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Abstract

An investigation into the piezoelectric voltage coefficient (g;;) has been carried out
from a fundamental materials science perspective. For single crystals, the tetragonality
is found to be the structural driving force for high polarisation and g;; coefficients.
Textured ceramics also exhibit high g;; values due to the degree of grain and polarisation
orientation. For polycrystalline ceramics, the presence of grains and grain boundaries
and the associated elastic stresses suppresses g;; at high tetragonalities.

Landau-Devonshire theory has been applied to BiFeO3-PbTiO3 to highlight its po-
tential as a high g;; candidate. Initially the compositional dependence is modelled by
applying Vegard’s law between the Landau coefficients of each end member. Whilst this
manages to replicate the experimentally constructed phase diagram, the spontaneous
strain behaviour is incorrectly described. The second method models the compositional
dependence as an external tensile stress which acts to elongate the unit cell within the
tetragonal phase, and as a shear stress within the rhombohedral region to reduce the
angle between the polarisation and |001|. Using this method, the g33, g31, 915 and g,
for 0.70BiFe03-0.30PbTiO3 are calculated to be 0.208, -0.061, 0.078 and 0.087 Vm/N,
respectively; significantly larger than current military grade devices and previously re-
ported materials.

Nb-doping of 0.65BiFe03-0.35PbTiO3 has been carried out to reduce conductivity.
For all doping regimes, the low-signal AC and DC conductivity decreases by up to an
order of magnitude. Initially Nb-doping hinders the piezoelectric activity however once
annealed, g33 values improve by up to 10 times for some compositions. Impedance spec-
troscopy, P /x-E loops and X-ray photoelectron spectroscopy show that the piezoelectric
behaviour is dictated by the degree of defect distribution, with annealed samples pos-
sessing a more distributed defect network and an increase in domain wall mobility. A
cooling rate study showed that whilst a more randomly distributed defect structure is
achieved compared to unannealed samples, quenching decreases the piezoelectric activ-

ity due to the larger intergranular stress when transitioning through T¢.
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Chapter 1

Introduction

The ability of piezoelectric materials to convert mechanical energy into electrical
energy and vice versa has resulted in them being exploited in applications such as
transducers and actuators for many decades [1]. Often the figure of merit for a piezo-
electric material is the piezoelectric charge coefficient (also referred to as the d;; co-
efficient) which represents the amount of surface charge per pascal. Lead zirconate
titanate (Pb(Zr,Ti)Og or PZT) has been the cornerstone of piezoelectric devices due to
its high performance and versatility through doping and compositional variation with
some compositions reaching a dss of ~750pC/N [2|. However over the past couple of
decades the development and commercial availability of high performance piezoelectric
single crystals with dsg values of ~2000pC/N have revolutionised military and medical
applications [3].

For some applications it is desirable to have a high voltage output achieved through
using piezoelectric materials possessing a higher piezoelectric voltage coeflicient also
known as the g;; coefficient. The relationship between the charge coefficient and the
voltage coefficient is analogous to the fundamental circuit equation ¢ = C'V where ¢
is charge, C is capacitance and V is voltage, where in the case of piezoelectric mate-
rials the capacitive element is represented through the permittivity, es3. Whilst the
direct relationship between the piezoelectric charge and voltage coefficient suggest that
high performance PZT and piezoelectric single crystals will also result in high g;;, an
increased d;; is often coupled with an increased permittivity and therefore the g;; coef-
ficient remains relatively constant in these materials.

Modified lead titanate polycrystalline ceramics have been a favoured choice for hy-
drophone applications with mentions of its popularity going back to the 1980s [4]. Whilst

there has been a significant improvement in active sensors due to the developments men-



Chapter m Introduction

tioned previously, the same cannot be said for passive sensors and therefore the drive
for industry improvements is the ultimate motivation of this project. Significantly large
gij coefficients have been achieved through the use of composites in which commer-
cially available PZT is machined into an array of pillars and surrounded by a resin [5].
Whilst this method has been extremely successful in attaining high voltage coeflicients,
it is a time consuming and costly effort and therefore the need for ‘plug-in-and-play’
bulk piezoelectric materials that mimic established manufacturing routes are still de-
sirable. Furthermore the more recent increase in demand for applications involving the
internet-of-things, energy harvesters and chargers for in situ fatigue monitors have also

motivated research into high g;; materials [5}6].

1.1 Aims & Objectives

Within this project there are two main aims:

e To understand the mechanisms from a fundamental materials science perspective
that drive a high piezoelectric voltage coefficient and study the scientific and

practical limitations

e Use this knowledge to propose other materials that may outperform current mil-

itary grade devices

1.2 Thesis Structure

This thesis consists of six chapters, the first being this introduction. The second
chapter provides definitions and background information to material scientists which do
not necessarily have a specialist knowledge of piezoelectric and ferroelectric materials.
The definitions and information provided is useful for understanding the remaining
chapters in this thesis.

Chapter 3 begins investigating the piezoelectric voltage coefficient from a materials
science perspective and aims to understand the mechanisms behind a high g;; coefficient
in single crystals and single domains, polycrystalline systems and ultimately explores
the scientific and practical limitations. These theories are supported using data from a
range of piezoelectric materials from literature. Using the knowledge gained from the
first part of this chapter, potential material candidates are suggested and an overview
of previous work of high g;; materials is covered with a brief mention of the industrial

scalability.
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Motivated by the observation in Chapter 3 that tetragonality is a significant struc-
tural mechanism for high g;; coefficients, Chapter 4 uses Landau-Devonshire theory
to describe the solid solution of bismuth ferrite lead titanate and demonstrates the
potential of this material as a high g;; candidate from a theoretical perspective.

Chapter 5 involves the fabrication and electrical, structural and chemical analy-
sis of Nb-doped bismuth ferrite lead titanate polycrystalline ceramics with the aim of
combatting the infamous conductivity of this solid solution.

The final chapter concludes the thesis and covers the future work that may further

this research topic.
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2.1 Structural Properties of Materials

A lattice is formed when atoms arrange themselves in such a way as to form an
ordered array of points. To understand the crystallography of a lattice it can be broken
up into unit cells. These cells are the smallest repeating division of a material and
contain all the structural and symmetry information that allows for the macroscopic
structure to be understood [7]. The dimensions (a, b, ¢) and the angles («, 3,7) of

a unit cell are known as lattice parameters and can be used to describe its physical

properties (Figure [2.1)).

v

a

Figure 2.1: Schematic of a unit cell and parameters

2.1.1 Bravais Lattice

Variations in the unit cell parameters give rise to different crystal structures. These

are cubic, tetragonal, orthorhombic, rhombohedral, hexagonal, monoclinic and triclinic.
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Table lists the crystal structures and the corresponding lattice parameters [8].

Table 2.1: The seven crystal systems and their corresponding lattice parameters

System Lattice Parameters
Triclinic a#b#c

a#F f#y#90°
Monoclinic a#b+#c

a=v=90°p3 # 90°
Orthorhombic aZzb#c
a=p=~v=90°

Tetragonal a=b#c
o = B = ’y = 900
Hexagonal a=b#c

a=[=90°%~vy=120°
Rhombohedral a=b=c

a=p=vy#90°
Cubic a=b=c

a=p=v=90°

All crystal systems exhibit one of the seven crystal systems listed in Table Plac-
ing a lattice point at each corner of the unit cell will give rise to seven different lattice
structures. However, Auguste Bravais demonstrated that alternative arrangements of
atoms can be made within the unit cell such as face-, body-, and base-centering, whilst
retaining the requirement that all point lattices possess identical surroundings. Combin-
ing the seven crystal structures in Table and these alternative atomic arrangements

gives rise to the 14 Bravais lattices shown in Figure [8(9].

2.1.2 Symmetry & Space Groups

An important consideration of crystallographic symmetry is the ability to describe
the crystal’s appearance after point operations or translation. A combination of the
symmetry and lattice parameters gives rise to 230 space groups [9). A commonly used
notation of space groups is the Hermann-Mauguin notation. These notations consist of
four symbols, the first of which relates to the lattice type:

Primitive
Body-centered
Face-centered

Base-centered
Rhombohedral

=v @ Ne> N lav)

The two space groups that are most applicable to this project are P4mm and R3c.

P4mm describes a primitive cell exhibiting four-fold symmetry and possesses two mirror
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Triclinic P Monoclinic P Monoclinic C

b . s

Orthorhombic P Orthorhombic C Orthorhombic | Ortharhombic F

Tetragonal P Tetragonal | Hexagonal P Rhombohedral R

CubicP Cubic | CubicF

Figure 2.2: The 14 Bravais Lattice |9

planes, and R3c describes a thombohedral unit cell with three-fold rotational symmetry

and a glide plane in the c-axis.

2.1.3 Lattice points, planes and directions

Atoms or planes of atoms within a unit cell can be located by using Cartesian
coordinates relative to the origin. Using Figure [2.3] as an example, the point P relative
to the origin O is 011, vector OQ is [111] and plane R is a (001) plane.

Furthermore the appropriate notation is dependent on reference to either a single

vector or plane or a family of directions or planes:
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v

Figure 2.3: Illustration demonstrating points, vectors and planes within a unit cell

[001] = single direction vector along z axis
(001) = [001],[010], [100] — family of directions
(001) = single plane perpendicular to [001] vector

{001} = (001), (010), (100) — family of planes

2.1.4 Perovskite Structure

The perovskite structure is one of much scientific and technological interest due to
its ability to exhibit interesting structural and electrical properties such as pyro- and
piezoelectricity. The perovskite structure is one that adopts the formula ABOg, in which
A ions are located at the corners of the unit cell, and the B ion is surrounded by an
oxygen octahedral cage [10].

Although an ideal perovskite adopts a cubic structural phase, many oxide perovskites
deviate from this and adopt symmetries depending on the relative size of the ions [11].
The stability of a perovskite can be described using the Goldschmidt tolerance factor,
ta, shown in Equation 2.1] [10]:

rA+7ro

tqg = m (2.1)

Where r4, ro and rg are the ionic radii of the A-, O- and B-site ions, respectively.

The value for the tolerance factor can give a good indication as to the structural phase
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Figure 2.4: Schematic of a perovskite lattice structure

of the material [10]. A tolerance factor >1 indicates a tetragonal phase whereas a

tolerance of <1 implies a rhombohedral phase [12].

2.1.5 Defects

Within a crystalline structure there are many categories of defects such as line,
planar and point defects. Point defects generalise the description of defects that occur
due to missing atoms (vacancy defects), the substitution of atoms with foreign ions
(substitutional defects), and the occupation of site within the crystal structure which
are usually unoccupied (interstitial defects) [1|. An example of planar defects involves
grain and phase boundaries which describe the abrupt difference in crystallographic
orientation between two regions. In the case of ceramics, these two regions manifest
themselves as separate grains which grow and meet during sintering. Another example
of a planar defect are stacking faults which arise due to the local disruption between
stacking layers. Atoms that may normally follow an face-centered cubic ABCABC
sequence may adopt close-packed ABABAB sequence, resulting in an ABCBCABC
stacking sequence [13]|. Line defects refer to the misalignment of atomic planes within
a lattice and can be subcategorised into edge and screw dislocations. Edge dislocations
are visualised as an insertion or removal of a plane of atoms that disrupt the local crystal
structure by causing surrounding atoms to expand or collapse in order to accommodate.
Screw dislocations are formed when planes of atoms are twisted with respect to each
other similar to a twisted piece of flat ribbon, however unlike edge dislocations, screw
dislocations do not possess any additional or missing planes |14].

