100) 

plane will be equal to that of the (010) plane but not equal to that of the (001) plane. This 

breaks the degeneracy of the cubic case so the {100} peak will be split into two distinct 

peaks in 2𝜃 space, one representing the (100) as well as the (010) and one representing the 

(001). Furthermore, in a perfect randomly oriented polycrystal, diffraction conditions for 

all these planes are equiprobable, so the ratio of the degeneracies is maintained in the 

relative peak intensities arising from the break in degeneracy (i.e. 2:1 ratio in the tetragonal 

case.) 

 

 



88 

 

 

2.3.1 Qualitative Approaches 

 In general, for experimental ceramics research, XRD patterns are used, and 

interpreted, on a qualitative (visual) basis to determine the phase-purity of a sample as well 

as a first approximation of the samples ambient crystallographic phase. While XRD 

patterns are very complex and a convolution of various materials and experimental 

parameters, if a majority phase is present in the sample it can be a relatively straight 

forward process to identify impurity phases and basic symmetry elements. Impurity phases 

present in the material will diffract readily in a diffraction experiment (if present to any 

substantial extent) and therefore readily show up on a diffraction pattern at low relative 

intensities. Determination of these impurity phases can be difficult, however, as normally 

only the most intense peak of the impurity phases diffraction pattern will be present. 

Furthermore, as all materials in this work are of the perovskite structure, determining a first 

approximation of their crystallographic phase is possible as splitting patterns exhibit very 

characteristic qualifying attributes. For example, a tetragonal perovskite will show multiple 

peak intensities (all peaks that are not of relation to {111} family of planes) that are split 

at a 2:1 intensity ratio due to the elongation of the c-axis, and a rhombohedral (a=b=c) 

perovskite will have non-split peaks except the evolution of a shoulder on the tetragonal 

(111) due to the variation of the unit cell angle alpha from 90°. While these qualitative 

techniques are sufficient for informing the experimental process in developing novel 

ceramics, they do not provide solid evidence to make substantial claims about a materials 

structure. Further quantitative analysis through modelling of data from precisely controlled 

XRD experiments is necessary for such assertions. 
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2.3.2 Iterative Modelling Techniques – Pawley Fitting  

 Various orders of iterative modelling techniques exist for the quantitative study of 

XRD data. As there are many variables that can affect said data (both material and 

experimental) it is commonplace to employ at least two techniques: Pawley fitting analysis 

and Reitveld [5]. Pawley fitting is a least squares iterative modelling approach which leaves 

the intensity of the diffracted X-rays un-refined [6]. This allows for more provisional 

modelling, sufficient mostly to determine accurate peak positions in a diffraction pattern, 

which govern the materials space group (hkl positions) and lattice parameters. Once these 

parameters have been accurately determined through Pawley fitting, they can be used as a 

starting point the more complex modelling of Rietveld, which also refines intensity. As this 

work is more focused on elucidating the properties of novel materials rather than their 

structure, modelling techniques were scarcely utilized. However, Pawley fitting would be 

used if any degree of uncertainty existed in the materials crystallographic phase from 

qualitative analysis for purpose of determining theoretical density values and phase 

diagrams. 

 

2.4 Microstructure Characterization – Scanning Electron Microscopy 

 To further characterize a samples physical properties, scanning electron 

microscopy (SEM) can be used to clarify a samples microstructure. Utilizing beams of 

accelerated electrons and various optic lenses for magnification, an SEM allows for 

probing the topography a surface in a sample as well as the surfaces composition through 

interactions of the electron beam and surface atoms of the sample. As most samples 

considered in this work are electronically insulating, they will not readily interact with an 
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impinged electron beam, and therefore must be coated with nanometer thin coatings of 

conductive materials. If prepared correctly, this technique allows for direct observation of 

grain boundaries in a sample (and therefore average grain size) as well as the extent of the 

sample’s porosity, with newer SEMs, dating as far back as 1991, able to achieve resolutions 

of up to 1 nanometer [7]. To clearly resolve grain boundaries in bulk polycrystalline 

materials, the sample must be thermally annealed to grow and resolve the grain boundaries. 

General practice for this process (commonly referred to as ‘thermal etching’) is to anneal 

the freshly polished, or fractured, surface of a ceramic sample at ~10% of the sintering 

temperature for approximately 1 hour, i.e. a sample sintered at 1400°C would be thermally 

etched at 1260°C for an hour as a starting point, however this is a ‘rule of thumb’ and best 

practices for thermal etching must be determined experimentally. In SEM it is also possible 

to resolve impurity phases (generally small anomalous crystallites aggregated at grain 

boundaries,) however it must be noted that these images constitute very small fractional 

areas of the actual physical sample, and SEM images can vary to a significant extent 

depending on the spatial probing area. To this regard, results from SEM images should be 

reported, and considered, accordingly, to forestall conclusions which may adequately 

represent what is seen in an individual scan, but not represent the entire sample. 

 

2.5 Electronic Characterization 

 Complimentary to defining the physical characteristics of a sample, and central to 

this work, is probing and elucidating the samples electronic properties. As most of the 

materials considered in this work are insulative, non-conductive materials, there are two 

main categories of utilizable techniques for characterization: low voltage spectroscopy and 
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high voltage. Low voltage spectroscopy is utilized to experimentally determine the 

capacitance of a sample over a broad range of frequencies, from which the materials 

relative permittivity is calculated, and high voltage measurements are used to determine 

the bulk polarization response of the material. In both techniques, the samples thickness 

and electroded area are necessary components, as the sample is probed as a parallel plate 

capacitor. 

 

2.5.1 Low Voltage Characterization – Dielectric Spectroscopy 

 Dielectric spectroscopy is utilized to determine the permittivity of a material, as 

well as the major mechanisms giving rise to that permittivity. As observed in Fig. 1.7, the 

major mechanisms giving rise to polarization, and therefore permittivity, are frequency 

dependent, so measuring the capacitance of the material as a function of frequency of the 

applied current will allow the elucidation of said mechanisms. These measurements are 

done at low field (or low voltage) as the application of high voltage can bias the results as 

to give capacitance values not representative of the materials inherent permittivity 

(polarization due to domain growth and reorientation, non-real capacitance due to charge 

Figure 2.4: General schematic of experimental setup for dielectric spectroscopy. Low 

temperature experiments utilize a delta box with liquid nitrogen (-150°C to 300°C 

capabilities) and high temperature setups utilize a high temperature tube furnace (r.t. to 

>650°C capabilities) 
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mobility or conduction.) Generally, these measurements are made with the use of an 

inductance, capacitance, and resistance (LCR) meter or an impedance analyzer, and, due 

to the passive nature of the experimental setup, they can be easily made in situ with regards 

to temperature as seen in Fig. 2.4 (image developed from [9], [10]). The experimentally 

measured values in this setup are the overall capacitance of the sample, C´, and dielectric 

loss of the sample, tan . Also, as LCR meters can vary the applied voltage, rudimentary 

studies into the voltage dependence of the dielectric permittivity can directly be measured. 

These measurements are done at low oscillating voltages, < 1V, and can be used to quickly 

confirm the extent of space charge contribution to the materials permittivity. In materials 

with high amounts of space charge, the loss will rapidly and greatly increase with small 

increases of voltage due to an induced current. 

 

2.5.1.1 High Temperature Permittivity – ProboStat Setup 

 For high temperature dielectric permittivity experiments, the LCR meter is 

connected to a tubular probe known as a ProboStat [8]. This large ceramic probe consists 

of a hollow inner ceramic pillar with platinum wiring running through it to make bottom 

contact with the sample. Sitting on top this pillar, the sample is held into place with a 

triangular ceramic puck and thin ceramic arms which are locked using springs to ensure 

the sample does not move. Finally, a thermocouple is inserted near the sample at the tip of 

the pillar setup and the entire apparatus is covered by a large hollow cylindrical ceramic 

sleeve. The entire apparatus, seen in Fig. 2.5 (a) (image developed from [9], [10]) can then 

be inserted into a tube furnace, ensuring that the sample is centered within the tube furnace. 

Utilizing this ProboStat setup allows for passive dielectric measurements up to 



93 

 

 

temperatures greater than 650°C, as well as incorporation of non-ambient environmental 

gradients across the sample although this functionality was not utilized in this work. 

General temperature profile for high temperature scans are 2-3°C/min heating rate to 650°C 

with a 30 min hold and 2-3°C/min cooling. Temperature resolution is relatively high as the 

LCR meter passively sweeps frequencies from 100Hz to 1MHz within 1 min time. 

 

2.5.1.2 Low Temperature Permittivity – Delta Box Setup 

 Experimental setup for low temperature permittivity measurements are much more 

straight forward. A simple sample stage for insertion into a Delta Box low temperature, 

seen in Fig. 2.5 (b), furnace (Delta Design, San Francisco, CA) was developed, and 

machined, with a loose spring-loaded top contact and thermocouple mount near the sample. 

It must be ensured that the sample is physically enclosed within the delta box, as the furnace 

regularly injects high pressure liquid nitrogen into the furnace area on cooling. If not 

properly enclosed, temperature readings at the thermocouple will vary widely and 

convolute the data. Due to the nature of the heating and cooling programs on the Delta box, 

Figure 2.5: (a) Schematic of sample cell for non-ambient ProboStat, far-left, physical 

representation of schematic, left-middle, and fully enclosed sample cell of ProboStat for 

insertion into tube furnace (image developed from [9], [10]), and (b) schematic of sample 

cell for insertion into Delta box low temperature furnace (ceramic plate covers for front 

and back to seal cell not pictured) 

(a) (b) 
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only data of the cooling run is of sufficient temperature resolution, and a typical thermal 

profile consists of heating to 200°C at 20°C/min, an equilibration dwell of 10 mins, and 

then cooling to -150°C at 3°C/min with an equilibration dwell of 10 mins. To conserve 

liquid nitrogen, heating rates after min temperature are 20°C/min as well. 

 

2.6 High Voltage Characterization: Polarization and Strain 

 To characterize the ferroelectric and indirect piezoelectric properties of these 

materials, a high voltage Radiant Technologies RT66A experimental setup with high 

voltage amplifier was utilized. These measurements were done at low frequency (1 Hz) 

and high fields, up to 100 kV/cm. All high voltage measurements were done in a well-

insulated sample cell with copper plug contacts and submerged in silicone oil to limit 

dielectric breakdown. To allow for strain measurements, the top copper contact was in 

floating contact with the sample, and the back was polished to a planar mirror finish to 

allow for optical reflectance. Strain measurements were done at 0.1 Hz with an optical 

interferometric sensor developed by MTI instruments (2100 Fotonic Sensor) measuring 

deflection of a reflected light beam due to movement of the floating copper contact. All 

strain and polarization measurements were done with a three-scan running average. 
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3.1 ABSTRACT 

This study focused on the synthesis and electrical property measurements of the 

lead zirconate titanate (PZT)-bismuth indate (BI) perovskite solid solution system. As the 

PZT binary system is a very well-developed and integrated materials system, identifying 

new ternary systems based off of PZT would allow for a new dimension of control into the 

exploration and improvement of its electrical properties which could enable enhancements 

in the performance of current technology and devices. Here, the solid solution of BiInO3 – 

PbZrO3 – PbTiO3 (x BI – (1-x) PZT 52/48) was explored. Through calcination studies, 

stable solid solutions were obtained and compositions up to a maximum of 15 mol% BI 

were synthesized. With increasing BI content, the symmetry transitioned from a tetragonal 

P4mm phase towards a rhombohedral R3m phase. The Curie temperature of these samples 

decreased with increasing mol% BI from ~390°C in pure PZT 52/48 to 322°C in 10% BI. 

Ferroelectric and piezoelectric studies of the 2.5% BI sample showed a coercive field of 

14.4 kV/cm, a Pmax = 38 C/cm2, Pr = 29 C/cm2, and a d33
* = 280 pC/N under a maximum 

applied field of 70 kV/cm at 1 Hz. 

 

3.2 Introduction 

Lead zirconate titanate (PZT) has long been the industry standard materials system 

for ferroelectric and piezoelectric applications, as it can easily be compositionally tuned to 

obtain a wide variety of properties.  It can be enhanced by exploiting its morphotropic 

phase boundary (MPB) at the Zr/Ti ratio = 52/48 [1], which enables its use in various 

devices such as microelectromechanical machines (MEMS), ferroelectric random access 

memory, and integrated piezoelectric sensors/actuators (pressure, gas and/or accelerometer 



98 

 

 

[2]). This MPB is often described as a compositionally dependent phase boundary where 

the free energies of two crystalline phases (tetragonal P4mm and rhombohedral R3m in the 

case of PZT as seen in Fig. 3.1) are exactly equal [3]. Perovskite solid solutions also can 

display mixed phase behavior where crystallographic free energies are similar enough to 

coexist due to variations in lattice enthalpy that arise from defects [4]. These two 

phenomena are generally observed and characterized by tracking the phase equilibria in 

the system. Therefore, identifying new dimensions for exploration into the PZT system 

through changing the phase equilibria across varying compositions could allow for new 

ways to control and modify materials properties.  

