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High performance dielectric materials are needed for high power SiC- or GaN-based 

electronics which combine the best features of high energy density, low dielectric loss 

and high reliability and for advanced high-speed and high-voltage energy storage 

where temperature stability plays an important role in material properties. An ideal 

capacitor for these systems features temperature-stable permittivity characteristics, a 

maximum permittivity near or below 0 °C, and sufficiently high permittivity to have 

practical application. This work involves the synthesis, processing, characterization, 

testing, and evaluating of the perovskite compositions BaTiO3-Bi(Zn1/2Ti1/2)O3-

BiScO3-NaNbO3, BaTiO3-Bi(Zn1/2Ti1/2)O3-Pb(Mg1/3Nb2/3)O3, and BaTiO3-

Bi(Zn1/2Ti1/2)O3-Pb(Ni1/3Nb2/3)O3,  all of which were investigated as possible linear 

dielectric capacitor materials. These materials have excellent dielectric properties due 

to a relaxor dielectric mechanism which is derived from B-site cation disorder. The 

characteristic diffuse phase transition observed in relaxor materials allows for a large 

temperature range of operation. These systems have been shown to have facile 

synthesis routes, creating single-phase solid solutions. The compositions studied have 

provided a framework for future work which would involve compositional 

modifications aimed at increasing the relative permittivity which would allow further 

device miniaturization as well characterization of the dielectric properties at high 

electric fields (E > 100 kV/cm).  
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Chapter 1 – Introduction 

 

Ferroelectric relaxors are a type of dielectric material that exhibit interesting and 

useful electronic properties due to their highly diffuse phase transition. While all 

ferroelectrics go through a phase transition at their Curie temperature, most exhibit a 

sharp change in crystal structure. In contrast, relaxors exhibit a frequency dependent 

phase transition over a large range of temperature.  Due to short range ordering of the 

B-site cations in the crystal structure, polar nano-regions are created that respond 

slowly to external stimuli, giving rise to their macroscopic material properties. 

Relaxor ferroelectrics have many uses in modern technology; however, they 

are often limited to low temperature applications.  New high performance dielectric 

materials are needed for more demanding applications that require materials which 

exhibit high energy densities, low dielectric losses, and high reliability over a wider 

temperature range. In order to develop ceramic capacitor materials with temperature-

stable permittivity characteristics, lead-free BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-NaNbO3 

quaternary compositions and lead-based BaTiO3-Bi(Zn1/2Ti1/2)O3-Pb(Mg1/3Nb2/3)O3 

and BaTiO3-Bi(Zn1/2Ti1/2)O3-Pb(Ni1/3Nb2/3)O3 ternary compositions were investigated 

to target a maximum permittivity and a temperature coefficient of relative 

permittivity approaching zero. These perovskite ceramic solid solutions were 

synthesized, evaluated, and modified to identify property trends so that their 

electronic properties can be optimized.  The results achieved in this work demonstrate 
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that the electronic properties can be controlled based on composition and level of 

disorder. The optimum compositions exhibited a minimal temperature dependence 

and lower Curie temperatures, though the overall permittivity was decreased as a 

consequence.  

Future work will involve additional compositional modifications aimed at 

increasing the relative permittivity which would enable device miniaturization as well 

characterization of the dielectric properties at higher electric fields (E > 100 kV/cm). 

  

  



 

3 

 

 

Chapter 2 – Literature Review 

A literature review with background information is included to provide relevant 

knowledge to this work. In this section, the history of capacitors and ferroelectrics 

will be discussed as well as relevant material characterization techniques. 

   

2.1 Capacitors 

A capacitor is a widely used electrical device that can temporarily store electric 

energy in an electric field. Commercial capacitors are typically manufactured using a 

solid dielectric material with high permittivity as a medium between two conductive 

materials. In the electronics world, they are called two-terminal elements due to 

having two places to connect to external circuits at each conductor. Capacitors are 

found in many different technologies for several reasons: they can store energy and 

are often used in power supplies; their operating voltage is proportional to the charge 

stored so a capacitor can be used to perform complicated computations in operational 

amplifier circuits; and circuits built with capacitors exhibit frequency-dependent 

behavior allowing for tunable amplification. In modern society, capacitors often go 

unnoticed but are found in nearly every consumer electronic and circuit board. 

 In October of 1745, a German scientist named Ewald George von Kleist 

discovered that an electric charge could be stored by connecting a high-voltage 

electrostatic generator to a jar of water by wire (Keithly, 1999). The following year, a 

Dutch scientist out of Leyden by the name of Pieter van Musschenbroek used the 
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principles found by Kleist to create a similar device that stored an electric charge in a 

jar of water, called a Leyden jar (Keithly, 1999). It was the first example of electrical 

energy storage of static energy and has all the elements of a modern capacitor: two 

conducting plates separated by an insulator. The first practical use of capacitors arose 

with the invention of the wireless radio in the late 19
th

 century, and they have had a 

place in technology ever since. 

 

2.2 Capacitance 

Capacitance is defined as: the ability of a system to store an electric charge. The SI 

unit for capacitance is the Farad (F) named after English physicist Michael Faraday 

and is equal to the capacitance of a capacitor when one volt of potential difference 

stores one coulomb of charge. Unfortunately, the Farad is an unreasonably large 

standard unit, so it is more commonly measured in picoFarads or nanoFarads. The 

Farad is defined as: 

𝐶 =
𝑞

𝑉
 

where q is the internal charge stored and V is the voltage across the capacitor. The 

most common form of capacitor is a parallel plate capacitor, where two conductive 

plates are placed on the outside of an insulating material. To find the capacitance, an 

AC voltage is applied to the sample at the electrodes and the stored charge is 
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measured. For this geometry, the capacitance of the sample is defined by the 

equation: 

𝐶 =
휀0휀𝐴

𝑡
 

where ε0 is the permittivity of free space (8.8514 x 10
-12

 F/m), ε is the relative 

permittivity (unitless) of the dielectric material across the sample, t is the thickness of 

the ceramic pellet (m), and C is the capacitance of the sample (F). A material’s 

permittivity is measured relative to vacuum. The relative dielectric permittivity (κ) is 

thus the ratio relative of the permittivity of the dielectric to the permittivity of free 

space and is defined as:  

κ =
휀𝑖𝑗

휀0
 

The dielectric permittivity has two parts: real and imaginary. The imaginary 

permittivity corresponds to the dielectric loss (and is often associated with heat). The 

dielectric loss of a material is related to its ability to dissipate electromagnetic energy 

in the form of heat.  It also plays an important role is the measurement of the 

dielectric properties. Typically, the dielectric loss is reported in terms of the loss 

angle or loss tangent (tan δ) and it is usually a strong function of frequency. The 

imaginary part accounts for the loss in the material due to damping of vibrating dipole 

moments dispersed through the system as heat, lossless dielectrics have a zero 

imaginary permittivity.  
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2.3 The Development and History of Advanced Piezoelectric Materials 

The direct piezoelectric effect, the ability of a material to generate an electric charge 

in response to an applied stress, was first discovered in 1880 by brothers Jacques and 

Pierre Curie (Kolkin & Goltsev, 2008). They had discovered an unusual phenomenon 

in several crystals, including cane sugar, topaz, and quartz. When subject to a 

mechanical force, these crystals became electrically polarized. The voltage was 

proportional to the applied force, and compression and tension created potentials of 

opposite polarity. The converse effect, when an applied voltage created a mechanical 

response, was also confirmed true and named the converse piezoelectric effect. The 

term piezoelectric comes from the Greek word piezein, meaning to press or squeeze. 

The first material to be utilized for its piezoelectricity is quartz. During World 

War I, Germany was reliant on imports for food and fertilizer to feed its citizens 

(Koerver, 2012). The United Kingdom, with its superior navy, blockaded Germany to 

prevent necessary supplies from reaching continental Europe. The German Navy 

turned towards U-boats, i.e. submarines, to break the blockade and attack British 

supply lines. Over the course of the war, the Allies suffered heavy losses as U-boats 

patrolled the North Atlantic, creating absolute havoc and losing thousands of tons of 

supplies and lives (Koerver, 2012). The situation looked bleak – there was no 

consistent way to find a submerged U-boat. In 1917, a French physicist named Paul 

Langevin, a student of Pierre Curie’s, developed the first practical application of the 

piezoelectric effect by sending high-frequency electric signals through a quartz 
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crystal, which produced a mechanical stress (Zimmerman, 2002). He created what 

would be today called a transducer, a device that converts electrical signals to an 

acoustic wave or vice versa. A quartz crystal was used to create high frequency sound 

waves, and a microphone was used to hear the echoes. By calculating the time 

difference, one could calculate the distance the sound waves traveled. While not 

necessary to winning the war, sonar is still a mainstay in modern submarines.  

Piezoelectricity is defined by the piezoelectric coefficient (dij) which 

quantities the volume change of a material which is subject to an electric field or vice 

versa. This is represented mathematically as: 

𝑑𝑖𝑗 =
𝑖𝑛𝑑𝑢𝑐𝑒𝑑 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛

𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠
 

The larger the change in mechanical displacement and therefore the displacement of 

dipoles (i.e. polarization), the higher a material’s piezoelectric coefficient. Since 

strain is a second rank tensor and the applied electric field is a first rank tensor, the 

piezoelectric coefficient dij is a third rank tensor, and so there are numerous 

piezoelectric coefficients to a material. The most widely used coefficient to describe a 

material’s response to external stimuli is the d33 coefficient, which describes the 

induced strain in the direction parallel to polarization per unit of applied electric field. 

Quartz is the second most abundant mineral on Earth, so it’s not surprising 

that it was one of the first materials where the piezoelectric effect was observed. 

However, its piezoelectric coefficient is relatively low, d33 = 2.33 pC/N. Quartz 
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remained the material of choice for many applications, including filters for radio 

transmitters and receivers, resonators, and time keeping. In the 1960s, research into 

single crystal piezoelectric resurged with the discovery of lithium niobate (LiNbO3) 

(i.e. LN) and lithium tantalate (LiTaO3) (i.e. LT), eventually replacing quartz due to 

their superior piezoelectric properties, an electromechanical coupling factor five times 

higher than quartz, and great toughness and hardness (Smith R. T., 1967) (Yamada, 

Niizeki, & Toyoda, 1967). The similar electronic properties of LN and LT are not 

surprising because niobium and tantalum are almost chemically identical. 

 

2.4 Perovskites  

The perovskite structure is a highly versatile and useful crystal structure that is widely 

studied in solid-state inorganic chemistry. Understanding the importance of the 

perovskite crystal structure will explain why ferroelectricity is so common in these 

materials. Perovskites were first discovered in 1839 by Gustav Rose, a German 

mineralogist working in the Ural Mountains in Russia:  he first found calcium titanate 

(CaTiO3) and coined the term perovskite after Lev Perovski, a Russian mineralogist 

(Chakhmouradian & Woodward, 2014). The classic perovskite chemical formula is 

ABX3, where A is a 12-fold coordinated metal cation, B is a 6-fold coordinated metal 

cation, and X is an anion, usually oxygen (Smith, et al., 2008). The crystal structure 

of perovskites was discovered using X-Ray diffraction by Helen Dick Megaw in 1945 

on barium titanate (Chakhmouradian & Woodward, 2014). 



 

9 

 

 

The Goldschmidt tolerance factor is a measure of the packing of the A-site 

cations into the geometrically octahedral framework provided by the B-site cations. 

For an ideal cubic structure, the tolerance factor is one and the lattice parameter is 

equal to two times the B – X bond length and the A – X bond is the cross sectional 

diagonal of the cube. The tolerance factor (t) is defined as: 

𝑡 =
𝑅𝐴 + 𝑅𝑋

√2(𝑅𝐵 + 𝑅𝑋)
 

where; t = tolerance factor, RA is the ionic radii of the A-site cation in 12-fold 

coordination, RB is the ionic radii of the B-site cation in 6-fold coordination, and Rx is 

the ionic radii of the anion. In this arrangement, the tolerance factor describes the 

physical arrangement of the structural cations and anions in 3-dimenional space. 

When t = 1, the unit cell exhibits a cubic structure and all ions are of ideal size for 

perfect packing (e.g. SrTiO3). For all other tolerance factors, the perovskite structure 

is distorted; the BO6 octahedral tilts or distorts and the A-site cation is displaced. 

When t > 1, the unit cell is distorted due to the large size of RA in relation to RB. A 

cubic structure is not possible, and perovskites of this nature are typically hexagonal 

or tetragonal (e.g. BaNiO3, LaAlO3). When t < 1, the unit cell is distorted due to small 

size of RA in relation to RB. Perovskites of this nature are typically exhibit 

rhombohedral or orthorhombic symmetry (e.g. CaTiO3). 

Distorted perovskites have reduced symmetry, allowing for interesting electric 

and magnetic properties. Ferroelectricity is a product of anisotropy and can only 
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happen in materials if the following conditions must occur: the unit cell must be non-

centrosymmetric and polar. All ferroelectric ceramics are drawn from materials which 

meet both of those requirements. 

The ideal cubic perovskites structure can be visualized with SrTiO3. In a 

classic cubic ABX3 perovskite system, the space group is Pm-3m, the Wyckoff 

positions are:  the A cation is at ( ½, ½, ½ ); the B cation is at ( 0, 0, 0 ), and the X 

atoms are in 3d ( ½, 0 , 0 ), ( 0, ½, 0), ( 0, 0, ½ ).  However, the perovskite structure is 

very flexible and can accommodate a large variety of cation sizes. As such, most 

perovskites are not cubic and exhibit some level of distortion. Often this allows for 

easily identifiable phase changes due to a change in temperature. For ferroelectrics, 

this is often characterized by a tetragonal to cubic phase transition which happens at a 

specific temperature called the Curie temperature (TC).  The magnitude of TC depends 

on the chemistry of the A-site and B-site and their electronic structure. 

For example: BaTiO3 has four different structural distortions: it is stable in the 

rhombohedral structure below -90°C, it is orthorhombic between -90°C and 5°C, 

tetragonal between 5°C to 120°C, and it is stable in the cubic structure at 

temperatures above 120°C. In the BaTiO3 system, the ferroelectric to paraelectric 

phase transition occurs at 120°C with the tetragonal phase being host to the 

ferroelectric phase and the cubic phase is the parent paraelectric phase.  

 

 



 

11 

 

 

2.5 Ferroelectricity and Barium Titanate (BT) 

Ferroelectricity is the material property where a material becomes spontaneously 

polarized in the absence of an electric field. This dipole moment can be re-oriented 

upon application and an electric field, and is retained once the electric field is 

removed. Typical ferroelectric materials go through a phase transition at a specific 

temperature, called the Curie temperature, where they transition from a ferroelectric 

phase to a paraelectric phase, and often from tetragonal symmetry to cubic symmetry 

respectively. A ferroelectric crystal has two crystal symmetry requirements: it cannot 

be centrosymmetric and must have a unique polar axis. The spontaneous polarization 

disappears as the unit cell transforms into cubic symmetry, with a centrosymmetric 

character. Out of the 32 crystalline classes, 20 are non-centrosymmetric and 

piezoelectric, and only 10 of those are pyroelectric (polar). 

The discovery of ferroelectricity in mixed oxide perovskites was a large 

turning point in the history of electronic ceramics. Previously, ferroelectricity had 

only been identified in two crystals, Rochelle salt and potassium dihydrogen 

phosphate, both chemically unstable. During World War II, Arthur Von Hippel 

discovered ferroelectricity in barium titanate (BaTiO3) ceramics (Zahn, 1988). This 

opened the door for other mixed oxide perovskites to be studied, with ferroelectricity 

being found in many including – importantly – lead titanate (PbTiO3).  

