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1. Introduction
Ceramic capacitors with a low temperature dependency are needed in automotive,
aviation and weapon systems that can operate under extreme high and low
temperature applications. The operating temperature of a circuit plays an important
factor when selecting capacitors as it can cause a large effect on the function and
performance of the device regardless of application. Proper selection of the dielectric
material for a specific operating temperature is important because higher temperatures
can cause a decrease in capacitance as the dielectric passes the curies temperature.
The Curie temperature is the temperature where a ferroelectric material makes a
phase transition and is associated with a sharp and narrow peak in the relative
permittivity. Material composition modifications can tune the Curie temperature to
occur at a specific temperature. However, when an electronic device needs to operate
over a wide temperature range relaxor materials are typically employed due to the
diffuseness of the permittivity peak. Relaxors contain polar nano-regions below their
transition temperature which are regions of randomly distributed dipole moments.
While the cause of the formation of polar nano-regions is not fully understood, their
contribution to the dispersion of the relative permittivity with respect to temperature
is imperative to this research.
The objective of this work is to synthesize relaxor dielectric materials with a relative
permittivity above 1000, a temperature coefficient of permittivity close to 0℃/𝑝𝑝𝑚,
low dielectric loss, a maximum permittivity below 0℃ and a high dielectric strength.
The lead free compositions 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑀𝑔E 𝑇𝑖E G 𝑂C, 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C −
F

F

F

F

F

F
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𝑆𝑟𝑇𝑖𝑂C , and 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑆𝑟𝑇𝑖𝑂C are
F

F

F

F

created through solid state

synthesis techniques and characterize their dielectric properties with respect to
temperature. Lead based compositions 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C −
F

𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C , 𝑃𝑏𝑇𝑖𝑂C − 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C − 𝑁𝑎𝑁𝑏𝑂C ,
H

H

𝑁𝑎𝑁𝑏𝑂C are

H

H

F

F

F

and 𝑃𝑏𝑇𝑖𝑂C − 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C −
H

H

F

F

also synthesized this time using the columbite precursor method to avoid

pyrochlore impurities.
After characterization is complete the lead free compositions within the 𝐵𝑎𝑇𝑖𝑂C −
𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑆𝑟𝑇𝑖𝑂C family
F

F

F

F

were found to have the best combination of

electronic properties and future work should be aimed at further exploring this
quaternary system.
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2. Literature Review
2.1 Capacitors
The capacitor is a device made of a dielectric material that is used to store electrical
charge. Each capacitor is made up of an insulating material of uniform thickness
surrounded by two electrode plates that easily conduct current. When voltage is applied
across the capacitor the dielectric material is polarized causing one electrode to be
positively charged and the other negatively charged [1]. The equation used to calculate
the capacitance of a material is presented in equation 1 [1].
M

𝐶 = 𝜀K 𝜀L N

(1)

Where 𝜀K is the relative permittivity of the dielectric (unit-less), 𝜀L is the permittivity
of a vacuum (8.85 ∗ 10QRS 𝐹/𝑚), A is the area of the capacitor (𝑚S ), and ℎ is the
distance between the electrode plates (m). The SI unit of capacitance is known as the
farad which originates from the physicist Michael Faraday. One farad is equivalent to
a one coulomb charge across an electric potential difference of one volt [1]. Achieving
one farad on a regular one-millimeter capacitor requires either a very high permittivity
dielectric, or an extremely large surface area. Typically, capacitance is reported in
nano-farads or pico-farads.

A capacitor can fulfill various functions within a circuit but is primarily used to store a
fixed amount of static electricity. It can also serve as a mechanism to separate
alternating current (AC) and direct current (DC) as it blocks the path of DC but allows
AC to flow through [1]. Direct current is a constant directional stream of electrons
which create an electric current, while AC is a flow of charge that will periodically

4
change directions defined by the frequency f (Hz). As a DC bias is applied to a
capacitor, charge starts to accumulate over time. The time it takes to fully charge a
capacitor depends on the resistance within the circuit and the total capacitance of the
capacitor [1].

Another important parameter that helps improve capacitor performance is the
volumetric efficiency. Volumetric efficiency is what allows device miniaturization as
it is directly proportional to the relative permittivity of the capacitor [2]. The volumetric
efficiency is simply the capacitance divided by the volume as seen in equation 2 .
W
X

=

YZ Y[

(2)

NF

where V is the volume of the capacitor and h is the separation between electrodes [2].

2.2 Perovskites
A perovskite is a primitive cubic crystal structure with the form 𝐴𝐵𝑂C where the A site
is located at the body center (½, ½, ½) and is in twelve-fold coordination. While the B
site is located at the structure corners (0, 0, 0) and is in six-fold coordination [4]. The
perovskite is an interesting structure because it provides materials with a wide array of
desirable properties that can be tweaked by changing either distorting the structure or
manipulating the composition. Materials such as 𝐵𝑎𝑇𝑖𝑂C , which was the first ceramic
material where ferroelectricity was observed, to 𝑃𝑏(𝑍𝑟RQ] 𝑇𝑖] )𝑂C , which is a widely
utilized piezoelectric ceramic material, to superconductors like (𝑌E 𝐵𝑎F )𝐶𝑢𝑂CQ] , all
H

H

share the perovskite structure which lends them their unique properties [5].
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Figure 1: The 𝑨𝑩𝑿𝟑 perovskite structure where the A site is a cation selected to
neutralize charge, the B site is a metal cation and X is the anion [6].
Structural distortions often occur within the perovskite structure due to the A site or B
site atom not fitting perfectly in the lattice site generated. To determine how well an
atom fits within each site the tolerance factor (t) is used to quantify the level of
distortion in the structure from an ideal cubic perovskite [5]. The equation for the
tolerance factor is found in equation 3 below
𝑡=

ef geh
√S(ej geh )

(3)

where 𝑅M , 𝑅l are the ionic radii of the A and B site cations and 𝑅m is the ionic radii of
the oxygen ion [7]. The tolerance factor can then be used to determine if the structure
can remain cubic. If 𝑡 is close to 𝑡 ~ 1.0, the structure retains cubic symmetry. With
𝑡 > 1 the octahedral space surrounding the B site of the structure is larger than is
required for the B cation and so the structure distorts into tetragonal symmetry which
is the case with barium titanate where 𝑡 = 1.06 [5]. Hexagonal distortions are also
possible for perovskites with 𝑡 > 1. If the tolerance factor varies significantly from 1,
the structure will distort beyond the capacity of the perovskite structure and the
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coordination number of each atom must change into a new crystal structure. This is the
case for 𝑀𝑔𝑇𝑖𝑂C which has a 𝑡 = 0.81 causing the material to adopt the ilmenite
structure [7].

2.3 Ferroelectricity
Ferroelectric materials are dielectrics that have large permittivity values and may retain
some polarization after the electric field is removed. As the electric potential on a
ferroelectric is increased it will eventually reach a maximum polarizability known as
the saturation polarization (𝑃p ) [4]. Figure 2 shows that as the electric potential is
reduced to zero after reaching 𝑃p , some polarization remains in the material and is called
the remanent polarization 𝑃e . To remove the remanent polarization, a reverse electric
potential must be applied to reduce the overall polarization in the material. The value
of the electric field required to reduce the polarization to zero is known as the coercive
field (𝐸r ) [4]. The non-linear process by which ferroelectrics polarize and depolarize
is known as a hysteresis loop which is found is Figure 2 below.
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Figure 2: Hysteresis loop of a typical ferroelectric that has remanent
polarization when after an electric field is applied and then reduced back to
zero. The polarization can be reduced to zero by applying a coercive electric
field in the reverse direction [8].
When the ferroelectric material is under an electric field it causes the cation on the B
site to displace within its octahedron. This charge displacement is on the order of 0.1 Å
but it is what causes an increase in the number of dipoles within the material which
causes an increase in the permittivity.

The structure of the material can be a determining factor whether or not the material
behaves like a ferroelectric or a dielectric. Barium titanate, which exists in a cubic
structure above 123°𝐶 [9], has no net dipole moment due to the charge being centered
within the 𝑇𝑖𝑂s octahedron. When cooled below 123°𝐶 the structure becomes
tetragonal which allows for a dipole moment within each octahedron and spontaneous
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polarization can occur due to the offset 𝑇𝑖 atom. When an electric field is applied to
𝐵𝑎𝑇𝑖𝑂C in its ferroelectric form it causes all of the dipoles to align until the saturation
polarization is reached [4].

2.4 Dielectric Properties
The dielectric constant (𝜅) otherwise known as the relative permittivity (𝜖K ) is a ratio
of the permittivity of a material over the permittivity of free space shown in equation
4.
𝜅 = 𝜖K =

uvw
u[

(4)

There is also the complex relative permittivity which is a quantity with a real and
imaginary part that describes the energy storage and loss of a material [10]. The
complex relative permittivity is seen in equation 5 below
𝜖K∗ = 𝜖Kx − 𝑖𝜖Kxx

(5)

where 𝜖Kx is the real part of the relative permittivity and 𝑖𝜖Kxx is the dielectric loss. The
real part of the complex permittivity (𝜖Kx ) is attributed to how much electrical energy
storage occurs when molecules align with an electrical field. The imaginary part is
known as the dielectric loss which is the loss of energy due to conduction losses and
heat [10]. The dielectric loss is often given in terms of tan 𝛿 which is a ratio of the
imaginary permittivity over the real permittivity shown in equation 6.
tan 𝛿 =

u||
u|

(6)

Dielectric loss is a frequency dependent property. As molecules try to align with a
changing electric field at some point they can no longer keep up, the molecules then
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relax and energy is released as heat [10]. Figure 3 also shows why low loss capacitors
are needed in electrical circuits.