Although all defects have an influence on the mechanical and electrical properties
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of electroceramics, this thesis will mainly focus on the effects of point defects, more
specifically vacancy and substitutional defects on the electrical properties of materials
(section [2.2.4]). Subsequently, the mechanisms of point defects will be described using

Kroger-Vink Notation where possible.

2.1.5.1 Krdger-Vink Notation

Kroger-Vink notation is a useful method in describing chemical reactions whilst
removing the ambiguity between vacancies with an associated charge and valence state
charge notations on isolated ions. Kroger-Vink notation often takes the form Vé“ where
V' is the lattice vacancy or ion, B is site location and A is relative charge [1|. For
example, Og indicates an oxygen ion located on an oxygen site and shows no relative
charge difference, however Nb7, describes a niobium ion located on a titanium site with
a single positive relative charge, as titanium is often 4+ and niobium 5+. Table

summarises the different notations and corresponding definitions.

Table 2.2: Kroger-Vink notations and corresponding definitions

Notation Definition

V Lattice vacancy
h Hole

e Electron

/

Relative negative charge
Relative positive charge
X Neutral charge

2.2 Electrical Properties of Materials

2.2.1 Dielectrics and Polarisation

When two equal and opposite charges are positioned such that the distance between
them is much smaller than the distance from the observer, an electric dipole is formed.
An electric dipole moment (1) is described as the product of the charge (¢) and distance
(d) between them as shown in Equation [15]:

w=gq.d (2.2)

A dielectric material is defined as an insulator or non-conductive material which
under the application of an electric field can exhibit a polarisation P, a quantity denoting

the dipole moment per unit volume, v, as in Equation [15].
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P= % (2.3)

When discussing dielectric materials, it is useful to discuss capacitors. When a
potential difference (V') is applied between parallel electrodes, each with a surface area
A, and separated by a distance d, the electric field strength (F) and capacitance (Cp)
as shown in Equation and can combine to give an expression for the amount of
stored charge (go) as shown in Equation [15].

Vv
E=- (2.4)
Aeg
=— 2.
Co=— (2.5)
qo = CoV = AE(]E (2.6)

Where € is the permittivity of free space (8.85x10712 F.m~1) [15].
If a dielectric material is placed between the parallel electrodes, the amended charge
stored, g1, changes by a factor of e:
q1 = AepeE (2.7)
Where ¢ is the permittivity of the dielectric material. The difference in charge
storage can then be expressed through Equation [15]:
Aq =q1 —qo = A€0E<6 — 1) (28)
Equation 2.8 can be substituted into Equation [2.2]to find the electric dipole moment

and therefore the polarisation of the dielectric as in Equation [15]:

P =

SHRS

=¢(e—1)E =neE (2.9)

Where 7 (=e-1) represents the susceptibility of the medium. However due to many
oxide perovskites possessing relative permittivities much larger than one, € >>1, quite
often the susceptibility will be considered equal to the permittivity, n—e [15]. The four
main mechanisms in which a material can become polarised under the application of an

external field are shown in Figure [2.5] [1]:

10



Chapter |§t |Background Information|

E _>
Polarization Unpolarized Polarized
process state state
/ .
\
Atomic f\- + -
\'-. = /
+ - + -+ = +=- 4= 4=
-+ - + - + - 4= = o+
lonic + - + = + - + - + - o+ -
-+ - + - 4+ - 4= += o+
+ = 4+ = 4+ = + - +=- o+ -

Dipolar

Space charge
or diffusional

Figure 2.5: The four main polarisation mechanisms [1]

Atomic polarisation refers to displacement of the electron cloud within an atom to
behave like a dipole. Ionic polarisation refers to the relative displacements between
cations and anions within an ionic material. A dipolar polarisation is used to describe
a material in which permanent dipoles are already present. When no electric field is
applied, the dipoles are randomly orientated such that no net polarisation is observed.
When an electric field is applied the dipoles will rotate to become parallel to the external
field and a non-zero net polarisation is observed. Finally space charge polarisation arises
when defect sites and grain boundaries form a potential barrier giving rise to dipole
moments within a material [1].

Due to the non-idealistic nature of dielectrics, the permittivity is expressed as a

complex value consisting of a real and an imaginary part as shown in Equation [2.10}

= —jé' (2.10)

Where j = /-1, €, ¢, and €’ are the complex, real and imaginary permittivity,

respectively. The imaginary component is associated with lossy mechanisms such as

11
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conduction or rotation of charges and atoms [1]. A useful figure of merit to both material
scientists and device engineers is the dissipation factor (tand) which is mathematically
defined as the ratio between the imaginary and real components of dielectric permittivity

as shown in Equation The larger the value of tand, the more lossy the material.

6//
tand = " (2.11)
Both the real and imaginary components of the permittivity are frequency depen-
dent. At certain frequencies of alternating field polarisation mechanisms will ‘freeze out’

and its contribution to the real permittivity is eliminated. This ‘freezing out’ mechanism

can also be characterised by a peak in the imaginary permittivity [1].

. lonic
£y Dipotar Atomic
[EHHEEHEIEE SRR P
1 Swrr A B s
= : [ /
0 ~10'0 ~1013 ~10 Frequency/Hz

Frequency/Hz

Figure 2.6: Real (¢') and imaginary (¢’) permittivity as a function of frequency illus-
trating the contributions and relations of different polarisation mechanisms [1|

2.2.2 Ferroelectricity

Ferroelectricity is a subgroup of pyroelectricity, which in turn is a subgroup of piezo-
electricity. The most general description of a ferroelectric is a material that has re-

versible spontaneous polarisation under the application of an applied field [16].

2.2.2.1 Ferroelectric Phase Transitions

When a ferroelectric is heated above a critical temperature, it becomes paraelectric

in which it adopts a centrosymmetric structural phase and no polarisation and piezoelec-

12
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tric behaviour can be observed. The threshold temperature in which this ferroelectric-
paraelectric transition occurs is known as the Curie temperature [17] and is material
dependent with BaTiO3 and PbTiO3 possessing Curie temperatures of ~130°C [17]
and ~490°C |18, respectively.

The two forms of phase transition are first order and second order. A first order
(discontinuous) transition is accompanied by a release of latent heat and discontinuity
in internal energy, enthalpy, entropy and volume. In a second order transition, the
phase changes continuously to zero and thermodynamic properties are all continuous,
however their first derivatives are discontinuous [19).

Below the Curie temperature a ferroelectric can still experience phase transitions.
However instead of a loss in polarisation the preferred polarisation orientation changes
as a result of a change in structural phase [20]. Using barium titanate as an example
(Figure , on cooling below 0°C the structural phase changes from a tetragonal state
with polarisation along the (001) to an orthorhombic phase with preferred polarisation
along the (011) direction, to finally a rhombohedral phase below -90°C with polarisation
along the (111) axes [1].

SR P o
J 130 °C a
la
\ .

Cubic

i
I 3 Orthorhombic
o 0°C
Tetragonal Rhombohedral
-90°C
& ‘ ‘\

Figure 2.7: Structural phase changes of BaTiO3 from a high symmetry cubic paraelec-
tric states above 130°C to a lower symmetry rhombohedral phase below -90°C [1]

2.2.2.2 Ferroelectric Domains

As a ferroelectric must possess at least two stable polarisation states, there are re-
gions within the material that possess a polarisation vector that differs from another
region. These regions are known as domains and are separated by domain walls [21].
Domains form in an attempt to reduce the elastic and electrostatic energy associated

with the transformation from a paraelectric to ferroelectric state, and the number of

13
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possible orientations and direction of these domains are structurally dependent. In a
tetragonal system there are 6 different orientations located along the (001); 180° do-
mains form to reduce the electrostatic energy and 90° ferroelastic domains form to
reduce the elastic energy associated with the distortion along the perpendicular (Figure
. However a rhombohedral structure possesses 8 possible orientations located along
the body diagonals (111) of the unit cell, therefore 71° and 109° domains form as well

as 180° domains, however no 90° domains are present [22].

creation of 90° walls

stress ar ar
‘_ Cr
+ aT
Cr Ps
A ar i Cr
dc| phase + + + + LT
\ Ps
Eq
C —
ac T1|Ps Cr

—_—— - - + -+
creation of 180° walls

Figure 2.8: 90° and 180° formation in tetragonal materials [23|. a and c represent the
crystallographic lattice parameters within the tetragonal (T) and cubic (C) phase. Pg
is the spontaneous polarisation and Eg is the depoling field which acts opposite to the
polarisation and originates from the difference in charge at each electrode

Although the formation of domains aids the reduction of the electrostatic energy,
there is an energy cost to the formation of domain walls. The most energetically
favourable domain configuration will occur when there is a balance between the energy
saved from the formation of domains and the energy cost of domain wall formation |20].

Initially the domains will arrange themselves such that no macroscopic polarisation
will be observed. The material can be altered in order to show a non-zero polarisation
through the application of a DC field. This process is known as ‘poling’. When poling
occurs, the domains reorient themselves into a metastable state to reduce the angle
between the dipole and applied electric field. When the applied field is removed, the

domains will often relax into a more stable configuration whilst retaining a non-zero

14
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macroscopic polarisation. However the material can be returned to a state of zero
net polarisation either through the application of stress or by heating above the Curie
temperature. Poling is often carried out at temperatures above room temperature in
order to increase domain wall mobility, a phenomenon that plays a significant role in

the poling process, and achieve larger piezoelectric properties [24].

2.2.2.3 Hysteresis Loops

A common characterisation tool in ferroelectricity is a hysteresis loop shown in Fig-
ure[2.9] An increasing field is applied to the material and the resultant polarisation is
measured until the material reaches a saturation point at which no further reorienta-
tion of domains can occur. The field is then switched until saturation in the opposite
direction is achieved and finally reversed again to complete the cycle. Key features
of a hysteresis loop are displayed in Figure The saturation polarisation, Py, is
the maximum achievable polarisation; the remanent polarisation, P, is the amount of
polarisation at zero field; the coercive field, E., is the field at zero polarisation; and
the electric field breakdown, Eg, is the point at which the material becomes electrically

conductive [25].

Figure 2.9: Polarisation, P vs. electric field, E for a ferroelectric material. Pgy is
saturated polarisation, P, is remanent polarisation, E., is coercive field, and E; is the
breakdown field

15
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2.2.3 Piezoelectric Properties
2.2.3.1 Electrostriction

Electrostriction describes the strain induced in a material under applied field and
is a phenomenon that occurs in all non-conducting materials. Its existence occurs due
to the displacement of charges within a crystal lattice under a static field, however the
material response if often infinitesimal. The equation that describes electrostriction can

be seen in Equation 2.12]

zij = Qiju Pr P (2.12)

Where x;; is a second-rank strain tensor, P, and P} are first-order polarisation

vectors and ();;x; is the fourth rank electrostriction tensor.

2.2.3.2 Piezoelectricity

A material that has the ability to convert mechanical energy into electrical energy,
or vice versa, is known as a piezoelectric material [1]. This phenomenon is known as the
direct piezoelectric effect when an external pressure induces an electric response, and is
known as the converse piezoelectric effect when a mechanical strain is induced from the
application of an electric field [1]. The equations that describe the direct and converse

piezoelectric effect are shown in Equation and respectively [26].

P = di; X; (2.13)

Where P is polarisation, X is stress, x is strain and F is electric field. Both Equation
and show a linear dependency between the magnitude of polarisation and
stress for the direct piezoelectric effect and between the strain and electric field for the
converse piezoelectric effect which can be described by a constant, d;; [26]. This constant
is known as the piezoelectric charge constant and is a hugely important parameter for
applications in SONAR and ultrasonic transducers [26).