Prior to the discovery of ferroelectricity in ceramic barium titanate, ceramic 

materials were rarely used in capacitor technology. Current capacitors are fabricated 
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with multiple dielectric layers electrically connected in parallel, with thicknesses 

around 1.5 µm, to increase capacitance. Typically, nickel internal electrodes are used 

to reduce cost and to enhance the mechanical integrity of the devices. An example of 

a typical multi-layer capacitor setup is shown below:  

 

Figure 2.1 - Normal structure for a multilayer capacitor (left) and micron-scaled 
layers made from doped barium titanate and nickel electrode layers (Randall, 2004) 

 

The growth of BaTiO3 crystals were first produced in 1947, but it took seven 

years to obtain crystals grown well enough to study. In 1954, Remeika produced large 

crystals of BaTiO3 that allowed the scientific community to study the material’s 

fundamental properties, including: dielectric anisotropy, domain switching, and the 

electro-optical and electromechanical properties (Remeika, 1954). This new step in 

studying ferroelectrics allowed for easier measurements and scientific work on 

BaTiO3, which is an ideal ferroelectric perovskite. In 1949, for the first time, Merz et 

al. carried out polarization and permittivity measurements on BaTiO3 crystals in order 

to characterize the fundamental properties of this material (Merz W. , 1949). Below 
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shows one of the first optical micrograph pictures of 90° domain walls in single 

crystal barium titanate (Forsbergh, 1949).  

To better understand the BaO-TiO2 phase equilibria, its phase diagram was 

first investigated by Rase and Roy (Rase & Roy, 1955). They found five intermediate 

BaO-TiO2 compounds that existed in the system. Near the compound BaTiO3, excess 

titania (TiO2) will not appear as a secondary phase but will rather incorporate itself 

into the pre-existing perovskite structure, allowing for a higher solubility of titania in 

this composition (up to 2 to 3% mole excess). An updated phase diagram of barium 

titanate is shown below (Lee, Randall, & Liu, 2009):  

 

 

Figure 2.2 - Complex phase diagram of BaO-TiO2 (Rase & Roy, 1955) 

 

Ceramics based on BaTiO3 have been used in a wide variety of applications in 

various forms; crystals, bulk ceramics, multilayers, and thin films.  These materials 

have been used in a variety of transducers, which control current and convert either 

electrical or mechanical energy to the other or vice versa. 
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2.6 Lead Zirconate Titanate (PZT) 

Even with the early success of barium titanate, mixed-oxide ceramics first dominated 

the ferroelectric field. In the early 1950s, ferroelectricity was discovered in lead 

zirconate titanate (PZT) with the chemical formula: Pb(TixZr1-xO3). The structure of 

PZT is a solid solution mixture of lead titanate (PbTiO3) and lead zirconate (PbZrO3). 

Importantly, PZT exhibits large piezoelectric coefficients around a morphotropic 

phase boundary (MPB), which literally means “the boundary between two forms”, 

between tetragonal and rhombohedral ferroelectric phases. Near this boundary, which 

is controlled by composition, the crystal structure can change abruptly and its 

dielectric properties (both ferroelectric and piezoelectric) become anomalously large. 

For PZT, near the MPB the piezoelectric coefficient (d33) can range from 200 to 750 

pm/V depending on the dopants (Wada, Kakemoto, & Tsurumi, 2004). Its phase 

diagram was investigated and is shown below. The figure below illustrates some of 

the common uses of PZT-based piezoelectric materials (Bouzid, Bourim, Gabbay, & 

Fantozzi, 2005). 
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Figure 2.3 - Phase diagram for PZT showing different crystal structures (Bouzid, 
Bourim, Gabbay, & Fantozzi, 2005) 

 

Currently, PZT is the most widely used piezoelectric ceramic material. It is 

used in a wide range of applications in the electroceramics field. There are two types 

of PZT: hard and soft. Hard PZT is used in sensors and high power ceramics that 

need to withstand high electrical voltage or mechanical stress, while soft PZT is used 

in actuators or when sensitivity is more important and the environmental conditions 

are not as destructive.  
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Figure 2.4 - Worldwide applications of piezoelectric materials (Hong, et al., 2016) 

 

2.7 Ferroelectric Relaxors 

After World War II, a young Soviet scientist from Yalta named Georgii Smolenski 

was investigating ferroelectric materials. Primarily, he focused on nonmetallic 

magnetic materials based on ferrites (The Great Soviet Encyclopedia (1979)). At the 

end of the 1940s, he discovered ferroelectric properties in lead titanate (PbTiO3). 

Continuing to look at lead-based perovskites, he found an anomaly in the temperature 

coefficient of permittivity in lead zirconate (PbZrO3). At the same time, perovskites 

with barium and strontium on the A-site also showed good ferroelectric behavior. 

Smolenski hypothesized that divalent A-site cations in perovskite-type materials are 

“ferroelectrically active”. However, he struggled to replicate permittivity 
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measurements in other simple perovskite compounds. After accepting a position at 

the Institute for Chemistry of Silicates of the Academy of Sciences of the USSR, he 

began to experiment with complex perovskites. Complex perovskites incorporate 

charge compensation to maintain the overall ABO3 stoichiometry. 

In 1958, Smolenski and Agranovskaya (Smolenski & Agronovskaya, 1958) 

reported highly unusual dielectric behavior in complex perovskites with the general 

formula Pb(X,Y)O3, where X and Y are both B-site cations of differing valence. 

Typically, X is a low valence cation (ex. Ni
2+

) and Y is a high valence cation (Nb
5+

). 

The first compounds investigated were PbNi1/3Nb2/3O3 (PNN), and PbMg1/3Nb2/3O3 

(PMN).  While common ferroelectrics have immediate phase transitions at the Curie 

temperature which can be observed in a simple permittivity measurement, these new 

materials exhibited diffuse phase transitions over large temperature ranges.  

Recently, there has been a resurgence into the study of PNN due to its low 

dielectric maxima (-120°C) and improved synthesis abilities (Alberta & Bhalla, Low-

Temperature Properties of Lead Nickel-Niobate Ceramics, 2002).  The columbite 

precursor method is the preferred synthesis route for PNN. First, nickel niobate 

(NiNb2O6) is synthesized first to ensure a single phase final product without 

pyrochlore impurities. The nickel niobate is mixed and calcined before lead oxide 

(PbO) addition and then mixed and calcined again. The proper sintering temperature 

that maximizes the final product’s dielectric constant and density is 1200°C for 2 
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hours for PNN. Data from XRD showed that PNN is a cubic perovskite with a lattice 

parameter of 4.025 Å.  

 

Figure 2.5 - low temperature dielectric data for PNN (Alberta & Bhalla, Low-
Temperature Properties of Lead Nickel-Niobate Ceramics, 2002) 

 

Shown above is a figure of the dielectric data of PNN. The graph clearly shows a 

diffuse phase transition over a large temperature range as typical in ferroelectric 

relaxors.  

Single crystal lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 (PMN) was one of 

the first relaxors studied alongside PNN in the late 1950s. Two Russian scientists 

named Vladimir Bokov and Irina Myl’nikova were the first to take electrical and 

optical measurements of PMN. They found that PMN is optically isotropic when 

cooled under applied field, but has remanent birefringence when the field is removed. 

In addition, ferroelectric domains can be observed under applied electric field, 

therefore the polarization of PMN crystals is due to domain motion like in classical 



 

19 

 

 

ferroelectrics.  However, at low temperatures PMN exhibits non-ergodicity (Bokov & 

Myl'nikova, 1959). It can be an ideal material for applications which necessitate a low 

temperature diffuse phase transition due to its excellent dielectric broadening and low 

temperature permittivity maxima. 

However, PMN can be difficult to synthesize using traditional solid solution 

synthesis which necessitates the use of a columbite method. In the method, an 

intermediate step to synthesize MgNb2O6 first is used to bypass the creation of a 

pyrochlore impurity phase and then mixed with PbO. 

 

2.8 Relaxors Based on BaTiO3-Bi(Zn1/2Ti1/2)O3 (BT-BZT)  

The BaTiO3-Bi(Zn1/2Ti1/2)O3 (BT-BZT) system has been studied extensively due to 

its smooth phase transition, relatively high permittivity, and high resistivity. The 

dielectric properties of BT can be changed and altered through doping or by creating 

homogenous solid solutions with analogous perovskite materials. It has been shown 

that BT-BZT is ideal for high density capacitors for energy storage applications. 

Primarily, the presence of paired barium and oxygen vacancies improves the 

insulation resistance of dielectrics (Raengthon, DeRose, Brennecka, & Cann, 2012). 

The stoichiometric formula for the best electronic properties of polycrystalline 

BT-BZT in this system was with 2% Ba-deficient (Ba0.78□0.02Bi2.0)(Zn0.1Ti0.9)O2.98. 

The system possesses a high relative permittivity along with low dielectric loss, ideal 

for linear dielectrics (Raengthon & Cann, 2011). Typically unstable, Bi(Zn1/2Ti1/2)O3 
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incorporated into a BaTiO3 matrix creates a stable ceramic that exhibits dielectric 

relaxation characteristic of a ferroelectric relaxor. In relaxors, the temperature where 

permittivity is at a maximum (Tmax) signifies the start of the phase transition. For BT-

BZT, Tmax is located between 20°C – 190°C with a relative permittivity slightly above 

1500 with low dielectric loss until 500°C. Below is a graph showing the temperature 

dependence of permittivity in the 80BT-20BZT system (Raengthon & Cann, 2011).  

  

Figure 2.6 - Permittivity of 80BaTiO3-20Bi(Zn1/2Ti1/2)O3 from -150° to 500° 
(Raengthon & Cann, 2011) 

 

While having interesting electronic properties, the BT-BZT system provides a 

framework for other interesting dopants in order to optimize the properties for 

demanding capacitor applications. 
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2.9 Relaxors Based on BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3 (BT-BZT-BS) 

Ceramics in the BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3 system also exhibit excellent 

dielectric properties, creating a typical pseudocubic relaxor. They have been studied 

containing the following stoichiometries: xBaTiO3-(100-x)(0.5Bi(Zn1/2Ti1/2)O3-

0.5BiScO3) where x = 50, 55, and 60 (Raengthon, Sebastian, Cumming, Reaney, & 

Cann, 2012). These materials have a relatively high permittivity (K~1500), very low 

temperature coefficients of permittivity (TCε ~ 150), and Tmax near 100°C.  

 

 

Figure 2.7 - Relative permittivity from room temperature to 500 °C for 50BT-25BZT-
25BS (Raengthon, Sebastian, Cumming, Reaney, & Cann, 2012) 

 

 



 

22 

 

 

2.10 Relaxors Based on BaTiO3-Bi(Zn1/2Ti1/2)O3-NaNbO3 (BT-BZT-

NN) 

The BaTiO3-Bi(Zn1/2Ti1/2)O3-NaNbO3 (BT-BZT-NN) system has also been 

investigated with interesting results. Maintaining BZT and NN stoichiometry and 

decreasing the mole content of BT led to a broadening in the temperature-dependent 

permittivity (Raengthon, Brown-Shaklee, Brennecka, & Cann, 2013). In 

compositions where BZT was replaced by NN, the temperature of maximum 

permittivity was shifted to lower temperatures, the lowest being – 103 ºC for 70BT-

5BZT-25NN. The entire ternary system shows promising dielectric properties. 

However, only compositions with BT > 50% were of single phase cubic symmetry. 

Overall, by increasing the BZT-NN concentration, the temperature stability of relative 

permittivity was improved, but the overall permittivity decreased and there was no 

change in temperature of maximum permittivity. 
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Figure 2.8 - Relative permittivity from -150 to 200 °C for the BT-BZT-NN system 
(Raengthon, Brown-Shaklee, Brennecka, & Cann, 2013) 

 

2.11 Polar Nano Regions 

Ferroelectric materials with relaxor behavior are almost exclusively observed in solid 

solutions with high cation disorder, which also makes characterization more difficult. 

Disorder can be finely tuned by precisely controlling stoichiometry, directly changing 

electronic and physical properties. The high degree of cation disorder is the 

underlying mechanism for the diffuse phase transition in relaxors. The disorder 

creates polar nano regions due to small fluctuations of dipole moments in the material 

(Viehland, Jang, Cross, & Wuttig, 1990). Induced dipoles in the structure can be 

characterized by their correlation length. The correlation length is a measurement of 

the ability of the dipole to respond in a correlated manner to an applied electric field. 

In a typical ferroelectric material, the correlation length is significantly larger than the 
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lattice parameter, i.e. the size of a unit cell, and strongly dependent on temperature, as 

seen in classic permittivity vs temperature measurements.  

However, in relaxors, the correlation length is much smaller, leading to only 

small portions of the material’s dipoles responding to outside influence, interfering 

with the natural long-range ordering of a typical ferroelectric. Essentially, polar 

nanoregions are microdomains embedded in a pre-existing framework and have a 

naturally lower symmetry than the surrounding system (Macutkevic, Banys, 

Bussman-Holder, & Bishop, 2011).  

 

2.12 Temperature of Maximum Permittivity 

In capacitor measurements, the temperature of maximum permittivity is an 

important material property (Tmax). Ferroelectrics have a maximum permittivity at 

their Curie temperature, i.e. when the material goes through a phase change. A 

classical ferroelectric like PZT exhibits a drastic increase in permittivity near its Curie 

temperature. It can be difficult to unambiguously establish the Curie temperature of a 

relaxor due the presence of a diffuse phase transition. Instead, relaxors are 

characterized by the temperature at which the relative permittivity exhibits a 

maximum, Tmax, which is usually frequency dependent. 

 

 



 

25 

 

 

2.13 Hysteresis Loops 

 Ferroelectric materials can be characterized by measuring their polarization 

(Pi) as a function of applied AC electric field (Ej). The polarization is governed by the 

equation: 

𝑃𝑖 = 𝜒𝑖𝑗𝐸𝑗 

where Pi is the polarization vector (C/m
2
), χij is the dielectric susceptibility (f/m), and 

Ej is the applied electric field (V/m). The application of an electric field on an 

insulating material polarizes the material by separating positive and negative charges, 

which is measured as the displacement field vector (Di) or charge density. 

Ferroelectric materials will exhibit a characteristic hysteresis due to the movement of 

charge as the material changes from one polarization state to another. The 

displacement vector field vector is the total surface charge density induced on the 

material by the applied field and includes both the polarization of the material and the 

charges created by the polarization of free space and is defined as (Mayergoyz, 2005): 

𝐷𝑖 = 휀0𝐸𝑖 + 𝑃𝑖 

For a typical ferroelectric material, P(E) measurement involve a hysteresis loop; an 

example of which is shown below for the material 42PbTiO3-29BiScO3-

Bi(Mg0.5Ti0.5)O3 (Figure1): (Ansell, Nikkel, Cann, & Sehirioglu, 2012). 
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Figure 2.9 - Polarization vs. electric field for 42PT-29BS-29BMT at room 
temperature (Ansell, Nikkel, Cann, & Sehirioglu, 2012) 

 

 

Adding in the equation (above) for the material polarization gives: 

𝐷𝑖 = 휀0𝐸𝑖 + 𝑃𝑖 = 휀0𝐸𝑖 + 𝜒𝑖𝑗𝐸𝑗 = 휀0𝛿𝑖𝑗𝐸𝑗 + 𝜒𝑖𝑗𝐸𝑗 = 𝐸𝑖(휀0𝛿𝑖𝑗 + 𝜒𝑖𝑗) = 휀𝑖𝑗𝐸𝑗  

where εij = ε0δij + χij is the dielectric permittivity, δij is Kronecker’s symbol (δij = 1 for 

i = j, δij = 0 for i ≠ j). Other types of materials respond differently under an applied 

electric field. The materials presented in this thesis are linear dielectrics, aptly named 

due to their linear polarization response to an electric field. An example of a P-E 

measurement on these materials is shown below (Figure 1): 
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Figure 2.10 - Polarization vs. electric field for 50BT-10BZT-10BS-30NN at room 
temperature 

 

Unlike linear dielectrics, relaxor materials have a non-linear slope when polarized. 