Figure 3: Dielectric loss and its effect on P vs E loops. (a) Ferroelectric sample
with increasing conductivity shows a deterioration of the hysteresis loops (b)
Linear capacitor also shows deterioration of P vs E with increased conductivity.
Low loss capacitors are desired so that the remanent polarization and coercive
field remain constant throughout the devices lifetime [11].
As conductivity increases in the capacitor there is an increase in the dielectric loss
which causes the polarization vs electric field loops to round and shift 𝑃e and 𝐸r values
[11]. This can cause issues with device reliability and heat management especially
when temperature stability is a concern.
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2.5 Temperature of Maximum Permittivity
The temperature of maximum permittivity (𝑇} 𝑜𝑟 𝑇}•] ) is known as the Curie
temperature (𝑇r ) for traditional ferroelectrics. This is the peak in the real part of the
permittivity that occurs when a material like barium titanate makes a phase change
from cubic to tetragonal with decreasing temperature. The distortion in the perovskite
structure that occurs with this phase change is what allows the 𝑇𝑖 €g atoms to displace
within their octahedra and cause an increase in the number of polarizable dipoles in the
lattice. While relaxors can also have a Curie temperature, the diffuseness of its phase
transition over a large temperature range can make it difficult to establish a single
temperature at which it occurs. For this reason, the temperature of maximum
permittivity is used in place of the Curie temperature which is frequency dependent as
seen in figure 10.

2.6 Temperature Coefficient of Capacitance
Dielectrics with small temperature coefficient of permittivity (𝑇𝐶u ) and high
permittivity (𝜖K ) are sought after to improve the volumetric efficiency of capacitors.
The temperature coefficient of permittivity can be derived by differentiating the
Clausius-Mosotti equation with respect to temperature. The Clausius-Mosotti equation
found in equation 7 below is derived based on the assumption that the permittivity of a
material is caused by the polarizability of the constituent atoms or molecules [3].
uZ QR
uZ gS

•‚

= Cu

[

(7)

where N is the number of atoms or molecules per ÅC , 𝜖K is the relative permittivity, 𝛼
is the polarizability and 𝜖L is the permittivity of free space. Differentiation of the
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Clausius-Mosotti equation gives the temperature coefficient of capacitance and
highlights the components of material design that influence the TCC. As the
temperature increases and the overall material volume increases there is a decrease in
the number of polarizable ions and electrons per unit volume [3]. The linear expansion
coefficient combined with the change in polarizability of the dielectric with
temperature are the two main sources of variation in the 𝑇𝐶𝐶 [12].
R ˆW

𝑇𝐶𝐶 = W ‡ˆ‰ Š =

(uQR)(ugS)
u

R

ˆ‚

‡C‚ ‡ˆ‰ Š − 𝛼‹ Š + 𝛼‹

(8)

where TCC is the temperature coefficient, C is the capacitance, 𝜖 is the permittivity, 𝛼
is the polarizability, V is the volume, and 𝛼‹ is the linear expansion coefficient [13].
The TCC relates to the temperature coefficient of permittivity by equation 9 [3].
𝑇𝐶𝐶 = 𝑇𝐶u + 𝛼•

(9)

Work by Harrop revealed how the TCC varies with each class of material. Low loss
polymers which possess permittivity values around two were found to have a TCC that
is negative and entirely dependent on the thermal expansion coefficient [13]. Glasses
were classified into low, medium, and high permittivity categories and each category
was found to have either a zero or positive TCC. The positive TCC was attributed to
glass materials polarizability due to the presence of heavy deformable ions [13].
Through a separate study, paraelectrics (which are polarizable materials that return to
zero polarization upon the removal of the electric field), were studied to find the
temperature dependent contributions to the TCC [14]. Paraelectrics were found to have
negative TCCs that could be predicted based off the equation 𝑇𝐶𝐶 = −𝛼‹ 𝜖 [13]. This
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equation was found to match experimental data of various paraelectrics which can have
TCC that range between −200 𝑝𝑝𝑚/℃ to −100,000

••}
℃

[14].

Figure 4: Temperature coefficient of capacitance vs permittivity for different
classifications of materials [13].
Ferroelectrics vary their capacitance with temperature according to figure 5. As the
figure shows, the TCC of ferroelectrics can be positive, negative or even zero if the
material has passed through two transition temperatures [13]. This study shows that a
material with high permittivity and a TCC close to zero will most likely display some
form of ferroelectricity. While this study helps narrow the scope of this project,
ferroelectricity can cause an increase in the dielectric loss of a material which will make
it difficult to create a low loss material with a large enough permittivity and have a
TCC equal to zero [13].
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Figure 5: Capacitance vs Temperature plot for a ferroelectric material. TCC can
vary from positive to negative values and can approach zero after two transition
temperatures [13].

2.7 X-ray Diffraction
X-ray diffraction is a physical characterization technique that gives critical information
used to determine a material’s crystal structure. X-rays are generated by accelerating a
charged particle (usually electrons) across an electrical potential of approximately 30
kV [4]. When the accelerated electron impacts a metal target it produces a wide
spectrum of wavelengths of varying intensity referred to as white radiation along with
a few wavelengths that have large peaks of intensity. When the electron impacts the Cu
target (Cr, Fe, Mo, and Ag also used) and ionizes an electron from the 1s shell. As
electrons drop from the 2p or 3p orbital into the 1s orbital, some of the energy is
released in the form of X-rays. When electrons shift in the Cu target from the 2p to the
1s orbital, 𝐾𝛼 X-rays are emitted which have a wavelength of 1.5418 Å [4]. The second
monochromatic wavelength emitted is 𝐾𝛽 which has a wavelength equal to 1.3922 Å
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and is produced when the electron from the 3p orbital shifts to the 1s orbital [4]. The
𝐾𝛼 radiation is most commonly used because the transition from 2p to 1s occurs more
frequently which causes a greater intensity at that wavelength. After the electron
impacts the Cu target and produces a spectrum of wavelengths those wavelengths are
sent through a nickel filter which is able to absorb all white radiation, Cu 𝐾𝛽 leaving
only Cu 𝐾𝛼. Copper 𝐾𝛼 radiation is the most desirable because its wavelength is
similar to interatomic spacing’s which is around 2-3 Å [4].
As shown by Figure 6, when Cu 𝐾𝛼 radiation passes through a material it reflects some
of the X-rays off of planes at an angle of reflection which is equal to the angle of
incidence.

Figure 6: Derivation of Bragg's law, diffracted X-rays are measured based off of
the Bragg angle and measured intensity. The d-spacing is the distance between
adjacent planes and is reliant on the dimensions of the unit cell [4].
Other X-rays pass through the first plane but are later reflected by a parallel plane. The
distance between adjacent planes is known as the d-spacing, and the angle of incidence
is the Bragg angle 𝜃. This gives Bragg’s law which is used to interpret the diffraction
pattern to find the d-spacing of a material [15].
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𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

(10)

Where n is an integer and 𝜆 is the radiation wavelength. The diffraction pattern can
then be used to connect the patterned scattering of X-rays to individual planes and
crystal structures [15].

The intensity of the reflected radiation (I) is known to be proportional to the square of
the structure factor.
𝐼(ℎ𝑘𝑙) ∝ |𝐹(ℎ𝑘𝑙)|S

(11)

Where 𝐼(ℎ𝑘𝑙) is the intensity of radiation reflected off of the plane (hkl) and F(hkl) is
the structure factor for plane (hkl) [15]. While the magnitude of the intensity depends
on factors such as crystal size, crystal condition and thermal vibrations, the structure
factor contains all of the key information to determine the atomic positions within a
crystal structure [15]. The equation for the structure factor can be seen in equation 12
below.
𝐹(ℎ𝑘𝑙) = ∑𝑓• 𝑒𝑥𝑝2𝜋𝑖(ℎ𝑥• + 𝑘𝑦• + 𝑙𝑧• )

(12)

Where 𝑓• is the atomic scattering factor, and h, k, l are integers known as the Miller
indices [15]. The atomic scattering factor depends on the type of atom and the Bragg
angle 𝜃 that the incident wave strikes the plane. The structure factor is used to tell how
well a crystal structure agrees with magnitudes present in a diffraction pattern. After a
diffraction pattern is generated Bragg angle of each peak of intensity is used to
determine the materials structure and composition. For this project, the main use of Xray diffraction is to check for the formation of a secondary phase which could cause an
undesirable change in the material properties. The diffraction pattern for a 𝐵𝑎𝑇𝑖𝑂C −
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𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C is shown in figure 7 as an
F

F

F

F

H

H

example, where each peak position is determined by the size and shape of the unit cell.

Figure 7: The diffraction pattern for a cubic composition with each peak labeled
by the planes associated miller indices.
The peak positions found from a diffraction pattern are then indexed and can be used
later to help determine future material crystal structures and compositions.

2.8 Polarization Mechanisms
Dielectrics have five different mechanisms through which they are polarized. The five
mechanisms are split into two subgroups called intrinsic and extrinsic polarization.
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Intrinsic polarization refers to polarization mechanisms which contribute through the
materials lattice including the electronic polarization and ionic polarization [16]. The
electronic polarization refers to how the electron cloud displaces away from the nucleus
of an atom under an electric field. Ionic polarization occurs when a material that
contains both cations and anions shift from their equilibrium position to form a net
dipole moment under an electric field [16].

Extrinsic polarization refers to all other mechanisms which do not contribute to the
polarization directly through the lattice of a material. Interface polarization, otherwise
known as space charge polarization, occurs when mobile charge carriers collect around
a defect in the material. This defect could be the electrode-material interface or simply
a grain boundary in the material [16]. Dipolar polarization is another method of
extrinsic polarization, it occurs due to molecules having permanent dipoles in polar
covalent solids. The permanent dipoles which are randomly oriented align with the
applied electric field [16]. The contribution to the permittivity from these extrinsic
effects is one of the first to fall off with increasing frequency which is seen in figure 8
[16].
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Figure 8: The relative permittivity (dielectric constant) and its dependence on
frequency. The heavier each individual mechanism is makes it harder for it to
keep up with a alternating electric field. Re-orienting entire molecules takes time
so its contribution falls off at around 𝟏𝟎𝟖 − 𝟏𝟎𝟗 𝑯𝒛 [17].
The last extrinsic polarization mechanism is known as domain wall polarization and is
only a factor in ferroelectric materials. However, domain wall polarization can be a
major contributing factor to the permittivity of a material at low electric fields [18].
Domains are regions within the ferroelectric material which contain homogenous
orientation of dipoles. For tetragonal ferroelectrics, the domains can be in either 180°
or 90° orientation to each other as seen in figure 9 [18].
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Figure 9: Oppositely oriented 𝟏𝟖𝟎° and 𝟗𝟎° domain structures contribute to the
net polarization of a ferroelectric [18].
As an electric field is applied, it can cause the direction of polarization within a domain
to change, or it can cause a domain wall migration to occur so that one domain
orientation grows in size [4].