In current practice, modifying PZT to achieve desired properties is most commonly 

achieved by single cation doping of the A or B site in the PZT perovskite [5]. This results 

in ‘hard’ PZT when doped with an acceptor cation, such as K+ (A-site) or Fe3+ (B-site), and 

‘soft’ PZT when doped with a donor cation, such as La3+ (A-site) or Nb5+ (B-site). Hard 

and soft PZT display different properties, and therefore are each useful in specific 

applications.  For example, soft PZT is characterized by low coercive fields and high 

dielectric constants which lends itself well to FRAM and passive sensor applications, while 

hard PZT is characterized by more stable domain structures with higher electromechanical 

coupling coefficients and mechanical quality factors and are therefore used in actuator and 

MEMS applications [6]. While these methods are generally effective, they can be limited 

by the number of possible dopant cations and low solubility into PZT. Another avenue to 

modify PZT is through addition of a tertiary phase to the solid solution.  This allows for 

higher solubility limits, modification of both the A and B sites simultaneously, and 

provides another dimension in controlling the phase equilibria of the system. 



99 

 

 

Additionally, as the processing and incorporation of PZT into silicon-based 

technologies has long been established, the infrastructure for developing PZT based 

devices is well integrated into current manufacturing technologies. Consequentially, it 

would be greatly beneficial to develop new solid solutions based on PZT that require 

minimal changes to overall processing methods. The addition of a tertiary phase to the PZT 

solid solution would allow for new avenues in engineering the properties of PZT-based 

piezoelectric materials. As previous research has shown, successful modifications and solid 

solutions of PT with Bi-based perovskite additions. For example, despite limited solubility, 

an increase in Curie temperature was observed in PT with the addition of BiInO3 and 

BiYbO3 [7]–[9]. The addition of Bi-based perovskites to PZT could be a very promising 

direction of research, and it is believed that focusing on the MPB region of PZT (52/48) 

with incremental additions of the tertiary Bi-based phase will produce the highest 

possibility for defining the solubility limit of the novel ternary while observing the effect 

of the newly incorporated perovskite on the phase equilibria of the parent PZT 

composition. 

Little research has been performed on Bi-based solid solutions with PZT, where the 

prior literature investigates Bi(Mg,Ti)O3 (BMT) modified PZT [10],  BiFeO3 (BF) – PZT 

[11], BiMnO3 (BM) – PZT [12], and Bi(Zn0.5Ti0.5)O3 (BZT) – PZT [13]. These systems 

focused on analyzing the ferroelectric to paraelectric phase transition with the addition of 

the Bi-based perovskite modifying phase, and, from these studies, several general 

observations are of note. Primarily, there were observations of a tendency towards relaxor 

like behavior with increasing amount of the Bi containing phase, an increase in the thermal 

stability of the tetragonal phase for compositions with low phase fractions of PZ, and there 
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were notable difficulties with solubility of the Bi containing phase with movement away 

from the MPB composition in the parent PZT system. Comparing these results to those 

observed in  PT-BiMeO3-based perovskite binary systems, the overall focus of this work 

was determined to investigate the effects of the addition to BiInO3 into PZT to highlight 

the phase equilibria and electrical properties of PZT-BI based solid solutions. 

 

3.2.1 Bismuth Indium Oxide 

From the work of Belik et al., BiInO3 forms under high temperature and high 

pressure in the polar space group Pna21, though, upon quenching to room temperature it 

takes on the more common GdFeO3-type orthorhombic non-polar phase [14].  From this 

structure, no phase transition is observed at ambient pressure before the decomposition 

temperature; therefore, it is expected that it has a Tc above 600°C [14]. Given the limited 

stability of BI in the perovskite phase, synthesis of polycrystalline BI under ambient 

Figure 3.1: Extended phase diagram of the binary PbZrO3 – PbTiO3 recreated from 

Noheda et al. [16] into the ternary system BiInO3 – PbZrO3 – PbTiO3. Phases of PbTiO3 

– BiInO3 (red asterisks) determined by Duan et al. [8] and experimental data (red and 

blue circles) from room temperature x-ray diffraction of crushed sintered pellets. 

Ternary phase lines are purely hypothetical and are included to help guide the eye 
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conditions is not possible.  However, recent studies into the origin of morphotropic 

behavior in materials may give evidence for its possible stabilization and solubility at 

standard temperature and pressure as part of a solid solution. It has been shown that pure 

PbTiO3 exhibits morphotropic like behavior under high pressure, ~10 GPa, leading to the 

theory that MPB behavior is not solely a compositionally dependent phenomena and can 

be induced via various forms of pressure – i.e. chemical pressure due to large variation in 

chemical potential or induced crystal strain via competing free energies of crystalline 

phases [15]. While this has yet to be confirmed, it is possible that this effect could stabilize 

the high temperature-high pressure BI phase in MPB compositions of PZT.  

 

3.3 Experimental 

Samples in this work were synthesized via standard solid-state solution ceramics 

processing following the empirical formula x BiInO3 – (1-x) Pb(Zr0.52Ti0.48)O3 for x = 0 – 

0.1 in 0.025 increments. Solid state precursors of PbO (Alfa Aesar, 99.9%), Bi2O3 (STREM 

Chemicals, 99.999%), In2O3 (Alfa Aesar, 99.9%), ZrO2 (STREM Chemicals, 99+%), TiO2 

(CERAC, 99.9%), were massed according to calculated stoichiometric ratios, mixed in an 

ethanol slurry, and combined with cylindrical yttria-stabilized ZrO2 (YTZ) milling media 

at a ratio of 1.2 media per gram batched powder. The reagents were then milled for 10 

hours on a Random-Orbital Vibratory mill (SWECO) to reduce particle size and 

homogenize the mixture. These milled solutions were then dried and calcined in covered 

alumina crucibles at 850°C for 2 hours in an open furnace (Carbolite) with a ramp rate of 

5°C/min. Post-calcination, powders were pulverized to minimize agglomerates, and mixed 

again into a slurry with ethanol and YTZ media to further decrease particle size. To ensure 
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that the desired phase was present, calcined samples underwent phase identification X-ray 

Diffraction measurements (Bragg Brentano, 0.02° step, DS: 1.125°, 2°/min) using a Rigaku 

Miniflex Cu K-alpha Diffractometer. After phase purity was confirmed, ~1.5 g of the 

milled, calcined powder was massed and mixed with 2 wt.% of Polyvinyl Butryal (PVB) 

solution and 2 mol% PbO excess to account for the volatility of PbO. The resultant powder 

was then uniaxially pressed at a pressure of 170 MPa in a 13 mm diameter cylindrical die 

(Carver Press). Green bodies were buried in sacrificial powder of the same composition, 

then sintered in covered alumina crucibles at 1100°C for 2 hours with a ramp rate of 

3°C/min (a preliminary heating step of 450°C for 2 hours was incorporated to burnout 

organic PVB binder.)  

It should be noted that, for all thermal treatments, powders and pellets were 

annealed in alumina crucibles that were aged and saturated with volatilized PbO, as 

opposed new, out of the box, crucibles. The use of virgin crucibles led to visible 

inhomogeneities in the sample, substantial cracking, density problems, and observable 

deposition of volatilized PbO on the walls of the crucible. The density of the sintered pellets 

was measured using Archimedes method and ensured to be >90 % theoretical density as 

determined by lattice parameters from Pawley fits. Various other compositions of this 

ternary were synthesized as calcined powders to explore the phase space but are not 

reported in this work as sintering conditions tended to vary extensively. XRD data 

supporting phase purity of these compositions can be found in Appendix A, and it was 

determined that the solubility limit for BI in PZT (52/48) was ~15% of BI content and ~10 

mol% BI in PZT 50/50.  
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Phase purity of the samples was determined on crushed, sintered pellets using XRD 

(BB, DS:0.0625°, 0.02° step, 0.05°/min), with a Rigaku Miniflex Cu K-alpha benchtop 

diffractometer. For property measurements, the samples were polished to 0.5 mm thickness 

with a mirror finish. Silver electrodes were applied to the samples using a thermal silver 

paste (Heraeus) at room temperature, and then annealed at 700°C for 30 minutes. Prepared 

samples then underwent frequency (100 Hz to 1 MHz) and temperature (r.t. to 500°C) 

dependent dielectric permittivity characterization using a high temperature cell (NorECs 

AS ProbostatTM, Oslo, Norway) with capacitance measured using a Low Field Impedance 

Analyzer (HP 4192A) Room temperature polarization was measured at 1 Hz using a three 

scan running average (Radiant Technologies RT66A), and room temperature strain was 

measured concurrently at 0.1 Hz using an interferometric sensor (MTI Instruments 2100 

Fotonic Sensor).  

 

3.4 Results and Discussion 

3.4.1 Density Measurements 

The densities of samples reported in this work were confirmed to be ≥ 90 % 

theoretical density using the Archimedes method, with a minimum density of 90 %, 

maximum of 98 %, and average of 93.8 % varying by composition. Densities were also 

accompanied by shrinkage in the diameter of the samples of ≥ 10 %, with an average 

shrinkage of 11.4%, suggesting successful sintering of the samples. Theoretical densities 

were calculated using the volume of the parent structure, Pb(Zr0.52Ti0.48)O3, and a space 

group of P4mm, approximated by the splitting of the {100} reflection seen in the sample 0 

% BI reported in Fig. 3.2. A stoichiometrically weighted average of the atomic masses for 
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each constituent in the desired composition was then used to estimate a theoretical density 

at that composition. 

 

3.4.2 Structural Studies of x BI (1-x) PZT 52/48 

From first observations of Fig. 3.2 a few key results were apparent. XRD results 

showed no impurity peaks with the lattice parameters changing as a function of 

composition, indicating a stable, phase pure, solid solution was formed. Also observed 

throughout these compositions are two distinct crystallographic phases, with apparent 

phase mixing of them in the 2.5% BiInO3 composition. Qualitatively, these phases were 

identified from the characteristic splitting patterns as tetragonal and rhombohedral, given 

the strong splitting of the {200} at a 2:1 intensity ratio, and the evolution of the shoulder 

in the {111} (guide arrows in Fig. 3.2.) These phases are assumed to be the same as those 

Figure 3.2: XRD data of pulverized dense ceramics with zoomed inserts showing evolution 

of rhombohedral phase character with increasing BI content. Tetragonal splitting can still 

be observed in the 2.5% BI sample. Asymmetry in peaks suggest some extent of phase 

mixing is present at room temperature for all samples except the 10% BI. Full structure 

intensity refinements, outside the scope of this work, would be necessary to confirm to any 

degree of quantitative certainty. 
 



105 

 

 

of the parent MPB PZT composition. Note that the MPB PZT 52/48 composition is 

reported in literature as either of monoclinic symmetry [16], or of a phase mixture of 

tetragonal and rhombohedral. The 0 mol% BI (MPB PZT 52/48) sample from this work 

shows a phase mixture of tetragonal and rhombohedral, though with stronger tetragonal 

splitting, a c/a ratio of 1.022, than is typically present in the literature. This discrepancy 

from the literature was likely due to the use of excess PbO as a sintering aid, as XRD data 

of pre-sintered powders shows splitting patterns of mixed phase tetragonal and 

rhombohedral (included in Appendix A). It has been commonly seen that the use of excess 

PbO in PZT ceramics increases tetragonality through the preferential initial nucleation of 

PbTiO3 [17]. As the use of excess PbO was a necessity for producing dense sintered 

ceramics due to the high volatility of PbO, more elaborate processing methods such as hot 

pressing, which is beyond the scope of this work, would be needed to inhibit the induced 

tetragonality. 

Comparing the splitting patterns observed in Fig. 3.2 to analogous bismuth 

modified PZT systems[10]–[13] a few general trends can be seen. Most apparently, while 

the onset of reduction in tetragonality in this BI modified system occurs more readily (i.e. 

BI-PZT(52/48) has fully transformed into the rhombohedral phase at 5 mol% addition of 

BI, whereas BZT-PZT(52/48) still shows tetragonal XRD character up to 20 mol% BZT 

[13],) there is a definite trend of a reduction in tetragonality with increasing amount of the 

BiInO3 addition. With exception to the BF-PZT system, this typically corresponded to a 

decrease in the systems observed Tc. This is consistent with expected trends from 

phenomenological theory which predicts a temperature dependent decrease in spontaneous 

polarization while approaching Tc [18]. Further suggesting that the addition of a bismuth 
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compound to the PZT solid solution, overall, increases the stability of the PZ dominated 

rhombohedral phase. However, a similar study in the BF-PZT system reported an increase 

in Tc with increasing phase fraction of BF. This study was done at very low phase fractions 

of PZ, possibly suggesting that there exists a critical Zr/Ti ratio in bismuth modified PZT 

systems where the rhombohedral phase is suppressed. This would further correspond to  a 

possible increase in Tc, as seen in the analogous B(M)-PT binaries [7], and would be of 

interest for further exploration into high Tc compositions of these bismuth modified PZT 

systems. Therefore, future studies within this system aimed for high Tc applications, a focus 

on the extrapolated mixed phase region at low PZ content seen in Fig. 3.1 is highly 

suggested. 

 

3.4.2 Dielectric Spectroscopy of x BI (1-x) PZT 52/48 

Dielectric studies of these materials, seen in Fig. 3.3 (a/b), and summarized in 

Table 3.1, clearly show that this system exhibits similar phenomena as BZT-PZT. A clear  

Figure 3.3: a) (left) Dielectric permittivity as a function of temperature and composition 

and b) (right) dissipation factor (tan ) as a function of temperature and composition at 10 

kHz showing a decrease in Tmax as a function of increasing mol% BI, a trend from 

tetragonal character transition to rhombohedral character transition is observed. Diamond 

symbols refer to inflection points used to define data points in the phase diagram seen in 

Fig. 3.5. 