The slope of their polarization curve is a function of external electric field, and 

similar to linear dielectrics they also do not maintain their polarization once the 

electric field is removed, which is called remanent polarization. An example is shown 

below (Evans): 
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Figure 2.11 - Polarization vs. electric field for a high voltage paraelectric capacitor 
(Evans) 

 

2.14 Ferroelectric Domains 

Ferroelectric materials are characterized by a finite polarization in the absence of an 

external electric field. This polarization possesses two individually stable states that 

can be reversibly switched from one state to another by the application of an electric 

field. There can exist different regions in the material with different orientations due 

to the lack of homogenous polarization throughout polycrystalline ferroelectric 

ceramics. The regions of the crystal with uniformly oriented spontaneous 

polarizations are called ferroelectric domains, which can change and move under 

certain external stimuli.  

The walls between domains of oppositely oriented polarization are called 180º 

domain walls, and walls separating perpendicularly oriented domains are called 90º 
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domain walls. The movement of domain walls and the orientation of domains have 

macroscopic effects that can be measured, resulting in phenomena such as a 

polarization hysteresis, aging, and fatigue. Caspari and Merz were the first to 

postulate that hysteresis is due to the presence of parallel and antiparallel domains 

switching at various field strengths (Caspari, 1950). The domain wall model was 

developed with the assumption that an applied external field produced an internal 

force against domains, causing them to re-orient direction. 

Ferroelectric domains can be observed optically, as was first shown by Merz 

in 1954 and is shown below: (Merz W. , 1954) 

 

Figure 2.12 - 180° and 90° domains in single crystal BaTiO3 (Merz W. , 1954) 
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Domain walls are naturally of lower symmetry than the host paraelectric phase of the 

material and can be thought of as functional, dynamic interfaces between areas of 

homogenous polarization. There are primarily two ways a material can change 

polarization under the influence of an electric field: either existing domain walls are 

bent or moved (i.e. BaTiO3) or entirely new domains are formed as seen in 

magnetized iron.  

 

2.15 Temperature Coefficient of Permittivity 

The dielectric permittivity describes how much charge a medium can store from the 

induced movement of internal dipoles by an electric field. For most electroceramics, 

the permittivity is dependent on both frequency and temperature. The temperature 

coefficient of permittivity (TCε) is a mathematical means to quantify the effect of 

temperature on permittivity. Ferroelectrics can use TCε, but since they exhibit one or 

more phase transitions, the coefficient is insufficient to properly describe the 

temperature dependence of the dielectric properties. The equation for TCε is: 

TCε = (
1

휀𝑏
)(

−(𝜖𝑐 − 𝜖𝑎)

𝑐 − 𝑎
) 

In this arrangement, the TCε of a specific temperature range can be found by defining 

the permittivity at three temperatures (a, b, and c) where a – b = b – c. Essentially, the 

TCε gives a glimpse of the permittivity change over a specified temperature range 

(i.e. if TCε = 0, the dielectric properties are independent of temperature over the 
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range). If the temperature range contains Tmax, the value of TCε will not correctly 

represent the response in the system. The units of TCε are part per million per degree 

Celsius. 

 

2.16 Impedance Spectroscopy 

There are two types of electrical current: direct current (DC) and alternating current 

(AC). Direct current is simple to understand: it is the constant, unidirectional flow of 

electrons creating an electric current. In a DC circuit, the opposition a current in 

material encounters is called resistance. As the magnitude of resistance increases, the 

more voltage is needed to create a current. DC theory is defined by Ohm’s Law: 

𝐸 = 𝐼𝑅 

where E is the DC potential (V), R is the resistance of the system (Ω), and I is the 

resulting current (A). Alternating current, on the other hand, is the flow of electric 

current due to the periodical change of electric charge. An AC circuit also has similar 

property to resistance, called impedance, where a material resists the flow of electric 

charge. Impedance and resistance are both terms that denote the opposite to the flow 

of electrons.  But the impedance also possesses both magnitude and phase shift due to 

AC signals having a frequency of oscillation. The figure below shows the phase shift 

(Breitkopf, 2012): 
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Figure 2.13 - Measured phase shift in impedance spectroscopy (Breitkopf, 2012) 

 

Impedance possess two parts, a real and imaginary, so is most commonly presented as 

a complex number; resistance can be thought of as impedance with a 0º phase shift 

and therefore does not contain an imaginary representation. AC theory is defined by 

the analogous equation: 

𝐸 = 𝐼𝑍 

where E is the DC potential (V), Z is the impedance of the system (Ω), and I is the 

resulting current (A). The excitation of the AC circuit, or the applied voltage, at any 

time is a sine function due to the existence of the phase angle shift: 

𝐸𝑡 = 𝐸𝑜sin (𝜔𝑡) 

where Et is the potential at time t, E0 is the amplitude, and ω is the radial frequency 

(2πƒ). 

And the response from the circuit, or the current, at any time is also a sine function: 

𝐼𝑡 = 𝐼𝑜sin (𝜔𝑡 + 𝜙) 
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where It is the current at time t, I0 is the amplitude, and ϕ is phase. 

The most common form of impedance spectroscopy is the equivalent circuit 

measurement. The impedance of a capacitor has no real component, and its imaginary 

component is a function of both capacitance and frequency. Solving for Z produces: 

𝑍 =
𝐸𝑡

𝐼𝑡
=

𝐸𝑜sin (𝜔𝑡)

𝐼𝑜sin (𝜔𝑡 + 𝜙)
 = 𝑍0

sin (𝜔𝑡)

sin (𝜔𝑡 + 𝜙)
 

where Z is the impedance and Z0 is the magnitude. To represent impedance as a 

complex function, first the variable 𝑗 =  √−1 and using Euler’s relationship, exp( 𝑗𝜙) 

= cos(𝜙) + 𝑗 sin (𝜙): 

𝑍(𝜔) =
𝐸𝑜 sin(𝑗𝜔𝑡)

𝐼𝑜 sin(𝑗𝜔𝑡 + 𝜙)
= 𝑍0(𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙) 

To determine the total impedance of a combination of simple elements, the 

impedance of the individual components are summed according to equivalent circuit 

theory. For two circuit elements in series: 

𝑍𝑇𝑂𝑇 = 𝑍1 + 𝑍2 

where Z1 and Z2 are the impedance of the elements.  In complex number 

representation, the equation changes to: 

(𝑍′𝑇𝑂𝑇 + 𝑍′′𝑇𝑂𝑇) = (𝑍′1 + 𝑍′′1) + (𝑍′2 + 𝑍′′2) 

The most popular form for representing impedance spectroscopy data is the Nyquist 

Plot. In this type of model, the imaginary impedance component (Z’’) is plotted on 

the x-axis against the real impedance component (Z’) on the y-axis. An example of 
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impedance spectroscopy using a Nyquist Plot on BT-BZT is shown below 

(Raengthon & Cann, 2011):  

 

Figure 2.14 - Nyquist plot of impedance spectroscopy of 2% barium deficient 
80BaTiO3-20Bi(Zn1/2Ti1/2)O3 (Raengthon & Cann, 2011) 

 

Each point on the Nyquist plot is the impedance of the system at one frequency. It is 

represented as the vector from the origin to the point with length |Z|. The angle 

between the vector and x-axis is the phase angle. To obtain information from a 

Nyquist plot, one must first understand that the x-axis is the real and the y-axis is 

imaginary part of impedance, and that frequency increases along the x-axis. The plot 

of these points is a semicircle, and the number of semicircles corresponds to the 

number of time constraints of the system, indicative of differing relaxation times. 

Typically in polycrystalline materials, there are two semicircles: the high frequency 

semicircle, with lower resistance and closer to the origin, corresponds with crystalline 
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grains, and the low frequency semicircle, larger and more prominent and of higher 

resistance, corresponds to grain boundaries.  

 

2.17 X-Ray Diffraction 

The first major discovery of using X-rays to probe materials came from a one-page 

report titled: “The undersigned are engaged since 21 April 1912 with experiments 

about the interference of X-rays passing through crystals.” It was signed by German 

physicist Walter Friedrich, Paul Knipping, and Max von Laue (Eckert, 2012). Within 

a year, English physicists father and son duo William Henry Bragg and William 

Lawrence Bragg developed an alternative method by which they confirmed the 

discovery. Immediately, the scientific community realized the importance of the new 

phenomena. Both von Laue and the Braggs would receive the Nobel Prize in 1914 

and 1915, respectively. The equation governing diffraction is now called the Bragg’s 

Law and is as follows: 

2𝑑𝑠𝑖𝑛 𝜃 = 𝑛𝜆 

where d is the spacing between diffracting planes (m), θ is the scattering angle (º), n is 

a positive integer, and λ is the wavelength of the incident wave (m). Bragg’s Law 

connects the observed scattering with reflections from periodically spaced planes 

within a crystal structure. This interaction is a form of elastic scattering: incoming X-

rays have the same energy and wavelength as outgoing X-rays. Diffraction only 

occurs when n is an integer value, thereby fulfilling the requirements of Bragg’s Law. 
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The diffraction pattern of a sample can be characterized by applying Bragg’s law to 

the angle between diffracting planes to find the d-spacing, the physical length, 

between atoms in the crystal.  

 The intensity of each reflection of miller indices hkl is proportional to the 

squared structure factor in three dimensional space: Ihkl ~ |Fhkl|
2
. However, the total 

intensity of a diffraction peak is defined as: 

𝐼ℎ𝑘𝑙 = |𝐹ℎ𝑘𝑙|
2 𝑥 𝑀ℎ𝑘𝑙  𝑥 𝐿𝑃𝜃 𝑥 𝑇𝐹𝜃 𝑥 𝐴𝜃 

where Fhkl is the structure factor, Mhkl is the multiplicity, LPθ is the Lorentz-

polarization correction, TFθ is the temperature factor, and Aθ is the absorption factor. 

The structure factor is a complex number and is defined as the Fourier 

transformation of the electron density in the unit cell: 

𝐹ℎ𝑘𝑙 = ∑ ∭ 𝜌(𝑥𝑦𝑧) exp[2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)] 𝑑𝑥𝑑𝑦𝑑𝑧

𝑗

 

where ρ(xyz) is the electron density tripled integrated over the volume of a single 

atom, and so the summation is over all atoms in the unit cell. It can be assumed that 

all atoms of a specific type have similar electron distributions, and since X-ray 

scattering is due to all the electrons in an atom, any variations from bonding or 

differing valence states will be negligible. Thus, atoms will react similarly regardless 

of system, so numerical values found by experimental quantum mechanics can be 

given to each type of atom. This numerical value is called the atomic scattering 

factor, and is denoted by the letter f. The previous equation can be re-written as: 
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𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗exp [

𝑗

2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)] 

Multiplicity comes from symmetry and describes the number of equivalent d-

spacings for related reflections. Lower symmetry configurations will have lower 

multiplicities. For example: in a cubic crystal structure, a =b = c, so the planes (100), 

(010), (001), (-100), (0-10), and (00-1) all have the same d-spacing and a multiplicity 

of six.  

The Lorentz-polarization correction is a combination of two geometric 

corrections: the Lorentz factor and polarization factor. X-rays are electromagnetic 

radiation, and so are scattered with an amplitude proportional to the sine of the angle 

between the incident radiation and the scattering angle. Since the incident beam is not 

polarized, the X-rays can scatter differently based on the angle between the beam and 

electric field will differ. The polarization factor corrects for this possibility. 

The Lorentz factor comes from the fact that crystals can still diffract at angles 

that slightly different than their predicted Bragg angle and lower angles tend to have 

artificially increased intensities due to higher angles taking more time to diffract. 

Typically, these two geometric corrections are combined. Together, they 

decrease the intensity of reflections at intermediate angles relative to those at low and 

high angles. The Lorentz-polarization correction is: 

𝐿𝑃𝜃 =  
1 + 𝑐𝑜𝑠22𝜃

(𝑠𝑖𝑛2𝜃𝑐𝑜𝑠𝜃)
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Atoms in a crystal structure can undergo thermal vibrations when under the 

influence of electromagnetic radiation. In response, diffraction data will be 

inconsistent due to unit cell oscillations, the overall intensity of diffraction lines will 

decrease, and the background scattering will increase. The Temperature Factor 

addresses these problems and is defined as: 

𝑇𝐹𝜃 = exp [−𝐵
𝑠𝑖𝑛2𝜃

𝜆2
 ] 

where B is the isotropic temperature factor which is proportional to the mean squared 

displacement of the atoms and changes depending on the system and λ is the 

wavelength of incident light. 

 Atoms can absorb incident photons, and this can reduce the intensity of 

diffraction. Typically atoms with higher atomic number absorb some X-rays rather 

than scatter. The observed intensity I is given by: 

𝐼 = 𝐼0 exp (−𝜇𝑥) 

where I0 is the true intensity, μ is the linear absorption coefficient, and x is the total 

path length. 

Diffraction patterns describe the physical arrangement of atoms in the unit cell 

and their symmetry. At first, only simple structures could be mapped: as experiments 

improved, deducing atomic positions for three dimensional crystals became a viable 

scientific technique. The realm of x-ray diffraction expanded due to its many uses. In 

minerology and metallurgy, the technique is often used to examine the chemical 
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makeup of unknown solids. These concepts of diffraction were also applied to 

neutron diffraction and electron diffraction.  

 

2.18 Electron Microprobe Analysis  

A very common technique in geology and materials science is electron microprobe 

analysis (EPMA), which is an analytical tool to determine the chemical composition 

of a solid sample. This is typically used to characterize rocks based on the differing 

amounts of elements present in their framework. A beam of electrons is fired at the 

sample in vacuum using a tungsten filament. The electrons hit the material, knocking 

inner orbital electrons out of the system, creating an energy difference that allows for 

outer electrons to relax. The relaxation of an outer electron emits a characteristic X-

ray which is identified by the detector. This technique is not often used on ceramics 

due to their surface roughness and porosity but were investigated using the EPMA in 

the Earth, Ocean, and Atmospheric Sciences at Oregon State. 

   

2.19 Capacitor Classification  

The goals of this project are dictated by the Internal Electrotechnical Commission 

(IEC) to create a capacitor that fulfills the required government classifications. The 

IEC has created three classes of ceramic capacitors: Class 1, high stability and low 

losses for resonant circuit applications; Class 2, high volumetric efficiency for 

smoothing, by-pass, coupling, and decoupling applications; and Class 3, barrier layer 
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capacitors. A Class 1 ceramic capacitor (i.e. MgNb2O6) is characterized by low 

relative permittivity due to low volumetric efficiency (below 50), but have a TCε of 

nearly zero.  Class 2 capacitors offer high dielectric constants but low accuracy and 

stability and are typically made of single phase ferroelectric materials. Class 3 

capacitors exhibit barrier layers and have very high permittivity (up to 50,000) but 

offer little accuracy and stability. The permittivity over any temperature range is 

nonlinear and so Class 2 capacitors are not suited for precision and are typically made 

of doped ferroelectric materials. 