2.9 Relaxors
Relaxors are a class of disordered crystals which allow for unique structure property
relationships. When these crystal structures are taken to high temperatures they reside
within a non-polar paraelectric phase, while at lower temperatures they begin to form
polar nanoregions (PNR) which have randomly partitioned dipole moments [19]. The
temperature at which the relaxor switches from the paraelectric state to the formation
of PNRs is known as the Burns temperature [19]. These polar nanoregions cause a
dramatic shift in material properties which makes them desirable for further research
within many disciplines. Relaxor ferroelectrics play an important part in temperature
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stable dielectrics because as the temperature is further decreased well below the Burns
temperature a large broad peak in the relative permittivity is observed. This peak is
similar in magnitude to the peak that occurs at the Curie temperature in traditional
dielectrics but its diffuseness in the temperature dependence of the relative permittivity
is why it is considered to be a ferroelectric with a diffuse phase transition [19].

Figure 10: Temperature vs Permittivity of PMN shows the dependency of
permittivity on frequency in both the real and imaginary parts after cooling
below the Burns temperature at around 620 K [19, 20]
An important factor that plays into the physical properties of relaxor ferroelectrics is
the compositional disorder within the crystal structure. This is where different size and
valence ions are located on the same site throughout the structure. For example, in the

21
relaxor perovskite 𝑃𝑏 D𝑀𝑔E 𝑁𝑏F G 𝑂C , the 𝑀𝑔Sg and 𝑁𝑏©g ions are fully distributed
H

H

throughout the B-site of the perovskite structure [19]. In some relaxors, the B-site sees
complete translational symmetry where there is a superstructure that can contain either
1:1 or 1:2 ratios of each type of cation along the <100> direction [19]. This type of
ordering scheme allows for the electrostatic and elastic energies of the structure to be
minimized and is a primary structural property of relaxors. The amount of
compositional disorder within the relaxor crystal structure can have a large impact on
the ferroelectric properties. In a disordered crystal of PIN it shows relaxor ferroelectric
properties but within the ordered state it is an antiferroelectric [19]. This means that
throughout research careful consideration to the compositional state of a perovskite
should be taken into account by monitoring sintering temperature and looking for
different types of compositional disorder.

Another characteristic of relaxor materials is the frequency dependent shift observed in
𝑇} . The total relative permittivity near the temperature of maximum permittivity is
shown in equation 13 below
𝜀 = 1 + 𝜒« + 𝜒¬N + 𝜒e + 𝜒- + 𝜒•®

(13)

where 𝜒 is the sum total of the susceptibilities from electronic, phonon, conventional
relaxor, universal relaxor, and low frequency contributions [19]. The values of
𝜒e 𝑎𝑛𝑑 𝜒- are much larger in relaxors than in traditional dielectrics and the constant
decrease of 𝜒e to zero as temperature increases is what causes the shift in 𝑇} with
increasing frequency [19].
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The temperature coefficient of permittivity (𝑇𝐶𝜖 ) for relaxors above the maximum
permittivity varies with temperature according to equation 14 which is known as the
quadratic Curie-Weiss Law [21].
uZ| ¯°±

=1+
u| (²,‰)
Z

Where

³‰Q‰¯°± (²)´
S¶ F

µ

(14)

𝜖Kx }•] is the dielectric constant at 𝑇}•] and 𝛿 represents the diffuseness

parameter. The final variable 𝛾 is a parameter which indicates if the material behaves
like a normal ferroelectric (𝛾 = 1), or more like a relaxor ferroelectric where (𝛾 > 1)
and close to 2 [21]. The diffuseness parameter indicates the level of diffuseness for the
peak in permittivity over temperature. In general, an increase in the diffuseness
parameter equates to a decrease in the temperature coefficient of permittivity (𝑇𝐶𝜖)
[22].

It has been shown by Raengthon et al. that there exists a link between the tolerance
factor and diffuseness parameter which is illustrated in figure 11 below. The observed
trend suggests that including cations in the composition which result in an imbalance
in ion size causes a broader and more diffuse peak in the temperature coefficient of
permittivity [22]. To decrease the 𝑇𝐶𝜖 close to zero cations of dissimilar charge,
electronic structure and size should be selected to increase the level of disorder within
the B-site sub lattice [22].
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Figure 11: Relationship between the tolerance factor and diffuseness parameter
in 𝑩𝑻 − 𝑩𝒁𝑻 − 𝑨𝑩𝑶𝟑 compositions [22].

2.10

Competitive Materials

Capacitors are classified into three separate categories by the Electronic Industries
Alliance (EIA) Standard 198. The categories are known as Class I, Class II or Class III
based on their variation in electronic characteristics with temperature. Each Class of
materials are differentiated by a three-letter code with the most significant classification
known as C0G or by the outdated classification of NP0. The first letter in the Class I
code indicates the significant figures of the change in capacitance over temperature
(𝐶 = 0). The second letter is a multiplier of the temperature coefficient (0 = −1) and
the third letter gives the tolerance from the temperature coefficient

(𝐺 =

±30 𝑝𝑝𝑚/𝐾). NP0 is an older classification which essentially means the same thing
as C0G, that capacitance of these materials will only vary slightly over the specified
temperature range of −55℃ 𝑡𝑜 125℃. In considering one current available capacitor
material, Mouser electronics formulations of C0G capacitors contain neodymium,
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samarium and other rare earth oxides although other company’s formulations will be
different. Class I C0G capacitors offer the lowest TCC along with very low dielectric
losses making them ideal for high quality factor filters and oscillators [23]. A Class I
dielectric which exhibits excellent electronic properties is 𝐶𝑎𝑍𝑟𝑂C which has a relative
permittivity around 30 a very low 𝑡𝑎𝑛𝛿 ≈ 0.01.

Class II dielectrics have a higher permittivity than Class I and use a different threeletter code system where the X7R is the most relevant designation. The first letter
signifies the lower temperature limit (𝑋 = −55℃), the second character is the upper
temperature limit (7 = 125℃), and the third letter represents the allowable change in
capacitance over the specified temperature range (𝑅 = ±15%). Class II dielectrics are
most often made of ferroelectric materials based off of barium titanate. Their higher
permittivity values allow for capacitors with higher volumetric efficiencies over Class
I dielectrics at the cost of decreased temperature stability and accuracy. Class II
dielectrics are used for frequency discrimination, bypass, coupling and decoupling
applications within electrical circuits [23].

2.11

Research Objective

The goal of this research is to create a linear Class II capacitor with high volumetric
efficiency that can be used for temperature dependent applications. Necessary
deliverables for this project are to create a low loss material with a maximum
permittivity below room temperature (𝑇}•] ), a temperature coefficient of permittivity
as close to zero as possible, and a relative permittivity above 1000.
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3. Materials and Methods
This section presents the methods used to synthesize and measure the dielectric and
ferroelectric properties for all compositions within this research. All compounds
produced were made using the traditional solid-state reaction technique and build off
of previous work of BT-BZT [22, 25] and BT-BZT-PNN compositions [26].

Nearly all compositions are some type of modified 𝐵𝑎𝑇𝑖𝑂C dielectric due to its high
relative permittivity (𝜖K = 1740) and substituents ability to affect the shape of the
𝜖K − 𝑇 curve [3]. Traditional dielectrics have a Curie temperature which represents a
peak in the relative permittivity along with a sudden change in crystal structure from
tetragonal to cubic symmetry. For relaxor dielectrics, there should be no Curie
temperature but rather a slow change in crystal structure over a large temperature
range. This change in crystal structure for BT-BZT compounds is often from
tetragonal to a pseudocubic (rhombohedral) phase but this change allows for a very
diffuse 𝑇}•] and a decrease in the transition temperature [25]. The goal of this work
is to introduce more cations of dissimilar size and electronic structure to further
reduce the transition temperature and maintain a low 𝑇𝐶𝜖 achieved by other
compositons such as 50BT-25BZT-25BS where 𝑇𝐶𝜖 = −182 𝑝𝑝𝑚/𝐾 [22].

3.1 Synthesis of 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐴𝐵𝑂C Compositions
F

F

Solid solutions of 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑀𝑔E 𝑇𝑖E G 𝑂C (BT-BZT-LMT),
F

F

F

𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑆𝑟𝑇𝑖𝑂C (BT-BZT-ST), and
F

F

F
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𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑆𝑟𝑇𝑖𝑂C (BT-BZT-LZT-ST) are
F

F

F

F

synthesized using carbonate and oxide precursor powders which appear in table 3.1.
Before synthesis 𝐿𝑎S 𝑂C , a hygroscopic compound is placed in a descant chamber for
a minimum of 24 hours to remove water. The appropriate precursors for each
composition are then weighed into stoichiometric amounts and placed in a
polyethylene bottle and dissolved in an ethanol bath and twelve yttrium-stabilized
zirconia (YSZ) grinding media per 10g powder. The powders are then vibratory
milled for six hours and dried in an oven at 75℃ for eight hours.

The dried powders are then calcined in covered cylindrical alumina crucibles to
achieve the desired perovskite phase. The calcination temperature used for these
compositions varies between 900 − 1200℃ with a heating and cooling rate of
5℃/𝑚𝑖𝑛 for 4-5 hours. The calcined powders are then grinded in a mortar and pestle
to reduce the particle size for X-ray diffraction. If a composition failed to fully form
into the perovskite phase, the calcination temperature and time is adjusted to find the
optimum conditions to form the perovskite phase.

After calcination the powder is placed in a polyethylene bottle and milled for 6 hours
with 3% RHOPLEX HA-8 Emulsion binder. The solution is then dried again at 75℃
for 8 hours before grinding in a mortar and pestle to reduce the material back into a
powder. The powder is then formed into disk shaped pellets approximately 12mm in
diameter by 1.2mm in thickness by compressing the powder under three metric tons
(260 MPa) for two minutes. The pellets are then ready for sintering and are placed
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within an alumina crucible and surrounded in green body of the same composition.
The pellets are then placed in a furnace where binder burnout takes place at 400℃ for
3 hours with a heating and cooling rate of 5℃/𝑚𝑖𝑛. Typical sintering temperature for
these compositions take place anywhere between 1000 − 1300℃ for 4-5 hours.
Pellet dimensions are recorded before and after sintering to verify densification of the
ceramic.