Although both electrostriction and the converse piezoelectric effect relate polarisa-
tion to strain, the distinction is that this relationship is linear in the latter whereas the

former exhibits a quadratic relationship as shown in Equation 2.12]

16
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2.2.3.3 Material Properties in Piezoelectricity

Piezoelectric Charge Coefficient, d;;

As mentioned previously the piezoelectric charge coefficient (d;;) is one of the most
important material properties in piezoelectricity and describes the amount of surface
charge generated per pascal for the direct piezoelectric effect, or the amount of strain
developed per unit electric field for the converse piezoelectric effect [20]. The subscripts,
1 and 7, are used to determine the direction of the electric field and mechanical deforma-
tion with respect to the polarisation direction. For example, the ds3 is the piezoelectric
charge coefficient when the electric field and mechanical deformation are both parallel
to the direction of polarisation. Alternatively, the d3; is the piezoelectric coefficient
when the polarisation is along the 3-axis and mechanical deformation is perpendicular

to the direction of polarisation |20].

(a) (b)

Figure 2.10: Schematic of the (a) longitudinal, (b) transverse, and (c) shear piezoelectric
modes denoting the ds3, ds; and di5, respectively

The hydrostatic piezoelectric charge coefficient, dj, describes the surface charge per

Pascal when in an immersed surrounding such as oil or resin, and is calculated using

Equation [2.15]

dp = ds3 + d3o + ds31 (2.15)

Piezoelectric Voltage Coefficient, g;;

Another important material property which relates to the sensitivity of a device is the
piezoelectric voltage coefficient (g;;), otherwise known as the piezovoltage coefficient,
which is defined as the amount of electric field generated per unit pressure (Vm/N)
[27]. Similarly to the piezoelectric charge coefficient, the piezovoltage coefficient can

be described using the subscripts ¢ and j. The g33 coefficient can be calculated using

Equation [27].

17
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d
g33 = — (2.16)
€0€33

Where ds3 is the piezoelectric charge coeflicient, €y is the permittivity of free space,
and €33 is permittivity. A more in depth understanding of the g;; coefficient both
mathematically and physically is provided in Chapter 3. Furthermore the need for
large g;; coefficients is explained in Section

Electromechanical coupling factor, k;;

The electromechanical coupling factor (k) is described as ‘possibly the best single
measurement of a strength of a piezoelectric effect’ [20]. It is defined as being the
square root of the ratio between the amount of converted energy and the total input
energy. The value for k can vary greatly from material to material, with typical values of
0.1 achieved for quartz and values of 0.9 for Rochelle salts [20]. Equation and
show the k? calculations for the direct and converse piezoelectric effect, respectively.

mechanical energy converted into electrical energy

k? = . : (2.17)
input mechanical energy

12 electrical energy converted into mechanical energy (2.18)
B input electrical energy '

2.2.3.4 Morphotropic Phase Boundary (MPB)

The boundary between a rhombohedral phase and a tetragonal phase is known as
a morphotropic phase boundary (MPB) and gives rise to enhanced piezoelectric and
dielectric properties. The combination of possible polarisation orientations from the
tetragonal and rhombohedral phases results in the increased sensitivity to external fields
and stress [28]. As shown in Figure , the rhombohedral phase has eight possible
polarisation directions along the body diagonal of the unit cell, whereas the tetragonal
phase has six polarisation directions along the (001). Near the MPB, the degeneracy in
energy states for both structural phases results in the ease of reorientation to external

effects [28].

18
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Figure 2.11: Phase diagram of Pb(Zr] 4 Tiz )O3 and a schematic of possible polarisa-
tions in the rhombohedral and tetragonal phases and near the MPB [29]. The number
above each unit cell represents the number of possible polarisation directions

2.2.4 Doping

The introduction of foreign ions possessing a higher or lower valence state to that
which it is replacing can have significant implications on the electrical properties of
piezoelectric perovskite materials. The two resulting terms for the effects of doping are
‘hard’ and ‘soft’. To illustrate, the example of isovalent and aliovalent doping will be
applied to Pb(Zr,Ti)Os.

When an undoped PZT sample undergoes sintering, PbO loss occurs resulting in the

formation of oxygen and lead vacancies within the lattice as shown in Equation 2.19]

PbOs — PbOy t +Vp, + V5 (2.19)

Where PbO; and PbOy represent lead oxide in solid and vapour form, respectively
and 1 represents a species leaving the system, V/, is a vacancy located on a Pb-site
resulting in a 2- relative charge, V5 is a vacancy on an oxygen site resulting in a 2+
relative charge.

More generally to electroceramics, similar behaviour in bismuth containing materials

results in the formation of A-site and oxygen vacancies shown in Equation [2.20]
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BisO3s — BisOsy T +2Vé”— +3V5 (2.20)

2

Where BiyO3s and BioOgy represent bismuth oxide in solid and vapour form, re-
spectively. V/ is a vacancy on a bismuth site resulting in a 3- relative charge, and V};
is as above.

One method to reduce the concentration of lead (and/or bismuth) vacancies is the
excess of PbO (and/or BiaO3), either within the ceramic or through controlled atmo-
spheric conditions. However oxygen vacancy formation can still occur independent to

other vacancy formation mechanisms as shown in Equation [2.21]

1 ,
0% — 502 1475 + 26 (2.21)

Where Og is an oxygen ion located on an oxygen site showing no change in relative
charge, %02 1 is half an Oz molecule leaving the system, V5 is an oxygen vacancy
showing 2+ relative charge, and e is an electron.

When a foreign ion with a higher or lower valence state is introduced at the expense
of the original ion, vacancies will be formed in order to retain charge neutrality. When
an acceptor ion such as Fe3T is substituted for a Ti*t ion on the B-site, the charge
difference is compensated through the formation of oxygen vacancies as shown in Figure

2.22¢

Fey03 — 2Feq; + 308 + V; (2.22)

Where F e/Ti is an iron ion located on a titanium site resulting in a 1- relative charge.
OX and V;; are defined as above.

It is suggested that a complex defect dipole moment is formed between the accep-
tor and oxygen vacancy whose orientation is parallel to that of the local Pg, therefore
inhibiting domain wall motion [30]. This increasing difficulty in poling results in the
piezoelectric material becoming ‘hard’. This associated restriction in domain wall mo-
tion results in a decrease in the piezoelectric, dielectric and elastic properties. However
due to the internal friction and associated heat generation through domain wall motion
being restricted, the mechanical quality factor increases therefore making acceptor dop-
ing appropriate for materials used in high-power applications where stability to external
stimuli is desired [30].

When a donor ion such as Nb>* is substituted for either Ti** or Zrt in PZT, the

20
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concentration of oxygen vacancies is reduced and the charge difference is compensated

through the formation of Pb-site vacancies as shown in Figure [2.23

NbyOs — 2Nbp; + 508 + Vi (2.23)

Where Nb7,; is a niobium ion on a titanium site and a resulting 2+ relative charge.
Oé( and Vlgb are defined as above.

The reduction in oxygen vacancy concentration results in increased domain wall mo-
bility and therefore increased piezoelectric, dielectric and elastic properties [30]. How-
ever the internal friction associated with domain wall motion results in an increase
in mechanical and dielectric losses and a decrease in the mechanical quality factor.
Furthermore, the introduction of acceptor ions often results in the destabilisation of fer-
roelectric domain structure resulting in a decrease in the Curie temperature [31]. The
increased sensitivity to changes in stimuli such as electric field results in donor doped
piezoceramics being referred to as ‘soft’ and are more suitable candidates for actuator

applications.

2.3 Relevant Materials

2.3.1 Lead Titanate, PbTiOg

The ferroelectric properties of lead titanate were first reported by Shirane et al. in
1950 [32]. Whilst other oxide perovskites can be observed to undergo multiple struc-
tural phase transitions below T, PbTiO3 exhibits no phase transitions to symmetries
lower than tetragonal [33]|. It possesses a much larger spontaneous strain with room
temperature X-ray analysis showing a tetragonality of 6.3% [34,35] compared with that
of barium titanate (1.1%) [20] . A theory for this behaviour is that it is due to the
hybridisation of the Pb 6s and O 2p orbitals resulting in enhanced covalence and there-
fore spontaneous strain compared with that of similar oxide perovskites [34]. The large
spontaneous strain also results in highly anisotropic piezoelectric and ferroelectric prop-
erties, i.e. the ds3/ds1 and gs3/gs1 are greater than other materials due to the intrinsic
decoupling between the 33 and 31 modes [36].

The synthesis of pure lead titanate in polycrystalline form and in large single crystal
form is difficult due to the tendency to fracture due the large lattice strain experienced
when cooling through the cubic-tetragonal phase boundary. In order to alleviate this

and enhance piezoelectric functionality A-site doping has been carried out in order
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to reduce the tetragonal strain, a strategy that will be discussed in greater depth in

Chapter 3.

2.3.2 Bismuth Ferrite, BiFeO3

Bismuth ferrite was first discovered in 1957 by Rowan and Swars [37]. It adopts a R3¢
space group and has gathered much attention over the decades for a number of reasons
[38]. Firstly it is a promising candidate as a lead-free alternative for some applications, a
current challenge facing the ferroelectrics community. Secondly it possesses a very large
Curie temperature of ~830°C becoming useful for applications in harsh environments
such as high temperature. Finally, the ability to exhibit multiferroic behaviour at room
temperature promises a significant number of multifunctional device applications [38].

A disadvantage associated with bismuth ferrite is the difficulty in forming a pure
single phase in the bulk form. This is due to the volatile nature of bismuth oxide
during sintering creating unwanted secondary phases and undesirables such as Bi2O3,
BigFe409 and BigsFeO39 [38]. Furthermore BiFeO3 exhibits significant conductivity
which is attributed to the reduction of Fe3* ions to Fe?" and the generation of free

charge carriers as in Equation and oxygen vacancy conductivity through loss of

volatiles as in Equation and [39].

Fe3t — Fe?t 4 ¢ (2.24)

Tonic substitution on both the Bi site and Fe site have been attempted in order to
combat this issue. Substitution of bismuth with rare earth elements such as samarium
[40] and neodymium [41] and substitution on the Fe site with dopants such a zinc [42]
and manganese [43| have all been successful in improving the resistivity.

A method to overcome unwanted secondary phases of bismuth ferrite and the sig-
nificant leakage current is to alloy with other ABO3 perovskite oxides. Examples of
this include BaTiO3 [44], SrTiO3 [45] and as will be discussed further in Section [2.3.3]
PbTiO3. The fabrication of a solid solution has allowed for the formation of a mor-

photropic phase boundary and also a decrease in the leakage current [38].