 The capacitors presented in this thesis are Class 2 ceramic capacitors. There is 

a coding system to further classify these capacitors consisting of a letter, a number, 

and a letter. Each character corresponds to a numerical number: first letter gives the 

low temperature limit, the number gives the high temperature limit, and the last letter 

gives the change in capacity over the temperature range required for the 

classification. The lower temperature letter codes are: X = -55 Cº, Y = -30 Cº, and Z 

= +10 Cº; the upper temperature number codes are: 4= +65 Cº, 5 = +85 Cº, 6 = +105 

Cº, 7 = +125 Cº, 8 = +150 Cº, and 9 = +200 Cº; the letter code for the percentage 

change in capacity over the given temperature range is: P = ±10%, R = ±15%, P = 

±10%, S = ±22%, T = +22/-32%, U = +22/-56%, V = +22/-82%. Ideal products from 

this project are Class 2 capacitors with classifications: X7R, only a 15% change in 

capacitance between -55 – +125 Cº; Y5V, a capacitance somewhere between +22% 
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and -82% between -30 – +85 Cº; and X9R, only a 15% change in capacitance 

between -55 – +200 Cº (Multilayer Ceramic Capacitors/Axial & Radial Leaded).  

 

2.20 Statement of Objective 

 Linear dielectrics with temperature-stable electronic properties are necessary 

for continued technological innovation. The goal of this project is to create high 

voltage ceramic capacitors with (1) temperature of max permittivity below room 

temperature, (2) a temperature coefficient of permittivity near zero, and (3) an overall 

high relative permittivity to have practical application. In this study, three solid-

solution ferroelectric systems were investigated: BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-

NaNbO3, BaTiO3-Bi(Zn1/2Ti1/2)O3-Pb(Mg1/3Nb2/3)O3, and BaTiO3-Bi(Zn1/2Ti1/2)O3-

Pb(Ni1/3Nb2/3)O3. Previous research suggests that these are ideal candidates for 

creating a dielectric material with a diffuse ferroelectric-to-relaxor phase transition, 

allowing for similar electronic properties over a wide range of temperatures. 
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Chapter 3 – Materials and Methods 

 

This chapter presents the experimental details on the planning, design, and execution 

to synthesize and measure the dielectric and ferroelectric properties of BT-BZT-BS-

NN, BT-BZT-PNN, and BT-BZT-PMN ceramics. The experiments were designed 

using the standard ceramic synthesis techniques with alterations based on 

composition.  

Widely known as a useful non-lead ferroelectric, BaTiO3 was used as the 

majority constituent due to its excellent electronic properties, and other perovskite 

ferroelectric compounds were introduced into the system to attempt to synthesize a 

relaxor with high B-site disorder. Studies have shown that stoichiometric 

Bi(Zn1/2Ti1/2)O3-BiScO3 addition into an existing BT system reduces the temperature 

coefficient of permittivity. To shift the maximum permittivity down, also lowering 

the operating range and ferroelectric phase transition, NaNbO3 was utilized; however, 

it has naturally lower relative permittivity. This quaternary system builds upon 

previous research based on the BT-BZT, BT-BZT-BS, and BT-BZT-NN systems 

previously discussed in this thesis.  

 

The first step was to create an ideal synthesis route. All samples were 

prepared using the solid state technique. The powders were mixed and calcined at 

900 °C and sintering temperatures ranged from 1100 °C to 1200 °C. Multiple 
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characterization techniques were used to examine physical and electronic properties 

to confirm single phase relaxor devices. A single phase material is necessary for 

reproducible results and predictable material properties. 

These relaxors are ideal for capacitor applications due to their highly diffuse 

phase transition. At the temperature of maximum permittivity, the lattice changes 

from tetragonal symmetry to cubic symmetry. In typical ferroelectrics, this is called 

the Curie temperature and is accompanied by a peak in permittivity. In relaxors, there 

is no Curie temperature: instead, the material gradually changes physical structure 

over a large temperature range, as seen by a broad permittivity peak. Characterizing 

the symmetry of relaxors can be difficult due to their diffuse phase transition: in these 

types of material, long-range structure is pseudocubic, while local structure is non-

cubic. It is important to understand the physical lattice structure because of its direct 

effect on electronic properties. X-ray diffraction allows for symmetry information to 

be collected and was performed on all samples twice; after calcining and after 

sintering. If a composition of mixed phase was obtained after calcination, the material 

was discarded as a possible dielectric. In this manner, only the dielectric properties of 

the best compositions were investigated. Compositions of high atomic percent BT 

were the first materials made in this study but exhibited poor temperature-dependent 

properties. With each new batch, the atomic percent of BT was lowered, BZT while 

equal BZT-BS stoichiometry was maintained.  
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3.1 Synthesis of BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-NaNbO3  

In this study, solid solutions of BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-NaNbO3 (BT-BZT-

BS-NN) have been prepared by a conventional solid-state method. Precursor powders 

of BaCO3 (>99.8%), Bi2O3 (>99.99%), Na2CO3 (>99.95 %), TiO2 (>99.9), ZnO 

(>99.9%), Sc2O3 (>99.995%), and Nb2O5 (>99.9%) were used as starting material. 

Prior to synthesis, BaCO3 and Na2CO3 were dried for at least 24 hours and kept in a 

desiccator to remove water. The powders were weighed in appropriate stoichiometric 

amounts, dissolved in 100% ethanol, vibratory milled for 6 hours with zirconia 

media, and finally dried in a 75 °C oven overnight. 

 All powders were calcined in covered crucibles at different temperatures and 

XRD data was used to find the optimal temperature to produce single phase 

perovskites, which was found to be at least 900 °C for all compositions. This follows 

previous experimental data and is the same calcination temperature for BT-BZT 

compounds. The samples were calcined for 6 hours with a ramp rate of 10°C/min. 

After XRD, the powders were vibratory milled again for 6 hours and dried overnight 

in a 75 °C oven.  

The phase-pure calcined powders were mixed with 3% by weight polyvinyl 

butyral binder (B-98 polyvinyl butyral resin by Solutia) and compressed into pellets 

under 3 metric tons of pressure for 2 minutes. Sintering regiments followed a similar 

pattern; the pellets were heated to 400 °C for 4 hours for binder burnout and then 
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heated to the sintering temperature and held for 6 hours, then brought back to room 

temperature with all oven temperature changes at a ramp rate of 5°C/min. 

 

3.2 Synthesis of BaTiO3-Bi(Zn1/2Ti1/2)O3-Pb(Ni1/3Nb2/3)O3 

In this study, solid solutions of BaTiO3-Bi(Zn1/2Ti1/2)O3-Pb(Ni1/3Nb2/3)O3 

(BT-BZT-PNN) have been prepared by the conventional columbite solid-state 

method (Alberta & Bhalla, Low-temperature Properties of Lead Nickel-Niobate 

Ceramics, 2002). For PNN based compositions, powders of Bi2O3 (>99.99%), ZnO 

(>99.9%), Nb2O5 (>99.9%), TiO2 (>99.9), BaCO3 (>99.8%), PbO (>99.9%), and No 

(>99.9%) were used as starting material. First, precursors NiO and Nb2O5 were 

weighed in appropriate stoichiometric amounts, dissolved in 100% ethanol, vibratory 

milled for 12 hours with zirconia media, and finally dried in a 75 °C oven overnight. 

After drying, the solid solutions were calcined at 950 ºC for 3 hours in a closed 

crucible. Finally, the calcined powder is milled once again for 6 hours to reduce 

particle size and dried overnight. 

The finished product, NiNb2O6, was mixed with PbO in stoichiometric 

amounts to form Pb(Ni1/3Nb2/3)O3. The mixture was mixed and milled for 24 hours 

with zirconia media. After drying, the solutions were calcined at 950 °C for 4 hours. 

The other precursors were weighed and added to the PNN powder and milled for 6 

hours to create solid solutions of BT-BZT-PNN. After drying overnight, the finished 
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powder was calcined for a third time at temperatures ranging from 900 °C - 1000 °C 

for 3 hours. Single phases were confirmed using X-Ray diffraction. 

The phase-pure calcined powders were mixed with 3% by weight polyvinyl 

butyral binder and compressed into pellets under 3 metric tons of pressure for 2 

minutes. Sintering temperatures ranged from 1050 °C – 1150 °C all at a ramp rate of 

5°C/min.  

 

3.3 Synthesis of BaTiO3-Bi(Zn1/2Ti1/2)O3-Pb(Mg1/3Nb2/3)O3 

In this study, solid solutions of BaTiO3-Bi(Zn1/2Ti1/2)O3-Pb(Mg1/3Nb2/3)O3 (BT-BZT-

PMN) have been prepared by the conventional columbite solid-state method 

(Wongmaneerung, Sarakonsir, Yimnirun, & Ananta, 2006). Powders of Bi2O3 

(>99.99%), ZnO (>99.9%), Nb2O5 (>99.9%), TiO2 (>99.9), BaCO3 (>99.8%), PbO 

(>99.9%), and MgO (>99.9%) were used as starting material. First, precursors MgO 

and Ni2O5 were weighed in appropriate stoichiometric amounts, dissolved in 100% 

ethanol, vibratory milled for 12 hours with zirconia media, and finally dried in a 

75 °C oven overnight. After drying, the solid solutions were calcined at 1000 ºC for 4 

hours in a closed crucible.  

The MgNb2O5 precursor was mixed with PbO in stoichiometric amounts to 

form Pb(Mg1/3Nb2/3)O3 by mixing and milling for 24 hours with zirconia media. After 

drying, the solutions were calcined at 1000 °C for 4 hours. The mixed powders were 

mixed with the other precursors and milled for 6 hours to create solid solutions BT-
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BZT-PMN. The finished powdered were calcined at temperatures ranging from 

900 °C - 1000 °C for 3 hours. Single phase perovskite was confirmed using XRD. 

The phase-pure calcined powders were mixed with 3% by weight polyvinyl 

butyral binder and compressed into pellets under 3 metric tons of pressure for 2 

minutes. Sintering temperatures ranged from 1200 °C - 1250 °C with a ramp rate of 

5°C/min.  

 

3.4 Electronic Characterization 

Once ceramic pellets were synthesized, they went through various testing. In order to 

measure the capacitance of the ceramic pellet samples, they need to be prepared in a 

parallel plate capacitor arrangement. After sintering, the samples were polished to 

create a smooth surface for adhesion. Silver electrodes were applied onto the parallel 

surfaces by painting a conductor paste on both sides and placed in a drying oven. 

After drying, the electrodes were fired at 700 °C with a 10 °C/min ramp rate for thirty 

minutes and sanded down to create a flat surface. A linear dielectric material can be 

confirmed by measuring its polarization (P) as a function of applied electric field (E). 

Typical ferroelectrics have a non-linear hysteresis loop in P(E) measurements: 

however, since these are relaxor dielectrics, the P-E response was found to be exactly 

linear.  

Another way to characterize ferroelectrics is to measure their relative 

permittivity as a function of temperature. The pellets were placed into a NorECS 
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Probostat high-temperature measurement cell for dielectric measurements. The 

temperature dependence of permittivity was measured up to 550 °C with a 2 °C/min 

ramp rate using an Agilent 4284A LCR Meter and scanned in the frequency domain 

from 1Hz to 1MHz. Low temperature data (using liquid nitrogen) was taken from -

50 °C to 125 °C with a 2 °C/min ramp rate. 

 

3.5 Physical Characterization 

To determine the samples physical structure,  calcined powder and crushed sintered 

pellets were examined using X-Ray diffraction to confirm single phase perovskites.  

Density measurements were taken using Archimedes’ method; pellets were 

weighed in air, then placed into water on high heat for 8 hours. The water comes to a 

light boil, so refilling is necessary every 2 hours, and then the pellets were weighed in 

water. Knowing the sample weight in water and air and the densities of water and air 

at specific temperatures, the density can be calculated. When an object floats in a 

liquid, its upward buoyant force (FB) is equal to the downward gravitational force 

(m0g). Once fully submerged, the buoyant force from the surrounding fluids acts on 

the object with an upward direction and magnitude equal to the weight of the fluid 

displaced by the object, which is the same as the density of the liquid (ρL) times the 

volume of fluid displaced (VL). 

𝐹𝐵 = 𝑚0𝑔 = 𝜌𝐿𝑉𝐿  
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In this study, water and air were used as the fluids. For a solid body of volume V that 

is heavier than water, the buoyant force is: 

𝐹𝐵 = 𝜌𝑤𝑉𝑔  

The mass of the body M weighed in air is: 

𝑀𝑎𝑖𝑟 = 𝜌𝑉  

So the volume of the object is equal to: 

𝑉 =
𝑀𝑎𝑖𝑟

𝜌
  

The weight of the body in air is the actual weight, and any differences in weight 

measurements can be attributed to the buoyant force acting on the body. The 

relationship between weights and buoyant force is shown below: 

𝑤𝑒𝑖𝑔ℎ𝑡𝑤𝑎𝑡𝑒𝑟 = 𝑤𝑒𝑖𝑔ℎ𝑡𝑎𝑖𝑟 − 𝐹𝐵  

The weight of the body in water is the mass in water (MW) multiplied by gravity, 

Plugging in, the equation becomes: 

𝑀𝑊𝑔 = 𝑀𝑎𝑖𝑟 − 𝜌𝑤𝑉𝑔  

and simplifying reduces to: 

𝜌 =
𝑀𝑎𝑖𝑟𝜌𝑤

𝑀𝑎𝑖𝑟 − 𝑀𝑤𝑎𝑡𝑒𝑟
  

Therefore, by measuring the weight in air and in water and by knowing the density of 

air and water (which is a function of temperature), the density of the body can be 

determined (Bengisu). For Archimedes measurements, sintered ceramic pellets are 

weighed in air, then placed in a mixing water bath for 8 hours at boil (water is added 
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as needed). The pellets are then moved to a scale that can weigh objects in water. 

Typically, three pellets per composition were used to minimize random errors in 

determining the density.  