(a) (b) 
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decrease in Tmax, with an accompanying maximum in tan  suggests a constant decrease in 

Tc with increasing content of BI. This is consistent with, and supports, the theory that the 

additions of Bi-based perovskites to PZT stabilizes the PZ dominated R3m phase. This is 

also seen in the change in the character of the ferroelectric to paraelectric transition in the 

dielectric data, from a sharp peak at 0 mol% BI, very characteristic of a tetragonal to cubic 

transition, to a broader peak which could be more characteristic of a rhombohedral to cubic 

phase transition or the onset of a diffuse second-order phase transition.  While the 

possibility of an induced relaxor phase is acknowledged (also evidenced by some 

frequency dispersion observed in all samples – an example of which is shown in Fig. 3.4,) 

the peak maxima did not shift in temperature at different measurement frequencies 

(typically less than 5-10°C, the accuracy of our temperature resolution)– suggesting a 

discrete phase transition. It should be noted that the composition with the highest BI content 

(10 mol% BI) exhibited two discrete phase transitions that do not fit into the observed trend 

in the data. While samples with increasing mol% BI show a clear trend in lowering in the 

absolute value of permittivity at Tmax and broadening of the peak in the permittivity, the 10 

mol% sample begins to exhibit a broad transition of lower permittivity (onset ~250°C in 

Fig. 3.3 a) then instantaneously increases in permittivity (onset ~300°C Fig. 3.3 a) into a 

sharp transition peak. This suggests that the 10 mol% sample (clearly rhombohedral at r.t. 

Table 3.1 

Summary of Properties for x BiInO3 - (1-x) Pb(Zr0.52Ti0.48)O3 

Dielectric @ 10 kHz; Ferroelectric @ 50 kV/cm 

x BiInO3 

(%) 

Tc 

(°C) 
r (Tc) 

tan  

(Tc) 

r 

(r.t.) 

tan  

(r.t.) 

Pmax 

(µC/cm2) 

Pr (+) 

(µC/cm2) 

Ec (+) 

(kV/cm) 

0 390 26000 0.940 1070 0.008 24.0 11.6 13.9 

2.5 380 24000 0.150 930 0.023 23.6 12.1 10.8 

5 370 14000 0.230 620 0.012 21.4 11.5 14.1 

7.5 350 9700 0.180 630 0.014 18.4 7.4 11.1 

10 325 27000 0.070 550 0.029 22.0 11.9 11.7 
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in Fig. 3.2) transitions from its rhombohedral phase into a tetragonal phase prior to its 

ultimate paraelectric phase transition. This is consistent with the phase evolution of the 

parent PZT system. Looking at the curvature in the phase line separating the PZT R3m 

phase from the PZT P4mm phase in Fig. 3.1, it is apparent that samples of lower PT content 

(between 42 mol% and 46 mol% PT) would cross this phase line prior to the cubic 

paraelectric phase transition. It is believed that the extrapolation of this phase line from the 

binary to the ternary phase diagram is accountable for this phenomenon. 

It also should be noted the permittivity data in Fig. 3.3 only shows measurements 

at 10 kHz, data over the entire frequency spectra for each composition showed that each 

sample exhibited some amount of frequency dispersion prior to the FE-PE transition. A 

representative plot showing this frequency dispersion can be seen in Fig. 3.4 and full 

frequency spectra for all samples can be found in Appendix A2. From this figure we can 

Figure 3.4: Representative frequency dependence of the dielectric response as a function 

of temperature for 5 mol% BI – PZT (52/48) from 100 Hz to 100 kHz exhibiting an extent 

of frequency dispersion prior to the transition temperature. A lack of dispersion in Tmax 

suggests that the material still exhibits a discrete phase transition, while it may have some 

relaxor phase present contributing to the observed frequency dispersion 
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see clear evidence of a frequency dispersion evolving with the addition of BI content, 

suggesting that the addition of BI to the PZT system induced some relaxor-like behavior, 

also in agreement with phenomena observed in PZT modified with Bi-based perovskite 

literature. 

In analyzing these samples, apart from the 7.5 mol% BI composition, all 

compositions exhibit a dielectric phase transition of tetragonal character, suggesting that 

each exhibits a rhombohedral to tetragonal phase transition as the temperature approaches 

Tc. Through combining these results with room temperature XRD results in Fig. 3.2 a 

general phase diagram with respect to BI content was generated and can be seen in Fig. 

3.5. The reported transition temperatures were approximated from peaks in the dielectric 

loss. Colored dots represent the room temperature phase observed by XRD. 

 

Figure 3.5: General phase diagram of x BI – (1-x) PZT 52/48 with respect to BI content. 

Circles represent phase ID from r.t. XRD data and diamonds represent and approximated 

points of interest from the experimental dielectric loss measured at 105 Hz. Dotted lines are 

hypothetical and generated to approximate the phase diagram. 
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3.4.4 Ferroelectric and Piezoelectric Studies 

Ferroelectric studies were also carried out on all compositions, unpoled, with a 

selected representative polarization loop of the 2.5 mol% BI composition shown in Fig. 

3.6. Full polarization data for all compositions can be found in Appendix A. A subsequent 

three sample study of the piezoelectric strain in the representative 2.5 mol% BI 

composition was also completed, with the averaged results reported in Fig. 3.6. Full strain 

data for all three samples can also be found in Appendix A. All samples were able to 

withstand fields upwards of 100 kV/cm before breakdown. All samples exhibit a coercive 

field of ~20kV/cm and did not fully saturate until 40-50 kV/cm. The maximum polarization 

across all compositions ranged from 25 C/cm2 to 40 C/cm2 at a field of 70kV/cm. Strain 

maximums across all samples in the 2.5 mol% BI composition averaged around 0.2% at 70 

kV/cm. The maximum strain in Fig. 3.6. is equivalent to a d33
* of approximately 280 pC/N. 

These compare well to a similar system, researched for high temperature purposes, BiScO3 

modified PbTiO3. The MPB of this system is reported to be at 37 mol% BiScO3 and this  

Figure 3.6: Hysteresis loops of 2.5 mol% BI – PZT 52/48 at a max field of 70 kV/cm and 

a frequency of 1 Hz.  Error bars on Pmax and Smax determined from standard deviation of 

identical runs on five separate samples. 
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composition exhibits a maximum polarization of around 40 C/cm2, a coercive field of 14 

kV/cm, and a maximum strain of 0.1% (corresponding to a d33
* of approximately 200 pC/N 

with a maximum applied field of 50kV/cm [19]. The dielectric and ferroelectric properties 

discussed above for the 2.5% BI composition are summarized in Table 3.2 in comparison 

to those of similar systems. 

 

3.4 Conclusions 

The phase equilibria of the Bi-based perovskite modified PZT ternary perovskite 

solid solution, x BiInO3 – (1-x) Pb(Zr0.52Ti0.48)O3, was explored using x-ray diffraction and 

dielectric spectroscopy as a function of temperature. Through calcination studies, the 

solubility limit was determined to be ~15 mol% BI. From XRD data, with increasing phase 

fraction of BI, the system exhibited a tetragonal to rhombohedral compositionally 

Table 3.2 

Comparison of Properties for Bismuth End–Member Modified – Lead Titanate or 

Lead Zirconate Titanate Compounds; Dielectric @ 10 kV/cm 

Composition 
d33 

(pC/N) 

d33
* 

(pC/N) 

Tc 

(°C) 
 (Tc) 

tan  

(Tc) 

 

(r.t.) 

tan  

(r.t.) 
Ref. 

2.5% BiInO3               
--- 

~280  
@ 70 kV/cm 380 24000 0.150 1080 0.028 

this 

work - 97.5% Pb(Zr0.52Ti0.48)O3 

5% Bi(Zn1/2Ti1/2)O3 
300 --- 350 ~21000 --- ~1100 --- [13] 

- 95% Pb(Zr0.52Ti0.48)O3 

11% BiMnO3 
--- --- ~347 ~3000 --- ~1000 --- [10] 

- 89% Pb(Zr0.70Ti0.30)O3 

64.8% BiFeO3 

64 --- 560 ~20000 >1 232 0.014 [11] - 35.2% 

Pb(Zr0.151Ti0.849)O3 

65% Bi(Mg1/2Ti1/2)O3 
--- 

~650  
@ 60kV/cm ~550 ~3000 --- ~1200 --- [12] 

- 53% Pb(Zr0.378Ti0.622)O3 

37% BiScO3  

- 63% PbTiO3 
208 

~200 
@ 50kV/cm 430 ~21000 >1 ~1000 

~ 

0.022 
[20] 

         

15% BiInO3  

- 85% PbTiO3        
--- --- 590 ~8700   >1 ~250   ~0.01 [9] 
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dependent phase transition with a region of mixed phase stability at 2.5 mol% BI 

suggesting the possible existence of an MPB in the system. This phase evolution was 

further informed by dielectric measurements, where all compositions exhibited a sharp 

dielectric peak characteristic of a tetragonal to cubic phase transition, except for the 7.5 

mol% composition. This suggests that a rhombohedral to tetragonal phase transition occurs 

prior to the cubic phase transition, which agrees with the curvature of the ferroelectric to 

paraelectric phase line in the parent PZT phase diagram. In agreement with other Bi-based 

perovskite modified PZT systems, as the BI mol% increased, the Tc was observed to 

decrease. This was observed along with an increase in the appearance of relaxor-like 

behavior. Ferroelectric measurements were carried out on 2.5 mol% BI samples with 

properties comparable to non-modified PZT 52/48 ceramics and the MPB composition of 

BiScO3 modified PbTiO3 [1], [19].  
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4.1 ABSTRACT  

This work presents the experimental findings on the fabrication of a high 

permittivity relaxor ferroelectric solid solution based off the well-studied lead-free 

(Ba,Ca)(Zr,Ti)O3 system. The composition 99% Ba0.85Ca0.15(Zr0.10Ti0.90)O3 – 1% 

Bi(Zn1/2Ti1/2)O3 was fabricated into ceramic embodiments via the mixed-oxides route to a 

theoretical density of ~96% by Archimedes density measurements. Structural analysis via 

XRD revealed the presence of a small volume fraction of inherent impurities, believed to 

be induced from Bi volatility during processing. Low temperature permittivity 

measurements show the sample to exhibit a relaxor-like frequency dispersion with an 

unexpected very high permittivity response with temperature stability. The temperature of 

maximum permittivity (Tmax) is reported to be Tmax = -19°C with a maximum permittivity 

of r = 36,600 at 1 kHz corresponding to a dielectric loss of tan  = 0.28 with a temperature 

coefficient  = -2498 ppm/ between -55°C and 85°C. While the novel composition shows 

evidence of a space charge contribution to the permittivity (most notably in the relatively 

high loss values, the frequency dispersion continuing past the peak in the permittivity, and 

increasing tan  under low applied fields,) the effects attributable to space charge is 

believed to be limited and are linked to the small amount of observed impurity phases in 

the XRD data. These results suggest that the Ba0.85Ca0.15(Zr0.10Ti0.90)O3 – Bi(Zn1/2Ti1/2)O3 

system has great promise for the development of new high permittivity dielectric materials. 

 

4.2 Ba,Ca(Zr,Ti)O3 Solid Solutions 

The relatively high permittivity (r ~ 15,000), perovskite-based relaxor ferroelectric 

system Ba,Ca(Zr,Ti)O3 was discovered in 1954 by McQuarrie et al. [1]. This system was 
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first discovered for potential capacitor applications but did not receive much attention until 

the late 90’s and early 2000’s during the push for lead-free piezoelectric materials when it 

was shown to exhibit piezoelectric coefficients comparable to that of lead zirconate titanate 

(d33 BCZT ~ 620 pC/N) [2]. Since then, a large amount of research into this quaternary 

system for piezoelectric applications has occurred [2], [3], [4]–[11], [12]–[15], Throughout 

this body of work, the relatively high permittivity has been continually observed namely 

by [2], [9]–[11]. This body of work has also shown this system to have a compositionally 

dependent first-order Curie-transition ranging from ~ -25°C to +85°C, a very advantageous 

temperature range for capacitor applications whose working temperature ranges vary and 

range from -55°C to 150°C. 

4.3 Temperature Dependence Considerations 

The origination of this high permittivity is, in majority, due to the spontaneous onset 

of polarization accompanied by a paraelectric – ferroelectric first order transition [14]. 

Unfortunately, this enhancement to the permittivity is only accessible over a small 

temperature window at and around the Curie temperature (Tc). As the integral application 

of a capacitor requires the device to have a temperature stable capacitance value, high  

materials that rely on a paraelectric – ferroelectric transitions are disadvantaged. 