2.3.3 Bismuth Ferrite Lead Titanate, (x)BiFeO3—(1-x)PbTiO3

(x)BiFeO3 - (1-x)PbTiO3 (BFPT) is a solid solution of the rhombohedrally dis-
torted BiFeO3 and tetragonally distorted PbTi0g3. Similarly to lead zirconate titanate,

BFPT possesses a morphotropic phase boundary at which an increase in piezoelectric
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response is observed [46]. However the exact location of the MPB is still unclear. Fed-
ulov [47] in 1964 observed a rhombohedral-tetragonal mixed phase region spanning from
0.66<x<0.73 as shown in Figure and additional studies by Woodward et al. [48]
confirmed the existence of a rhombohedral-tetragonal mixed phase structure at x=0.70
using electron diffraction. A rhombohedral-orthorhombic-tetragonal MPB was discov-
ered between 0.72<x<0.80 by Ye et al. [49] using X-ray diffraction; an orthorhombic
phase is also observed by Bhattacharjee through refinement methods [50]. The discrep-
ancy in the location of the MPB is a result of the significant internal stresses which vary
with processing conditions and therefore influences the compositional dependence [51].
Although the location and compositional width of the MPB is unclear, the almost exclu-
sive spontaneous strain behaviour of this solid solution is widely accepted and is shown
in Figures Whilst many other solid solutions with a lead titanate end member
observe a decrease in spontaneous strain from 6% with decreasing lead titanate content
within the tetragonal region, the opposite is observed in BFPT with spontaneous strains

being reported up to 18.7% [36].
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Figure 2.12: Ferroelectric and magnetic phase diagram of the (x)BiFeO3 - (1-x)PbTiO3
solid solution. Adapted from [47] to show composition in molar fraction. The red line
represent the Néel temperature where a antiferromagnetic-paramagnetic transition oc-
curs. Ferroelectric behaviour is present from 0°C to T where a ferroelectric-paraelectric
phase transition is observed. The compositional space between 0.65<x<0.72 represents
a PAmm++ R3c mixed phase region; the left and right hand side of this region represents
a tetragonal and rhombohedral phase, respectively.
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Figure 2.13: Lattice parameters and tetragonality, cp/arp, as a function of composition
in a (x)BiFeO3—(1-x)PbTiO3 solution (values taken from [52])

It is this large spontaneous strain that results in processing difficulties associated
with this material. The dwell times and cooling rates associated with sintering regimes
familiar to other materials result in either severe macro-cracking or full disintegration
of the sample. In order to form well-sintered dense ceramics, a time-costly controlled
grain growth and cooling regime have to be adopted. Another issue is that BFPT
possesses a large coercive field [53|, which results in poling difficulties. Unlike poling
regimes for other ‘hard’ piezoelectric materials such as PZT-4 which can adopt a hot-
poling system, BFPT shows significantly large electrical conductivity facilitated by Fe?*+
/ Fe3T hopping at elevated temperatures. This significant conductivity also makes
electrical characterisation of BFPT samples difficult [54] and it is due to these issues
that characterisation data on BFPT is limited.

It was proposed by Bell et al. [55] that two conduction mechanisms are present in
BFPT ceramics. The first is Fe?* /Fe3* hopping which generates free charge carriers as
shown in Equation that can contribute significantly to leakage and the second is
oxygen vacancy conductivity which arises from the loss of volatiles such as Bi and Pb
during fabrication and can also arise independently.

In order to alleviate the problem of conductivity, BFPT has been subject to A-site
and B-site substitution similarly to studies on pure BiFeO3. Studies that involve A-site
substitution with a Bi*T ion include La®* [511/53]/56] and Nd** [57./58|, both showing an

increase in resistivity compared to undoped BFPT. Furthermore B-site substitution with
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the Fe3* has been carried out using Ti*t [55,59], Mn** [55], Sm3* [60], Gd3* [61,62],
and Nb5* [63] again showing improved insulative properties.

Not only does doping reduce the conductivity of BFPT, but also improves the fer-
roelectric and piezoelectric properties for two reasons. Firstly the substitution of A-site
ions disturbs the covalence therefore reducing the tetragonality and the associated do-
main clamping, secondly the reduction in conductivity allows for more aggressive poling
regimes to be carried out such as poling under high temperatures for ease of domain
switching or higher poling fields without dielectric breakdown occurring both of which
can result in improved piezoelectric performance. Table[2.3]lists structural, piezoelectric

and dielectric properties of some doped BFPT polycrystalline ceramics.

Table 2.3: Piezoelectric, dielectric and structural data for a range of pure and modified
BiFeO3—-PbTiO3 polycrystalline ceramics from throughout literature

Material dss3 €33 c/a Tc g33 tand Ref.
(pC/N) (°C)  (mVm/N) -
0.70 BiFeO3 - 0.30 PbTiO3 11 148 1.178 477 8.4 158]
0.70 (Bi0.95Nd(.05)FeO3 — 0.30 PbTiO3 18 198 1.174 476 10.3 158]
0.70 (Bi0.90Nd0.10)FeO3 - 0.30 PbTiO3 34 158  1.170 450 24.3 158]
(Bi0.48Nd(.08)FeO3 — 0.44 PbTiO3 72 374 1.064 353 21.8 0.0186  [57|
(Bi0.50Nd0.08)FeO3 — 0.42 PbTiO3 76 383 1.050 373 22.4 0.0201  [57|
(Bi0.52Nd0.08)FeO3 — 0.40 PbTiO3 142 388 389 41.4 0.0255  [57]
(Bi0.54Ndp.08)FeO3 — 0.38 PbTiO3 72 405 390 20.1 0.0145  [57]
(Bi0.56Nd0.08)FeO3 — 0.36 PbTiO3 70 423 405 18.7 0.0189  [57]
(Bi0.58Nd0.08)FeO3 — 0.34 PbTiO3 59 479 412 13.9 0.0208  [57]
(Bip.14Nd0.20)FeO3 — 0.66 PbTiO3 50 898  1.016 253 6.3 0.0376  [57]
(Bi0.16Nd(.20)FeO3 — 0.66 PbTiO3 102 910 1.016 260 12.7 0.0210  [57|
(Bip.18Nd(.20)FeO3 — 0.66 PbTiO3 111 1240 1.013 286 10.1 0.0223  |[57]
(Bi0.20Nd(.20)FeO3 — 0.66 PbTiO3 135 1583 1.012 301 9.6 0.0269  [57)
(Bi0.22Nd0.20)FeO3 — 0.66 PbTiO3 55 1689 324 3.7 0.0312  [57|
0.60 (Bip.9Lao.1)FeO3 - 0.40 PbTiO3 112 580 1.100 460 21.8 0.0250 156]
0.60 (Bin.9La0.1)(Fe0.99Ti0.01)03 — 0.40 PbTiO3 115 619  1.080 454 21.0 0.0270  [56]
0.60 (Bip.9La0.1)(Fe0.98Ti0.02)03 — 0.40 PbTiO3 117 682  1.070 450 19.4 0.0320  [56]
0.60 (Bip.9La0.1)(Fe0.96Ti0.04)03 — 0.40 PbTiO3 115 703 1.070 447 18.5 0.0410  [56|
0.40 Bi(Fe0.60CGa0.40)03 — 0.60 PbTiO3 52 207  1.090 540 28.4 0.0200 |62
0.65 BiFeO3 — 0.35 PbTiO3 10 370 1.104 632 3.0 151
0.61 (Bin.975L20.025)Fe03 — 0.39 PbTiO3 11 313 1.093 4.0 151
0.60 (Bi0.950La0.05)Fe03 — 0.40 PbTiO3 17 433 1.058 4.5 151]
0.59 (Bi0.925La0.075)FeO3 — 0.41 PbTiO3 21 375 1.045 6.4 [51]
0.585 (Bin.90La0.10)FeO3 — 0.415 PbTiO3 107 563  1.043 386 21.4 [51)
0.57 (Bip.85La0.15)Fe03 — 0.43 PbTiO3 170 838 1.038 22.9 151
0.56 (Bip.80La0.20)FeO3 — 0.44 PbTiO3 229 1865 1.023 264 13.8 [51)
0.54 (Bi0.70La0.30)FeO3 — 0.46 PbTiO3 96 1912 1.012 189 5.7 151
0.70 Bi(Fe0.95Ga0.05)03 — 0.30 PbTiO3 48 337 638 16.2 0.0310  [64]
0.65 (Bi0.70La0.30)(Fe0.95Ga0.05)03 — 0.35 PbTiO3 51 572 614 10.2 0.0310  [64]
0.60 (Bin.90La0.10)(Fe0.95Ga0.05)03 — 0.40 PbTiO3 163 878 382 21.0 0.0370  [64]
0.57 (Bi0.80La0.20)(Fe0.95Ga0.05)03 — 0.43 PbTiO3 296 1755 263 19.0 0.0489  [64]
0.70 (Bip.8La0.2)(Fe0.95Ga0.05)03 — 0.30 PbTiO3 58 771 429 8.5 0.0541  [65)]
0.65 (Bio.8Lap.2)(Fe0.95Ga0.05)03 — 0.35 PbTiO3 119 858 353 15.7 0.0424  |[65]
0.60 (Bi0.8La0.2)(Fe0.95Ga0.05)03 — 0.40 PbTiO3 183 1362 284 15.2 0.0529  [65)
0.575 (Bio.8La0.2)(Fe0.95Ga0.05)03 — 0.425 PbTiO3 293 1754 261 18.9 0.0506  [65]
0.55 (Big.8Lag.2)(Fe0.95Ga0.05)03 — 0.45 PbTiO3 237 1226 266 21.8 0.0353  [65]
0.525 (Big.8La0.2)(Fe0.95Ga0.05)03 — 0.475 PbTiO3 86 964 10.1 0.0248 65|
0.50 (Bio.8Lag.2)(Fe0.95Ga0.05)03 — 0.50 PbTiO3 101 722 315 15.8 0.0265  [65]
0.45 (Bin.8La0.2)(Fe0.95Ga0.05)03 — 0.55 PbTiO3 78 616 335 14.4 0.0353  [65)]

Table shows the general research trends with regards to the doping of BiFeOs-

PbTiOg3 polycrystalline ceramics, showing a popularity for rare-earth doping. It is also
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seen that relatively high dss values can be achieved compared to undoped BiFeOs-
PbTiOs with significant doping levels, mainly due to the decrease in the tetragonality
facilitated through A-site substitution which will be discussed further in Section
Table also shows that a significant proportion of doping regimes are isoelectronic,
most likely due to the desire to improve piezoelectric properties rather than reduc-
ing the conductivity. The studies mentioned previously where aliovalent B-site doping
has occurred, show a reduction in the conductivity through conventional donor-doping
mechanisms which result in the elimination of oxygen vacancies. However these stud-
ies focus purely on reducing the conductivity and no piezoelectric or crystallographic
properties are measured and hence are not listed in Table

Taking into account these considerations, the choice of Nb for the donor-doping
of BiFeO3-PbTiO3 in Chapter 5 are for the following reasons. The use of Nbt for
donor-doping and the elimination of oxygen vacancies is a widely-accepted, fundamental
mechanism within the field of ferroelectrics. So much so that the example of Nb-doping
is taught in undergraduate lectures and published in textbooks [66H68] which cover
the fundamental scientific concepts in the field. Although niobium doping of BiFeOs-
PbTiOj3 polycrystalline ceramics has been carried out previously by Zuo et al. [63], only
1mol% was studied as part of a wider range of dopants and no piezoelectric properties
were measured, therefore still providing scope for an original and more thorough study.

The second consideration is a from a potentially industrial perspective. Niobium
pentoxide (NboOs) is a relatively cheap metal oxide (2kg - £770 + VAT [69]) which is
advantageous from a business perspective where high-throughput, large-batch ceramic

processing may be taking place.
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2.4 Piezoelectric Materials in Sonar Applications

Piezoelectric materials are used in a wide range of areas from engine knock sen-
sors to inkjet printing and fuel injection systems to medical and military transducers
and in 2015, Amcite Market Intelligence valued the demand for piezoelectric devices
at approximately $21.6bn [70]. Although the diversity of applications of piezoelectric
materials are relatively broad, this section primarily focusses on the use of piezoelec-
tric materials for sonar applications. The application of piezoelectric materials can be
broken down into active and passive applications, both which will be discussed in the

following sections.