Typical ceramic density values are based off their accuracy to theoretical 

densities found using X-ray diffraction data. The most common way to determine 

theoretical density of a cubic unit cell is a combination of Cohen’s method and the 

least squares method. Recall Bragg’s Law: 

𝜆 = 2𝑑𝑠𝑖𝑛𝜃  

Square the equation and plug in the formula for d-spacing: 

𝑑ℎ𝑘𝑙 =
𝑎0

√ℎ2 + 𝑘2 + 𝑙2
  

𝜆2 = 4𝑑2𝑠𝑖𝑛2𝜃  

Which becomes: 

𝜆2 = 4𝑑2𝑠𝑖𝑛2𝜃 =  
4𝑎0

2

(ℎ2 + 𝑘2 + 𝑙2)
 𝑠𝑖𝑛2𝜃 

And rearrange to solve for sin
2
θ : 

  𝑠𝑖𝑛2𝜃 = (ℎ2 + 𝑘2 + 𝑙2)
𝜆2

4𝑎0
2 

Since the wavelength (λ) and lattice vector (a0) are constants, and h
2
 + k

2
 + l

2
 must be 

an integer, the diffraction pattern of a sample can be correctly indexed for any given 

angle. To find the lattice parameter a0, take the logarithmic of the square Bragg’s 

Law: 
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log (𝜆2) = log (4𝑑2𝑠𝑖𝑛2𝜃)  

Rearrange and reduce: 

log(𝑠𝑖𝑛2𝜃) = log (
𝜆

4

2

) − log (𝑑) 

After differentiation: 

 
Δ𝑠𝑖𝑛2𝜃

𝑠𝑖𝑛2𝜃
= −

2Δd

𝑑
 

Assuming that systemic errors are in the form: 

2Δd

𝑑
= 𝐾𝑐𝑜𝑠2𝜃 

Substitute back into the equation to give: 

Δ𝑠𝑖𝑛2𝜃

𝑠𝑖𝑛2𝜃
= −2𝐾𝑐𝑜𝑠2𝜃 

Combining equations: 

Δ𝑠𝑖𝑛2𝜃 = −2𝐾𝑐𝑜𝑠2𝜃 = 𝐷𝑠𝑖𝑛2𝜃 

Where D is a constant. To find the true lattice parameter: 

𝑠𝑖𝑛2𝜃𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝑠𝑖𝑛2𝜃𝑡𝑟𝑢𝑒 = −Δ𝑠𝑖𝑛2𝜃 

Plugging in from the equation above where sin
2
θ was solved: 

𝑠𝑖𝑛2𝜃𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − (ℎ2 + 𝑘2 + 𝑙2)
𝜆2

4𝑎0
2 = 𝐷𝑠𝑖𝑛2𝜃 

Which is simplified to: 

𝑠𝑖𝑛2𝜃𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝐴𝛼 + 𝐶𝛿 
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Where A = 
𝜆2

4𝑎0
2 , 𝛼 = (ℎ2 + 𝑘2 + 𝑙2), C = D/10, and 𝛿 = 10sin

2
2θ. By indexing the 

diffraction pattern, sin
2
θ, 𝛼, and 𝛿 are known, so A and C are determined by solved 

simultaneous equations for the observed reflections so the true value of the lattice 

parameter can be calculated. The presented value is the percent measured density 

compared to the theoretical density.  
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Chapter 4 – Results 

 

4.1 Quaternary System 

The lead-free solid solution BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-NaNbO3 (BT-BZT-BS-

NN) was investigated as a possible low-temperature dielectric for capacitor 

application. Desirable traits of an ideal material consist of: temperature-stable 

permittivity so the capacitor can operate over a wide temperature range; a maximum 

permittivity below 0 °C; and a relative permittivity as high as possible, hopefully near 

1000, to allow for practical use. 

 

Figure 4.1 – BaTiO3-Bi(Zn1/2Ti1/2)O3–BiScO3–NaNbO3 phase diagram; red 
compositions are single phase; green compositions are of mixed phase 
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Figure 4.2 - X-ray diffraction profiles of single phase compositions 

 

4.1.1 Physical Properties 

X-ray diffraction (XRD) data of single phase material is shown in Figure 3.2. 

Depending on the temperature of maximum permittivity (Tmax) and due to natural 

relaxor behavior, the compositions exhibit a mixture of tetragonal and cubic 

symmetry. However, Tmax can affect XRD results. For example: 50BT-10BZT-10BS-

30NN has the lowest maximum permittivity at -27.5 °C. Performing XRD 

characterization at room temperature shows a singlet (200) peak, suggesting a 

pseudo-cubic unit cell at room temperature. The rest of the compositions have Tmax 
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near or above RT, signifying that they are still tetragonal, and so the splitting of (200) 

peak is prominent.  

 

Figure 4.3 – BT-BZT-BS-NN (200) peak splitting 

 

The theoretical densities were calculated once the lattice parameter was found 

using Cohen’s method on the XRD data, shown in Table 4.1. Measured densities 

were found by Archimedes method and is often displayed as a percentage of 

theoretical density. Proper sintering temperatures ranged between 1100 °C and 

1200 °C and are listed in Appendix A. The tolerance factor was calculated based on 

ionic radii from Shannon and Prewitt (Shannon, 1976).  
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Table 4.1 – Physical Properties of BT-BZT-BS-NN 

 

Composition  Lattice 

Parameter (Å) 

Theoretical 

Density(g/cm
3
) 

Measured 

Density (g/cm
3
) 

Tolerance 

Factor 

70BT-10BZT-10BS-10NN 4.0165 6.18 5.93 1.0249 

60BT-15BZT-15BS-10NN 4.0247 6.33  6.14 1.0114 

50BT-10BZT-10BS-30NN 4.0160 5.83 5.64 1.0060 

50BT-15BZT-15BS-20NN 4.0219 6.17 5.96 1.0019 

45BT-17.5BZT-17.5BS-20NN 4.0269 6.24 - 0.9951 

40BT-20BZT-20BS-20NN 4.0297 6.32 - 0.9883 

     

 

 

4.1.2 Electron Microprobe Analysis 

The electronic and mechanical properties of the ferroelectric relaxors studied in this 

thesis are directly related to sample composition. The problem with ceramic pellets is 

that there is no easy way to identify element composition once synthesis is complete. 

Electron probe microanalysis (EPMA) is a common characterization technique used 

to determine the composition of a solid sample.  

By using EPMA the pellets of differing compositions were examined and 

compared. The most important elements to confirm are the volatiles that can be lost 

during processing (e.g. Na), therefore changing the composition of the final sintered 

ceramic. Sintered ceramic pellets were compared against their initial stoichiometry, 

which is known, and to that of the other pellets in the system. The EPMA also has an 

electron microscope attached which was used to generate the micrograph shown in 

Fig. 4.4 below. 
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Figure 4.4 - Backscatter Electron (BSE) image of 50BT-10BZT-10BS-30NN pellet 

 

The conditions used for the EPMA on the samples in this study were:  

instrument at 30 nA and 15 kV, beam size of 5 μm, which was large to account for 

poor samples. The target was a porous, non-flat ceramic. Four compositions were 

observed: 50BT-10BZT-10BS-30NN, 50BT-15BZT-15BS-20NN, 40BT-15BZT-

15BS-20NN, and 45BT-17.5BZT-17.5BS-20NN.  

Surprisingly, EPMA showed similar atomic percentages to what was expected 

from the batch composition. While the error was generally low, the average standard 

deviation was high. This is most likely due to the scarcity of available areas on the 
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pellet to take proper measurements due to their porosity. Niobium and scandium were 

over represented, and bismuth and titanium were under represented. Regardless, the 

resulting figures were relatively close to predicted atomic weight values. 

 

Table 4.2 – EPMA results 50BT-10BZT-10BS-30NN 

 

Element  Predicted Atomic Percent Measured Atomic Percent 

Sodium 6 6.14 
Sodium 6 6.14 

Scandium 2 2.25 

Zinc 1 0.88 

Niobium 6 5.86 

Barium 10 10.64 

Bismuth 4 4.23 

Titanium 11 10.33 

Oxygen 60 59.64 

Error  1.00% 

Standard Deviation  15.94% 

 

Table 4.3 – EPMA results 50BT-15BZT-15BS-20NN 

 

Element  Predicted Atomic Percent Measured Atomic Percent 

Sodium 6 6.14 
Sodium 4 3.95 

Scandium 3 3.50 

Zinc 1.5 1.53 

Niobium 4 3.72 

Barium 10 10.69 

Bismuth 6 6.14 

Titanium 11.5 10.83 

Oxygen 60 59.63 

Error  2.01% 

Standard Deviation  17.06 % 
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Table 4.4 – EPMA results 40BT-20BZT-20BS-20NN 

 

Element  Predicted Atomic Percent Measured Atomic Percent 

Sodium 6 6.14 
Sodium 4 4.11 

Scandium 4 4.47 

Zinc 2 1.91 

Niobium 4 3.82 

Barium 8 8.72 

Bismuth 8 7.95 

Titanium 10 9.38 

Oxygen 60 59.63 

Error  1.11% 

Standard Deviation  16.31 % 
 

 

Table 4.5 – EPMA results 45BT-17.5BZT-17.5BS-20NN 

 

Element  Predicted Atomic Percent Measured Atomic Percent 

Sodium 6 6.14 
Sodium 4 4.03 

Scandium 3.5 3.90 

Zinc 1.75 1.87 

Niobium 4 3.99 

Barium 9 9.84 

Bismuth 7 6.79 

Titanium 10.75 9.78 

Oxygen 60 59.60 

Error  2.78% 

Standard Deviation  18.63 % 

 

 

4.1.3 Dielectric Properties 

The temperature coefficient of permittivity is calculated from permittivity data and 

gives a general idea of how the material’s capacitance responds to temperature 

changes. A high temperature coefficient of permittivity signifies a strong temperature 

dependence. Ideally, capacitors developed in this project should possess a 
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temperature coefficient of permittivity that is as a low as possible. The temperature 

coefficients of permittivity (TCε) are shown in Table 3.2 and range from -789 to 2551 

ppm °C. These results show that decreasing the tolerance factor in this system lowers 

the temperature coefficient of permittivity. 

The relative permittivity and dielectric loss of these compositions were found 

experimentally and is shown in Figures 3.9 - 3.12. For all compositions, the relative 

permittivity increased as the temperature increased rapidly until reaching a dielectric 

maximum, then decreased at higher temperatures.  
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Figures 4.5 and 4.6 – Relative permittivity of 70BT-10BZT-10BS-10NN and 60BT-
15BZT-15BS-10NN from -150 to 550 °C 
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Compositions with high-BT concentrations have overall higher relatively 

permittivity and low dielectric loss at the temperature ranges looked at in this study. 

However, due to the low concentrations of BZT-BT-NN, these compounds exhibited 

temperature-dependent electronic properties. Since the Curie temperature of barium 

titanate is 120 °C, which is not ideal, it is surprising to note that 70BT-10BZT-10BS-

10NN has a greater mole fraction of BT but a lower Tmax than 60BT-15BZT-15BS-

10NN. Since relaxor behavior is attributed to highly disordered B-site cations, the 

ferroelectric to relaxor phase transition for the 60BT composition was expected to be 

more diffuse, which was confirmed experimentally.  

The low temperature permittivity measurements confirmed the frequency-

dependent relaxor behavior at the start of the phase transition. For both compounds, 

the temperature of maximum permittivity approached room temperature and with low 

dielectric loss.  
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Figures 4.7 and 4.8 – Relative permittivity of 50BT-10BZT-10BS-30NN and 50BT-
15BZT-15BS-20NN from -150 to 550 °C 
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The 50BT compositions represent ideal examples of a diffuse phase transition. 

At temperatures ranging from room temperature to 550 °C, the material is completely 

pseudo-cubic because Tmax– and beginning of the phase transition – is below room 

temperature. Unfortunately, the relative permittivity of these materials is too low, 

inadequate for practical application; but by actively doping a structured barium 

titanate framework, the resulting compounds exhibited temperature stable dielectric 

properties.  

For the 50BT-10BZT-10BS-30NN and 50BT-15BZT-15BS-20NN 

compositions, the relative permittivity values at lower temperatures demonstrate that 

TCε can be engineered to much lower values as compared to BT-rich compositions. 

The composition with the lowest Tmax is 50BT-10BZT-10BS-30NN, and it also has 

the highest concentration of NaNbO3.  
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Figures 4.9 and 4.10 – Relative permittivity of 45BT-17.5BZT-17.5BS-20NN and 
40BT-20BZT-120BS-20NN at high temperatures 

 

The final two compositions in this system exhibited excellent dielectric 

properties. By maintaining one-to-one BZT-BS stoichiometry and keeping NN 

concentrations comparable to BZT-BS, the temperature coefficient of permittivity 

dramatically dropped to nearly zero. Therefore, the relative permittivity was nearly 

temperature independent. While the composition 40BT-20BZT-20BS-20NN showed 

increased dielectric losses at higher temperatures, this is not likely to be a problem 

given that this is outside the temperature ranges required for this application.  

Building off previous research, the BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-NaNbO3 

system was investigated as a possible low temperature dielectric material. The 

temperature dependence of the relative permittivity was observed in compositions 

with decreased BT and stoichiometrically similar BZT-BS-NN. While this shift 

resulted in lower room temperature dielectric loss values it was also accompanied 
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with a lower permittivity. The BaTiO3 rich compositions have a higher overall 

permittivity but show larger temperature coefficients of permittivity. Overall, creating 

an ideal material requires balancing many factors: BaTiO3 allows for high 

permittivity; Bi(Zn1/2Ti1/2)O3-BiScO3 is effective at lowering TCε; and the addition of 

NaNbO3 was clearly effective in shifting Tmax to temperatures as low as -50°C.  Since 

TCε describes a material’s response over a range of temperatures, it can be found 

between any two points. For the purposes of this study, the ranges are as follows: 

TCεhigh between 200 °C and 400 °C and is listed in Appendix A, TCεmid between 

30 °C and 300 °C, and TCεlow between -55 °C and 125 °C. 

 

Table 4.6 – Ferroelectric Properties of BT-BZT-BS-NN 

 

Composition  TCεmid (ppm/ºC) TCεlow (ppm/ºC) Tmax (ºC) ε at Tmax  

70BT-10BZT-10BS-10NN -789 708 20.5 684.18 

60BT-15BZT-15BS-10NN -476 2,551 73.1 680.54 

50BT-10BZT-10BS-30NN -818 -549 -27.5 423.39 

50BT-15BZT-15BS-20NN -412 1,104 28.5 529.35 

45BT-17.5BZT-17.5BS-20NN -231 - 56.7 545.50 

40BT-20BZT-20BS-20NN 159 - 95.1 565.33 

     

 

The results of this project have been presented in the paper included in 

Appendix A: “Relationship between tolerance factor and temperature coefficient of 

permittivity of temperature-stable high permittivity BaTiO3 – Bi(Me)O3 

Compounds”, published in the Journal of Advanced Dielectrics (Raengthon, McCue, 

& Cann, Relationship between tolerance factor and temperature coefficient of 
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permittivity of temperature-stable high permittivity BaTiO3-Bi(Me)O3 Compounds, 

2015). Along with the BaTiO3-Bi(Zn1/2Ti1/2)O3, BaTiO3-Bi(Zn1/2Ti1/2)O3-BiInO3, and 

BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3 systems, a trend was observed linking microscopic 

crystal chemical properties (the tolerance factor) with the electronic properties.   

 

Figure 4.11 – Tolerance factor as it relates to the TCε of BT-B(M) compounds 

 

As the tolerance factor of a solid solution relaxor perovskite decreased, the 

temperature coefficient of permittivity approached values close to zero. This suggests 

that TCε can be engineered and controlled by designing and tuning compositions.  

This general relationship between TCε and the tolerance factor can be used as a guide 

to design new high permittivity compounds with temperature-stable permittivity 

characteristics for practical capacitor application. 
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4.2 Temperature Stable Dielectrics Based on Pb-based Relaxors 

Creating a dielectric material with ideal temperature-stable properties is a challenge 

that requires combining a variety of relaxor compounds into one solid solution. 

Previously, the lead-free system BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-NaNbO3 (BT-BZT-

BS-NN) was investigated with mixed results. Unfortunately, while these compounds 

were lead-free and thus minimizing pollution and harmful toxins, the dielectric 

properties fell short of the goal of this project. A new family of materials was 

developed to meet the goals with lead-based compounds. The introduced lead 

materials investigated typically have higher permittivity values and lower Tmax. 

Previous research on many ferroelectric relaxor systems containing BaTiO3, 

Bi(Zn1/2Ti1/2)O3, Pb(Ni1/3Nb2/3)O3 and Pb(Mg1/3Nb2/3)O3 (BT-BZT-PNN/PMN) have 

observed their electronic and mechanical properties. Going back to the 1950s, 

polycrystalline PNN and PMN were some of the first relaxors ever discovered and 

have been thoroughly researched. The ferroelectric to relaxor phase transition for 

polycrystalline PNN exists at -120 °C (Alberta & Bhalla, Low-Temperature 

Properties of Lead Nickel-Niobate Ceramics, 2002). For PMN, the same transition 

happens at a higher temperature of  - 48°C (Fu, Taniguchi, Itoh, & Mori, 2012). 