Once the pellets are fully sintered and cooled they are polished with SiC abrasive
paper from 180-1000 grit. This creates a uniform composition at the surface and helps
with application of the silver electrodes. Silver paste is then painted onto each side of
the sintered pellet and dried at 75℃ for ten minutes. After the silver paste is dry
enough the electrodes are fired in the furnace at 750℃ for thirty minutes.

3.2 Synthesis of 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C Based Compositions
H

H

Compositions including 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C −
F

F

F

F

𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C (BT-BZT-LZT-PNN), 𝑃𝑏𝑇𝑖𝑂C − 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C − 𝑁𝑎𝑁𝑏𝑂C (PTH

H

H

H

PNN-NN), and 𝑃𝑏𝑇𝑖𝑂C − 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑁𝑎𝑁𝑏𝑂C (PT-PNNH

H

F

F

BZT-NN) are synthesized using the columbite precursor method as shown by Alberta
and Bhalla [27]. For this method 𝑁𝑖𝑂 and 𝑁𝑏S 𝑂© are weighed into stoichiometric
amounts and milled in 100% ethanol and YSZ media for 6 hours. The slurry is then
dried at 75℃ for eight hours and calcined at 1200℃ for two hours in a closed

28
crucible. The finished product is 𝑁𝑖𝑁𝑏S 𝑂s which can then be combined in
stoichiometric amounts with the other necessary precursors listed in table 3.1.
Calcination temperatures vary for these compositions from 900 − 1100℃ for four to
five hours. The calcined powder then has 3% RHOPLEX binder added once again
and is vibratory milled for six hours. Pellets are formed under three metric tons for
two minutes and sintered in a closed crucible between 1150 − 1250℃ for five hours.

Table 1 Precursor, purity, and supplier for compositions synthesized in this work.
Compound

Purity

Supplier

𝐵𝑎𝐶𝑂C

99.8%

Alfa Aesar

𝐵𝑖S 𝑂C

99.9%

Aldrich

𝑍𝑛𝑂

99.9%

Alfa Aesar

𝑁𝑏S 𝑂©

99.9%

Aldrich

𝑇𝑖𝑂S

99.9%

Aldrich

𝑃𝑏𝑂

99.9%

Sigma Aldrich

𝑁𝑖𝑂

99.99%

Aldrich

𝑀𝑔𝐶𝑂C

Sigma

𝐿𝑎S 𝑂C

99.9%

Aldrich

𝑁𝑎S 𝐶𝑂C

99.95%

Alfa Aesar
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3.3 Electronic Characterization
After the sample has been prepared in a parallel plate capacitor arrangement it is
ready for electronic characterization. To measure the capacitance, relative
permittivity and dielectric loss with respect to temperature, the sample is placed in a
NorECS Probostat high temperature cell. The Probostat is used to measure the
electronic properties of the sample from 20 − 550℃ with a heating and cooling rate
of 2℃/𝑚𝑖𝑛. The low ramp rate is to allow for the HP 4192A impedance analyzer to
scan through frequencies from 25 Hz to 1 MHz and collect capacitance and tan 𝛿 data
along the way. This data is then stored into a text file using a custom-made program
in Labview software where the dielectric constant can be calculated.

Low temperature capacitance and tan 𝛿 data is collected from −150℃ 𝑡𝑜 160℃
using the liquid nitrogen cooled environmental chamber Delta 9023. Measurements
for the low temperature data should begin at a high temperature and cool down at
2℃/𝑚𝑖𝑛 to avoid frost melt on the sample holder electrodes. Electronic property data
is collected from 25 Hz to 1 MHz using the Agilent 4284A Precision LCR Meter and
stored in a text file using the same Labview program.

Polarization vs electric field data is collected on each composition using the Precision
Premier II ferroelectric test system. Typically, ferroelectrics have non-linear
hysteresis loops similar to figure 2 in polarization vs electric field P(E)
measurements. For compositions in this work linear P(E) measurements are desired
which indicate the material is a relaxor dielectric.
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3.4 Physical Characterization
The structure of each composition was determined after the calcine stage and the
sintering stage using X-ray powder diffraction. Each sintered pellet was ground as
finely as possible in a mortar and pestle and added to the powder sample holder for
analysis. The diffractometer used for this experiment is the Bruker D8 Discover with
𝐶𝑢𝐾𝛼 radiation. Each composition was scanned from 20 − 90° at 5°/𝑚𝑖𝑛.

The measured density of each pellet was found by taking diameter and thickness
measurements using a Mitutoyo 293-369 digital micrometer which has ±1𝜇𝑚
instrumental error. The diameter and thickness of each sample was measured three
times and averaged to account for variations within each pellet. Three different per
composition are measured and weighed to minimize errors when measuring the
density. The measured density is then compared against the theoretical density which
is calculated based off of the lattice parameter obtained from X-ray diffraction data.

The most accurate method for obtaining the theoretical density is a combination of an
analytical method proposed by M. U. Cohen and the least-squares principle which
minimizes the effect of random observational errors. The method for obtaining the
lattice parameter is depicted below.

Recall from equation 10 Bragg’s law
𝜆 = 2𝑑𝑠𝑖𝑛𝜃
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Start by squaring the Bragg equation and taking the logarithm of each side
𝜆S
𝑙𝑜𝑔 𝑠𝑖𝑛 𝜃 = log Å Æ − 2 𝑙𝑜𝑔 𝑑
4
S

Differentiation of this equation gives
∆ sinS 𝜃
2∆𝑑
=−
S
sin 𝜃
𝑑
Assume the combined systematic errors take the form
∆𝑑
= 𝐾𝑐𝑜𝑠 S 𝜃
𝑑
Combining the previous two equations gives
∆ sinS 𝜃 = −2𝐾 𝑐𝑜𝑠 S 𝜃 sinS 𝜃 = 𝐷 𝑠𝑖𝑛S 2𝜃
where 𝐷 is a new constant.
If the true value of sinS 𝜃 for a diffraction peak is
sinS 𝜃 (𝑡𝑟𝑢𝑒) =

𝜆S
(ℎS + 𝑘 S + 𝑙 S )
4𝑎LS

where 𝑎L is the true value of the lattice parameter which is needed to find the
theoretical density
sinS 𝜃 (𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑) − sinS 𝜃 (𝑡𝑟𝑢𝑒) = ∆ sinS 𝜃
Then
sinS 𝜃 (𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑) = 𝐴𝛼 + 𝐶𝛿
ÍF

Î

Where 𝐴 = €•F , 𝛼 = (ℎS + 𝑘 S + 𝑙 S ), 𝐶 = RL, and 𝛿 = 10 sinS 2𝜃. The parameter D is
[

known as the drift constant and should be kept as small as possible for the highest
precision. The equations for the observed reflections can now be solved
simultaneously to calculate A and C, from which the true lattice parameter 𝑎L can be
calculated.
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As stated earlier, combining the Cohen analytical method with the least squares
principle will reduce the effect of random observational error. The best values for A
and C are those which the sum of squares of the random observational error (𝑒) is at a
minimum.
Ï(𝑒)S = 𝑎 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 = Ï[𝐴𝛼 + 𝐶𝛿 − sinS 𝜃 (𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑)]S
Differentiating with respect to both A and C gives
Ï 𝛼 sinS 𝜃 = 𝐴 Ï 𝛼 S + 𝐶 Ï 𝛼𝛿
Ï 𝛿 sinS 𝜃 = 𝐴 Ï 𝛼𝛿 + 𝐶 Ï 𝛿 S
Solving these two equations simultaneously gives the true value of A which can then
be used to find the true lattice parameter 𝑎L [28].

To reduce error in a lattice parameter measurement it is necessary to have as many
reflections as possible at as high angles as possible [28]. This is because as 𝜃
increases the variation and therefore error within 𝑠𝑖𝑛𝜃 decreases regardless of how
accurately 𝜃 is measured [28]. Since 𝑠𝑖𝑛𝜃 is what actually appears in the Bragg
equation increasing the value of 𝜃 will result in the most accurate linear extrapolation
of the lattice parameter.

When using Cohen’s method to calculate the lattice parameter there is always random
and systematic errors within the measurement. Random errors do not vary in a regular
manner and can be ignored, however systematic errors do vary in a regular manner
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and always have the same sign. A study done by Campos et al. on the contribution of
systematic error to the determination of the lattice parameter found that the most
significant contribution is from sample displacement from the diffractometer axis.
Sample displacement is when the sample is misplaced in relation to the plane normal
to the plane of incidence [29]. Even on a well aligned system the displacement of the
specimen from the diffractometer axis can result in variations of the lattice parameter
by as much as 0.001 Å [29]. Other contributions to the systematic error include
instrument offset, adsorption, and sample curvature however it was found by Campos
et al. that all of these sources are minuscule when compared to sample displacement
[29]. Instrument misalignment only becomes a dominant factor when the sample
displacement is less than 10𝜇𝑚 [29].

34

4. Results
Many of the compositions in this work are based around the 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C
F

F

system which has been extensively researched for high energy density capacitor
applications. This is because of its high relative permittivity (≈ 1000) spread over a
broad temperature range. This is created by the substitution of 𝐵𝑖 Cg atoms onto the A
site and 𝑍𝑛Sg atoms onto the B site of the perovskite structure [22]. However, the
BT-BZT system has a 𝑇}•] ≈ 100℃ meaning that the main focus of this work is to
shift the 𝑇}•] down below 0℃ without causing a detrimental effect on the 𝑇𝐶𝜖. The
inclusion of 𝑆𝑟𝑇𝑖𝑂C as a constituent is done because its tolerance factor is equal to
one, which was shown earlier to be linked to lowering the 𝑇𝐶𝜖 [7]. Another
constituent that often appears in this work is 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C which is a relaxor type
H

H

ferroelectric with a diffuse phase transition that occurs at its Curie temperature 𝑇r =
−120℃. The goal of including PNN into compositions is to maintain a high relative
permittivity while simultaneously lowering the temperature at which 𝑇}•] occurs.