2.4.1 Applications in Active Sonar

Active sonar systems rely on the projection of sound using acoustic transducer which
are then detected either by a separate hydrophone located away from the projector
or self-detection of reflected signals [71]. The performance criteria for piezoelectric
materials in this particular application involve a high efficiency and high power output
and are usually operated at resonant frequencies in order to magnify the output motion
[72]. The power density, I', for a piezoelectric ceramic can be calculated using Equation

2. 201

I = wQ,k* E*/2 (2.25)

Where w is the angular frequency, Q,, is the mechanical quality factor, k is the
electromechanical coupling factor, €’ is the permittivity at constant tensile stress and

FE is the electric field strength.

2.4.2 Applications in Passive Sonar

In many applications the active sonar system will act as a projector and hydrophone.
However there are cases in which the use of a separate hydrophone is required. Examples
of these are towed arrays which are towed from a ship at a distance to remove the self-
noise generated, surveillance sonar, passive search and ranging sonars and sonobuoys
[72].

As the human ear is a poor receiver of sound underwater the main aim of the
hydrophone is to act as ears by detecting or ‘hearing’ pressure variations created by

acoustic signals and comparing them to the background noise of the water. When an
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incident acoustic signal reaches a hydrophone, a voltage is generated that is propor-
tional to the pressure. The major difference between the projectors and hydrophones
is the operating conditions. Projectors tend to be used at resonance to maximise the
power output whilst hydrophones are operated over a wider range of frequencies below
resonance and favour a high open circuit output voltage and a low signal-to-noise. The
difference in the intended usage of the device results in a difference in performance
criteria and different figure of merits compared to that of active sonar systems that
fundamentally stem to the performance criteria of the piezoelectric ceramic [72].

Whilst projectors can be found to have reasonably complicated set-ups, hydrophones
can possess a humbler schematic where the most basic set-up is a piezoelectric material
with electrodes, relevant wiring and waterproofing means.

The electric field experienced at the electrodes of a piezoelectric that have been

applied parallel to the polar axis, Fs3, can be defined by Equation [2.26]

E3 = g31X1 + g3 Xo + 933 X3 + (43 D3 (2.26)

Where g;; are the piezoelectric voltage coefficients, X is stress, (g; is the impermit-
tivity at constant stress and Ds is the electric displacement along the polar axis.

The electric field intensity can be integrated to determine the voltage as shown in

Equation 2.27}

t/2
V= / Esdz = Fsd (2.27)
—t)2

Where z is the polar direction and d is the thickness of the sample.
Combining Equation and for an open circuit condition where D=0 results
in Equation [2.28

V = g31d X1 + g32d X3 + g33d X3 (2.28)

If the 3 face is exposed, and 1 and 2 are shielded from the incident signal then
X1=X5=0 and X3 is equal to the pressure amplitude of the signal, p;, and the hy-
drophone sensitivity, Mss, can be calculated using Equation [2.29]

M33 = V/pl‘ (2.29)

Where V' is voltage and p; is the pressure of an incident acoustic wave.
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This similar treatment can be applied to cases where the 2 or 1 face are exposed and
the resulting two faces are both shielded giving equations for M3; and Mso, respectively.
When all faces are exposed to the incident acoustic wave, X1, Xo and X3 are all

non-zero, the hydrostatic sensitivity, Mp, can be calculated as shown in Equation [2.30]

M, = gnd (2.30)

Where gj is the hydrostatic voltage coefficient which similarly to the hydrostatic
charge coefficient described in Section represents the voltage coefficient is sub-
merged in oil or resin.

Calculated values for the hydrophone sensitivities are referenced to 1V per micropas-
cal and are therefore multiplied by 1076 to convert from Pa. The receiving voltage

sensitivity (RVS) is then quoted on a logarithmic scale as shown in Equation [2.31]

RV'S = 20logio| M| (2.31)

From a materials science point of view, the equations above highlight the importance

of the piezoelectric voltage coefficient and hence the motivation for this work.
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Chapter 3

An Investigation into the

Piezoelectric Voltage Coefficient

Many applications which monitor changes of the local environment are carried out
through the measurement of voltage which is then converted to the desired digital
format. An example of this is temperature monitoring with a thermocouple. When
two dissimilar metals are joined at each end and a temperature gradient is introduced,
a voltage is generated due to the thermoelectric effect or Seebeck effect 73|, the size
of which is material dependent. In knowing the metals used in the thermocouple and
measuring the voltage, a digital conversion to temperature can be made [74]. Another
example is a humidity monitor where two conductive films are separated by an insulative
layer. When moisture collects on the insulative layer, a voltage difference is experienced
between the electrodes which is digitally converted into grams per cubic meter or more
commonly relative humidity |[75]. As shown in section this principle of voltage
measurement is similar for electroacoustic pressure sensors in sonar applications where
the voltage generated from an incident wave is converted in decibels [72].

Over the decades commercially dominant lead zirconate titanate has been the cor-
nerstone of piezoelectric ceramics in device applications. Its tailorability offers a wide
range of piezoelectric and dielectric variation with some formulations achieving ds3 val-
ues of <750pC/N [2]. The drive for enhanced piezoelectric performance has resulted in
much attention being paid to Generation I, II and III piezoelectric single crystals with
commercially available PMN-PT single crystals achieving dss of up to 2000pC/N [3].
Whilst the use of single crystals has revolutionised medical and military transducers,
the improvement in piezoelectric performance is often coupled with the enhancement

of the relative permittivity as shown in Figure [3.1] which ultimately limits the voltage

30



Chapter @ |An Investigation into the Piezoelectric Voltage Coefficient

generated (V=q/C).
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Figure 3.1: The relative permittivity as a function of ds3 for a range of commercially
available polycrystalline and single crystal materials. All datapoints taken from [76],
except values for Gen II and III single crystals which are taken from Ref. [77]. “Other”
materials include modified lead titanate, barium titanate and bismuth titanate poly-
crystalline ceramics.

The relationship between piezoelectric charge coefficient (d;;), piezoelectric voltage

coefficient (g;;) and permittivity at constant tensile stress (ez;) is analogous to the

relationship between voltage, charge and capacitance (V=q/C) as shown in Equation

B.1-B.4

ds3
933 = (3.1)
63360

ds
g31 = (3.2)
63360

dis
915 = (3.3)

d
9n = Tih (3.4)

Where dss, ds1, dis, and dj are the longitudinal, lateral, shear and hydrostatic

charge coefficients, 63T3 and €7} are the parallel and perpendicular components of the
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permittivity at constant tensile stress, and ¢g is the permittivity of free space.

Figure suggests that improving the voltage coefficient which is represented by
the inverse gradient is self-limiting and that significant improvement cannot be achieved
as the trend shows the relative permittivity scales with ds3. However the advancement
of processing capabilities with single crystals and textured ceramics, the development of
new materials and tuning of current materials either compositionally or through doping
has resulted in the successful enhancement of the voltage coefficient.

Much attention has been focussed on the demonstration of high gs3 and g, values in
polymer-ceramic (PC) composites and current reviews about high gs3 materials focus
mainly on the development of new PC devices using commercially available PZT and/or
the use of Pb-free materials in current PC devices [78-81]. A limiting factor is the rela-
tively low working temperature range in which it can be used until the polymer begins
to warp and buckle. Applications requiring a high throughput of piezoceramics such
as piezoelectric arrays drive the need for readily available ‘plug-in-and-play’ materials
that share similar processing to PZT.

It is the aim of material scientists to correlate a materials physical property with that
of their functional properties and therefore this chapter aims to shed light on the funda-
mental mechanisms that drive high g;; coefficients for single crystal and polycrystalline
materials. Comparisons to literature are made and the limiting factors considered. Fi-
nally materials both past and present possessing an enhanced g;; compared to PZT are

discussed.

3.1 Single Crystals and Single Domains

The Landau-Devonshire derived piezovoltage coefficients in the tetragonal, orthorhom-

bic and rhombohedral phases are expressed as [82]:

0 0 0 0 QuP; 0
Tetragonal 0 0 0 QuaPs 0 0
2Q12P3  2Q12P3  2Q11P3 0 0 0
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0 0 0 0 QuP3 QuPs3
Orthorhombic 2Q12P3 2Q11P3 2Q12P3 Q44P3 0 0
2Q12P3  2Q12P3 2011 P35 QuP3 0 0

20113 2Q12P3  2Q12P3 0 QuP3  QuP3
Rhombohedral 2@12P3 2@11P3 2@12P3 Q44P3 0 Q44P3
2Q12P3  2Q12P3 2Qu1 P53 QuP3; QuP3 0

Where @;; are the electrostriction coefficients and P3 is the polarisation along the
[001] when the spontaneous polarisation is broken down into 3 orthogonal components.

For all structural phases, the expressions above identify the need for large polari-
sation along the [001]| (P3) as the electrical driving force for high g;;. For tetragonal
materials, the spontaneous polarisation (Pg) =P5, whereas for the orthorhombic and
rhombohedral phase it is =P3/v/2 and =P3/+/3, respectively. Whilst this means that
large g;; coefficients are attainable from orthorhombic and rhombohedral materials, it
implies that the most significant enhancement is observed in tetragonal materials.

The intimate relationship between macroscopic polarisation, tetragonality (c¢/a) and
ionic displacement has been studied by Qi et al. [83] using density functional theory
calculations of single domain systems. Two methods for achieving large [001] polar-
isation are presented. The first is based on the rattling ion model where the use of
B-site ions with small radii results in large ionic displacements and therefore its contri-
bution to the polarisation. The presence of B-site ions with small radii can also result
in structural stability due to the ease of forming short A-O bonds. The second method
is doping with a small quantity of large B-site ions which increases ionic displacement
due to volume expansion of the unit cell. The tolerance factor suggests that a large
B-site ion results in the most stable structural phase being rhombohedral facilitated by
the rotation of the octahedral oxygen cage. However, providing small concentrations of
large B-site ions such that the TiOg octahedra can retain rigidity and [001] orientation,
A-site displacement is preferred in order to achieve the desirable A-O bond which in
turn elongates the unit cell and increasing the polarisation.

Cohen [84] has given insight into the atomic nature of tetragonal materials by observ-

ing the electronic structures of BaTiO3 and PbTiO3 through density functional theory.

33



Chapter @ |An Investigation into the Piezoelectric Voltage Coefficient

Whilst both materials are tetragonal at room temperature, there is a vast discrepancy
in the spontaneous strain. Cohen found through calculations of the electronic density of
states that whilst both materials show hybridisation of Ti 3d and O 2p, a characteristic
imperative to ferroelectric behaviour, PbTiOg3 also exhibits A-O hybridisation between
the Pb 6s and O 2p orbitals. This additional bonding contribution along with the rela-
tively small ionic radius of Pb (1.49A [85]) compared to Ba (1.61A [85]) results in some
shorter A-O bonds in PbTiO3 and hence leads to larger c/a ratio and polarisation [84].
Similar A-O covalence has also been observed in Bi-based materials with hybridisation
between Bi 6s and O 2p sites [86]. Li- [87] and K-based [88| perovskites show mostly
ionic bonding between A-site and oxygen ions, similar to BaTiO3 and therefore lack
the chemical, structural and electrical mechanisms behind high g;; coefficients. Despite
the current drive within the ferroelectrics community for lead-free alternatives, evidence
suggests that the need for highly polarisable A-site ions such as Pb are highly desirable
along with Bi for large tetragonality, polarisation and therefore g;; coefficients in single
crystal form.