Both PNN and PMN possess the perovskite structure with a ferroelectric to 

relaxor phase transitions ideal for this project. In building off of the last study, the 

goal is to substitute BiScO3 and NaNbO3 with classical Pb-based relaxor materials to 

create a solid solution that can be used as a low temperature dielectric capacitor. 
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4.2.1 Processing 

Just like before, the first step to create these solid solutions is to find an ideal 

synthesis route. Unfortunately, the creation of a PMN perovskite via the solid-state 

synthesis reaction has problems with the naturally occurrence of pyrochlore-type 

phase impurities due to the volatile nature of PbO, the low dispersion of MgO, and 

the large difference bond strengths between Pb-Nb and Pb-Mg (Wongmaneerung, 

Sarakonsri, Yimnirun, & Ananta, 2006). It has been shown that using a two-step 

process can produce phase pure PMN and the synthesis route tremendously reduces 

the concentration of impurities. This method is called the B-site precursor approach, 

or the columbite synthesis route (Swartz & Shrout, 1982). In this method, an 

intermediate step is used to create pure columbite MgNb2O6 which is then combined 

with lead oxide, PbO. There are two alternatives that were not investigated in this 

study. One approach is to create columbite MgNb2O6 but add in excess PbO and 

nitric acid to remove any excess MgO in the system. Another option is to first 

synthesize corundum Mg4Nb2O9 and use it as a precursor, but there are few literature 

reports on the process. For the purposes of this investigation, the columbite method 

was chosen as the ideal synthesis route. 

Just like PMN, PNN also has processing challenges for similar reasons. These 

perovskites are analogous due to the fact that the Ni
2+

 and Mg
2+

 ion are similarly 

sized (70 pm and 72 pm, respectively). In fact, the same columbite precursor method 
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also works with PNN by first creating NiNb2O6 and mixing with PbO (Alberta & 

Bhalla, Low-temperature properties of lead nickel-niobate ceramics, 2002). 

The BT-BZT-PNN and BT-BZT-PMN systems both contain a mixture of 

classical relaxors that can be combined to create a solid solution with ideal electronic 

properties. The goal is to create a composition with a diffuse ferroelectric to relaxor 

phase transition that starts well below room temperature while maintaining an 

adequate permittivity for high voltage capacitor applications. 

  

Figure 4.12 and 4.12 – Phase diagrams for the BT-BZT-PNN and BT-BZT-PMN 
systems; green is single phase material; red is mixed phase 

  

4.2.2 Physical Characterization 

Both BT-BZT-PNN and BT-BZT-PMN have not been previously investigated, so 

once a synthesis procedure is finalized, the next step is to establish the stable 

perovskite phase field on the ternary phase diagram. To understand the system, three 

solid solutions were initially made for xBT-xBZT-xPNN and xBT-xBZT-xPMN 
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where x = 25 or 50. Results were not successful: single phase perovskite was not 

obtained in any of the PMN-based compositions. In the previous study, compounds of 

higher BT concentration generally were of single phase, so that was attempted next – 

for PMN this was successful in creating a single phase perovskite composition. 

However, after the creation of ceramic pellets, dielectric measurements showed 

undesirable electronic properties. 
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X-ray diffraction (XRD) data on the BT-BZT-PNN single phase material is 

shown in Figure 4.6. At room temperature, 50BT-25BZT-25PNN is cubic due to the 

singlet (200) peak, which was also confirmed as Tmax was at 46.7 °C. All 

compositions of similar stoichiometry to 50BT-25BZT-25PNN were found to be 

single phase. 

 

 

Figure 4.14 – X-ray diffraction data of the BT-BZT-PNN system 

 

 After single phase BT-BZT-PNN with promising dielectric properties was 

found, similar compositions were investigated that are shown in Figure 4.1. Due to 

the difficulties of processing these kinds of materials, one outlier exists: 49BT-
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29BZT-22PNN. There was a problem during the weighing of precursors that could 

not be remedied, but the compound was sintered and tested anyways. Permittivity 

data in Figure 4.7 and it is clear that temperature strongly effects dielectric properties 

due to high TCε. 

 

Table 4.7 – Physical properties of BT-BZT-PNN 

 

Composition  Lattice 

Parameter (Å) 

Theoretical 

Density(g/cm
3
) 

Measured 

Density (g/cm
3
) 

Tolerance 

Factor 

55BT-20BZT-25PNN 4.0167 7.144 5.93 1.014 

55BT-25BZT-20PNN 4.0153 7.028  6.14 1.013 

50BT-30BZT-20PNN 4.0157 7.056 5.64 1.007 

50BT-25BZT-25PNN 4.0176 7.184 5.96 1.008 

45BT-25BZT-30PNN 4.0187 7.275 - 1.004 

49BT-29BZT-22PNN - - - 1.007 

     

 

 

4.2.3 Dielectric Characterization 

While maintaining a high relative permittivity with a low Tmax, 80BT-10BZT-10PMN 

and 70BT-10BZT-20PMN exhibit incredibly large temperature coefficients of 

permittivity. Even after obtaining single phase perovskite, the system itself is 

suboptimal for the purposes of this project. The BT-BZT-PMN and BT-BZT-PNN 

phase diagrams are shown in Figures 4.1 and 4.2. 
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Figure 4.15 and 4.16 – High temperature permittivity of 80BT-10BZT-10PMN and 
70BT-10BZT-20PMN from -150 to 550 °C 



 

75 

 

 

 

 There were more promising results with the BT-BZT-PNN system as a 

possible linear dielectric. Permittivity measurements of the single phase initial 

compositions showed promising relaxor behavior for 50BT-25BZT-25PNN. 

Although Tmax is near RT, its electronic properties are generally temperature stable up 

to 300 °C. The 25BT-25BZT-50PNN solid solution exhibited similar deficiencies as 

the PMN based system: the temperature coefficient of permittivity was too large and 

further research on similar stoichiometric compositions was not pursued.  

 

Figure 4.17 – Relative permittivity of 25BT-25BZT-50PNN from -150 to 550 °C 
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There was greater success with BT-BZT-PNN as a possible linear dielectric. 

Permittivity measurements of the initial single phase compositions showed promising 

relaxor behavior for 50BT-25BZT-25PNN. Although T was above RT, its electronic 

properties are generally temperature stable up to 300 °C. The 25BT-25BZT-50PNN 

solid solution exhibited similar problems as the PMN based system: the temperature 

coefficient of permittivity was too large and further research on similar stoichiometric 

compositions was not pursued. Compositions of similar stoichiometry to 50BT-

25BZT-25PNN were investigated in this study.  

 The temperature coefficients of permittivity (TCε) are calculated directly from 

dielectric data and are shown in Table 4.2. There was a wide range of TCε values for 

varying temperature ranges due to the fact that the BT-BZT-PNN compositions 

presented in this study have wide ranging ferroelectric-to-relaxor phase transition 

between -13.4 and 77.2 °C. Unlike the previous system, no correlation was found that 

linked tolerance factor and TCε.  
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Figures 4.18 and 4.19 – Relative permittivity of 50BT-25BZT-25PNN and 49BT-
29BZT-22PNN from -150 to 550 °C 
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 The majority of compositions of the BT-BZT-PNN system show relatively 

high permittivity compared to similar relaxors. Unfortunately, temperature stability 

was not always maintained as often these materials exhibit high dielectric variance. 

 

Figure 4.20 – Relative permittivity of 50BT-30BZT-20PNN from -150 to 550 °C 
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Some compositions did not produce high quality data with measurements at 

low temperatures. In particular, 1kHz data for 55BT-20BZT-25PNN was 

unintelligible and noisy. Curiously, all low temperature permittivity for 45BT-

25BZT-30PNN was incredibly lossy and the data suggests the sample was conductive 

below 10 °C, although further research is needed. 

 

Figure 4.21 - Relative permittivity of 55BT-20BZT-25PNN from -150 to 550 °C 
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Figure 4.22 – Relative permittivity of 55BT-25BZT-20PNN from -150 to 550 °C 
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Figure 4.23 – High temperature permittivity of 45BT-25BZT-30PNN 

  

The BT-BZT-PMN system was investigated and produced poor results in 

reference to the goals of this study. As a possible complex perovskite dielectric, BT-

BZT-PNN exhibits interesting ferroelectric properties that could make it suitable for 

capacitor applcation. By far the best composition presented in the BT-BZT-PNN 

system is 55BT-20BZT-25PNN. It has great dielectric properties suitable for a wide 

range off temperatures. With a Tmax below 0 °C, the highest maximum relative 

permittivity, and an incredibly small TCε between -55 - 125 °C , it fullfills the goals 

of this study. As a reminder, TCε ranges are as follows: TCεhigh between 200 °C and 

400 °C, TCεmid between 30 °C and 300 °C, and TCεlow between -55 °C and 125 °C. 
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Table 4.8 – Ferroelectric properties of BT-BZT-PNN 

 

Composition  TCεmid (ppm/ºC) TCεlow (ppm/ºC) Tmax (ºC) ε at Tmax  

55BT-20BZT-25PNN -1293 44 -13.4 1004.49 

55BT-25BZT-20PNN -748 2521 35.1 1292.70 

50BT-30BZT-20PNN -1014 2685 46.7 1136.85 

50BT-25BZT-25PNN -173 3989 77.2 1409.33 

45BT-25BZT-30PNN -1317 - 22.6 976.70 

49BT-29BZT-22PNN -717 - 55.2 1059.95 
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Chapter 5 – Discussion 

High performance dielectric materials are needed for high power SiC- or GaN-based 

electronics which combine the best features of high energy density, low dielectric loss 

and high reliability and for advanced high-speed and high-voltage energy storage 

where temperature plays an important role in material properties. An ideal capacitor 

for these systems has temperature-stable permittivity characteristics, a maximum 

permittivity near or below 0 °C, and sufficiently high permittivity to have practical 

application. This work involves the synthesis, processing, characterization, testing, 

and evaluating of the compositions BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-NaNbO3, 

BaTiO3- Bi(Zn1/2Ti1/2)O3-Pb(Mg1/3Nb2/3)O3, and BaTiO3- Bi(Zn1/2Ti1/2)O3-

Pb(Ni1/3Nb2/3)O3, all of which were investigated as possible linear dielectric capacitor 

materials. These materials have excellent dielectric properties due to a relaxor 

dielectric mechanism which is derived from B-site cation disorder. Typical relaxor 

diffuse phase transition behavior allows for large temperature ranges of similar 

electronic properties. These systems have been shown to have relatively easy 

synthesis routes, creating single-phase solid solutions. More investigation is 

necessary to find ideal dielectric properties. 

The Pb-free system BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3-NaNbO3 has shown 

promising linear dielectric properties when BZT-BS-NN are at or near stoichiometric 

amounts. However, lower amounts of BT threaten to undermine single phase stability. 

The electronic properties of this quaternary system, which was investigated due to 
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promising research on its individual parts, has been shown to relate directly to 

physical properties. The tolerance factor of BT-BZT-BS-NN is directly correlated to 

its temperature coefficient of permittivity. As the tolerance factor decreases, the 

system’s dielectric response becomes more temperature independent between -55 °C 

to 175 °C. The compositions with the lowest temperature coefficient of permittivity 

and tolerance factor have the general makeup 2xBT-yBZT-yBS-xNN where x and y 

are near 20 atomic percent and have similar stoichiometry. Single phase material was 

unable to be synthesized when the atomic percent of barium titanate was below 40 

percent. The possible capacitors that could be created with proper government 

classification are: 50BT-10BZT-10BS-30NN (X7R, Y5V), 60BT-15BZT-15BS-

10NN (Y5V), 50BT-15BZT-15BS-20NN (Y5V), 45BT-17.5BZT-17.5BS-20NN 

(Y5V), and 40BT-20BZT-20BS-20NN (Y5V). Typically, these compositions also 

exhibited temperatures of maximum permittivity below 0 °C, which is one of the 

major goals of this project. 

The BaTiO3- Bi(Zn1/2Ti1/2)O3-Pb(Mg1/3Nb2/3)O3 system was found to be non-

viable as potential linear dielectric. Single phase material was only possible at high 

stoichiometric amounts of barium titanate but with non-ideal electronic properties. 

Further research into BT-BZT-PMN was not pursued once it became clear there 

would be no application of the materials.  

The best material for use as a linear dielectric at room temperature was the 

BaTiO3- Bi(Zn1/2Ti1/2)O3-Pb(Ni1/3Nb2/3)O3 system due to its low temperature 
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coefficient of permittivity and adequate capacitance. In particular, the 55BT-20BZT-

25PNN has great dielectric properties suitable for a wide range off temperatures. 

With a Tmax at below 0 °C, a maximum relative permittivity near 1000, and an 

incredibly small TCε between -55 - 125 °C , it is an ideal capacitor that fullfills the 

goals of this study. Compared to BT-BZT-BS-NN, BT-BZT-PNN compounds have 

almost double the capacitance while maintaining a similar temperature dependence. 

Unfortunately, for some compositions, the temperatures of maximum permittivity are 

too high, and these systems would not meet the specifications between -55°C to 

125°C. The possible capacitors that could be created with proper government 

classification are: 55BT-20BZT-25PNN (X7R, Y5V), 55BT-25BZT-20PNN (X9R), 

and 50BT-25BZT-25PNN (X9R). Further work is needed to shift the temperature of 

the diffuse phase transition for these compounds to temperatures below 0°C. 
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Chapter 6 – Future Work 

The goal of this project has been to create temperature stable dielectrics for SiC- or 

GaN-based electronics and advanced high-speed and high-voltage energy storage. 

The compositions studied have provided a framework for future work which would 

involve compositional modifications aimed at increasing the relative permittivity 

which would allow device miniaturization as well characterization of the dielectric 

properties at high electric fields (E > 100 kV/cm). 

More research will be required to determine the limits of the BT-BZT-BS-NN 

quaternary system. An interesting suggestion would be to look at compositions 

between or near 45BT-17.5BZT-17.5BS-20NN and 40BT-20BZT-20BS-20NN.  Both 

compositions provided low temperature coefficients of permittivity at ambient  

temperatures. Also, non-stoichiometric compositions within the BZT-BS system have 

not yet been investigated in this quaternary system, so future research could elucidate 

the differences between BZT and BS as relaxor ferroelectrics in solid solutions. For a 

low temperature linear dielectric, the BT-BZT-BS-NN shows the most promise even 

with its generally low capacitance. However, the capacitance can be artificially 

increased by creating a larger device or increasing the number of layers in a 

multilayer capacitor, neither of these techniques would affect the promising dielectric 

properties of the system. 

Due to the failure of BaTiO3- Bi(Zn1/2Ti1/2)O3-Pb(Mg1/3Nb2/3)O3, this 

composition should not be investigated any further due to processing problems. 
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Creating a single phase perovskite material was nearly impossible, and any successful 

synthesis was met by inferior electronic properties. However, more research could be 

necessary to entirely rule out the system. Only five compositions were synthesized 

and tested: there is the possibility of single phase material in other regions of the 

phase diagram, but for the purpose of this thesis they were not investigated. 