Historically, this hurdle has been approached with composite compositional phase 

mixtures in doped - BaTiO3 systems [16], however this approach has multiple inherent 

issues that limit the extent of its use, inhomogeneity etc. Therefore, developing a 

methodology to modify high  compositions of ferroelectric perovskites to expand the 

workable range of the dielectric response away from the Curie point would be very 

desirable. 
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4.3.1 Relaxor Ferroelectric Doping Scheme 

In this work, such a methodology is hypothesized and experimentally explored 

through the application of the relaxor ferroelectric (RFE) paradigm. In relaxor 

ferroelectrics, chemical inhomogeneity is incorporated into the solid solution through 

substitution of dissimilar cations in the perovskite unit cell as discussed in Chapter 1. This 

chemical inhomogeneity is incorporated at a local (nanometer) scale through chemical 

disorder in the formation of polar nanoregions (PNRs) which are theorized to exist as either 

polar nano-regions in an inhomogeneous cubic matrix or ordered polar ferroelectric regions 

(domains) separated by cubic-like domain walls. While the mechanisms underpinning this 

paradigm are still up for debate, the formation of PNRs has been commonly observed and 

their existence has been confirmed via inelastic neutron scattering techniques. The effect 

of the RFE paradigm on a normal ferroelectric is drastic, as the polar unit in an RFE is the 

PNR, due to the presence of disorder there is no driving force for the formation of 

ferroelectric domains. Therefore, the permittivity response in an RFE is due primarily to 

the growth and mobility of PNRs as opposed to domain wall motion. Even more 

importantly, RFEs do not exhibit first order phase transitions from the high temperature 

paraelectric (PE) phase to the RFE phase. Instead, this transition is of second order, and its 

onset is defined by the Burns temperature, TB. Below the Burns temperature a single Curie 

temperature is no longer observed. Instead, the materials permittivity response reflects a 

distribution of Curie temperatures which can be correlated to the size distribution of PNRs. 

This distribution is a Gaussian distribution and can be described as such: 

휀′(𝑚𝑎𝑥)

휀′(𝑓, 𝑇)
= exp (

(𝑇 − 𝑇𝑚𝑎𝑥(𝑓))
2

2𝛿2
) 
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Where the factor  is directly controlled through the solid solution of dissimilar cations. It 

is the assertion of this work that the formation of a solid solution between BCZT and small 

fractions of a perovskite endmember with significant chemical variance on both the A and 

B sites will induce a RFE phase, flattening out the permittivity response in temperature 

space through the above relationship. To achieve this, a desirable composition of BCZT 

from the literature was chosen, Ba0.85Ca0.15(Zr0.1Ti0.9)O3 (Tc = ~75°C, r,Tc = ~10,000) [10], 

[11] and modified with 1 mol % Bi(Zn0.5Ti0.5)O3 incorporating Bi and Zn on the A and B 

sites respectively whose chemical variances are summarized in Table 4.1 as developed by 

Shannon et al. [17] and databased by the Atomistic Simulation Group [18]. 

 

4.4 Experimental Methods 

 Polycrystalline samples of the 99% Ba0.85Ca0.15(Zr0.1Ti0.9)O3 – 1% Bi(Zn0.5Ti0.5)O3 

were synthesized via normal mixed oxides solid solution processing. Reagent powders of 

BaCO3, CaCO3, ZrO2, TiO2, Bi2O3, and ZnO were massed stoichiometrically and 

combined in a wet EtOH slurry through high energy vibratory milling. Note that BaCO3 

and CaCO3, both highly hygroscopic, were maintained in a constant 120°C oven, and 

massed hot, to prevent massing errors due to hydration. Batched powders were calcined in 

air at 1100°C/4h with 5°C/min heating and cooling rates. After a secondary milling, two 

Table 4.1 

Summary of chemical variance between parent BCZT solid solution and 

Bi(Zn1/2Ti1/2)O3 end-member additions 

  Bi* % diff Ba % diff Ca Zn % diff Zr % diff Ti 

rion (Å) [12CN||6CN] 1.45 9.9 8.2 0.74 2.8 22.3 

Electronegativity 1.8 80 80 1.6 23.1 14.3 

Valency 3 50 50 2 100 100 
*All ionic radii are as reported from Shannon radii [17] for correct coordination 

environment, Bi(III) 12-fold coordinate radii determined from linear extrapolation 

of 5,6, and 8 fold Shannon radii 
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samples were fabricated through mixture of calcined powder with approximately 4 wt% 

polyvinyl-butyral binder, pressed in a 13mm die uniaxially under 170 MPa for 3 mins, 

covered in sacrificial powder of the same composition, and sintered in a cylindrical MgO 

crucible, in air, at 1400°C/4h with 3°C/min heating and cooling rates, with a 450°C/2h step 

for binder burnout. One sample exhibited characteristics of melting and was therefore 

ineffectual for property measurements. However, the other sample had no such 

imperfections and was found to be approximately 96% of the theoretical density using the 

Archimedes method, based off parent structure. X-ray diffraction (XRD) was utilized to 

determine phase purity of the samples. For dielectric characterization, electrodes were 

applied using silver thermal paint, and annealed at 750°C/30 mins. Low temperature 

dielectric spectroscopy was measured using an LCR meter in conjunction with a non-

ambient liquid nitrogen cooled furnace. Low-field voltage dependence of the permittivity 

Figure 4.1: As-sintered, indexed, XRD of 99% Ba0.85Ca0.15(Zr0.10Ti0.90)O3 – 1% 

Bi(Zn1/2Ti1/2)O3 dense ceramic, peaks attributed to secondary phases are marked with an 

asterisk, zoomed insert is included to better observe main impurity peaks.  



121 

 

 

response was determined at room temperature in an impedance analyzer with a 1V 

oscillating voltage. 

 

4.5 Considerations of Phase Purity 

  X-ray Diffraction analysis of the dense sample is reported in Figure 4.1. Upon first 

inspection a clear pseudo-cubic perovskite phase was observed and, in comparing the 2  

positions of the observed perovskite peaks to those observed in the reference paper [10], it 

was determined to be representative of the desired solid solution.  Clear impurity peaks 

were observed as denoted by asterisk in Figure 4.1. Subsequent phase matching was 

inconclusive in their identification due to the number of observed impurity peaks 

throughout the pattern, and a densely packed group of impurity peaks around 29.8°. Phase 

matching was sufficient to determine several potential candidates. These were determined 

as Ca2Ba2O5, ZrO2, TiZn2O4, (Zr,Ti)O2, and Ba2Bi4Ti5O18. Most plausible of these 

candidates are ZrO2, TiZn2O4, (Zr,Ti)O2 as Bi2O3 is well known to readily volatilize at very 

high temperatures due to its relatively low melting point (Tmelt Bi2O3 = 817°C [19]). Any 

volatilization of Bi2O3 would lead to A-site stoichiometric deficiencies which then could 

drive the composition back to stoichiometric BCZT on the A-site, creating a driving force 

for the formation of compounds consisting of the excess B-site cations in the system. The 

A-site deficiencies could also be stabilized by oxygen vacancies, which could also lead to 

excess B-site cations in the system. It is suggested that, due to the very low level of doping, 

this system is very sensitive to both stoichiometries as well as processing conditions. 

 

4.6 Low Temperature Permittivity Study 
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 The electroded sample was then evaluated using low temperature dielectric 

spectroscopy as reported in Figure 4.2. A high permittivity was observed which was 

significantly larger than the results obtained for non-modified BCTZ in the literature 

(36,640 compared to 10,000 as reported at 1 kHz [11]). Furthermore, instead of exhibiting 

a typical first-order phase transition peak in the permittivity as observed in the literature, 

the sample exhibited a more diffuse phase transition, characteristic of relaxor ferroelectrics. 

This could account for the large disparity in the observed Tmax for the sample, -19°C, as 

compared to the TC observed in the non-modified BCZT composition of ~75°C. This 

suggests that the proposed doping scheme did indeed induce a relaxor ferroelectric phase 

in this system through the addition of BZT. Normally, in materials with transition from a 

normal ferroelectric material to a relaxor phase generally result in a loss to the permittivity, 

however in BCTZ-BZT it resulted in an increase in permittivity. It is therefore likely that 

a fraction of the observed permittivity response can be attributed to a space charge 

mechanism. In fact, looking closer at the high temperature regime in Figure 4.2 there are 

clear signs of space charge as the permittivity drops with increasing frequency. This is 

supported by the relatively high loss in the sample with values of tan  hovering around 

0.3. However, if most of the observed permittivity response was due to space charge 

mechanisms, much higher loss values would be expected, and therefore further 

investigation into this system is necessary. 
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4.7 Voltage Dependence of the Dielectric Response 

 To further investigate the prevalence of space charge in this sample, the voltage 

dependence of the dielectric response was measured and is reported in Figure 4.3. As space 

charge mechanisms rely on energy barriers to inhibit electron mobility, the application of 

a voltage across the capacitor will quickly overcome these energy barriers and, if a 

materials permittivity is dependent on space charge mechanisms, a drastic increase to the 

loss will be observed. While experimentally limited by the voltage range on the recording 

instrument, fields up to ~ 1 kV/cm (corresponding to an applied voltage of 35V) were 

reached with a sample thickness of 0.511 mm. It can clearly be observed that, for 

Figure 4.2: Low temperature dielectric spectroscopy of 96% of the theoretical density, 99% 

Ba0.85Ca0.15(Zr0.10Ti0.90)O3 – 1% Bi(Zn1/2Ti1/2)O3 ceramic showing frequency dispersion of 

the permittivity response characteristic of relaxor ferroelectrics at a very high permittivity 

magnitude (r,Tmax = 36640 @ 1kHz) with relatively high dielectric loss. Signs of space 

charge mechanisms are observed in frequency dispersion of the permittivity at high 

temperature (> Tmax) and the relatively high range of the dielectric loss (0.15 < tan  < 1) 
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frequencies less than 4x104 Hz, the application of voltage does incrementally increase tan 

 in the sample. In fact, at 1 kHz, the value of tan  increases with applied voltage 

approaching 1 until the application of 35 volts where tan  > 1. As loss values are above 

tan  > 1 it is reasonable to assume that loss currents dominate the dielectric response. This 

confirms that there is a definite portion of the permittivity response due to space charge, 

however the rate of increase in the loss was not as high as expected. As most capacitor 

applications operate at frequencies around 1 kHz with local fields of 10 kV/cm, this sample 

is clearly not suited for this application. However, it is believed that this composition is of 

great interest for future research and that understanding of, and improvements to, its 

processing conditions could limit the extent of impurity phase (and therefore limit the 

effects of space charge) while maintaining the desirable very high, temperature stable, 

permittivity response. 

 

 

 

Figure 4.3: Voltage dependence of the dielectric response at room temperature for the high 

permittivity BCZT-BZT sample as a function of frequency (right) and applied DC bias 

(left).  
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4.8 Conclusions 

 In summary, a novel relaxor ferroelectric composition was developed based on the 

Ba,Ca(Zr,Ti)O3 solid solution. This composition is reported as 99% 

Ba0.85Ca0.15(Zr0.10Ti0.90)O3 – 1% Bi(Zn1/2Ti1/2)O3, and fabricated samples of this 

composition were determined to contain indeterminate secondary phases, suspected to be 

forms of B-site cation excess due to Bi2O3 volatilization. This was supported by the 

observance of Ca2Ba2O5, ZrO2, TiZn2O4, and (Zr,Ti)O2 through peak matching with 

observed impurity peaks in the XRD. The sample was found to have an anomalously high 

permittivity response (max = 36640 @ 1kHz) with a stable temperature dependence ( = -

2498 ppm/ for -55°C < T < 85°C). Frequency dispersion was observed in the low 

frequency regime, consistent with an induced relaxor ferroelectric phase through BZT 

doping. Frequency dispersion was also observed in the dielectric response at high 

temperature (post TB) suggesting a contribution of space charge mechanisms to the 

observed permittivity. This was supported by the observation of respectively high loss 

values and an increase in the dielectric loss with the application of small fields (~ 1kV/cm). 

The existence of this space charge contribution was attributed to the existence of phase 

impurities in the sample, and it was suggested that further refinement of processing 

conditions, with careful attention paid to stoichiometry of volatile elements, could produce 

a viable high, temperature stable, permittivity material for capacitor applications. 
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5.1 ABSTRACT 

Processing conditions giving rise to the unexpected temperature stable high 

permittivity response in observed 99% Ba0.85Ca0.15(Zr0.10Ti0.90)O3 – 1% Bi(Zn1/2Ti1/2)O3 

were considered and investigated. Reproducibility studies successfully recreated the 

observed relaxor ferroelectric characteristics observed in the original sample, with similar 

secondary phases, though realizing only ~50% of the maximum permittivity magnitude 

given the maximum temperature at 1kHz. Stoichiometric deficiencies through bismuth 

volatilization were determined to be the driving force for secondary phase formation as 

secondary phases were mitigated through increasing the cooling rate from 2°C/min to 

10°C/min and further diminished through the incorporation of 3 mol% Bi2O3 excess to the 

sacrificial powder. Single phase samples no longer exhibited the characteristics of the 

desired relaxor ferroelectric phase. Instead, they exhibited low permittivity responses 

(~2000), low dielectric losses (~0.015), with limited dielectric dispersion prior to the phase 

transition temperature.  

 

5.2 Introduction 

With the ever-increasing demand in telecommunications for faster data transfer 

rates and expanded device functionalities, there exists a constant push for developing new 

materials and devices to achieve these demands [1]. This has been realized in the current 

day through the development, and rollout, of 5G technologies, full surface phone displays, 

flexible and bendable displays, etc. These advancements, while innovative, continually 

diminish the circuit board space available within these devices for the necessary 

fundamental components that drive the device. Namely, as all smartphone devices contain 
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thousands of multilayer ceramic capacitors (MLCCs) for full functionality, MLCCs are a 

necessary component for miniaturization. Not only are MLCC components of higher 

capacitance needed to sustain more elaborate functionalities in a smartphone device, but 

the space to integrate them has become more and more limited [2]. As the determinant 

variables for the capacitance of an MLCC are the thickness of the dielectric layer, the 

number of layers in the MLCC, and the permittivity of the dielectric layer, there are very 

few avenues available for improving the capacitance of an MLCC. With the number of 

layers in an MLCC being dependent on the physical form factor of the capacitor, the 

mechanical integrity of the ceramic/electrode interface, and the thickness of the dielectric 

layer, and the fact that the theoretical limit for dielectric layer thickness is currently being 

approached, normal device engineering approaches to increasing the MLCC capacitance 

while minimizing its form factor are no longer sufficient. Improving upon the inherent 

permittivity of the dielectric layer remains the only main avenue available to achieving 

these goals. 