Figure shows the gs3, gs1, 915 and gy as a function of tetragonality from experi-
mental and theoretical work of P4mm single crystals. Material properties of tetragonal
crystals are scarce for two reasons. Firstly the drive for materials possessing high d;;
coefficients has resulted in the preferred growth of [001] domain engineered rhombohe-
dral crystals, making the motivation for the growth of tetragonal crystals low. Secondly
the significantly large spontaneous strain of materials particularly with a tetragonality
exceeding 1.5% results in processing difficulties, with samples often possessing signifi-
cant macro-cracking or small sample size which limits characterisation ability. Despite
these factors, Figureshows a general increase in gss, |g31], 915 and gp, with increasing

tetragonality.
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Figure 3.2: Piezoelectric g33, g31, g15 and g, coefficients as a function of tetragonality,
c/a for P4mm single crystals throughout literature. Material properties listed in Table
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Figure 3.3: Piezoelectric anisotropy between the shear-longitudinal modes (g15/g33) and
lateral-longitudinal (gs;/g33) for tetragonal single crystals from literature

The increase in tetragonality also results in an increase in piezoelectric anisotropy be-
tween both the lateral-longitudinal g31/gs3 modes and shear-longitudinal modes g15/g33

as shown in Figure 3:3] An explanation for the increasing anisotropy is the enhanced
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covalence between the B-site and axial oxygen ion which may electrically clamp ions
and increase the preferential polarisation longitudinally rather than laterally.

It is useful to calculate the piezoelectric properties as a function of angle away
from the polar axis to observe whether a ferroelectric material exhibits ‘extender’ or
‘rotator’ behaviour. Rotator ferroelectrics arise when the piezoelectric properties are
enhanced through the application of an electric field away from the polar axis. These
types of ferroelectrics also possess higher dy5/d33 ratios with the large shear component
contributing to ds; values which reduces the hydrostatic properties. Extender ferro-
electrics possess smaller dj5/dss ratios and show the largest dss along the polar axis,
and therefore contribution to the ds; from the shear component is substantially lower
resulting in larger piezoelectric anisotropy and hydrostatic coefficients.

If all piezoelectric properties are known, the orientational dependence can be calcu-
lated by converting to alternative coordinate systems. The longitudinal charge coeffi-
cient (di3) and relative permittivity (€15 /eg) as function of angle away from the polar

axis (©) can be calculated using Equation and , respectively.

d33 = c0s0(d315in*0O + dy55in*O + d33c05°0) (3.5)
€1y Jeo = (€1, /€0)sin’O + (el3/€0)cos*O (3.6)

Figure shows the polar plots of (a) dis, (b) €l5/eo, and (c) gi; at different
tetragonalities. The d35 shows clear distinguishability between the rotator and exten-
der behaviour of tetragonal materials. Electrically the critical value of dy5/d33 at which
a rotator ferroelectric converts into an extender ferroelectric is approximately 1.5 [89].
Whilst the lack of di5 and €7 /e values results in significant gaps between each c/a
ratio, Figure (a) shows the critical value of tetragonality for a rotator-extender
transition occurs within 1.013 and 1.036. For €15 /e, all materials show a similar trend
showing a maximum perpendicular to the polar axis. The dielectric anisotropy is largest
at low tetragonalities which exhibits a more defined ‘donut’ shape with larger indenta-
tion along the polar axis. As tetragonality decreases the dielectric anisotropy decreases,
gradually replacing the well-defined donut shape with an elongated sphere however still
showing a maximum perpendicular to the polar axis. The g3 is observed to increase
continuously along the [001] with tetragonality similar to Figure Whilst the piezo-

electric d34 coefficient clearly distinguishes between extender and rotator ferroelectrics,
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the piezoelectric g35 coefficient shows extender ferroelectric behaviour for all tetragonal

materials.
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Figure 3.4: Polar plots of (a) piezoelectric charge coefficient, dj; (b) relative permit-
tivity, €25 /€0, and (c) piezoelectric voltage coefficient, g, as a function of angle away
from the polar axis. d3; was calculated using Equation and 6?;3 /€0 calculated using
Equation using ds3, ds1, dis, €43/€0 and €1, /€o values for tetragonal single crystals
and single domains from literature.

37



Chapter @ |An Investigation into the Piezoelectric Voltage Coefficient

3.2 Polycrystalline Ceramics

Figure shows the ¢33, g31 and g, for polycrystalline materials as a function of
tetragonality. Whilst for single crystals the tetragonality appears to be the significant
driving force (Figure B.2)), for polycrystalline samples the relationship is more com-
plicated. A wide distribution for g3z can be observed with peak values achieved at
tetragonalities between 1.015 and 1.030. The initial increase in gs3 may be attributed
to the increasing polarisation similar to behaviour for single crystals, however above 3%
tetragonality the gss continuously decreases. The distribution of g3; is much smaller
and remains relatively unchanged compared to g3z with values ranging from -0.3x10~3
to -5.9x1073Vm/N. A combination of the distributions in the g;; coefficients also results

in a wide distribution of g,.
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Figure 3.5: Piezoelectric gs3, g31, and gy, as a function of tetragonality for polycrystalline
ceramics from throughout literature. Material properties listed in Table A.2

The significant difference between polycrystals and single crystals is microstruc-
ture, with polycrystalline samples made up of many grains which lack any long range
orientation, whilst single crystals consist of one grain with long range translational sym-
metry. It is most likely that the more complex microstructure in polycrystals and the
subsequent intergranular effects have drastic effects on electrical properties similar to
behaviour observed for the piezoelectric d;; coefficient.

Leist et al. [51] used the case study of La-doped BiFeOs-PbTiOs polycrystalline
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ceramics to study the effect of tetragonality on the piezoelectric and dielectric proper-
ties. It was found that above a critical tetragonality of 1.045 the suppression of domain
switching resulted in dss values of 10-20pC/N, whereas below the critical tetragonal-
ity dss values of up to 10 times greater were measured. It was also postulated that
the nucleation of new domains through the application of an external electric field is
energetically unfavourable due to the enormous elastic energy for highly tetragonal ma-
terials. Li et al. [90] showed an increase in domain wall density with increasing La
content for La-doped BFPT. Although not explicitly stated by the author that this was
a result of decreasing domain wall strain energy through decreasing tetragonality, it may
be a likely cause. Yoon et al. [91] have also investigated the influence of tetragonality
on piezoelectric properties of (1-x)BaTiOs-(x)Big5Nag5TiO3 polycrystalline ceramics.
It was found through transmission electron microscopy and polarisation-electric field
loops that an increase in tetragonality reduces reversible domain wall contributions
to piezoelectricity and reduces irreversible domain wall mobility. Furthermore, high-
energy X-ray diffraction studies have also shown a decrease in 90° domain wall motion
at increasing tetragonalities [92]. As domain wall density and motion heavily influence
the piezoelectric properties, the suppression of domain walls though intergranular stress

leads to low d33 and therefore low g33 values in polycrystalline samples.
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Figure 3.6: Relative permittivity against relative porosity for Ba( 765r0.24TiO3 Ce-
ramics. Taken from [20]

The effect of intergranular stress can be alleviated with the introduction of pores
within the piezoceramics. The presence of pores in a material can reduce the intergran-
ular stress, and the elastic constraints from neighbouring grains are reduced therefore
reorientation of individual grains is easier and backswitching is less likely to occur. Not
only do porous ceramics aid in the reorientation of individual grains but the dilution of
the permittivity as shown in Figure [3.6 can also dramatically increase the piezovoltage
coefficients. Bowen et al. [93] showed that the hydrostatic g, can be significantly im-
proved through the introduction of porosity into PZT with values for g increasing from
~5x1073Vm /N for highly dense piezoceramics to >150x10~3Vm/N at 40% relative den-
sity. Although the reduction in relative density compared to conventionally processed
PZT reduces the piezoelectric ds3 simply through the shear lack of piezoceramic present,
the degradation of the relative permittivity due to the replacement of ceramic within
the sample which typically can possess €. >100 with air (e,=1) results in improved
gs3. Furthermore the effect of porosity also reduces the ds; at a much quicker rate than
the ds3 resulting in greater hydrostatic properties.

Another consideration is the coercivity of polycrystalline ceramics compared to sin-

gle crystals. Polycrystalline samples typically possess a higher coercive field than their
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single crystal counterparts as shown in Figure due to ferroelastic domain wall pin-
ning at grain boundaries which in turn requires higher fields to overcome [20}94-96].
For materials possessing low tetragonality or materials that are ferroelectrically soft,
the amount of electric field required is practically achievable, however for materials with
high tetragonality the amount of field required exceeds practical capabilities therefore

results in low d;; and g;; values through insufficient poling.
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Figure 3.7: PE loops for single crystal and polycrystalline BaTiO3. Taken from |20

It is interesting to note that KNN-based ferroelectric materials show relatively large
g33 values with relatively low values for the tetragonality [97]. Whilst this could sim-
ply be coincidental that KNN-based materials occupy the region where the polarisation
contribution from tetragonality is at a maximum before microstructural effects begin to
suppress the gss, Ahn et al. [98] proposed that the electronegativity of these materials
could be considered a key factor. The authors constructed a function , F; shown in
Equation [3.7] that not only considers the tolerance factor but also the average elec-
tronegativity (Equation and found a correlation between the F; and ¢33 shown in
Figure [3.§

F, = A(teg + Ax)/Ax (3.7)
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Ax = (xa-o0 + xB-0)/2 (3.8)

Where t¢ is the Goldschmidt tolerance factor as shown in Equation XA—o is the
difference between A-site and oxygen-ion electronegativity, and xp_o is the difference
between B-site and oxygen-ion electronegativity, Az is the required dopant mole fraction

in order to induce an orthorhombic-tetragonal phase transition.
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Figure 3.8: The orthorhombic-tetragonal transition doping level, * and ¢33 as a func-
tion of F; (Equation for modified KNN polycrystalline ceramics. Taken from [98|

Equation cannot be applied generally as many materials do not require a doping
regime in order to create a tetragonal phase and therefore x=0. However the idea that
electronegativity may have a significant role on the piezovoltage coefficient is one to be
explored. Figure[3.9|shows g33, g31 and g;, values against the average electronegativity ¥
(Equation and the difference between electronegativity of A and B ions compared to
oxygen Ax (= [xa—o0 — xB-0]/2). In both cases no clear relationship can be observed
and therefore any potential relationship between the electronegativity and g;; is still

unclear.
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Finally the relative atomic weights between A and B site ions has also been postu-
lated to give good correlation between material properties and gs3. As shown in Figure
B.10the g33 is relatively unchanged for lead based materials due to the coupling between
the permittivity and ds3 as shown previously in Figure For B-site heavy materials

such as the modified KNN family, the inverse relative atomic weight shows that whilst
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the ds3 shows a similar trend to lead based materials the permittivity follows the in-
verse trend and therefore the g3 is drastically improved to twice that of lead based
materials [99]. As mentioned by the authors, the reason for this phenomenon is still

unknown.
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3.3 Material candidates for high g;;

3.3.1 Lead Titanate, PbTiO3

The use of lead titanate in hydrophone applications is not recent. However to
overcome the issue of processing, the lead titanate polycrystalline ceramics are heavily
modified to reduce the spontaneous strain. Table shows the reported piezoelectric
and dielectric properties of some modified lead titanate polycrystalline ceramics. Sim-
ilarly to the doping of BiFeO3-PbTiO3 polycrystalline ceramics shown in Table
rare-earth doping of PbTiO3 has been a popular choice for the enhancement of piezo-
electric properties. Although the values for the d33 and d3; are inferior to that of PZT,
the lower values for the d3; due to the intrinsic decoupling of 33-31 modes through sig-
nificant tetragonality, results in higher hydrostatic properties that compared to PZT.
Furthermore, the reduced permittivity which is another product of increased tetrag-

onality also results in higher gs33 and gp coefficients compared to PZT, making these
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materials more suitable for passive sonar device applications. Due to industry confi-
dentiality with regards to the chemical formulations of these materials, it is difficult
to say exactly what modifications modified lead titanate ceramics have been under-
taken. However the author suspects that the materials used in device applications are
(Pbg.72Cag.24) (Coo.5Wo.5)0.04Ti0.0603 polycrystalline ceramics, based on the similarity
in material properties between those quoted in Ref. [100], and the material properties

that are quoted for hydrophone devices in Ref. [101].