The constituent 𝐿𝑎 D𝑀𝑔E 𝑇𝑖E G 𝑂C was included into the BT-BZT system because of
F

F

research done by Salak et al. where 2.5% doping of LMT into BT resulted in a
transition from ferroelectric to relaxor behavior coupled with a decrease in 𝑇}•] . This
decrease is a result of the substitution of 𝐿𝑎Cg atoms onto the A site and 𝑀𝑔Sg atoms
onto the B site of the perovskite lattice [30]. Further manipulations to these
compositions were done as more trends were observed.
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4.1 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑆𝑟𝑇𝑖𝑂C System
F

F

Figure 12: The ternary diagram for BT-BZT-ST compositions with single phase
perovskite compositions shown in green.
The X-ray diffraction data for the BT-BZT-ST system are shown in figure 13 with
additional scans shown in Appendix A. The results show that it was difficult to
obtain the perovskite phase, likely due to problems in maintaining the correct
stoichiometry.

36

Figure 13: X-ray diffraction data for the two compositions in the BT-BZT-ST system
for which dielectric data was measured.
The 25BT-25ST-50BZT composition shows a large dielectric peak just above room
temperature along with relatively low dielectric loss. In contrast, the 50BT-25ST25BZT composition is characterized by a relatively temperature independent
dielectric trend, though the dielectric loss values are unacceptably high.
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Figure 14: (a) Relative permittivity and (b) dielectric loss versus high temperature of
25BT-50BZT-25ST from 𝟐𝟓 − 𝟑𝟎𝟎℃ shows a maximum permittivity above room
temperature.

Figure 15: (a) The relative permittivity and (b) dielectric loss versus temperature for
50BT-25BZT-25ST shows a positive 𝑻𝑪𝝐 and high levels of 𝒕𝒂𝒏𝜹.

After observing the poor dielectric loss values combined with the difficulty in
achieving a single phase perovskite this ternary system was abandoned and no
additional characterization techniques were performed.
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4.2 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑀𝑔E 𝑇𝑖E G 𝑂C System
F

F

F

F

Select compositions in the BaTiO3-Bi(Zn1/2Ti1/2)O3-La(Mg1/2Ti1/2)O3 system were
fabricated. The specific compositions are indicated in the ternary diagram below.

Figure 16: Ternary compositions characterized within the BT-BZT-LMT system.
The 25BT-50BZT-25LMT composition was not able to achieve single phase
perovskite structure.
The XRD data on these compositions show that single phase or nearly single phase
perovskite is stable for the 25BT-25BZT-50LMT and the 50BT-25BZT-25LMT
composition. The 25BT-50BZT-25LMT composition exhibited multiple phases –
suggesting that the perovskite phase was not stable in this system.
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Figure 17: X-ray diffraction data shows single phase perovskite structure for 25BT25BZT-50LMT and 50BT-25BZT-25LMT compositions.
Table 2: Physical properties of the perovskite materials in the BT-BZT-LMT system.
Composition
25BT-25BZT-50LMT
50BT-25BZT-25LMT

Lattice
Geometric
Parameter (Å) Density(g/cm3)
3.98
3.99

5.549
6.096

Theoretical
Density(g/cm3)

Tolerance
Factor

6.075
6.10

0.972
1.001

Compositions with high levels of LMT showed low TCε and low dielectric loss as
seen in table 3. However, the low level of BaTiO3 created a material with very low
permittivity that did not meet required specifications. Increasing the levels of
Bi(Zn1/2Ti1/2)O3 created an unstable phase and compositions with this high of a level
of Bi(Zn1/2Ti1/2)O3 were no longer investigated.
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Figure 18: (a) The relative permittivity versus temperature and (b) dielectric loss vs
temperature for 25BT-25BZT-50LMT. The dielectric loss is large for 100kHz
frequency at all temperatures in this plot which contradicts the low temperature data.

Figure 19: (a) Relative permittivity and (b) dielectric loss versus low temperature of
25BT-25BZT-50LMT from −𝟐𝟎𝟎 𝒕𝒐 𝟐𝟎𝟎℃ shows a low 𝑻𝑪𝝐 along with low
dielectric loss.

Polarization experiments showed that these materials exhibited a linear dielectric
response with very little hysteresis, as expected from the temperature dependent
dielectric property data.
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Figure 20: Polarization versus electric field measurement of 25BT-25BZT-50LMT
shows a linear dielectric with little to no hysteresis.
Increasing the concentration of BaTiO3 in this system proved to be unsuccessful as it
only slightly increased the overall permittivity while increasing the temperature
dependence by a factor of 4. Both of the single-phase compositions meet X7R
capacitor specifications which is ±15%
capacitance at ambient temperature.

∆W
W[

from −55℃ 𝑡𝑜 125℃. Where 𝐶L is the
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Figure 21: (a) Relative permittivity and (b) dielectric loss versus high temperature of
50BT-25BZT-25LMT shows a low 𝑻𝑪𝝐 and low 𝒕𝒂𝒏𝜹 at low frequencies.

Figure 22: (a) Low temperature relative permittivity and (b) dielectric loss versus
temperature of 50BT-25BZT-25LMT from −𝟐𝟎𝟎 𝒕𝒐 𝟐𝟎𝟎℃ shows a 𝑻𝒎𝒂𝒙 well
below 𝟎℃.
Polarization versus electric field measurements confirm that the 50BT-25BZT25LMT composition behaves like a linear dielectric.
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Figure 23: Polarization versus electric field measurement shows the 50BT-25BZT25LMT composition can withstand electric fields up to 40kV/cm.
Table 3: Dielectric properties for the BT-BZT-LMT system.
Composition
25BT-25BZT-50LMT
50BT-25BZT-25LMT

TCεmid
(ppm/ºC)
-136
536

TCεlow
(ppm/ºC)
759
3241

Tmax
(ºC)
300.3
25.2

ε at
Tmax
140
376

X7R Capacitance
Variation
3.10%
13.30%
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4.3 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C
F

F

F

F

H

H

After observing the low temperature dependence of samples containing large amounts
of 𝐿𝑎 D𝑀𝑔E 𝑇𝑖E G 𝑂C this finding was applied to a lead based system which had
F

F

achieved larger permittivity’s with the plan to take a small loss in permittivity for an
improved temperature dependence. From previous work it was noted that
compositions near 50BT-25BZT-25PNN had the best electronic properties and
compositions with higher levels of Bi(Zn1/2Ti1/2)O3 became unstable. The goal of this
system is to experiment with different levels of La in place of Bi to create higher
levels of disorder within the perovskite structure to lower TCε. The specific
compositions studied are indicated in the ternary diagram below.

Figure 24: Ternary diagram for compositions within the BT-BZT-LZT-PNN system
with 30% PNN.
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4.3.1 30% PNN System
Looking first at compositions with 30% PNN and varying the Bi/La ratio, the XRD
and dielectric data are shown below.

Figure 25: X-ray diffraction data for the BT-BZT-LZT-PNN system shows a single
phase perovskite structure for all compositions. There is a slight peak just before the
(110) peak.
XRD data on these compositions show that single phase perovskite can be achieved at
the optimum calcination and sintering temperatures. Some minor secondary peaks
were observed in these compositions which continued to increase in peak intensity
with increasing sintering temperature.
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Table 4: Physical characteristics of compositions within the BT-BZT-LZT-PNN
system.
Composition
45BT-20BZT-5LZT-30PNN
45BT-22BZT-3LZT-30PNN
45BT-24BZT-1LZT-30PNN
45BT-24BZT-1LZT-30PNN 3% La
50BT-15BZT-10LZT-25PNN
50BT-20BZT-5LZT-25PNN
50BT-22BZT-3LZT-25PNN
50BT-24BZT-1LZT-25PNN
50BT-24BZT-1LZT-25PNN 3% La
53BT-20BZT-7LZT-20PNN
55BT-20BZT-5LZT-20PNN

Lattice
Parameter (Å)

Geometric
Density(g/cm3)

4.0179
4.0184
4.0145
4.0145
4.0185
4.0222
4.0118
4.013

4.92
5.544
5.963
5.485
4.663
5.759
5.319
6.151
6.662
6.383
6.112

Theoretical
Tolerance
Density(g/cm3)
Factor
7.205
7.240
7.299
7.128
7.144
7.125
6.977
6.966

Figure 26: (a) Relative permittivity measurements of 45BT-20BZT-5LZT-30PNN
show a linear dependence with temperature while (b) dielectric loss exhibits large
values at temperatures above 𝟏𝟓𝟎℃.
High temperature permittivity measurements for 45BT-22BZT-3LZT-30PNN show
non-linear temperature dependence and high values for dielectric loss. This could be
due to poor sample density allowing an increase in charge mobility which causes the
dielectric loss to be unnaceptably high at high frequencies.

1.006
1.006
1.006
1.01
1.01
1.01
1.01
1.011
1.014
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Figure 27 (a) The relative permittivity and (b) dielectric loss show a hysteresis and
and large 𝑻𝑪𝝐 for the 45BT-22BZT-3LZT-30PNN composition.

Figure 28 (a) Low temperature measurements for 45BT-22BZT-3LZT-30PNN
relative permittivity versus temperature and (b) dielectric loss versus temperature.
The dielectric loss for this composition is too large to be considered for electronic
device applications.
The 45BT-24BZT-1LZT-30PNN composition has low dielectric loss values at low
frequcies but it begins to creep up with higher temperature and frequency to
undesirable values. However, this composition does meet X7R specifications as seen
in table 5. as it has a maximum change in capacitance of 5.6% over the temperature

48
range of −55℃ to 125℃. Through a polarization versus electric field measurement
seen in figure 31. this sample was confirmed to have a linear dielectric response with
no hystersis.

Figure 29: (a) Relative permittivity versus high temperature of 45BT-24BZT-1LZT30PNN shows a strong linear dependance. (b) The dielectric loss versus temperature
plot shows this composition is viable up to 𝟐𝟎𝟎℃.