The most promising composition and the best candidate for future work is the 

BaTiO3- Bi(Zn1/2Ti1/2)O3-Pb(Ni1/3Nb2/3)O3 system due to its low temperature 

coefficient of permittivity and average capacitance. Utilizing the tedious columbite 

method during synthesis removes possible pyrochlore impurities and allows for a 

stable perovskite solid solution. The BT-BZT-PNN system shows promising 

dielectric properties and could be further investigated at different compositions than 

those presented in this thesis. However, the generally low maximum temperatures of 

permittivity are not ideal for a low temperature dielectric.  

The biggest obstacle to create stable dielectrics with temperature independent 

electric properties is the relatively low permittivity compared to industry standard 

capacitors. To increase the overall permittivity, BT could be replaced with a Pb-based 

compound while ensuring that the other compounds are not Pb-based to ensure long 

range disorder, a requirement for relaxor ferroelectrics. For example, the most 

commonly used piezoelectric is Pb(Zn0.48Ti0.52)O3 (PZT). Using PZT instead of BT as 

a framework while adding BZT and NN could create linear dielectrics with naturally 

higher permittivities than BT-based compositions.  Another example of further 



 

88 

 

 

research could be to replace BT with SrTiO3 (ST), a classic paraelectric material. 

Strontium titanate has a cubic structure and a tolerance factor equal to unity. Doping 

with a ST-based system could lower the lattice tolerance factor, which has been 

shown to decrease the temperature coefficient of permittivity.  
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Relationship between tolerance factor and temperature coefficient of 

permittivity of temperature-stable high permittivity BaTiO3 – Bi(Me)O3 
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Abstract 

The temperature coefficient of permittivity of BaTiO3 – Bi(Me)O3 solid solutions 

were investigated.  It was determined that as the tolerance factor was decreased with 

the addition of Bi(Me)O3, the temperature coefficient of permittivity (𝑇𝐶휀) shifted 

from large negative values to 𝑇𝐶휀 values approaching zero.  It is proposed that the 
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different bonding nature of the dopant cation affects the magnitude and temperature 

stability of the permittivity.  This study suggests that the relationship between 

tolerance factor and temperature coefficient of permittivity can be used as a guide to 

design new dielectric compounds exhibiting temperature-stable high permittivity 

characteristics, which is similar to past research on perovskite and pyrochlore-based 

microwave dielectrics. 

1.   Introduction 

The perovskite (ABO3) structure is well known to exhibit excellent electrical 

properties that make it suitable for a variety of electronic applications.  Most 

importantly, the electrical properties can be engineered via chemical modifications in 

order to obtain insulating, semiconducting, and conducting characteristics.
1-5

 In the 

perovskite structure, the tolerance factor (t) is often used to determine the structural 

stability, which can be calculated from Eq. (1). 

 

 𝑡 =
𝑅𝐴+𝑅𝑂

√2(𝑅𝐵+𝑅𝑂)
  (1)  

where RA, RB, and RO are the ionic radii of A-cation, B-cation, and oxygen ion, 

respectively.  For ideal cubic perovskites such as SrTiO3 the tolerance factor equals to 

1.00.  Stable perovskites with non-cubic symmetry can be obtained when the 

tolerance factor deviates from 1.00.  For example, BaTiO3 with a tolerance factor of 

1.06 exhibits tetragonal symmetry and CaTiO3 with a tolerance factor of 0.97 exhibits 

orthorhombic symmetry.  However, the perovskite structure is no longer stable when 
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the tolerance factor greatly deviates from the ideal value (t = 1.00) such as for 

MgTiO3 (t = 0.81), which is stabilized in the ilmenite structure. 

The tolerance factor can also be applied to complex perovskites in which more 

than one cation occupies the A and/or B sites (A´A´´)(B´B´´)O3.  Complex 

perovskites exhibit structural changes as predicted from the tolerance factor but 

additional improvement in the electrical properties can be observed.
6-8

  For example, 

the substitution of Zr onto the Ti-site of PbTiO3 results in excellent piezoelectric 

properties in the widely used material Pb(Zr0.52Ti0.48)O3 (PZT).
9
  Substitution of Sr 

onto the Ba-site in BaTiO3 results in a tunable dielectric capacitor (Ba,Sr)TiO3 

(BST).
10

 Lead-free piezoelectric ceramics with large piezoelectric coefficients can 

also be obtained in complex perovskites such as the Ba(Ti0.8Zr0.2)O3 – 

(Ba0.7Ca0.3)TiO3 system.
11

 

Recent research has been focused on the development of high permittivity 

dielectrics with temperature-stable performance characteristics for capacitor 

applications requiring high temperatures (> 200 °C).  Complex perovskites based on 

BaTiO3 – Bi(Me)O3 solid solutions have been found to be suitable candidates with 

promising electrical properties for compounds where the Me cation possesses an 

average charge of 3+.  An increase in the mole content of Bi(Me)O3 (with compounds 

such as Bi(Zn1/2Ti1/2)O3, Bi(Mg1/2Ti1/2)O3, Bi(Ni1/2Ti1/2)O3, BiScO3) leads to an 

increase in the temperature stability of the permittivity at high temperatures.
12-15

  In 

particular, the BaTiO3 – Bi(Zn1/2Ti1/2)O3 – BiScO3 solid solution exhibits a 
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temperature-stable high permittivity with 휀𝑟 greater than 1000 over the temperature 

range 100 – 400 °C.
16,17

  This family of compounds (BaTiO3 – Bi(Me)O3) exhibits 

weak relaxor ferroelectric behavior which governs the low-field and high-field 

dielectric behavior.
15

  The low-field (i.e. E < 10 kV/cm) dielectric response is 

characterized by a broad and diffuse temperature dependence of the permittivity.  The 

high-field (i.e. E > 10 kV/cm) dielectric behavior shows a pseudo-linear dielectric 

response with a high permittivity and negligible saturation.   

For capacitor applications, it is desirable to use dielectrics with temperature-stable 

permittivity characteristics, therefore the capacitor can be operated over a wide 

temperature range.  The temperature coefficient of permittivity (𝑇𝐶휀) is a useful 

characteristic for determining the temperature stability of dielectric materials and can 

be obtained from Eq. (2). 

 

 𝑇𝐶휀 =
1

𝜀
(

𝜕𝜀

𝜕𝑇
)  (2)  

In this work, the tolerance factor of the BaTiO3 – Bi(Me)O3 system will be 

discussed and the low-field dielectric properties will be analyzed in term of the 

temperature stability as defined by the temperature coefficient of permittivity (𝑇𝐶휀).  

The important relationship between the tolerance factor and 𝑇𝐶휀 will be discussed 

based on data obtained from the BaTiO3 – Bi(Me)O3 compounds as well as relevant 

phenomenological theories. 
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2.   Experimental procedure 

Solid solutions based on BaTiO3 – Bi(Me)O3 are the focus of this study, including the 

solid solutions BaTiO3 – Bi(Zn1/2Ti1/2)O3 (BT-BZT), BaTiO3 – Bi(Zn1/2Ti1/2)O3 – 

BiInO3 (BT-BZT-BI), BaTiO3 – Bi(Zn1/2Ti1/2)O3 – BiScO3 (BT-BZT-BS), and 

BaTiO3 – Bi(Zn1/2Ti1/2)O3 – BiScO3 – NaNbO3 (BT-BZT-BS-NN).  The specific 

compositions selected for this study are listed in Error! Reference source not 

found.  All samples were prepared by using the solid state reaction technique.
17

  The 

dielectric data from previous studies were utilized for further analysis, including 

measurements at various frequencies from room temperature up to 500 °C.
17-19

  The 

dielectric properties of these solid solutions exhibited a broad and diffuse dielectric 

peak and it was shown previously that minor modification by the introduction of Ba 

vacancies could improve the dielectric properties and insulation resistance of the 

materials.
18

  Thus, all compounds selected in this study were nominally A-site non-

stoichiometric with a batch composition fixed at 0.02 mol Ba-deficient.  The presence 

of A-site vacancies in the complex perovskite structure will be taken into account in 

the tolerance factor calculation.  The ionic radii required for the calculations were 

obtained from the data of Shannon and Prewitt.
20

  To determine the temperature 

coefficient of permittivity (𝑇𝐶휀), the permittivity data was selected over an 

appropriate temperature range for analysis.  In this study, the common temperature 

range that exhibited a monotonic trend in permittivity for all compositions was above 

the temperature at which the permittivity was maximum (Tmax), which was over the 
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range of 100 to 400 °C.  However, to avoid anomalous permittivity variations near 

Tmax and at high temperatures due to conduction losses, the permittivity measured at 1 

kHz over temperature range 200 to 400 °C was chosen for calculating the temperature 

coefficient of permittivity (𝑇𝐶휀). 

 

3.   Results and discussion 

The tolerance factor of selected complex perovskite BaTiO3 – Bi(Me)O3 compounds 

is shown in Table 1.  Due to the relatively small cation size of Bi
3+

 (1.36 Å), it can be 

seen that Bi(Me)O3 end-members have low values of the tolerance factor.  For 

example, the tolerance factor values of Bi(Zn1/2Ti1/2)O3, BiInO3 and BiScO3 are equal 

to 0.9417, 0.8871, and 0.9098, respectively, as compared to that of the BaTiO3 end-

member (t = 1.0615).  Thus, with a decreasing mole fraction of BaTiO3 or increasing 

mole fraction of Bi(Me)O3, the result is a decrease in the tolerance factor of the solid 

solution.  In terms of ion size, the increase in concentration of larger B-cations (Zn
2+

, 

In
3+

, and Sc
3+

) and the decrease in concentration of larger A-cation (Ba
2+

) result in a 

lowering of the tolerance factor in BaTiO3 – Bi(Me)O3.  It is noted that the ionic radii 

of Ba
2+

 and Bi
3+

 occupying the 12-fold coordinated site are 1.61 and 1.36 Å, 

respectively, and the ionic radii of Ti
4+

, Zn
2+

, In
3+

, and Sc
3+

 occupying 6-fold 

coordinated site are 0.605, 0.740, 0.800, and 0.745 Å, respectively.
20,21 
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Table 1 Compositions and calculated tolerance factor (t) of  

BaTiO3 – Bi(Me)O3 solid solutions 

 

 

The tolerance factor of BaTiO3 – Bi(Zn1/2Ti1/2)O3, BaTiO3 – Bi(Zn1/2Ti1/2)O3 – 

BiInO3, BaTiO3 – Bi(Zn1/2Ti1/2)O3 – BiScO3, and BaTiO3 – Bi(Zn1/2Ti1/2)O3 – BiScO3 

– NaNbO3 compounds were varied from greater than 1 to lower than 1, which 

suggests a non-cubic crystal structure.  However, structural characterization by X-ray 

Composition t 

0.80BaTiO3 – 0.20Bi(Zn1/2Ti1/2)O3 1.0256 

0.80BaTiO3 – 0.10Bi(Zn1/2Ti1/2)O3 – 0.10BiInO3 1.0192 

0.75BaTiO3 – 0.125Bi(Zn1/2Ti1/2)O3 – 0.125BiInO3 1.0116 

0.60BaTiO3 – 0.20Bi(Zn1/2Ti1/2)O3 – 0.20BiScO3 0.9943 

0.55BaTiO3 – 0.225Bi(Zn1/2Ti1/2)O3 – 0.225BiScO3 0.9875 

0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 0.25BiScO3 0.9807 

0.70BaTiO3 – 0.10Bi(Zn1/2Ti1/2)O3 – 0.10BiScO3 – 0.10NaNbO3 1.0249 

0.60BaTiO3 – 0.15Bi(Zn1/2Ti1/2)O3 – 0.15BiScO3 – 0.10NaNbO3 1.0114 

0.50BaTiO3 – 0.10Bi(Zn1/2Ti1/2)O3 – 0.10BiScO3 – 0.30NaNbO3 1.0060 

0.50BaTiO3 – 0.15Bi(Zn1/2Ti1/2)O3 – 0.15BiScO3 – 0.20NaNbO3 1.0019 

0.45BaTiO3 – 0.175Bi(Zn1/2Ti1/2)O3 – 0.175BiScO3 – 0.20NaNbO3 0.9951 

0.40BaTiO3 – 0.20Bi(Zn1/2Ti1/2)O3 – 0.20BiScO3 – 0.20NaNbO3 0.9883 
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diffraction showed that the compounds exhibited a pseudocubic crystal structure, 

which could also be found in other related systems with similar tolerance factors, for 

example, BaTiO3 – BiScO3,
15

 BaTiO3 – Bi(Mg1/2Ti1/2)O3,
13

 and BaTiO3 – 

Bi(Ni1/2Ti1/2)O3.
14

  In-depth structural characterizations of BaTiO3 – Bi(Zn1/2Ti1/2)O3 

by using high resolution synchrotron X-ray diffraction (HRXRD) and neutron pair 

distribution function (NPDF) techniques indicated that long-range structure of the 

compounds are indeed pseudocubic, however the local structure (nanoscale) was 

found to be non-cubic.  This is likely a common occurrence in BaTiO3 – Bi(Me)O3 

solid solutions.  It can be seen that the structure suggested from tolerance factor 

considerations and the structure observed by using high resolution diffraction 

techniques were in a good agreement in considering short-range structure. 

The temperature coefficient of permittivity (𝑇𝐶휀) of compounds listed in Table 1 

were found to be in the range of -2441 to -182 ppm/°C.
17

  As the concentration of the 

Bi(Me)O3 component increased, the | 𝑇𝐶휀| decreased reaching values close to zero 

indicating that compositions with high concentrations of Bi(Me)O3 exhibited stable 

dielectric properties.  In this case, the composition with the optimum 𝑇𝐶휀 was 

0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 0.25BiScO3 with a value of 𝑇𝐶휀 = -182 ppm/°C.  

It should be noted that this composition was near the solubility limit of this solid 

solution.  Similar behavior was observed in the BaTiO3 – Bi(Me)O3 system with 

different Bi(Me)O3 end-members,
12-16

 however, 𝑇𝐶휀 values were not reported for 

these systems.  The variation of 𝑇𝐶휀 as a function of tolerance factor of selected 
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BaTiO3 – Bi(Me)O3 compositions is shown in Fig. 1.  A monotonic trend could be 

observed in which the 𝑇𝐶휀 values (-2441 to -182 ppm/°C) approach zero as the 

tolerance factor decreased from 1.0256 to 0.9807.  The pseudo-quaternary 

compounds of BT-BZT-BS-NaNbO3 showed the same trend with the tolerance factor 

and the 𝑇𝐶휀, as shown in Fig. 1.   

 

Fig. 1. Temperature coefficient of permittivity (𝑇𝐶휀) versus tolerance factor of 

selected BaTiO3 – Bi(Me)O3 compounds 

  

A dispersion of 𝑇𝐶휀 values could be observed for compositions exhibiting 

tolerance factor greater than 1.01.  By comparing the 0.8BT-0.2BZT (t = 1.0256) and 

the 0.7BT-0.1BZT-0.1BS-0.1NN (t = 1.0249) compositions, the differences in the 

𝑇𝐶휀 values could be due to the interruption of long range order of polar regions by 

multi-cations occupying B-site of the latter compound as compare to the former 
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compound.  However, the BT-BZT-BS-NN system produces dielectrics with overall 

lower relative permittivities compared to the other compositions presented in this 

investigation.  Compositions with more BaTiO3 exhibited higher dielectric constants 

and tolerance factors but also higher temperature dependence of permittivity. 