Table 3.1: Piezoelectric, dielectric and structural data for a range of pure and modified
PbTiO3 polycrystalline ceramics from throughout literature

Material ds3 ds1 dp, 933 g31 an Ref.
(PC/N)  (pC/N) (pC/N) (mVm/N) (mVm/N) (mVm/N) _
Pb[(Yo0.5Nbo.5)0.07(Tio.5Zr0.5)0.93]O3 330 -146 38 23.8 -10.5 2.7 |102]
Pbo.ss5Lao.15Tio.906 Moo.02Fe0.0203 64 20.2 [103]
Pbo.76Caon.24Tin.98Mng 0203 50 -4.1 41.8 34.0 -2.7 28.5 |104]
Pbo.73Smg.02Cap.24Tip.98 Mng.0203 52 -3.5 45.0 28 -1.9 24.2 |104|
Pbo.70Smg.04Cag.24Tig.908 Mng 0203 65 -3.4 58.2 31 -1.6 27.7 |104|
Pbo.67Smo.06Cap.24Tip.08Mng.0203 75 -3.2 68.6 28 -1.2 25.6 |104]
Pbo.645Smg.08Cag.24Tig.98 Mng 0203 78 -2.5 73.0 23 -0.8 21.5 |104|
Pbg.75Lag.02Cag.24Tipg.98Mng.0203 48 -2.2 43.6 33.5 -1.5 30.4 I105|
Pbo‘76Ca0,24Ti0A955T&0A02MHOA0203 33 -1.1 30.8 29.8 -0.1 27.8 I105I
Pbo.76Caon.24Tio.98Mng 0203 45 -2.0 41 34 -1.5 31 |106]
Pbo‘74La0‘02Ca0,24TioA98Mn0A0203 54 -2.2 49.6 34.4 -1.4 31.6 IlOGI
Pbg.72La0.04Cag.24Tip.08 Mng.0203 60 -2.4 55.2 28.4 -1.1 26.1 |106]
Pbo.70Lag.06Cag.24Tig.98Mng.0203 75 -2.6 69.8 25.1 -0.9 23.4 |106]
Pbo_ﬁgLaQ_ogCao_24Ti0A98Mn0A0203 85 -3.0 79 32.5 -0.3 24.1 IlOGI
(Pb0_76Ca0‘24)(CO()‘{,W()‘{))0_04Ti[),9603 68.2 -3.2 61.9 36.8 -1.7 33.4 IIOOI
PbTiOs + 0.05Bi, /3 TiOs 9.1 3.1 2.9 6.6 -2.1 2.4 |107]
PbTiOs + 0.025PbZn; ;3Nby /303 20 -1.5 17.0 11 -0.8 9.3 [107]
PbTiO3 + 0.05PbZn; /3Nby /303 47 -7 33 23 3.5 16 [167]
PbTiO3 + 0.05PbNby /503 37 -10 17 16 -5.2 5.6 [107]
PbTiO3 4 0.025Bi(%no 5 Ti0.5)03 43 2.5 38 23 -1.5 20 [107)
PbTiO3 + 0.05Bi(Zng 5Tio.5)03 37 -3.9 29 28 -3 22 [107]
PbTiO3 + 0.025Biy3Zn; 3Nby /303 15 4.4 6 8 2.5 2.9 [167]
PbTiO3 + 0.05Bis/3Zn; ,3Nby 303 47 7.4 32 28 4.1 19.8 [167]
Pbo.g75Lao.025Ti0.90Mng.01 03 52.8 -5.8 41.3 27.1 -3.0 21.2 |108]
Pbo‘985La0‘015Ti0,99Mn0‘0103 62 -8.0 45.9 18.5 -2.4 13.7 |108]
Pbo.ossLao.015TiO3 83.8 -16.5 50.8 20 -3.9 12.1 |108|

The growth of PbTiO3 in single crystal form aims to improve g;; coefficients by
exploiting the larger degree of translational symmetry. Despite the large spontaneous
strain and volatile nature of reagents, high quality lead titanate single crystals have
been grown and tested possessing gs3 values from 104.9-154.3x1072 Vm /N, |g31| values
between 22.4-49.4x107% Vm/N and g values from 40.5-102.8x1073 Vm/N [109-111].
The large variation in material properties can stem from sample quality, differences in
chemistry and quantity of flux, and method of testing and associated errors of characteri-
sation. Generally these values are found to be in agreement with theoretical calculations
made by Haun et al. [112].

The growth of large pure lead titanate crystals has been attempted using a number

of crystal growing techniques such as the flux method, float-zone method and top-
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seeded solution growth method. Table lists the techniques used for growing lead
titanate crystals and achieved dimensions and the piezoelectric and dielectric properties

of characterised lead titanate single crystals are shown in Table

Table 3.2: Achieved crystal dimensions for a range of growth techniques from throughout
literature for PbTiO3

Growth Technique Dimensions (mm?3)  Ref.
Top-seeded solution growth 32x32x6 [113]
Flux growth 4x3x2 [114]
Float-zone growth 5x2x2 [115]
Self-flux growth 5x5x5 [116]
Flux growth 3x2x1 [117]
Flux growth 20x12x 3 [118]
Flux growth 25x15x15 [119]
Flux growth 2x2x0.2 [120]
Flux growth 3x28x1.1 [121]
Flux growth 45x45x1.7 [122]
Self-flux growth 4x4x2 [123]
Flux growth 10.1 x 10.1 x 2.9  [124]
Czochralski 207 x 3 (circular) [125]
Flux growth 45x25x0.6 [126]
Flux growth 5x3x1 [127]
Flux growth <10 [128]

It is obvious to see from Table that the scalability in growing highly tetragonal
crystals is a major issue for commercialisation. Arguably the most scalable method
of growing ferroelectric single crystals is by modified Bridgman method where single
crystals of PMN-PT with 3" & have been achieved and are commercially available [129].
In this method material is placed into a platinum crucible which is in turn placed into
a dual-zone vertical furnace. The material is melted in the ‘hot’ zone and is then slowly
lowered into the ‘cold’ zone which is below the melting point to induce crystallisa-
tion [130]. This method is well suited for growing rhombohedral crystals where the
volume expansion when cooling through the Curie temperature is <1% and thus the
only limitations are the size of furnace and crucible. The physical constraints of the
platinum crucible wall and the volume expansion of the material when cooling through
Te results in intense cracking or even complete disintegration of samples. The practical
limit of tetragonality for using the modified Bridgman method is unclear, however Li
et al. [131] observed significant cracking at the top of a Bridgman grown PIN-PMN-PT
single crystal with ¢/a ratio of 1.016, whereas regions within the same crystal where
¢/a=1.009 and 1.011 showed no signs of cracking. Although growing crystals possess-

ing ¢/a=1.011 may be the most commercially scalable option, this would limit the gss,
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g31, 915 and g, to approximately 80, -30, 20 and 20x1073Vm/N according to Figure
Whilst these values for gss, g31, and g5 exceed that of many other materials,
the hydrostatic voltage coefficient is lower than that of modified PbTiO3 polycrys-
talline ceramics [1004104-106,132]. Commercial barium titanate with a tetragonality of
approximately 1.1% is processed using top seeded solution growth (TSSG) which over-
comes the issue of crucible constraints [133-135]. Whilst this method may be suitable
for barium titanate, the extreme loss of volatiles for bismuth and lead based materials
results in exposure time limitation and therefore crystal size.

Another crystal growth technique that may be considered is solid state crystal
growth [136]. Whilst this technique is very much still in its infancy, it may be the
future of commercially grown single crystals due to its low costs relative to other tech-
niques and similar to TSSG overcomes the issue of the physical constraint of the crucible
walls for highly tetragonal materials.

Another possibility of fabricating high g;; piezoelectric materials that may be com-
mercially viable are textured ceramics. Textured ceramics offer an intermediate between
polycrystalline ceramics and single crystals. Although the presence of grains and grain
boundaries is similar to polycrystalline ceramics, the microstructure is designed in order
to provide a degree of crystallographic and polarisation alignment similar to single crys-
tals [137,/138]. Liu et al. [139] have fabricated <001> textured tantalum and antimony
co-doped 0.99KNN-0.01CaZrO3 with texturing degrees varying from 71.5-88.8%. Com-
parisons to non-textured samples of identical composition showed an average increase
in the gs3 of 85.0%. Furthermore, work on textured BCTZ [140] showed an increase
in the g3 from 12.5x1073Vm/N for nontextured ceramics to 34.3x10~3Vm/N for 96%
textured ceramics. However the most significant gs3 has been measured for textured
lead titanate ceramics. Yan et al. [141] were able to fabricate textured Sm and Mn
co-doped PbTiO3 ceramics using templated grain growth method. It was found that as
the degree of texturing was increased, the piezoelectric dss increases from 53pC/N for
non-textured ceramics to 95pC/N and 127pC/N for 82% textured and 95% textured,
respectively. The relative permittivity decreases with increasing texture giving values
of 202, 146 and 124 for non-textured, 85% and 95% textured, respectively. The rea-
sons for the enhancement of the dss3 and suppression of the dielectric permittivity are
analogous with those of single crystals. As the texturing degree increases, the angle
between crystallite polarisations and the polar axis, where a maximum dsg for an ex-

tender ferroelectric and a minimum relative permittivity is observed, decreases. The
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simultaneous increase in the piezoelectric dss coefficient and decrease in the relative per-
mittivity results in the significant increase in gs3 from 30x10~2 Vim/N for polycrystalline
PbTiOj3 ceramics to 74x1073Vm/N for 82% textured ceramics and 115x10~3Vm/N for

95% textured samples.

3.3.2 Bi(Me)O3—-PbTiO3 Single Crystals

High quality single crystals of tetragonal BiScOs3-PbTiO3 have been grown using
the solution growth method (or flux method). Initial results reported in 2002 by Zhang
et al. [142] showed that single crystal 0.66BiScO3-0.34PbTiO3 possessed a g33 and gy,
75.3x1073 Vm/N and 42.2x1073 Vm /N, respectively, and later in 2004 grew and char-
acterised modified BiScO3-PbTiOg3 [143]. Although it is unclear what modification
was made and the stoichiometry of the crystals, a g33 and g;, of 60.6x1072 Vm/N and
18x1073 Vm/N were reported.