Figure 30: (a) Low temperature permittivity versus temperature measurements of
45BT-24BZT-1LZT-30PNN show a 𝑻𝒎𝒂𝒙 below room temperature while the (b)
dielectric loss versus temperature graph remains below 0.05 for all temperatures.
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Figure 31: Polarization versus electric field measurements confirm that 45BT24BZT-1LZT-30PNN is a viable linear dielectric relaxor.
Compositions with some additional La were prepared (though simple modification of
the batch stoichiometry) but the results show a deterioration in the dielectric
properties, including an increase in the polarization hysteresis which is likely due to
an increase in dielectric loss.
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Figure 32: (a) Relative permittivity and (b) dielectric loss versus temperature
measurements for 45BT-24BZT-1LZT-30PNN with 3% extra La show an
improvement in the 𝑻𝑪𝝐 while reducing the overall relative permittivity.

Figure 33: Polarization versus electric field measurements of 45BT-24BZT-1LZT30PNN with extra La show a linear dielectric material that can withstand fields up to
40kV/cm before shorting.
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4.3.2 25% PNN System
XRD data for the 25% PNN compositions indicate that single phase perovskite can be
obtained for LZT concentrations up to 10%. At higher LZT concentrations it was not
possible to obtain single phase perovskite as secondary phases were present.
Diffraction data for the compositions which contain a secondary phase can be found
in Appendix A. The symmetry of the perovskite phase appears to be cubic with no
apparent peak splittings.

Figure 34 X-ray diffraction data for compositions containing 25% PNN show a cubic
perovskite phase with a minor peak just before the (110) plane showing up in the
50BT-15BZT-10LZT-25PNN composition.
Slight modifications were made to the sample composition to help strike a balance
between the low 𝑇}•] provided by PNN and the decrease in 𝑇𝐶𝜖 from additional LZT
in proper stoichiometric amounts. Dielectric measurements for the first composition
50BT-15BZT-10LZT-25PNN show a linear dependence with temperature from
around −50℃ up to 190℃. The downsides to this compostion are the poor density
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observed in table 4. along with the non-linear polarization and hysteresis that occurs
in PvsE measurements.

Figure 35: (a) While the 50BT-15BZT-10LZT-25PNN composition has a low 𝑻𝑪𝝐
the maximum relative permittivity is reduced as well. (b) dielectric loss versus
temperature shows large increases in the loss at temperatures above 𝟏𝟓𝟎℃.

Figure 36: The low temperature measurements for the (a) relative permittivity and
(b) dielectric loss of 50BT-15BZT-10LZT-25PNN show a temperature of maximum
permittivity well below 𝟎℃ with a very low 𝑻𝑪𝝐.
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Polarization hysteresis measurements show clear evidence of a linear dielectric
response, though the dielectric loss (as seen in the hysteresis) increases markedly for
compositions with the highest LZT concentration.

Figure 37: Polarization versus electric field measurements of 50BT-15BZT-10LZT25PNN shows that this is a linear dielectric but it does have some higher levels of loss
and shows some hysteresis.
Modification of the composition stoichiometry to include more BZT proved to
decrease the dielectric loss at high frequency up to 300℃. The low temperature
permittivity shows a maximum permittivity well below room temperature. Below the
maximum permittivity the low temperature 𝑇𝐶𝜖 greatly increases.
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Figure 38: (a) Relative permittivity and (b) dielectric loss versus temperature for
50BT-20BZT-5LZT-25PNN at high temperatures.

Figure 39: (a) Low temperature relative permittivity and (b) dielectric loss
measurements of 50BT-20BZT-5LZT-25PNN show a 𝑻𝒎𝒂𝒙 well below 𝟎℃.
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Figure 40: Polarization versus electric field measurements of 50BT-20BZT-5LZT25PNN show a linear dielectric response.
Other compositions with 25% PNN exhibit similar properties where the maximum
permittivty is below room temperature and has a linear polarization versus electric
field response. Additional LZT in place of BZT does appear to significantly reduce
the temperature coefficient of permittivty as previously anticipated. The 50BT24BZT-1LZT-25PNN compostion has a 𝑇𝐶𝜖 = 1580 while the 50BT-15BZT10LZT-25PNN compositon has a 𝑇𝐶𝜖 = 1127 as seen in Table 5.
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Figure 41 (a) Relative permittivity versus high temperature measurements of 50BT24BZT-1LZT-25PNN shows a strong linear dependance while (b) dielectric loss
measurements remain low at frequencies below 100kHz.

Figure 42 Low temperature (a) relative permittivity measurements of 50BT-24BZT1LZT-25PNN show a 𝑻𝒎𝒂𝒙 below 𝟎℃ and (b) low dielectric loss from the 𝑻𝒎𝒂𝒙
onward.
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Figure 43 Polarization versus electric field measurements of 50BT-23BZT-3LZT25PNN confirm a linear dielectric response with a dielectric strength of 50kV/cm.

Figure 44: (a) Relative permittivity versus temperature and (b) dielectris loss versus
temperature of 50BT-24BZT-1LZT-25PNN show promising results for this
composition as a linear dielectric.
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Figure 45 Low temperature permittivity and (b) dielectric loss measurements of
50BT-24BZT-1LZT-25PNN again confirm that this composition has a low 𝑻𝑪𝝐,
𝑻𝒎𝒂𝒙 below 𝟎℃ and low loss.

Figure 46 The polarization versus electric field measurement shows 50BT-24BZT1LZT-25PNN has a linear dielectric response.
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Figure 47 (a) Relative permittivity and (b) dielectric loss versus temperature of
50BT-24BZT-1LZT-25PNN with extra lanthanum shows a slight improvement in the
overall relative permittivity.

Figure 48 Low temperature measurements for (a) relative permittivity and (b)
dielectric loss of 50BT-24BZT-1LZT-25PNN show this material has a 𝑻𝒎𝒂𝒙 near 𝟎℃
and low loss from 𝑻𝒎𝒂𝒙 on.
Similar to the previous data set, the addition of 3% excess La did not improve the
overall dielectric properties.
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Figure 49: Polarization versus electric field measurements of 50BT-24BZT-1LZT25PNN show this composition has a dielectric strength of 40kV/cm.
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4.3.3 20% PNN System
Two compositions containing 20% PNN were prepared and both are shown to be
single-phase perovskite materials through the X-ray diffraction data in figure 50.

Figure 50: X-ray diffraction data for compositions containing 20% PNN.

Both 53BT-20BZT-7LZT-20PNN and 55BT-20BZT-5LZT-20PNN appear to be
good candidates for linear dielectric materials. Both materials have a 𝑇}•] below 0℃
and either meet or are very close to meeting X7R capacitance specifications. The
maximum permittivity for these materials is listed in table 5. but in general it is too
low to justify this materials use when the 𝑇𝐶𝜖 ≈ 1500℃/𝑝𝑝𝑚 for each composition.
Further investigation into this system could be justified if synthesis of a single phase
perovskite can be achieved with higher levels of BT and LZT present.
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Figure 51: The high temperature (a) permittivity and (b) dielectric loss measurements
of 53BT-20BZT-7LZT-20PNN show a linear dependence of permittivity with respect
to temperature with low loss up to around 𝟐𝟓𝟎℃.

Figure 52: The (a) relative permittivity versus temperature measurement of 53BT20BZT-7LZT-20PNN shows promising dielectric properties for the desired
application while (b) show the loss remains low from around 𝟎℃ on.
Polarization versus electric field measurements seen below in figures X and X
confirm that both compositions are linear dielectrics and can withstand fields up to 50
kV/cm.
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Figure 53 Polarization versus electric field measurements of 53BT-20BZT-7LZT20PNN confirm a linear dielectric response.

Figure 54 High temperature measurements of 55BT-20BZT-5LZT-20PNN show (a)
relative permittivity’s linear dependance with temperature and (b) low dielectric loss
at frequencies up to 100kHz.
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Figure 55: Low temperature measurements of 55BT-20BZT-5LZT-20PNN from
−𝟐𝟎𝟎 𝒕𝒐 𝟐𝟎𝟎℃ show (a) a 𝑻𝒎𝒂𝒙 below 𝟎℃ and (b) dielectric loss that is stable from
𝟎℃ on.

Figure 56: Polarization versus electric field measurements of 55BT-20BZT-5LZT20PNN show a linear dielectric that can with stand an electric field up to 50kV/cm.
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Table 5: Dielectric properties of the BT-BZT-LZT-PNN system.
Composition
45BT-20BZT-5LZT-30PNN
45BT-22BZT-3LZT-30PNN
45BT-24BZT-1LZT-30PNN
45BT-24BZT-1LZT-30PNN 3% La
50BT-15BZT-10LZT-25PNN
50BT-20BZT-5LZT-25PNN
50BT-22BZT-3LZT-25PNN
50BT-24BZT-1LZT-25PNN
50BT-24BZT-1LZT-25PNN 3% La
53BT-20BZT-7LZT-20PNN
55BT-20BZT-5LZT-20PNN

TCεmid
(ppm/ºC)
-1007
-1626
-614
-1127
-1575
-2272
-1580
-1417
-1445
-1607

TCεlow Tmax (ºC)
(ppm/ºC)
34.3
-9.9
3716
24.5
-54.4
1350
-28.8
5433
-27
7643
2.9
6950
24.7
-7.8
5344
-18.4
6541

ε at Tmax
569
473.7
346
556
838
918
918
1234
645
853

X7R
Capacitance
Variation
5.60%
16.10%
18.70%
17.80%
14.60%
12.10%
15.80%
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4.4 𝑃𝑏𝑇𝑖𝑂C − 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑁𝑎𝑁𝑏𝑂C System
H

H

F

F

X-ray diffraction data on the PT-PNN-BZT-NN system shows peak splitting on all
compositions at room temperature. Indicating a unique c/a ratio and tetragonal
symmetry for all compositions within this family.