 One other large complication exists further convoluting the problem. Capacitors in 

these devices must exhibit a stable capacitance value over a wide temperature range. As a 

materials permittivity is temperature dependent and exhibits maximum values at, and 

around, solid state phase transitions, developing a dielectric material of high permittivity 

that is stable over necessary temperature ranges remains a challenging prospect in both 

academia and industry. 

Since their conception, MLCCs have utilized barium titanate [3], and composite 

forms thereof, for the dielectric layer. As a class II/III dielectric material of relatively high 

permittivity with phase transitions within most necessary temperature ranges, barium 
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titanate has remained the material of choice in MLCC devices for decades. This is 

especially true due to its accessibility for manipulation into composites [4], [5], as it has 

been readily shown that the phase transition temperature can be shifted through small 

incorporations of either doping or oxygen vacancies. However, even with microstructure 

engineering to maintain the most desirable grain sizes and structures of these composites, 

their permittivity is not high enough to meet the current demands for miniaturization. 

Therefore, a necessity exists to research and develop high permittivity, temperature stable 

materials for MLCC applications. 

As barium titanate-based solid solutions have garnered lots of attention over the 

past decade for lead-free piezoelectric alternatives to lead zirconate titanate [6], 

coincidentally these solid solutions were seen to exhibit very large permittivity responses 

, with advantageous Curie temperatures. One important example of such a solid solution is 

the semi-quaternary BaTiO3 – BaZrO3 – CaTiO3 – (CaZrO3) [7], hereby to be referred to 

as BCZT. This solid solution was shown to exhibit large relative permittivities, r > 10,000 

[8], [9], with a compositionally dependent Curie temperature Tc < 100°C. However, as 

already noted, these compositions were developed due to their desirable piezoelectric 

properties with piezoelectric coefficients, d33
*, on the order of 500 pC/N. Any form of 

piezoelectricity is incompatible for MLCC applications as it could lead to delamination of 

the dielectric layer from electrodes and eventually to complete device failure. Therefore, 

forming composites of these compositions to take advantage of their compositionally 

driven Curie temperatures is more, or less, out of the question for MLCC applications. 

However, another possible avenue to develop temperature stability in these compositions 

as well as hopefully prevent inherent piezoelectricity would be to break up the ferroelectric 
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domain structures through introduction of a relaxor ferroelectric phase [10]. In fact, in 

Chapter 4, a chosen composition of BCZT (Ba0.85Ca0.15(Zr0.10Ti0.90)O3) was modified with 

1 mol% of Bi(Zn1/2/Ti1/2)O3 successfully inducing relaxor ferroelectric characteristics. 

While the resultant solid solution was not single phase, a relaxor ferroelectric phase was 

induced, and the material exhibited an excellent permittivity response over a wide 

temperature range. Note that, as the material was not single phase, the possibility exists 

that the observed relaxor characteristics could be due to defect-dipoles, not ferroelectric 

polar nanoregions. It was further reported that some portion of the permittivity response 

was observed to be due to inherent space charge mechanisms, however it was suggested 

that this space charge contribution was limited due to the high loss (tan  ~ 0.3) and was 

due to the limited existence of impurity phases observed via X-ray diffraction (XRD). 

The goal of the present study is to better understand the very desirable permittivity 

response observed over a wide temperature range through the minimization, or elimination, 

of the observed impurity phase observed in the preliminary work. This would be 

accomplished through an experimental processing study to refine the processing 

parameters for this composition. Initially, a reproducibility study is preformed to ensure 

that the original published work was reliable and reproduceable, followed by subsequent 

processing studies looking at the effects of sintering temperature, post-sintering cooling 

rate, and incorporation of Bi2O3 excess. The motivation for this study was based on the 

hypothesis that the driving force for impurity phase formation was Bi volatilization during 

the sintering temp as Bi2O3 has a relatively high vapor pressure [11] combined with a low 

melting temperature of 817°C [12]. Finally, to develop a better overall understanding of 
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the permittivity response of this system, microstructural studies were undertaken using 

scanning electron microscopy (SEM).  

 

5.3 Experimental Procedure 

 Samples of Ba0.8495Ca0.1495Bi0.01(Zn0.005Zr0.099Ti0.896)O3 (BCZT-BZT) were 

fabricated using the normal mixed oxides route. Reagent powders of BaCO3 (Alfa Aesar, 

99.8%), CaCO3 (Fisher, 99+%), Bi2O3 (STREM, 99.999%), ZnO (Alfa Aesar, 99.9%), 

ZrO2 (STREM, 99+%), and TiO2 (CERAC, 99.9%) were analytically massed and 

combined into a slurry with 80 vol% ethanol (EtOH) and yttria stabilized zirconia (YTZ) 

milling media at a ratio of 1.2 media/gram powder. Note that BaCO3 and CaCO3 reagents 

were kept dry in a 120°C oven to prevent massing error due to hydration. Prepared slurries 

were milled for 6 hours on a random orbital vibratory mill (SWECO), dried, and added as 

loose powder to a magnesia (MgO) crucible for calcination. Batched powders were then 

calcined at 1100°C/4h with a 5°C/min heating and cooling rate, collected, and again 

prepared into a wet ceramic slurry with EtOH and YTZ milling media. The slurry of 

calcined BCZT-BZT was milled again for 6 hours to minimize particle agglomerates and 

minimize grain size, dried, and collected for sample preparation. Milled, calcined powder 

was then massed to ~0.5 grams per sample and mixed with 4 wt% polyvinyl butyral binder 

(PVB, Butvar B-98, Aldrich). Samples were then pressed uniaxially in a 13mm die press 

at 170MPa for 3 mins and placed in an MgO crucible on a bed of sacrificial, calcined, 

powder. Samples were further covered with sacrificial powder and finally the covered 

crucible was placed in a high temperature furnace for sintering. For samples with 

incorporated Bi-excess, 3 mol% Bi was added to 0.5000 grams of sacrificial calcined 
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powder which was then used to surround the pressed stoichiometric pellets. Prepared green 

body samples were then sintered according to desired parameters per experiment. All 

sintering profiles include a 450°C/2h step to allow for binder burnout. Samples of the 

reproduced study were sintered at 1400°C/4h with 2°C/min heating and cooling rates with 

5 samples per crucible. Samples for the sintering temperature study were sintered one 

sample per crucible from 1350°C to 1400°C, with a 10°C interval, with a 4-hour dwell and 

2°C/min heating and cooling rates. Another batch of 5 samples were sintered at 1350°C/4h 

with identical parameters in comparison to the 5-sample batch in the reproducibility study. 

Samples for the cooling rate and Bi-excess studies were sintered at 1400°C/4h with a 

2°C/min heating rate and 10°C/min cooling rate. To prepare selected samples for SEM 

studies, samples were cleaved to expose a fresh fracture surface followed by a thermal etch 

at 1300°C/2h to highlight the grain boundaries. 

 Density of the fabricated ceramics was determined using the Archimedes principle 

and compared to the theoretical crystallographic density to determine a % theoretical 

density. Bragg-Brentano X-ray diffraction (Bruker D-8 Discover) on polished surfaces of 

dense sintered ceramics was utilized for phase analysis. Low temperature dielectric 

spectroscopy was accomplished using an LCR meter (Agilent 4284A) in tandem with a 

liquid N2 fed low temperature box furnace (Delta Designs 9023) with temperature 

passively recorded via a temperature controller (Omega Platinum Series). Labview 

software was utilized to facilitate communication between experimental hardware and 

allow for continuous data collection. Scanning electron microscopy studies were done at 

the Oregon State University Electron Microscopy Facility with an FEI Quanta 600FEG 

environmental SEM.  
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5.4 Results and Discussion 

Due to the extreme sensitivity to processing conditions found in the initial 

fabrication of the 1% Bi(Zn1/2Ti1/2)O3 modified Ba0.85Ca0.15(Zr0.90Ti0.10)O3 samples, this 

work presents three main research objectives to elucidate the effect processing parameters 

on the formation of this material. First, it will present the reproducibility of the initially 

reported sample in chapter 4 and show sample-to-sample variations between batches of 

five-samples prepared coincidentally with varied processing parameters. Second, it will 

present the effects of subtle changes in processing conditions for samples prepared 

individually. Together, this work demonstrates the extreme sensitivity to processing 

conditions for this material and aims to elucidate pathways for its development as a 

desirable material for multilayer ceramic capacitor applications. 

 

5.4.1 Reproducibility Study of BCZT-BZT 

 To evaluate the accuracy of the originally reported data in chapter 4, a 

reproducibility study was performed. Five samples of the same composition BCZT-BZT 

were fabricated, in a single crucible, under the exact same sintering conditions as reported 

in chapter 4. All samples were determined to be ~94% dense, and XRD patterns of three 

representative reproduced samples can be observed in Figure 5.1. Upon inspection, it is 

clearly observable that the recreated samples also contain small amounts of impurity 

phases. However, it is quite clear that the observed impurity peaks in the reproduced 

sample differ significantly from that in the initially reported samples. In the initial samples, 

sharp impurity peaks are observable at various degrees 2 (29.48°, 35.52°, 43.38°, 46.58°, 

and 54.51°). Phase identification through peak matching did not provide substantial 
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evidence to conclusively identify these impurity phases, though they were determined to 

possibly be Ca2Ba2O5, ZrO2, TiZn2O4, (Zr,Ti)O2, and/or Ba2Bi4Ti5O18. Main impurity 

peaks observed in the reproduced samples are compiled as a percentage of the maximum 

perovskite peak in Table 5.1. In comparison to the initial samples from chapter 4, they 

exhibit a lesser extent of impurity peaks, and do not exhibit the more intense impurity peak 

at 29.48° 2. However, they do still exhibit various impurity peaks at or around 29.5° 2 

with a maximum percentage of 2.8% as compared to 5.9% in the initial samples from 

chapter 4.  

As the only difference between the reproduced samples and the initial samples was 

the number of samples in the crucible, this suggests that chemical gradients in the crucible 

environment during sintering are responsible for this discrepancy. It is possible that they 

may play an important role in determining which impurities are present. This was further 

Figure 5.1: X-ray diffraction patterns of reproduced (R) BCZT – 1% BZT samples 

sintered at 1400°C/4h with patterns of initially fabricated (I) samples for comparison. 

Data missing in 1400 R1 is due to incident scattering off metal sample holder and was 

removed for clarity. Index drop lines on insert show peaks common to reproduced 

samples (green) and only initial samples (black). 
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supported in high consistency between observed impurity peaks and their percentage in 

XRD patterns of the reproduced samples as seen in Table 5.1. To account for this, in further 

studies, only one sample will be sintered per crucible. For the sintering temperature study, 

a five-sample batch of the lowest sintering temperature will be done for comparison to the 

reproducibility study. 

Low temperature permittivity data for the reproduced samples can be found in 

Figure 5.2 with comparison to the initially reported data in chapter 4. In comparing the 

dielectric response of the reproduced samples to the initially reported data, the same high 

permittivity over a large temperature range with induced relaxor behavior phenomenon has 

been successfully reproduced. However, the permittivity magnitude of the reproduced 

samples is seen to be 47% lower than that of the initially reported sample (r = 19300 @ 

Tmax = -25°C, r ~36600 @ Tmax = -19°C for 1 kHz respectively,) which also corresponds 

to a 55% reduction in the observed loss (tan  = 0.127 @ Tmax, tan  = 0.28 @ Tmax 

respectively.) Also note that the observed frequency dependence of the dielectric response 

Table 5.1 

Summary of impurity peaks in 1% BZT modified BCZT solid solutions of 

reproduced (R) and initial (I) samples sintered at 1400°C/4h as a percentage 

of the maximum intensity of the main perovskite peak 

Sintering 

Temp (°C) 

2 of Impurity Peak (°) 

24.2 26.9 28.5 29.1 29.5 29.8 30.0 30.2 30.3 

                   
1400I1   1.7% 1.8% 4.2% 2.5%  1.5%  
1400I2  0.9%  1.8% 5.9% 2.1% 2.1% 2.2%  
1400R1 1.0% 0.8% 1.0% 1.3%  1.9%  2.0% 2.0% 

1400R2 1.1%  1.0% 1.5%  2.2%   2.8% 

1400R3 1.0%  1.0% 1.0%  1.8%  2.0% 2.0% 
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in the high temperature regime (T > Tmax) in the initial sample was still observed in the 

reproduced samples, though to a lesser degree. These results suggest that the observed 

impurity phase with a sharp peak at 29.48° 2 was responsible for a large fraction of the 

loss, and therefore, the resultant inherent space charge mechanisms. In fact, upon closer 

inspection of the room temperature frequency dependence of the dielectric response, 

reported in Figure 5.3, the reproduced samples loss and permittivity values seem to be 

independent of frequency, whereas the initial sample was largely frequency dependent. 