 Based on the trend observed in Fig.1, it is clear that further reduction of 

tolerance factor could potentially lead to an improvement in 𝑇𝐶휀 to obtain 

temperature-stable high permittivity dielectrics (𝑇𝐶휀 ≈ 0).  However, further 

increasing the Bi(Me)O3 concentration from the 0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 

0.25BiScO3 composition is not possible as it would exceed the solubility limit of the 

system, leading to the formation of secondary phases and a consequent degradation in 

electrical properties.  Therefore, to avoid the formation of secondary phases in the 

system, A-cation (Ba or Bi) substitutions with an isovalent cation was considered.  

Specifically, the cations Sr and Ca were selected as dopant elements to substitute for 

the Ba ion in the 0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 0.25BiScO3 compositions.  

This resulted in lowering the tolerance factor from 0.9807 (undoped) to 0.9749 (Sr-

doped) and 0.9714 (Ca-doped).  Secondary phases were not detected by x-ray 

diffraction within the resolution limit of the laboratory scale instrument.  Since the 

ionic radii of Sr
2+

 (1.44 Å) and Ca
2+

 (1.34 Å) were smaller than that of Ba
2+

 (1.61 Å), 

thus, it led to the reduction in the average 𝑅𝐴 − 𝑅𝑂 distance resulting in a decrease in 

tolerance factor for the Sr and Ca-substituted compounds. 
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The temperature dependence of the relative permittivity of Sr-doped and Ca-doped 

0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 0.25BiScO3 compounds is shown in Fig 2.  

Temperature stable behavior was maintained for both materials as the 𝑇𝐶휀 values of 

Sr-doped and Ca-doped compositions approached zero as compared to that of the 

undoped composition.  The substitution of Sr had only a moderate effect on 

improving the temperature stability, however, the 𝑇𝐶휀 values transitioned from -100 

ppm/°C to +100 ppm/ºC in the Ca-doped compositions.  For both cases, the 

permittivity decreased as the doping concentration increased.  The permittivity of all 

Sr-doped compounds remained higher than 1000.  However, permittivities values of 

less than 1000 were obtained in the Ca-doped compounds.  These results suggest that 

Ca is an effective dopant in the 0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 0.25BiScO3 

system for achieving temperature stable dielectric properties. 

These results show that decreasing the tolerance factor via the substitution of Sr 

and Ca ions for Ba successfully shifted the 𝑇𝐶휀 closer to zero.  A different rate of the 

change in the value of 𝑇𝐶휀 and the unit cell volume was observed for Sr-doped and 

Ca-doped compositions as shown in Fig.3.  Comparatively, at approximately the same 

tolerance factor for Sr-doped and Ca-doped compositions, the difference in 𝑇𝐶휀 value 

was significant (~60 ppm/°C).  Following the model proposed by Levin, see Ref. 21, 

this difference can be explained by the different bonding nature of the substituting 

ions (Sr and Ca).
22

  In the case of Sr substitution for Ba in BaTiO3, a reduction in unit 

cell volume is observed as well as a more relaxed bonding nature for Sr-O in [SrO12] 
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coordination.  The substitution of the Ca ion for Ba in BaTiO3 resulted in a reduced 

unit cell volume and an off-center position for Ca, resulting in a strained Ca-O bond, 

in [CaO12] coordination, similar to the results obtained by Zheng.
23

   

This strained Ca-O bond can induce stress in the lattice, which could interrupt or 

clamp the polarization dynamics resulting in a reduction in permittivity and a 

stabilization of the permittivity over a wide temperature range.
24

  Based on this 

analysis, it is suggested that the unit cell volume reduction and the strained Ca-O 

bonding characteristic played a major role in the significant reduction of permittivity.  

This could also mean that the presence of the strained Ca-O bond helped further 

stabilize the permittivity as the temperature increased.  This result supports the 

correlated rattling-ion model recently proposed by Krayzman et al. with the BaTiO3 – 

BiScO3 solid solution. This model would suggest that the substitution of Sr or Ca for 

Ba impacts the Bi off-centering and split-site separation therefore resulting in a 

modification of the dielectric behavior.
25

  

The temperature dependence of the relative permittivity of BaTiO3 – 

Bi(Zn1/2Ti1/2)O3 – BiScO3 – NaNbO3 compounds is shown in Fig. 4.  The addition of 

NaNbO3 was effective in shifting the temperature of the dielectric maximum (Tmax) to 

temperatures as low as -50°C.  While this shift resulted in lower room temperature 

dielectric loss values it was also accompanied with a lower permittivity.  These 

results show that decreasing the tolerance factor in this system lowers the temperature 

coefficient of permittivity.  Dielectric constant, dielectric loss at room temperature 
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and temperature coefficient of permittivity determined from 30 – 200 °C are shown in 

Table 2.  

The temperature coefficient of permittivity and tolerance factor relationship has 

been studied in detail for (Ba/Sr)(Me1/3(Nb/Ta)2/3)O3 microwave dielectrics (휀𝑟 ≈ 40) 

with similar results to the present work.
26

  Reaney et al. showed that as the tolerance 

factor decreased (t < 0.9900), the 𝑇𝐶휀 values transitioned from negative to positive 

values.  Additionally, it was found that the microwave dielectric compounds with 

tolerance factors in the range of 0.9850 to 0.9650 exhibited the 𝑇𝐶휀 values close to 

zero, which corresponded to structures with anti-phase octahedral tilting.  Compared 

to this study, as shown in Fig. 3(a), the compounds with t < 0.9900 exhibited the 𝑇𝐶휀 

values close to zero with a negative to positive transition.  This finding suggests that 

both groups of materials share a common relationship between the temperature 

coefficient of permittivity and the tolerance factor.   
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Fig. 15. Temperature dependence of permittivity of (a) Sr-doped and (b) Ca-doped 0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 

0.25BiScO3 compounds 
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Fig. 3. (a) Temperature coefficient of permittivity (𝑇𝐶휀) versus tolerance factor and (b) unit cell volume as a function of 

doping concentration for Sr-doped and Ca-doped 0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 0.25BiScO3 compounds 
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Fig. 4 Temperature dependence of permittivity of BaTiO3 – Bi(Zn1/2Ti1/2)O3 – BiScO3 – NaNbO3 compounds at (a) low 

temperatures and (b) high temperatures 

 

The temperature dependence of the permittivity of (Ba/Sr)(Me1/3(Nb/Ta)2/3)O3 

microwave dielectrics and other cubic compounds was explained by Colla et al.,
27

 

Bosman and Havinga,
28

 Cockbain and Harrop,
29

 and Harrop.
30

  The analysis of the 

macroscopic Clausius-Mossotti formula with respect to temperature showed that three 

physical processes contribute to the temperature dependence of permittivity in cubic 

compounds.  First, there is an increase in macroscopic polarizability due to volume 

expansion.  Second, there is a decrease in the number of polarizable particles per unit  

volume as the temperature increases because of the effect of volume expansion.  

Third, at constant volume, there is an intrinsic temperature dependence of the 

macroscopic polarizability.  Based on these mechanisms, the macroscopic 

polarizability plays a major role in controlling the temperature dependence of the 

permittivity.  However, due to the complicated contribution of the polarizability from 

multiple mechanisms in complex perovskites,
28,29

 a revised analysis of the Clausius-

Table 2. BaTiO3 – Bi(Zn1/2Ti1/2)O3 – BiScO3 – NaNbO3 compounds with permittivity and  

dielectric loss (tan δ) at room temperature and temperature coefficient of permittivity (𝑇𝐶휀) 

Compounds Permittivity  

(room temperature) 

tan δ  

(room temperature) 
𝑇𝐶𝜖 (ppm/ºC) 
(30 – 200 °C) 

70BT-10BZT-10BS-10NN 706 0.011 -789 

60BT-15BZT-15BS-10NN 670 0.052 -476 
50BT-10BZT-10BS-30NN 439 0.003 -818 

50BT-15BZT-15BS-20NN 563 0.014 -412 

45BT-17.5BZT-17.5BS-20NN 537 0.028 -231 
40BT-20BZT-20BS-20NN 536 0.048 159 
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Mossotti relationship is needed in order to successfully explain the temperature 

dependence of permittivity of high permittivity complex perovskites such as the 

dielectric materials in this work. 

Pyrochlore-based dielectrics are known to exhibit temperature-stable permittivity 

characteristics, similar to perovskite, with permittivities of approximately 200 or less.  

Researchers have focused on the development of Bi-based pyrochlores due to their 

excellent electrical properties for microwave dielectric applications.
31-37

  The 

temperature coefficient of permittivity (𝑇𝐶휀) of Bi-based pyrochlores was found to be 

in the range of -1330 ppm/ºC to values close to zero.  Valant and Davies showed that 

the 𝑇𝐶휀 values approached zero as the ratio of A-cation and B-cation radii 

(𝑅𝐴 𝑅𝐵⁄ ) decreased in a manner such that 𝑅𝐴 𝑅𝐵⁄   was used to represent the stability 

of pyrochlore.
37

  Due to difference in structural characteristics between pyrochlore 

and perovskite, the tolerance factor used for perovskite cannot be directly applied to 

pyrochlore.  Recenlty, Cai et al. re-defined the tolerance factor of pyrochlore by 

considering the two distinct tetrahedra (A2B2 and A4 with oxygen inside) that 

comprise the pyrochlore structure.
38

  Two tolerance factors were determined by Eqs. 

(3) and (4), as follows; 

 

 𝑡1 =
√(𝑥−1

4
)

2
+ 1

32

√(𝑥−1
2

)
2

+ 1
32

(
𝑅𝐴+𝑅𝑂

𝑅𝐵+𝑅𝑂
)  (3) 
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 𝑡2 = 𝑎 (
3√3

8(𝑅𝐴+𝑅𝑂)
)  (4) 

 

where, t1 represents tolerance factor of the A2B2 tetrahedra with O inside, x represents 

the Wyckoff position of oxygen at 48f (x, 1/8, 1/8), t2 represents the tolerance factor 

of the A4 tetrahedra with O´ inside, and a represents the lattice parameter of the 

pyrochlore unit cell.  Previous works by Kamba et al.
33

 and Nino
39

 suggested that 

dominant dielectric response of Bi-based pyrochlores originates from O´-A-O´ 

bonding dynamics.  Therefore, it is suggested to consider t2 as the parameter to 

correlate with the dielectric response of pyrochlore structures since it is closely 

related to A-O´ bonding.  The linear relationship between t2 and 𝑅𝐴/𝑅𝐵 was 

determined in which t2 decreased linearly as 𝑅𝐴/𝑅𝐵 increased.
38

  It should be noted 

that the majority of pyrochlore compounds possess t2 values in between 0.8800 to 

0.9200.  However, the relationship between the 𝑇𝐶휀 and the t2 was not presented.  

Thus, in order to investigate this relationship, the t2 and the 𝑇𝐶휀 of (Bi,Zn)(Ti,Nb)O7 

pyrochlores were extracted from Cai et al.
38

 and Valant and Davies,
36

 respectively, 

and is shown in Table 2.  It could be seen that as the t2 increased the 𝑇𝐶휀 values 

approached zero.  Since t2 showed a linear relationship with 𝑅𝐴/𝑅𝐵 as previously 

mentioned, for pyrochlores the 𝑇𝐶휀 approached zero when t2 increased or 𝑅𝐴/𝑅𝐵 

decreased. 
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Table 2 Bi-based pyrochlore compounds and associated tolerance factor (t2), and 

temperature coefficient of permittivity (𝑇𝐶휀) 

Compounds t2
38

 𝑇𝐶𝜖 

(ppm/ºC)
36

 

(Bi1.65Zn0.35)(Ti1.65Nb0.35)O7 0.8970 -1330 

(Bi1.50Zn0.50)(Ti1.50Nb0.50)O7 0.9030 -1300 

(Bi1.00Zn1.00)(Ti1.00Nb1.00)O7 0.9260 -870 

 

In general, the relationship between the tolerance factor and the temperature 

coefficient of permittivity (𝑇𝐶휀) was established for temperature-stable high 

permittivity BaTiO3 – Bi(Me)O3 compounds, i.e., as the tolerance factor decreased, 

the 𝑇𝐶휀 approached zero.  This relationship was found to be similar to that of 

microwave dielectric Ba- and Sr-based perovskites.  In comparison with Bi-based 

pyrochlore compounds, the 𝑇𝐶휀 approached zero when the tolerance factor (t2), 

defined differently as compared to perovskites, increased or 𝑅𝐴/𝑅𝐵 decreased.  

Overall, the established structure-property relationships for high permittivity 

perovskites, microwave dielectric perovskites, and microwave dielectric pyrochlores 

can be a useful guide for developing new high-permittivity materials with 

temperature-stable behavior. 
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4.   Conclusions 

As the tolerance factor decreased from 1.0256 to 0.9807 due to the addition of 

Bi(Me)O3 in BaTiO3 – Bi(Me)O3 compounds, the result was a shift in the temperature 

dependence of permittivity (𝑇𝐶휀) to values approaching zero (from -2441 to -182 

ppm/ºC).  This suggests that the 𝑇𝐶휀 can be optimized by engineering the tolerance 

factor by designing the composition of perovskite solid solutions.  The substitution of 

Ba in the 0.50BaTiO3 – 0.25Bi(Zn1/2Ti1/2)O3 – 0.25BiScO3 solid solution with Sr or 

Ca resulted in a decrease in tolerance factor, a decrease in the unit cell volume, and a 

decreased permittivity.  However, the temperature stability of the permittivity for Sr-

doped and Ca-doped was significantly improved.  The bonding nature of Sr-O 

(relaxed) and Ca-O (strained) played a significant role in governing the magnitude of 

the permittivity and the 𝑇𝐶휀.  The range of tolerance factors that shifted 𝑇𝐶휀 values 

close to zero was found to be similar to that observed in high permittivity perovskite-

based microwave dielectrics (t ≈ 0.9750-0.9800).  This study suggests a general 

relationship between 𝑇𝐶휀 and the tolerance factor, which can be used as a guide to 

design new high permittivity compounds with temperature-stable permittivity 

characteristics. 
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Compound Sintering T  (ºC) 

70BT-10BZT-10BS-10NN 1200 

60BT-15BZT-15BS-10NN 1150 

50BT-10BZT-10BS-30NN 1150 

50BT-15BZT-15BS-20NN 1150 

45BT-17.5BZT-17.5BS-20NN 1100 

40BT-20BZT-20BS-20NN 1100 

 

 

Compound TCεhigh  

(ppm/ºC) 

 

TCεmid 

(ppm/ºC) 

 

-TCεlow 

(ppm/ºC) 

 

Tmax (ºC) ε at Tmax  

70BT-10BZT-10BS-10NN -995 -789 708 20.5 684.18 

60BT-15BZT-15BS-10NN -870 -476 2,551 73.1 680.54 

50BT-10BZT-10BS-30NN -958 -818 -549 -27.5 423.39 

50BT-15BZT-15BS-20NN -783 -412 1,104 28.5 529.35 

45BT-17.5BZT-17.5BS-20NN -704 -231 - 56.7 545.50 

40BT-20BZT-20BS-20NN -387 159 - 95.1 565.33 
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Compound Sintering T  (ºC) 

55BT-20BZT-25PNN 1100 

55BT-25BZT-20PNN 1100 

50BT-30BZT-20PNN 1100 

50BT-25BZT-25PNN 1100 

45BT-25BZT-30PNN 1050 

49BT-29BZT-22PNN 1050 

 

Compound TCεhigh  (ppm/ºC) 

55BT-20BZT-25PNN -1609 

55BT-25BZT-20PNN -1357 

50BT-30BZT-20PNN -860 

50BT-25BZT-25PNN -1289 

45BT-25BZT-30PNN -1621 

49BT-29BZT-22PNN -1283 

 