Figure 57: X-ray diffraction data for the PT-PNN-BZT-NN system shows some
peak splitting indicating a unique c/a lattice constant ratio.
Table 6: Physical property measurements of the PT-PNN-BZT-NN system.
Composition
40PT-50PNN-1BZT-9NN
40PT-50PNN-5BZT-5NN
40PT-50PNN-9BZT-1NN
45PT-45PNN-1BZT-9NN
45PT-45PNN-5BZT-5NN
45PT-45PNN-9BZT-1NN

Lattice
Geometric
Theoretical
Parameter
3
Density(g/cm ) Density(g/cm3)
(Å)
5.686
7.540
7.139
6.124
6.914

Tolerance
Factor
0.9925
0.9919
0.9913
0.9944
0.9939
0.9933
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Dielectric characterization on the PT-PNN-BZT-NN family of compositions reveals
that the relative permittivity has a strong temperature dependence despite the low
dielectric loss from −150℃ to 300℃. The 40PT-50PNN-1BZT-9NN composition
also has a maximum permittivity at 𝑇}•] = 119℃ which is well out of the required
specification for this project. This composition shows some frequency dependence
with relative permittivity decreasing with increasing frequency.
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Figure 58 (a) Relative permittivity and (b) dielectric loss versus temperature plots of
40PT-50PNN-5BZT-5NN show a 𝑻𝒎𝒂𝒙 well above room temperature with high 𝑻𝑪𝝐.

Figure 59: Low temperature data confirms of the 40PT-50PNN-1BZT-9NN
compositions confirms (a) the same relative permittivity curve and (b) low dielectric
loss across all temperatures.
Polarization versus electric field measurements show that the 40PT-50PNN-1BZT9NN composition is a ferroeelctric which requires a coercive field to be applied to the
material to return it to a polarization of zero. Meaning all of the compositions within
the PT-PNN-BZT-NN family explored are not relevant for the purposed of this study.
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Figure 60: The polarization versus electric field measurement 40PT-50PNN-1BZT9NN shows this material has a hysteresis and requires a coercive field to return the
material to zero polarization.

Figure 61: The (a) relative permittivity versus temperature data of 40PT-50PNN5BZT-5NN shows another 𝑻𝒎𝒂𝒙 well above room temperature but also shows a
strong dependence on the frequency with lower frequencies having higher
permittivity’s. (b) shows the dielectric loss versus temperature data for this
composition.
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Figure 62: Low temperature measurements of 40PT-50PNN-5BZT-5NN show the
frequency dependence of the permittivity exists mostly around the curie temperature.

Figure 63: Polarization versus electric field measurements of 40PT-50PNN-5BZT5NN show another ferroelectric response.
The 40PT-50PNN-9BZT-1NN composition shows similar results to the first two
materials presented in this section but with the dielectric loss spiking at a lower
temperature of 150℃. This results in a polerization versus electric field loop that
begins to round at the corners instead of having a clearly defined saturation
polarization value.
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Figure 64 (a) Relative permittivity and (b) dielectric loss plots of 40PT-50PNN9BZT-1NN.

Figure 65: (a) Low temperature permittivity measurements of 40PT-50PNN-9BZT1NN show the same frequency dependance with lower frequencies having higher
permittivity. (b) The dielectric loss remains very close to 0.05 from −𝟏𝟓𝟎 𝒕𝒐 𝟐𝟎𝟎℃.
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Figure 66: The polarization versus electric field measurement of 40PT-50PNN9BZT-1NN confirms this material is a ferroelectric.
Increasing the amount of PT in the composition to 45% shows a clear increase in the
𝑇}•] to at least 166℃ for all three compositions. Also observed is a small decrease in
the relative permittivity at the 𝑇}•] when compared to the similar composition with
40% PT. As the amount of NN decreases with each composition the 𝑇𝐶𝜖 increases
along with the permittivity at 𝑇}•] . However, the relative amount of lead in all of
these compositions is far too much to be anywhere close to a linear dielectric and
increasing the amount of NN can result in a lossy dielectric.
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Figure 67: (a) Relative permittivity and (b) dielectric loss plots for 45PT-45PNN1BZT-9NN from 𝟐𝟓 − 𝟑𝟎𝟎℃.

Figure 68: (a) Low temperature permittivity and (b) dielectric loss for 45PT-45PNN1BZT-9NN.
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Figure 69 Polarization versus electric field measurement of 45PT-45PNN-1BZT9NN shows a deteriorated ferroelectric hysteresis loop.

Figure 70: (a) The relative permittivity and (b) dielectric loss of 45PT-45PNN5BZT-5NN show the same frequency dependency of permittivity as previous
compositions.
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Figure 71 The polarization versus electric field measurements of 45PT-45PNN5BZT-5NN show a ferroelectric hysteresis loop with poor dielectric strength.

Figure 72: (a) Relative permittivity and (b) dielectric loss of 45PT-45PNN-9BZT1NN from 𝟐𝟓 − 𝟑𝟎𝟎℃.
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Figure 73: The polarization versus electric field measurement of 45PT-45PNN9BZT-1NN shows a deteriorated ferroelectric hysteresis loop.
Table 7: Dielectric properties of the PT-PNN-BZT-NN system.
Composition
40PT-50PNN-1BZT-9NN
40PT-50PNN-5BZT-5NN
40PT-50PNN-9BZT-1NN
45PT-45PNN-1BZT-9NN
45PT-45PNN-5BZT-5NN
45PT-45PNN-9BZT-1NN

TCεmid
(ppm/ºC)
-10185
-7639
11301
-9529
-8722
-11301

TCεlow
Tmax (ºC)
(ppm/ºC)
119
15769
120.8
8026
116.3
33767
168
11992
15122
166
170
29517

ε at Tmax
5800
7607
12386
3984
6384
10658

X7R Capacitance
Variation
259%
308%
590%
317%
-
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4.5 𝑃𝑏𝑇𝑖𝑂C − 𝑃𝑏 D𝑁𝑖E 𝑁𝑏F G 𝑂C − 𝑁𝑎𝑁𝑏𝑂C System
H

H

X-ray diffraction data for the PT-PNN-NN system shows a pseudo cubic phase
with some slight peak splitting on the (100) and (200) planes. The diffraction data
for each composition can be seen in figure 74 below.

Figure 74: X-ray diffraction data for the PT-PNN-NN system shows some slight
peak splitting on the (100) and (200) planes.
Table 8: Physical properties of the PT-PNN-NN sytem.
Composition
15PT-25PNN-60NN
20PT-30PNN-50NN
25PT-25PNN-50NN

Lattice
Parameter (Å)

Geometric
Density(g/cm3)

Theoretical
Density(g/cm3)

4.910
4.767
4.888

Tolerance
Factor
0.967
0.972
0.974

High temperature dielectric measurements show the 15PT-25PNN-60NN
composition has high dielectric loss at low and high temperatures. While the
temperature of maximum permittivity exists below room temperature the temperature
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coefficient of capacitance is too large to consider this a possible material for
temperature stable capacitor applications.

Figure 75: (a) Relative permittivity and (b) dielectric loss of 15PT-25PNN-60NN
shows high losses at all temperatures outside of 𝟏𝟎𝟎 − 𝟐𝟎𝟎℃.

Figure 76: (a) The low temperature permittivity data of 15PT-25PNN-60NN shows a
𝑻𝒎𝒂𝒙 below 𝟎℃ and (b) shows low dielectric loss data across −𝟏𝟓𝟎 − 𝟐𝟎𝟎℃.
As suspected from the high dielectric loss levels the polarization versus electric field
measurements show a linear dielectric material with high levels of dielectric loss as
was previously depicted in figure 3.
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Figure 77: Polarization versus electric field data of 15PT-25PNN-60NN shows a
deteriorated linear dielectric response.
Changing the composition to include more PT and PNN curiously decreases the
maximum permittivity by a factor of three for the 10 kHz measurement. While the
temperature coefficient of permittivity does decrease from the previous composition it
is still too high to be considered for any further investigation. The polarization versus
electric field measurements once again confirm a linear dielectric with high dielectric
loss.
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Figure 78: (a) The relative permittivity and (b) dielectric loss of 20PT-30PNN-50NN
shows a decrease in the permittivity compared to the 15PT-25PNN-60NN
composition.

Figure 79: (a) Low temperature relative permittivity and (b) dielectric loss of 20PT30PNN-50NN shows a 𝑻𝒎𝒂𝒙 below room temperature and a stable dielectric loss.
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Figure 80: The polarization versus electric field of 20PT-30PNN-50NN shows a
deteriorated linear dielectric response.
Evening out the relative amounts of PT and PNN did help to improve the maximum
relative permittivity while also decreasing the temperature of maximum permittivity.
However, overall this material still has high dielectric loss values and does not come
close to meeting X7R capacitor specifications. Further investigation of the PT-PNNNN compositions is not necessary due to all polarization versus electric field
measurements showing signs of linear dielectrics with high loss values.
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Figure 81: (a) Relative permittivity and (b) dielectric loss measurements of 25PT25PNN-50NN shows undesirable levels across nearly all temperatures.

Figure 82: (a) Low temperature relative permittivity measurements of 25PT-25PNN50NN and (b) dielectric loss measurements show a 𝑻𝒎𝒂𝒙 below 𝟎℃ acceptable levels
of loss.
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Figure 83: The polarization versus electric field measurement of 25PT-25PNN50NN show a deteriorated linear dielectric response.
Table 9: Dielectric properties of the PT-PNN-NN system
Composition
15PT-25PNN-60NN
20PT-30PNN-50NN
25PT-25PNN-50NN

TCεmid
TCεlow
Tmax (ºC)
(ppm/ºC) (ppm/ºC)
-71.2
-2858
2355
-63.3
-2399
1470
-81.2
-2542
1612

X7R Capacitance
Variation
1067.2
57%
362.4
26%
722.8
52%

ε at Tmax
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4.6 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑆𝑟𝑇𝑖𝑂C
F

F

F

F

Finally the BT-BZT-LZT-ST system is explored and x-ray diffraction data shows this
material has a perovskite phase with small secondary peak right at 30°.