 These results suggest that the initially reported data was not anomalous, that the 

addition of 1 mol% Bi(Zn1/2Ti1/2)O3 to BCZT induces a relaxor ferroelectric phase that 

exhibits a very desirable high permittivity over a wide temperature range. It also suggests 

that the magnitude of the observed permittivity response and its corresponding loss are  

~23650 

Figure 5.2: Low temperature dielectric spectroscopy for a representative reproduced BCZT  

– 1% BZT sample 



140 

 

 

very sensitive to the existence of secondary, or impurity, phases, and that these impurity 

phases are very sensitive to processing parameters and the chemical environment within 

the sintering crucible. 

 

5.4.2 Sintering Temperature Study of BCZT-BZT 

 To further refine the processing parameters for this system, and better understand 

the formation of secondary phases during sintering, a systematic study of the effects of the 

sintering temperature was performed. For the samples in this study, following the findings 

from the previous section, the samples were sintered individually in their own crucible at 

temperatures from 1350°C to 1390°C at 10°C intervals. Furthermore, for comparison to 

the five-sample batch done in the reproducibility study, five samples were sintered 

simultaneously in the same crucible at 1350°C. All other sintering parameters remained 

Figure 5.3: Room temperature dielectric properties as a function of temperature for a 

representative reproduced BCZT  – 1% BZT (R1) sample with comparison to that of the 

initial (I1) sample as reported in chapter 4. 
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fixed as defined in the experimental section. All samples were determined to be >90% 

theoretical density with an average density of 93% the theoretical. X-ray diffraction 

patterns of the dense ceramic samples are reported in Figure 5.4a with reference patterns 

included of the reproduced 1400°C samples.  

From first inspection, no clear trend is observable in tracking the impurity peaks 

throughout the samples, though every sample does exhibit the desired perovskite phase and 

a variable amount of impurity peaks. Again, identification of the impurity peaks through 

2 matching was inconclusive though possible matches were again made for Ca2Ba2O5, 

ZrO2, TiZn2O4, and (Zr,Ti)O2 in all samples. These reflections were tabulated for 

comparison in Table 5.2. It could be possible that some preferred orientation effects of the 

pellet further convolute the observed XRD patterns, and therefore powder scans of the 

crushed pellets would be necessary to develop more substantial conclusions. Furthermore, 

it is expected that the nature of XRD measurements on pellets has the potential to further 

convolute the data as it appears that there is some interchange in the morphology of the  

Figure 5.4: (a) XRD patterns of as-sintered BCZT  – 1% BZT samples sintered individually 

between 1350°C and 1400°C and (b) XRD comparison of BCZT – 1% BZT sample 

sintered individually at 1350°C and a representative samples sintered in a five-sample 

batch at 1350°C. 
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perovskite peaks, e.g. an onset of asymmetry to the peaks at 1380°C. This observed 

asymmetry in the peak shape could plausibly be due to inherent stress states in the pellet 

and/or preferred orientation. While it was not possible to do powder scans on these samples 

as they were needed for further low temperature dielectric spectroscopy, it is suggested that 

powder XRD of these samples would be needed to develop a better understanding of which 

impurity phases are present, as well as any structural differences in the perovskite phase 

due to a varied sintering temperature. 

In comparison of the five-sample batch processed at 1350°C to the batch 

reproduced at 1400°C, in Figure 5.4b it is apparent that the representative sample from the 

1350°C five-sample batch exhibited little to no impurities. The apparent purity of the 

1350°C five-sample batch relative to the 1400°C was further accompanied by an   

Table 5.2 

Summary of impurity peaks in 1% BZT modified BCZT solid solutions in sintering 

temperature study as a normalized percentage of the maximum intensity of the main 

perovskite peak, with reproduced (R) and initial (I) 1400°C samples for comparison. 

Shaded cells represent peaks common to samples of comparable permittivity, red – 

low, blue – medium, yellow – high 

Sintering 

Temp 

(°C) 

2 of Impurity Peak (°) 

23.7 24.2 26.9 27.9 28.5 28.9 29.4 29.8 30.2 32.6 33.6 35.5 42.7 46.6 47.6 

1350 3.1%     2.1% 4.7%   1.8%           3.9%     

1360 2.9%    3.2%  4.0%   2.6%   1.7%  1.5% 

1370   2.2% 2.5%  1.9% 2.9% 1.9%  1.9% 1.7% 1.7% 1.7%   1.1% 

1380    2.1%  2.5% 2.4%  3.6%    1.2% 2.5% 1.7%  

1390 3.0% 2.8%   2.4% 3.4%  3.6% 3.6% 2.1% 1.9% 1.5%   1.0% 

1400R         1.8%    1.0%    

1400I         1.7%   4.2%         4.0%   3.7% 0.9% 
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observation of a color difference within the samples. All samples, insofar, exhibiting the 

high permittivity, temperature stable dielectric response were observed to be a dark-light 

metallic grey, whereas the samples from the 1350°C five-sample batch were observed to 

be a light-tan/ivory. As it is clearly observable in Figure 5.4a and Table 5.2 that the 

1350°C sample sintered individually had the largest extent of impurities (4.7% of max 

peak) this discrepancy further suggests that the composition is very sensitive to chemical 

environments in the crucible during sintering. However, it is acknowledged that this large 

discrepancy could plausibly be due to unknown experimental error, as uncontrollable 

environmental irregularities (short power outages, etc.) can interrupt and impact the 

temperature profile of a high temperature furnace or inhibit a programmed temperature 

controller from running the program to completion. 

 Low temperature dielectric spectroscopy a 1kHz for relevant samples to this study 

are compiled in Figure 5.5, and characteristic properties are listed in Table 5.3 for ease of 

Figure 5.5: Low temperature dielectric spectroscopy for BCZT – 1% BZT samples sintered 

between 1350°C and 1400°C at 1kHz with comparison of a representative 1350°C five-

sample batch (1350 (5)) 
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comparison. Analysis of the results in Figure 5.5 show that the desired relaxor phase is 

present in all samples with exception of the representative sample of the 1350°C five-

sample batch. For samples with the observed desired relaxor phase, all previously noted 

characteristics are present, however the magnitude of the permittivity response greatly 

varies with no apparent trend. Plotting the maximum permittivities from Table 5.3 as a 

function of sintering temperature as seen in Figure 5.6 communicates this sporadic nature 

most effectively. These results further enforce the hypothesis that the high permittivity 

observed in this composition is very sensitive to stoichiometry and the presence of certain 

impurity phases. In fact, looking at the low temperature permittivity response of the 

representative 1350°C five-sample batch, we see the exemplified relaxor behavior 

diminished as well as the magnitude of the permittivity (r = 4941, tan  = 0.012 @ Tmax = 

63°C), and a more normal insulative dielectric response for a ferroelectric material.  

 With the observed change in the visual nature of these samples which correlated 

to a more typical ferroelectric insulator, it was thought possible that the color variation 

between the high and low permittivity samples could be due to an existence of presence of 

Ti3+ due to reduction. To test this hypothesis, a quick annealing study of two ‘grey’ high  

Table 5.3 

Summary of impurity peaks in 1% BZT modified BCZT 

solid solutions of reproduced (R) and initial (I) samples 

sintered at 1400°C/4h as a percentage of the maximum 

intensity of the main perovskite peak 

Sintering 

Temp (°C) 

k 

(ppm/r) 
r,max Tmax tan r,max 

1400°C/4h -2066 19294 -25°C 0.127 

1390°C/4h -3430 8200 -27.5°C 0.335 

1380°C/4h -4464 10800 -25°C 0.285 

1370°C/4h -2680 4926 -17°C 0.15 

1360°C/4h -4503 8680 -34.6°C 0.39 

1350°C/4h -2276 6180 -18.1°C 0.321 
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permittivity samples was executed. Two samples were annealed at 800°C/8 hours in air to 

ensure the samples could fully oxidize to Ti4+. However, post annealing the samples had 

no physically visible change and only exhibited a decrease in their dielectric response of 

both permittivity and loss. 

The results of this study further show that this composition is very sensitive to both 

processing parameters and physical conditions. While inconclusive on the underpinning 

mechanism of impurity formation, the systematic variation in sintering temperature 

showed that impurities do still exist at each sintering temperature and, in these samples, 

the relaxor phase is still present with observable space charge contributions visible (loss 

values > 0.1, frequency dependence in high temp regime. This further supports the initial 

suggestion that this composition is very sensitive to stoichiometry and possible 

volatilization of low melting point constituents. It also further supports the possibility that 

the observed high magnitude of the permittivity response is driven by existing secondary, 

or impurity, phases. As further support for these conclusions, the 1350°C five-sample batch 

Figure 5.6: Maximum permittivity as a function of sintering temperature and frequency for 

BCZT – 1% BZT sintered between 1350°C and 1400°C 
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vastly differed from the single sample prepared at 1350°C in the varied sintering 

temperature study as well as the 1400°C five-sample batch reproducibility study. These 

samples contained no visible secondary phase which could be identified by XRD and the 

dielectric response did not exhibit the desirable relaxor ferroelectric phase seen in every 

other sample thus far. Therefore, the most probable cause of impurity formation during 

sintering in these samples is off-stoichiometries due to volatilization of unreacted reagents 

or re-oxidation of Ti3+ during the cooling process. As Bi2O3 is the reagent with the lowest 

melting point (817°C,) it is therefore the most likely to volatilize during sintering. To 

combat volatilization, experiments to minimize chemical gradients for volatilization 

(incorporation of Bi2O3 excess) were developed, and to control the re-oxidation process of 

high temperature stable Ti3+ to low temperature stable Ti4+ faster cooling rates were 

suggested, as the slow cooling rate of 2°C/min could help to stabilize Ti3+ – VO
∙∙

 defect 

structures. If both factors contribute to the formation of secondary phases in this material, 

then it would follow that samples synthesized with only the rapid cooling rate would still 

have a small extent of secondary phase due to Bi volatilization during heating. 

 

5.4.3 Considerations for Cooling Rate and Volatile Cation Excess 

 To further elucidate and refine the role of processing parameters on impurity 

formation in the desired composition, two samples were made with a cooling rate of 

10°C/min for a sintering temperature of 1400°C/4h.  Note that this maintains the 2°C/min 

heating rate and only varies the cooling rate. Both samples were isolated in their own 

crucible, one surrounded with stoichiometric sacrificial powder, and the other surrounded 

with 3 mol% Bi2O3 excess modified sacrificial powder. Post processing, both samples were 
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determined to be 93% theoretical density, and of visual appearance like that of the 1350°C 

five-batch samples. X-ray diffraction patterns of the two samples, with the initial 1400°C 

sample reported in chapter 4 for comparison, are reported in Figure 5.7 and clearly show 

peaks of the desired perovskite phase with little to no intensity due to impurities. Upon 

closer inspection, a very low intensity impurity peak can be observed in the sample without 

Bi2O3 excess at 29.4° 2 whereas the sample with included Bi2O3 excess exhibits no 

observable impurity peaks. This is consistent with hypothesis that both mechanisms of re-

oxidation of Ti3+ and volatilization of Bi are at play in the synthesis of this material. It is 

also consistent with the observed phase purity in the 1350°C five-sample batch, further 

supporting the importance of the chemical environment within the crucible on the driving 

force for impurity formation. 

Figure 5.7: XRD patterns of BCZT – 1% BZT samples sintered at 1400°C/4h with 

10°C/min cooling rate. Samples were sintered in individual crucibles, one stoichiometric 

and one with 3 mol% Bi2O3 excess incorporated into the sacrificial powder. XRD pattern 

of initial 1400°C sample from chapter 4 (2°C/min cool) included for reference. Insert 

zooms on region of main impurity peaks showing small impurity peak in the stoichiometric 

sample with 10°C/min cooling and no impurities in the sample with 10°C/min cooling and 

incorporated Bi excess 
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 Low temperature dielectric spectroscopy for these two samples is reported in 

Figure 5.8. Both samples exhibit the normal ferroelectric insulator-like response, with a 

small extent of frequency dispersion, as observed in the single phase 1350°C five-sample 

batch. Both samples have relatively low permittivity (r ~ 2000 @ Tmax), low loss (tan  ~ 

0.015), with significant variation in Tmax (18.3°C no excess, 4.2°C with excess). While 

these values are not in close agreement with the 1350°C five-sample batch, these results 

strongly suggest that the single-phase stoichiometric composition does not exhibit the 

observed desirable relaxor ferroelectric phase at very high permittivity. They further 

suggest that the high permittivity relaxor phase, reported in the original work, is driven by 

secondary phases due to A-site deficiencies, due to loss of Bi during sintering, and that this 

relaxor phase is very sensitive to the extent of secondary phases, or existence of specific 

secondary phases, play an intricate role in determining the key parameters r, tan  , and 

Tmax.  

 

 

 

Figure 5.8: Low temperature dielectric spectroscopy of BCZT – 1% BZT samples cooled 

at 10°C/min stoichiometrically (left) and with 3mol% Bi2O3 excess incorporated into the 

sacrificial powder (right) 
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5.4.4 Microcopy Studies of Selected Samples  

 To ensure that the observed phenomena are not further convoluted by, or 

attributable to, microstructure effects, SEM studies were carried out on selected samples 

representing three observed regimes, impure – high permittivity; impure – medium 

permittivity; and single phase – low permittivity. The samples chosen for this study were 

the second 1400°C sample from the original report in Chapter 4, the 1380°C sample from the 

sintering temperature study, and the 10°C with excess sample from the final study, 

respectively. Micrographs of these samples are reported in Appendix B. Notably, both the 

grain size and homogeneity vary widely between all samples with the most typical 

homogenous grain structure appearing in the impure – high permittivity sample. While this 

sample exhibits the most typical grain structure, it still has a wide range of grain sizes, from 

1 m to 10 m, much smaller than expected as it was the highest permittivity sample, and 

a larger extent of porosity than expected given density measurements. The single phase – 

low permittivity sample exhibits much larger grains, from 30 m to >60 m, again with a 

larger extent of observable pores than expected. Finally, the impure – medium permittivity 

sample exhibits the least typical grain structure with large grain size disparity, with very 

large grains (~50 m) in a matrix of smaller grains of inhomogeneous morphology and size 

distribution. 

 

5.5 Conclusions  

 The processing conditions leading to the unexpected temperature stable high 

permittivity relaxor ferroelectric composition based on BCZT were considered and 

investigated. Reproducibility studies of five samples in the same crucible prepared under 
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the exact same conditions showed the relaxor ferroelectric phase could be repeated, 

however only half of the initial reported magnitude in the permittivity was realized. 

Reproducibility studies also showed that the impurity phases inherent in this composition 

were very sensitive to crucible environment. In attempt to inhibit secondary phase 

formation a sintering temperature study was employed varying the sintering temperature 

at 10°C intervals. This study showed impurities to exist at each sintering temperature, with 

little correlation between the magnitude of the observed permittivity and the sintering 

temperature. All samples in the sintering study with impurities exhibited the same 

characteristics of the relaxor ferroelectric phase observed in the initial report though with 

varying magnitudes in the permittivity response. As it was hypothesized that the chemical 

environment in the crucible during sintering could play a large role in crystallization, a side 

by side study of the five-sample reproducibility study was done with five-samples at the 

lowest sintering temperature, 1350°C. A representative sample of this five-sample batch 

deviated greatly from the single sample sintered at 1350°C in the varied sintering 

temperature study, in that it no longer exhibited the relaxor ferroelectric characteristics, it 

exhibited a very low permittivity response correlated to much lower dielectric losses 

generally attributed to true dielectric insulators, it physically differed in color, and it 

exhibited little to no secondary phases. This further confirms the hypothesis that the 

composition was very sensitive to stoichiometry and processing conditions. 

 With the most probable mechanism for the observed non-stoichiometry being 

volatilization of Bi2O3 during sintering and oxidation of Ti during cooling, the cooling rate 

was increased for the initial processing conditions (1400°C/4h with 2°C/min heating) from 

2°C/min to 10°C/. Simultaneously, bismuth excess was incorporated in a parallel study to 
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further diminish impurity formation due to off-stoichiometries. Both samples with the 

increased cooling rate exhibited minimal secondary phases, with the bismuth excess 

sample exhibiting little to no impurities via XRD. Furthermore, both samples were of 

similar color to the representative sample from the five-sample batch experiment at 1350°C 

and did not show the relaxor ferroelectric characteristics observed in the samples of 

desirable dielectric response. Therefore, the temperature stable, high permittivity relaxor 

ferroelectric composition was determined to be driven by the presence of secondary phases. 

While generally these secondary phases contribute to space charge mechanisms in the 

permittivity response which therefore make them unsuitable for capacitor applications, it 

was noted that the reproduced samples at 1400°C exhibited relatively low dielectric losses 

with little to no frequency dependence in the loss at room temperature. This suggest that 

only a small fraction of the permittivity response at higher temperatures would be due to 

space charge mechanisms. It could be plausible that one of the observed secondary phases 

stabilizes the observed relaxor ferroelectric phase, and that, with further understanding of 

the secondary phases present, the loss issues and space charge contributions could be 

mitigated while the desirable permittivity response for capacitor applications could be 

maintained. 
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Chapter 6 

 

6.1 Introduction 

 With the state of high permittivity literature being complex, there are various other 

materials systems in need of further investigation. This chapter will explore preliminary 

experimental studies into some of these systems with reported high, or ‘colossal,’ 

permittivities. These material systems are non-ferroelectric in nature and consist of co-

doped titanium oxide [1] and barium iron niobate (Ba(Fe,Nb)O3, BFN) [2]–[5] as discussed 

in Chapter 1 sections 1.7.2.2.1 and 1.7.2.3. The dielectric properties of these materials, as 

reported by the literature in Chapter 1, are summarized in Table 6.1. These materials 

systems are of note as the literature shows their permittivity to be nearly temperature 

independent over the region of interest for MLCCs [1], [2]. Concerns have been raised that 

this type of permittivity response, as seen in various very high permittivity systems 

(CaCuTiO4, etc.), is indicative of Maxwell – Wagner type mechanisms [6], and therefore 

would not be viable for MLCC applications. However, the observed desirable permittivity 

Table 6.1 

Summary of dielectric properties for non-ferroelectric high permittivity materials 

systems as found in literature 

1 kHz 
max 

(°C) 
r,max 

tan 

max 

r 

(r.t.) 

tan 

 (r.t.) 
ref 

       
 

TiO2 10% (Nb + In) -- 70000 0.4 60000 0.015 [1] 

Ba(Fe1/2Nb1/2)O3 275 145000 0.75 45000 0.4 [4] 

Ba(Fe1/2Nb1/2)O3 275 200000 1 65000 0.8 [5] 

Ba(Fe1/2Nb1/2)O3 227 90000 -- 25000 -- [3] 

Ba(Fe1/2Nb1/2)O3 200 50000 0.6 32000 0.13 [2] 
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responses necessitate further study into these systems to determine the underlying 

polarization mechanisms that contribute to the permittivity response.  

 

6.2 Co-doping in Titanium Oxide 

 Ceramics of co-doped TiO2 was fabricated through replication of processing 

parameters to the best extent from W. Hu et al. Samples of 10% (Nb + In)-doped TiO2 were 

developed via mixed oxide solid solution processing, with starting reagents of TiO2 

(CERAC, 99.9%), Nb2O5 (Sigma, 99.9%), and In2O3 (Alfa Aesar, 99.9%) massed 

stoichiometrically to Ti0.90(Nb0.05In0.05)O2. These batched powders were then milled for 10 

hours in an EtOH and YTZ media slurry and dried. No calcination step was utilized in this 

system. The dried batched powder was then formed into cylindrical green bodies through 

Figure 6.1: Low temperature dielectric spectroscopy of laboratory synthesized 10% (Nb + 

In) co-doped TiO2 as recreated from the literature Hu et al. [1] dotted lines represent data 

recreated from that reported by Hu et al. and are included for comparison. 
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use of a uniaxial die press at 170 MPa for 3 mins, and stable green bodies were then sintered 

at 1400°C/10h. The as-sintered In-Nb-doped TiO2 samples were then confirmed to be 

within 90% of the theoretical density (based off the density of the parent TiO2 structure) 

and appeared visually similar as per their description in literature. 

 Low temperature dielectric studies of the synthesized TiO2 – 10% (Nb + In) 

ceramics show that the reproduced sample exhibited a similar permittivity response, 

however only realized ~47% of the permittivity magnitude reported in the literature while 

exhibiting similar dielectric losses. Absolute values of these parameters are tabulated and 

reported in Table 6.2 and the dielectric response as a function of frequency and temperature  

can be visualized in Figure 6.1. This discrepancy was partially attributed to the observed 

low density. Observable from Figure 6.1 is some frequency dependence to the dielectric 

properties, namely the decrease in permittivity and increase in loss with increasing 

frequency. This behavior was, notably, not observed in the original work, and can also be 

attributed to the low apparent density or experimental anomalies at high frequency.  

 To help elucidate any underlying mechanisms to the permittivity response observed 

in Figure 6.1, the voltage dependence of the dielectric properties was measured and 

reported in Figure 6.2. These voltage dependent measurements were completed using an 

impedance spectrometer at room temperature with an applied DC bias of 0V to 35V with 

Table 6.2 

Summary of dielectric properties for 

10% (Nb+In) co-doped TiO2 at 1kHz as 

reported in literature by Hu et al. and 

recreated in this work 

1kHz r,AVG 
k 

(ppm/r) 
tan  

Hu et al. 56400 543 0.015 

Recreated 26600 606 0.012 
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a 1V (ac) oscillating voltage. In the measurement of the permittivity and loss as a function 

of voltage for the CD TiO2 sample there does not appear to be a strong correlative variation 

in the permittivity response, however a large, near instantaneous, increase in the dielectric 

loss occurs at low frequencies. As the dielectric loss, tan , is unphysical for values >1 

(representing conduction within the sample,) at very low applied fields the sample becomes 

conductive. With the sample thickness at ~ 1mm, we can see that at 1kHz frequency the 

sample becomes conductive at ~ 0.1 kV/cm (10V/mm) which increases to ~0.2 kV/cm at 

10kHz frequency. This suggests that the proposed mechanism for the observed high 

permittivity in literature reports, specifically, defect structures stabilized by the co-doping 

scheme which pin mobile electrons, may be viable but it limited to low voltages. It follows 

that the application of sufficient voltage to overcome the energy barrier of the defect 

electron pinning site would result in increasing the materials conductivity, agreeing with 

the observed data. However, it should be noted that, as the frequency dependence in the 

replicated sample is much greater than that observed in the literature and the replicated 

sample was on the boundary of sufficient density (~90% the theoretical), that the sample 
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recreated 10% (Nb+In) co-doped TiO2 as measured on an impedance analyzer with a 1V 
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could have inherent secondary phases or microscopic defects (pores, inhomogeneities, etc.) 

which could also account for the observed high losses and early onset of conduction under 

applied voltage. More studies into refinement of processing parameters would be necessary 

to deconvolute these issues and develop higher quality ceramics to decouple microstructure 

contributions to the permittivity from the inherent materials properties. 

 

6.3 Barium Iron Niobate 

 Barium Iron Niobate was fabricated through the replication of processing 

parameters from Raevski et al. to the desired stoichiometry of Ba(Fe1/2Nb1/2)O3 (BFN-1). 

As both iron and niobium are multi-valent cations, a secondary batch was fabricated in 

parallel utilizing the same parameters to the stoichiometry of Ba(Fe1/3Nb2/3)O3 (BFN-2) in 

Figure 6.3: X-ray diffraction of BFN-1 samples post calcination at 1100°C/4h and post 

sintering at 1400°C/4h. Variations in maximum peak intensity between the two patterns 

is attributed to differences between XRD on a randomly ordered powder and dense 

ceramics with possible preferred orientations. 
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order to drive Fe(II) into the substitutional solid solution. With charge variance playing a 

large role in dipole magnitude, forcing iron into a reduced state through stoichiometry 

variation on the B-site could possibly increase the permittivity of the system. As 

determined from the literature, batched powders were milled for 6 hours, dried, then 

calcined at 1100°C/4h. Post calcination, powders were again milled for 6 hours, mixed 

with 2 wt% poly-vinyl butyral (PVB) polymer binder, pressed uniaxially in a 13mm 

cylindrical die press at 170MPa/3mins, and sintered at 1400°C/4h with 2°C/min ramps and 

a binder burnout step at 450°C/3h in alumina crucibles. Under these conditions, BFN-1 

samples were successfully sintered to ~92% theoretical density by the Archimedes 

principle, however BFN-2 samples melted during processing. X-ray diffraction studies 

confirming single phase formation of BFN-1 with sintering can be found in Figure 6.3. 

Further study into the processing parameters for the BFN-2 system are suggested, namely 

adjusting the sintering temperature to avoid the melting point. It is also suggested that 

further studies with both compositions be processed in magnesia crucibles as barium oxide 

forms a stable solid solution with Al2O3 at high temperature [7] which could drive melting 

of the sample as well as reaction with the crucible.   

Figure 6.4: Images of (a) synthesized and polished dense BFN-1 ceramic showing dark 

metallic appearance, and (b) resistivity measurement of as-polished surface with a 

laboratory voltammeter of the dense BFN-1 ceramic 
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 As the sample of dense BFN-1 appeared very dark, with some metallic luster, as 

observed in Figure 6.4a, speculation was made to its insulative nature. Therefore, before 

electrodes were applied, to prepare the sample for low temperature permittivity studies a 

room temperature conductivity test was done with a laboratory voltammeter to crudely test 

whether the sample was insulating or conducting. As seen in Figure 6.4b the sample 

registered 4M (0.25 S) across the sample and 40M ( S) through the sample 

thickness. These values suggest that BFN-1 is not insulating. As insulation resistance is 

necessary for capacitor applications, this system was no longer considered as a promising 

high permittivity material for capacitor applications. However, future studies with this 

system to develop an insulating high permittivity material could be feasible. Those 

suggested are solid solutions between BFN and BaTiO3 (BT), with high phase fractions of 

BT, as well as doping of small phase fractions LiNbO3 (LN) to induce a relaxor-like phase 

as well as potentially increase the permittivity due to the ionic size, and valence, difference 

between Ba(II) and Li(I). 