Figure 84: The X-ray diffraction data shows the perovskite structure with a minor
additional peak around 𝟑𝟎°.
Table 10: The physical properties of the BT-BZT-LZT-ST system.
Composition
50BT-25BZT-15LZT-10ST
50BT-25BZT-10LZT-15ST

Lattice
Parameter (Å)

Geometric
Density(g/cm3)

Theoretical
Density(g/cm3)

Tolerance
Factor

3.978
3.988

5.265
5.740

6.532
6.562

1.009
1.006

Dielectric characterization measurements of the 50BT-25BZT-10LZT-15ST
composition show a maximum relative permittivity of 667 and a 𝑇}•] below room
temperature. The temperature coefficient of permittivity for this material is
−885℃/𝑝𝑝𝑚 above 𝑇}•] and dielectric loss remains low for all temperatures except
at extreme high and low temperatures.
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Figure 85: (a) High temperature relative permittivity measurements of 50BT-25BZT10LZT-15ST and (b) dielectric loss versus high temperature measurements show a
low 𝑻𝑪𝝐 and acceptable loss values up to 100kHz.

Figure 86: (a) The low temperature permittivity measurements of 50BT-25BZT10LZT-15ST show a 𝑻𝒎𝒂𝒙 right around 𝟎℃ while (b) shows low dielectric loss
measurements from 𝟎℃ on.
Polarization versus electric field measurements along with the low temperature
dielectric data confirm this material is a linear dielectric with a diffuse peak in
permittivity which is indicative of relaxor dielectrics.

86

Figure 87: Polarization versus electric field measurements of 50BT-25BZT-10LZT15ST show a linear dielectric that can withstand an electric field up to 40kV/cm.
Modification of the batch composition to include more LZT in place of ST was done
to help create a more diffuse peak in permittivity with a 𝑇𝐶𝜖 that is closer to zero
when compared to the previous composition. High and low temperature dielectric
measurements confirm that this is the case with both the 𝑇𝐶𝜖}ÜÝ and 𝑇𝐶𝜖‹Þß being
reduced as seen in table 11. This modification also lowered the 𝑇}•] below 0℃ while
simultaneously lowering the relative permittivity at 𝑇}•] .
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Figure 88: (a) The relative permittivity of 50BT-25BZT-15LZT-10ST shows an even
lower 𝑻𝑪𝝐 at the sacrifice of a lower overall permittivity. (b) The dielectric loss
remains very low under 100kHz and up to 𝟐𝟎𝟎℃.

Figure 89: (a) The low temperature permittivity measurement of 50BT-25BZT15LZT-10ST shows a 𝑻𝒎𝒂𝒙 below 𝟎℃ while (b) shows low dielectric loss values at
all temperatures and frequencies.
Polarization versus electric field measurements once again show a linear dielectric
with a slight deviation from total linearity which could be due to the material
withstanding a higher electric field before shorting across the electrodes. The 50BT-
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25BZT-15LZT-10ST composition also passes X7R specifications with only a 5%

∆W
W[

while still maintaining a relative permittivity above 400 for relavent temperatures.

Figure 90: Polarization versus electric field for 50BT-25BZT-15LZT-10ST shows a
linear dielectric with a dielectric strength of 50kV/cm.

Table 11: Dielectric Properties of the BT-BZT-LZT-ST system
Composition
50BT-25BZT-10LZT-15ST
50BT-25BZT-15LZT-10ST

TCεmid
(ppm/ºC)
-885
-601

TCεlow
(ppm/ºC)
4547
3339

Tmax (ºC)

ε at Tmax

12.6
-1

666.9
469

X7R
Capacitance
Variation
11%
5%
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5. Discussion
Possible relaxor dielectric materials with a low temperature dependency are explored
to find the material with the best combination of relative permittivity, low dielectric
loss, and dielectric strength. The best materials that meet these specifications use the
relaxor dielectric mechanism that creates a diffuse peak in relative permittivity. This
mechanism operates off of creating a high level of disorder within the B site of a
perovskite using ions of different size and valiancy. After finding an ideal synthesis
route to create a single phase perovskite structure each material has its dielectric
properties characterized with respect to temperature. Finally once the dielectric
strength is measured trends can be observed across varying compositions to find the
best material created in this work and hint towards future compositions which may
lead to even better electronic properties.

The first system explored is 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝑆𝑟𝑇𝑖𝑂C which proved
F

F

difficult to create a single phase perovskite, possibly due to processing difficulties
and maintaining batch stoichiometry. These compositions were synthesized into the
perovskite structure and exhibited relative permittivity value’s above 1000 but had a
poor 𝑇𝐶𝜖 value and high dielectric loss across a wide range of temperatures. The BTBZT-ST system also shows a temperature of maximum permittivity that is well above
room temperature, meaning further research on this system should not be pursued
without some type of compositional modification prepared to significantly reduce the
𝑇}•] .
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The next system explored was 𝐵𝑎𝑇𝑖𝑂C − 𝐵𝑖 D𝑍𝑛E 𝑇𝑖E G 𝑂C − 𝐿𝑎 D𝑀𝑔E 𝑇𝑖E G 𝑂C , in
F

F

F

F

which three basic compositions were synthesized to get a general idea of the
compositional range in which a single phase perovskite could be achieved in the
ternary system. The 25BT-50BZT-25LMT composition was the only one in this
system where a single phase perovskite could not be achieved. Both other
compositions show some of the lowest 𝑇𝐶𝜖 values measured in this work with the
25BT-25BZT-50LMT composition having a 𝑇𝐶𝜖 = −136℃/𝑝𝑝𝑚 at 10kHz. These
compositions also have a 𝑇}•] that is well below 0℃ which makes it a possibility for
temperature stable capacitors. For the applications of this study the relative
permittivity was too low and thus the focus shifted towards increasing the relative
permittivity at all temperatures. While high dielectric loss was observed at the
100kHz frequency for the high temperature measurements, this was not the case when
measuring samples using the low temperature environment which might indicate an
issue with the measurement setup on the high temperature Probostat facilitating that
to occur. Overall the 𝑡𝑎𝑛𝛿 ≈ 0.01 for all temperature and frequencies up to around
200℃.

After observing the low 𝑇𝐶𝜖 associated with compositions with high levels of LMT
some additional modifications where made to the most promising compositions done
by McCue in previous work [26]. The constituent 𝐿𝑎 D𝑀𝑔E 𝑇𝑖E G 𝑂C was replaced with
F

F

𝐿𝑎 D𝑍𝑛E 𝑇𝑖E G 𝑂C to aid in the creation of single phase perovskites. The LZT was then
F

F

substituted in small amounts to replace BZT in the BT-BZT-PNN system to try to
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reduce the 𝑇𝐶𝜖 even closer to zero. The best composition resulting from this
substitution appears to be 50BT-20BZT-5LZT-25PNN because it has a 𝑇𝐶𝜖 =
−1575 ℃/𝑝𝑝𝑚 and a 𝑇}•] = −28℃ and a 𝜖K = 838. Overall the addition of LZT
proved to be ineffective at significantly reducing the 𝑇𝐶𝜖 beyond the original BTBZT-PNN compositions. Although many of the material in the BT-BZT-LZT-PNN
system would still be effective X7R capacitors as seen in table 5.

When looking at the tolerance factor of BT-BZT-LZT-ABO3 compositions it appears
the same trend exists that was discovered by Raengthon et al. As the tolerance factor
decreases the 𝑇𝐶𝜖 approached 0. This allows compositional modifications to be
strategically engineered to specifically skew the 𝑇𝐶𝜖 towards 0 ℃/𝑝𝑝𝑚.
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Figure 91 The relationship between the tolerance factor and 𝑻𝑪𝝐 for BT-BZT-LZTABO3 compositions. The same trend observed in an earlier study where decreasing
the tolerance factor can push the 𝑻𝑪𝝐 toward 𝟎℃/𝒑𝒑𝒎.
Compositions based around PT-PNN-BZT-NN had incredibly large 𝑇𝐶𝜖 and had a
ferroelectric polarization versus electric field loops. After observing that this system
would be unsuitable for linear dielectric applications the composition was modified to
have lower levels of lead containing constituents and the system was reduced to PTPNN-NN to help achieve a single phase cubic perovskite. While these modifications
help to achieve a linear dielectric, all compositions within this system had high
dielectric losses making them undesirable for nearly all applications.

The last system looked at was the BT-BZT-LZT-ST system which proved to have
incredibly low 𝑇𝐶𝜖 while maintaining relative permittivity value’s around 500. Both
compositions within this system can easily achieve X7R capacitor specifications and
possess a 𝑇}•] near 0℃. Polarization versus electric field measurements confirm a
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linear dielectric material capable of withstanding fields up to 50 kv/cm for the 50BT25BZT-15LZT-10ST composition. While the relative permittivity is not quite at the
necessary level to meet the application requirements of this project, further
investigation into this quaternary system could find the right balance of dielectric
properties.
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6. Future Work
The most successful compositions from this work are from the BT-BZT-LZT-ST
family which had a maximum permittivity near 0℃ a low 𝑇𝐶𝜖, low dielectric loss,
and a relative permittivity around 500. Both compositions studied in this family meet
X7R specifications but the electronic properties could be improved further if the
temperature of maximum permittivity could be lowered below 0℃ while
simultaneously raising the maximum permittivity. Introducing small amounts of PNN
could achieve the desired results although synthesis of a single phase perovskite with
the level of cation disorder suggested might be difficult. Further exploration of the
quaternary system BT-BZT-LZT-ST should also be pursued considering the success
of the few compositions characterized in this work. Interesting compositions to look
into could be 55BT-20BZT-15LZT-10ST, or 60BT-17.5BZT-10LZT-12.5ST with the
goal being to raise the permittivity while keeping other parameters constant.

The BT-BZT-LZT-PNN system showed some promising results with the temperature
of maximum permittivity well below 0℃ relative permittivity’s around 1000 and a
𝑇𝐶𝜖 ≈ 1400. Future work could explore more compositions with 20% PNN or lower
with the goal being to introduce more LZT to reduce the 𝑇𝐶𝜖. Another compositional
modification that should be attempted is to create a new quaternary system where
LZT is replaced by ST to determine if one reduces the 𝑇𝐶𝜖 better than the other.

While other compositions characterized in this study proved to be far less successful,
additional investigation into a 𝑃𝑇 − 𝑃𝑁𝑁 − 𝐴𝐵𝑂C system could still be a viable
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linear dielectric. If the levels of PT and PNN are kept low enough with another
constituent such as LZT or ST present a low loss linear dielectric could be fabricated
with a sufficiently low 𝑇}•] and 𝑇𝐶𝜖.
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