 

6.4 Conclusions 

 Various materials systems were considered and investigated for possible high 

permittivity capacitor applications. Co-doped titanium oxide using niobium and indium 

studies showed that the reported ‘colossal’ permittivity is only accessible under low fields, 

as the application of direct DC bias induces conduction in the sample at low fields, 

~0.1kV/cm at 1kHz and ~0.2kV/cm at 10kHz. Studies into barium iron niobate at Fe/Nb 

ratios of 1:1 and 1:2 (BFN-1 and BFN-2) showed BFN-2 to melt under the processing 

parameters, and a successfully densified BFN-1 to be conductive at room temperatures 
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with 40M•mm measured through the sample thickness via voltammeter. Samples of 

Ba(CexTi1-x)O3 were unsuccessfully processed given the parameters discovered in 

literature, and melted upon sintering to various degrees. It was determined that further 

studies into BFN systems could be beneficial, namely solid solutions of BT, BFN, and LN 

with large phase fractions of BT, and small additions of both BFN and LN. 
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Chapter 7 

 

7.1 Conclusions and Future Work 

 In this dissertation, complex dielectric materials for advanced applications were 

developed through the application of fundamental concepts. Solid state chemistry was 

utilized to develop solid solutions, in which a material could be manipulated through the 

incorporation of chemical variation. These variations would directly influence the 

materials overall (bulk) structure, directly impacting the resultant materials properties due 

to inherent structure-property relationships, as a materials properties are dependent on 

interactions of atoms (or ions in the case of oxide materials) within the material and a 

materials structure determines allowable atomic/ionic interactions. These techniques were 

applied to a specific category of materials, perovskite metal oxides, as the structure of these 

materials easily allow for desirable materials properties, piezoelectricity, ferroelectricity, 

etc. As these properties are all dependent on the displacement of charge under the 

application of an electric field, also known as the dielectric effect, a fundamental 

understanding of displacement mechanisms in ionically bonded materials was developed 

and utilized to manipulate the structure of established solid solutions to enhance desired 

materials properties. 

In doing so, the experimental synthesis and dielectric properties of various complex 

perovskite solid solutions. These included a modification of the piezoelectric material 

Pb(Zr,Ti)O3 (PZT 52/48) to incorporate BiInO3 in the solid solution xBiInO3 – (1-x) 

Pb(Zr0.52Ti0.48)O3 (BI-PZT) and the lead-free dielectric material 99% 

Ba0.85Ca0.15(Zr0.10Ti0.90)O3 – 1% Bi(Zn1/2Ti1/2)O3 (BCZT-BZT). Bismuth indate modified 
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PZT was considered for potential high temperature dielectric applications and found the 

solubility limit for BI into PZT 52/48 to be ~15%. The addition of BI to PZT 52/48 induced 

a compositionally dependent phase transition at room temperature from tetragonal to 

rhombohedral with increasing %BI. A region of mixed phase stability was observed at 

2.5% BI where both rhombohedral and tetragonal phases were present in X-ray diffraction 

studies. High temperature dielectric spectroscopy showed all BI modified compositions to 

contain a visible extent of frequency dispersion in the permittivity and a decrease in the 

apparent Curie temperature as a function of increasing % BI. Furthermore, the permittivity 

response at, and around, the Curie temperature showed decreasing tetragonal character 

from 0% - 5% BI, with the 7.5% BI composition showing characteristics typical of a 

rhombohedral phase transition. Divergently, the 10% BI composition showed 

characteristics again of a tetragonal phase transition with relatively high permittivities. This 

suggested the existence of a critical Zr/In B-site ratio at which the tetragonal phase becomes 

again more stable than the rhombohedral. This was supported by the room temperature 

tetragonal structure of PbTiO3 – BiInO3 binary solid solutions. Ferroelectric studies of the 

BI-PZT system showed all compositions to be nominal ferroelectrics that saturate around 

~ 50kV/cm with coercive fields averaging ~20 kV/cm. These findings were consistent with 

observed trends in Bi based endmember modifications of PZT 52/48, where increasing 

additions of the Bi endmember lowered the Curie temperature of the solid solution. 

 In the second project, bismuth zinc titanate (BZT) modification of the dielectric 

material BCZT was considered for the development of a high permittivity, temperature-

stable, material for multi-layer capacitor applications. The addition of the bismuth 

endmember was considered to induce relaxor like behavior through chemical 
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inhomogeneity on the A and B site. Initial studies showed that modifications >5% greatly 

suppresses the permittivity response while inducing relaxor like behavior. However, it was 

found that very small additions (1%) of the endmember induced an unexpectantly high 

permittivity response, r = 36640 @ Tmax, as well as the desired relaxor ferroelectric phase. 

The temperature response of the 1% BZT modified Ba0.85Ca0.15(Zr0.10Ti0.90)O3 was 

observed to be very desirable with a  = -2469 from -55°C – 85°C, however signs of 

impurity induced space charge contributions were observed in the high temperature 

frequency dependence of the permittivity as well as relatively high losses of tan  ~ 0.2. 

This was further supported by the observation of secondary phases via X-ray diffraction of 

the dense pellet with a relative intensity of 4% the maximum. Voltage dependence of the 

dielectric properties further supported the contribution of space charge mechanisms to the 

observed permittivity with dielectric loss values increasing with the application of low-

fields (up to 1kV/cm) through application of DC bias with a oscillating voltage of 1V. 

Reproducibility studies were successfully preformed confirming the existence of this high 

permittivity relaxor ferroelectric phase, however only realized ~50% of the permittivity 

magnitude correlating to a decrease in the dielectric loss. Secondary phases were also 

observed in the reproduced samples; however, they were observed to a lesser extent, ~ 2% 

the maximum intensity, and, more notably, various secondary phase peaks were not present 

in the reproduced samples. 

 Processing studies into the formation and stability of these secondary phases were 

further carried out to mitigate any space charge contributions to the permittivity, as these 

contributions are deleterious to the materials utility for capacitor applications. Studies into 

decreasing the sintering temperature from 1400°C to 1350°C with 10°C intervals did not 
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result in any clear correlations between the sintering temperature and secondary phase 

formation. All samples showed signs of relaxor character seen in the original and recreated 

samples as well as a variety of impurity peaks, however the permittivity magnitude varied 

widely between all samples, with no apparent correlation. A secondary study of five 

samples sintered in the same crucible at 1350°C showed a large variation between the 

1350°C sample sintered in the varied sintering temperature study and those of the five-

sample batch. Those of the five-sample batch no longer showed the desired relaxor 

characteristics or high permittivity (r ~ 5000 at Tmax) however, were single phase by XRD. 

This suggested that the secondary phase formation could be sensitive to chemical gradients 

within the crucible during sintering.  

To confirm this, studies of increased cooling rate (from 2°C/min to 10°C/min) as 

well as incorporated excess of volatile elements (3 mol% Bi2O3) into the sacrificial powder 

were completed. These studies returned single phase samples like those observed in the 

five-sample batch at 1350°C by XRD, again without the desired high permittivity phase of 

relaxor ferroelectric character. Notably, the maximum permittivities of these studies were 

much lower than that of the five-sample batch (r ~ 2000 at Tmax). It was concluded that 

this composition was very sensitive to both processing conditions as well as stoichiometry, 

and that the very desirable high permittivity relaxor ferroelectric character phase was 

driven by off-stoichiometry impurities. 

In general, two different complex dielectric systems were considered for advanced 

electronic applications. Approaches for both systems were similar, where a well-known 

parent composition was modified with a tertiary, or quaternary, endmember to vary or 

improve upon desired materials properties. Systems were developed mainly on an 
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experimental synthesis basis and led to diverse outcomes. The overall results pointed to 

two main takeaways, the first being that secondary processing effects, such as 

componential volatilization, play an exceedingly large role in crystallization and 

densification of complex ceramic oxides. This could be especially important as research 

around compositional volatilization during processing was found to be very sparse and 

determining best practices to account for this phenomena tends to be done experimentally 

on a case to case basis. As many metal oxide precursors common to advanced dielectric 

processing volatilize readily (PbO, Bi2O3, Na2CO3, K2CO3, etc.) developing a more 

fundamental knowledge base on the underpinning mechanisms in this phenomena could 

benefit the ceramics community on a whole. The second main takeaway from this work 

was that very small additions of chemically diverse species to a complex ferroelectric solid 

solution can induce relaxor ferroelectric phases. These very small additions can also result 

in properties very disparate from the parent solution and lead to compositions exceedingly 

sensitive to chemical variation through processing effects. Furthermore, for considerations 

to high permittivity research, additions to complex solid solutions > 5%, end up greatly 

suppressing the permittivity of the parent solution. 

Moving forward with the work presented in this dissertation, there are three main 

suggested avenues for pursued research. The first suggested avenue would be for the re-

consideration of the BI-PZT system for high temperature ferroelectrics. It was asserted in 

chapter 3 of this work that the large phase fraction of lead zirconate, which stabilizes the 

rhombohedral phase in the parent PZT solid solution, was responsible for the observed 

decrease in the Curie temperature with increasing %BI, as it appears in literature that the 

addition of Bi-based endmembers to PZT stabilizes the rhombohedral phase at high phase 
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fractions of PZ. Studies to elucidate the mixed phase boundary in the BI-PT-PZ ternary for 

low fractions of PZ could plausibly beneficial to finding the critical PZ/PT ratio at which 

the tetragonal character of PT-BI binaries would be sufficient to overcome the observed 

stabilization of the rhombohedral phase, and lead to development of high Curie temperature 

ferroelectrics. 

The final avenue of research would be to further pursue studies into the BCZT-BZT 

solid solution discussed in chapters 4 and 5. While the initial sample definitely contained 

large contributions to the permittivity from secondary phase stabilized space charge, 

reproduced samples contained a varying secondary phase phenomenology and resulted in 

less frequency dependence in the dielectric loss, as well as >50% lower values in dielectric 

loss while maintaining desirable relaxor characteristics and high permittivity of ~ 20,000. 

Further studies into identifying the secondary phases present and responsible for these 

phenomena, as well as in situ crystallization XRD studies to elucidate reaction pathways 

could be very beneficial to determining the underlying mechanisms responsible for the 

observed results and could prove crucial in developing a high permittivity, temperature 

stable material for multi-layer ceramic capacitor applications. 
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Appendix A – Supplemental Information for Chapter 3 

 

 

Figure A1: XRD plots of single phase, calcined (x) BiInO3 – (1-x) Pb(ZryTi1-y)O3 for (left) 

y = 0.52 and (right) y = 0.50 for increasing composition of BiInO3.  Samples were calcined 

as loose powders between 900°C – 1000°C for 2h with a 5°C/min ramp. Samples were 

calcined various times to achieve single phase. Inserts are included to help identify room 

temperature phase transitions. 
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Figure A2: Permittivity (left) and dissipation factor (right) as a function of temperature at 

selected frequencies for increasing composition of BiInO3 in x BiInO3 – (1-x) 

Pb(Zr0.52Ti0.48)O3. Discontinuities in 5% BI permittivity are due to physical breakdown of 

sample during testing. 
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Figure A3: Polarization versus electric field for unpoled BiInO3 containing samples 

executed at 1Hz. Fields were increased at 10kV/cm intervals from 10kV/cm until 

breakdown, accounting for discrepancies in max fields between samples. Each loop 

represents a three-loop scanning average. Full saturation was observed between 40 kV/cm 

and 50 kV/cm for all samples, which exhibit a prototypical ferroelectric response from 

saturation until breakdown, ranging from 60 kV/cm to 100kV/cm. At 50 kV/cm all samples 

exhibit a maximum polarization of 20 ± 2 C/cm2, a remnant polarization of 10 ± 2 C/cm2, 

and a coercive field of 11.5 ± 3 kV/cm.  
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Figure A4: Strain data for only the 2.5% BI – PZT 52/48 composition due to time 

constraints. Non-zero, zero-field strain on sample 3 can be attributed to experimental error, 

as initial data was un-useable. The observed secondary scans undoubtedly contain strain 

contributions due to an induced poled state from initial measurements, as no thermal anneal 

was done post measurement. Scans show the appearance of negative strain around 

50kV/cm, suggesting the onset of full saturation, in agreement with the observed trend in 

the polarization data. Strain maximums at 70kV/cm range from 0.175% (sample 2), to 

0.215% (sample 1). This is proportional to a d33
* of 248 pC/N. 
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Appendix B – Supplemental Information for Chapter 5 

 

 

Figure B1: Micrographs at varying magnification of 1% Bi(Zn1/2Ti1/2)O3 – 99% 

Ba0.85Ca0.15(Zr0.10Ti0.90)O3 sintered at 1400°C/4h dense ceramic thermally etched at 

1300°C/1h as imaged on Oregon State University Electron Microscopy Facility with an 

FEI Quanta 600FEG environmental SEM 
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Figure B2: Micrographs at varying magnification of 1% Bi(Zn1/2Ti1/2)O3 – 99% 

Ba0.85Ca0.15(Zr0.10Ti0.90)O3 sintered at 1380°C/4h dense ceramic thermally etched at 

1300°C/1h as imaged on Oregon State University Electron Microscopy Facility with an 

FEI Quanta 600FEG environmental SEM 
 

 

 

 

Figure B3: Micrographs at varying magnification of 1% Bi(Zn1/2Ti1/2)O3 – 99% 

Ba0.85Ca0.15(Zr0.10Ti0.90)O3 sintered at 1400°C/4h with 10°C/min cooling rate and 3 mol% 

Bi excess dense ceramic thermally etched at 1300°C/1h as imaged on Oregon State 

University Electron Microscopy Facility with an FEI Quanta 600FEG environmental SEM 
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