Liu et al. [144] have grown and characterised Bi(Zn,Ti)O3-PbTiO3 and Bi(Zn,Nb)Os-
PbTiO3 crystals using top-seeded solution method. Although the nominal stoichiom-
etry was calculated to be 0.4BZT-0.6PT and 0.3BZN-0.7PT, energy dispersive X-ray
analysis indicated stoichiometry of the crystals to be approximately 0.14BZT-0.86PT
(BZTPT14) and 0.38BZN-0.62PT (BZNPT38). The tetragonality was reported as be-
ing 1.069982 and 1.04363 for BZPTPT14 and BZNPT38 crystals, respectively, and it
was reported that BZTPT14 crystals possess a d33 of 138pC/N and relative permittiv-
ity of 120 resulting in a g3z of approximately 130x10~3 Vm/N, and BZNPT38 crystals
possess a daz of 157pC/N, a relative permittivity of 250 and g3 of 71x10~2 Vm/N.

The extremely large tetragonality reported for BiFeOs-PbTiOg3 [36],48,49.|145|146]
also raises the notion of this solid solution being a potential candidate as a high g;;
material. Burnett et al. [147] have grown 0.5BiFeO3-0.5PbTiO3 crystals using the flux
method possessing a relative permittivity of 200 and tetragonality of 1.11. Furthermore
Zhu et al. [148] have also grown tetragonal BFPT single crystals again using the flux
method with stoichiometry 0.67BiFe03-0.33PbTiO3. The tetragonality of these crystals
was found to be 1.1778 which resulted in significant cracking of the samples. However

no piezoelectric properties were measured in either study.

48



Chapter 4

Phenomenological Theory of the
BiFeO3—-PbTi103 Solid Solution

A clear correlation between the tetragonality of a piezoelectric single crystal and
the g;; coefficients was shown in Chapter Section highlighted the almost
exclusive spontaneous strain behaviour of the (x)BiFeOs3-(1-x)PbTiO3 solid solution
which can exceed 18% at x=0.7 [35]. Using this information it is necessary to look at
BiFeO3 -PbTiO3 as a possible candidate for high g;; piezoelectric ceramics.

There is limited data on single crystal BiFeO3—-PbTiO3 due to significant conduc-
tivity and large spontaneous strain on cooling through the Curie temperature leading to
significant fracturing and potentially full disintegration. Theoretical and mathematical
studies can be powerful tools for explaining phenomena behind experimental data, or as
a predictive tool bridging gaps between current understanding and expected properties
and trends of materials.

Here, Landau-Devonshire (LD) theory has been applied to BiFeO3—-PbTiO3 using
two methods. Initially a linear coefficient method has been employed, however this fails
to replicate the experimentally observed spontaneous strain behaviour. By using ex-
perimental X-ray diffraction data and modelling the spontaneous strain as an external
tensile stress on the unit cell, the dielectric and piezoelectric properties have been in-
vestigated. Although Park et al. [149] have previously used phenomenological theory to
study the evolution of Curie temperature with BiFeO3 content in BiFeO3—-PbTiO3, this
study explores the dielectric and piezoelectric properties as a function of composition

and temperature.
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4.1 Introduction to Landau Theory

Landau theory is a powerful mathematical tool used for describing phase transitions
by counsidering the free energy of a system transforming from a high-symmetry state to
a lower symmetry state. An appropriate order parameter is employed to describe the
transition through a critical point and is chosen in order to satisfy the criteria that it is
zero in the high-symmetry phase and a non-zero value in the low-symmetry state [150].
The Gibbs free energy ,G, takes the form of an expanded power series, eliminating odd
power terms to satisfy symmetry conditions, as a function of external influences such as

temperature, stress and field, as well as an order parameter as shown in Equation

G(X,E,T) = Gy + a19? + app* + az)® + au® + ... (4.1)

Where Gy is the equilibrium value of the free energy at the critical transition point,
«; are Landau coefficients, T is temperature, X; is stress, F; is electric field strength
and 1 is the order parameter [150].

In 1949 and 1951 Alfred Frederick Devonshire [82}/151] applied Landau theory to
describe the transitions and properties of ferroelectrics using the macroscopic sponta-
neous polarisation, P, as the order parameter. In the high symmetry centrosymmetric
cubic phase the polarisation is zero and upon transformation to a lower symmetry non-
centrosymmetric state the polarisation becomes a non-zero value therefore making it an
appropriate order parameter.

Often the temperature dependence is embedded with the first Landau coefficient
which takes the form a1 = ao(T — T¢), where ag is a temperature independent term
and T¢ is the Curie temperature [150|. By expanding the free energy of the system as a
function of the order parameter, external influences such as temperature, pressure and

field, truncating to the 6th order gives Equation

AG(X,E,T) = ay(T — Tc)P? + apP* + a3 P’ (4.2)

Where as mentioned previously ag, as and as are known as the Landau coefficients
and contain all the dielectric information of the material. These coefficients are deter-
mined through experimental data however the validity of individual sets of coefficients
can be scrutinised. For example there are multiple publications each possessing new
Landau coefficients for barium titanate as shown in Table The deviation of Landau

coefficients over time can be due to:
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e Increased computing capabilities giving the values of Landau coefficients for high

order terms such as P3.

e Each set of coefficients are most likely to have been taken from different sets of

experimental data and therefore differences in property values and sample quality

can lead to differences in coefficients.

Table 4.1: Reported Landau coefficients for BaTiO3 over time from throughout litera-

ture. Taken from [152]

a1, o1, X111 a12, &112, @123 Q1111, ®1112. *1122; *1123 Ref.
3.3 x 10°(T — 368.5) - - [153]
1.37 x 108 - -
2.76 x 109 - -
3.3 x 10°%(T — 381) 3.23 x 108 - [154]
4.69 x 108(T — 393) 4.36 x 10° -
—5.38 x 107(T — 393) + 2.68 x 10° - -
3.34 x 10%(T — 381) 3.23 x 108 -
4.69 x 108(T — 393) — 2.02 x 108 4.47 x 10° - [155]
—5.52 x 107(T — 393) + 2.76 x 10° 4.91 x 109 -
3.33 x 10%(T — 383) 4.9 x 108 -
3.6 x 10(T — 448) 2.9 x 10° -
6.6 x 10° 7.6 x 107(T — 393) + 4.4 x 1010 - [156]
4.124 x 103(T — 388) 7.974 x 108 3.863 x 1010 [157]
—2.097 x 108 —1.950 x 10° 2.529 x 1010
1.294 x 10° —2.500 x 10° 1.637 x 1010
1.367 x 1010
3.61 x 10%(T — 391) —2.24 x 10° + 6.7 x 10T 4.84 x 1010 [158]
—1.83 x 10% + 4 x 10T —2.2 x 107 2.53 x 10!
1.39 x 1010 — 3.2 x 10T 5.51 x 1010 2.80 x 10!
9.35 x 100

For materials such as barium titanate, obtaining high quality single crystals has
become more convenient over the years and hence there has been an abundance of
Landau-Devonshire related work towards barium titanate. However there are a large
number of materials in which experimental data for single crystals is either scarce or
non-existent, therefore phenomenological theories adopt assumptions and methods to
describe these materials.

The previous description of Landau-Devonshire is a very fundamental description
and considers a single component of the order parameter. For ferroelectrics it is more
useful to break down the single-component polarisation into three orthogonal compo-
nents labelled P;, P» and P53 which represent the polarisation components along the
[100], [010] and [001] vectors, respectively [150].

By applying the multi-component order parameter, the full Gibbs free energy of a

stress-free crystal, again truncated to the 6th order power term becomes:
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AG = a1 (P} + P5 + P§) + an (P} + Py + P§)
+ a19(PEP} + P3P} + PEP?) + ay11 (P + PS + FY) (4.3)
+ a112(P [P 4 P2] + Py[P2 + P2 + P{[P? + P2)) + i3 PP PZP2

It is important to note that as the polarisation breaks down into three orthogonal
components, additional Landau coefficients (cj;) have been introduced in order to
describe the coupling between each orthogonal component.

The lowest energy value for each polarisation component can be determined by min-

imising the free energy with respect to each polarisation component:

Cubic P1:P2:P3:0
Tetragonal P=P=0;P3#0
Orthorhombic P, =0; P, = P3#0
Rhombohedral P, =P, =P;#0

oG __ oG __ oG __
op; = 0 op; = 0 ap; = 0

By using the appropriate structurally dependent conditions, the values for the po-

larisation components can be determined using the quadratic relation:

_ —bE Vb —dac

P? 4.4
5 (4.4)

Tetragonal a = 3111 b=2a11 c= Q1

Orthorhombic @ = 3111 + 3112 b=2a114+a12 c=oq

Rhombohedral a = 3311 + 6112 + @123 b =2aq1 + 2012 c=m

So far the free energy has mainly been considered as a function of the order parame-
ter, however other contributions to the free energy can arise from the application of ex-
ternal influences such as stress, electric field and the electrostrictive contributions [150].
The total free energy of the system considering all these contributions can be written

as:

AGiotar = G1 + Ggr + Geovp + GEs (4.5)

Where G, is the Landau contribution which takes the form of Equation GEr is
the elastic contribution, Gooyp is the contribution from electrostriction and Ggg the

electrostatic contribution:
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1
Gpl = —isﬁ(Xf+X§+X§)—sz(X1X2+X2X3+X3X1) (4.6)

1
— 5854()(2 + X2+ X2)

Geoup = —Qu(X1PY + XoP3 + X3 P) + Qua[(Xa (P + P5) + Xo(PF + P) (4.7
+ X3(P12 + P22))} — Q44(X4P2P3 + X5 P P3 + X6P1P2)

Ggps = —FE1P, — EoPy, — E3P3 (4.8)

Where s;; is elastic compliance, X; is external stress, ();; are the electrostriction
coefficients, F; is the external field, and P is polarisation.

Similarly to the polarisation components the external stress has been deconstructed
into multi-component values where X, Xo, X3 represent the orthogonal tensile or
compressive components and X4, X5, Xg are the shear stress components.

By substituting Equations [4.3] and [£.6] - [.8] into Equation the free energy of a

ferroelectric system can be given by:

AGiorar = 01 (P24 P? + P2) 4 aq1 (P + Py + Py) + aia(P?PZ + PiP] + PLPY)
+ a1 (P + P§ + P§) + a2 (PL[P3 + P3| + Py [P§ + PP + P[P} + P3))

1
+ ano3PEPIPS — 55{31()(12 + X2+ X2) — sh (X1 Xy + XoX3 4+ X3X))

1
- 5554()(2 + X2+ X2) — Q1 (X1 P2+ XoPF + X3P3)

+ Qua[(X1(P5 + P§) + Xo(PF + P) + X3(P{ + P3))]
— Quu(XaPoP3s+ X5 P P3s+ X¢ P P) — E1 Py — E2 Py — E3Ps
(4.9)

By applying the same structurally dependent conditions as mentioned earlier to the

free energy of a stress-free crystal (X;=0), in the absence of an electric field (E;=0),

and truncated to the 6th order power gives the following:

ACTYC'ubz‘c = 0

AGretra = a1Pf + a1 Pd 4+ ann PS

AGortho = 01(P}+ P3) + a11 (P + PY) + a19(PEP] + PIP? + P2P?)
+o111(P§ + P§) + o112(Py P§ + Py P3)

AGRhom = 1(P} + P; + P§) + an(P{ + Py + Py) + a12(PE Py + P P§ + P{PY)
+an (PP + P§ + P9) + ana(P{[P5 + P§) + Py [P; + PP + P{[P? + Py))
+04123P12P22P32

By simultaneously solving the free energy for each structural phase the most likely

structure at a particular temperature can be studied. Figure[£.1]show the free energy as
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a function of temperature for barium titanate and lead titanate using Landau coefficients
from [155] and [112], respectively. For barium titanate it is initially shown that the
lowest free energy is the rhombohedral phase below 200K. From 200K to 282K the
lowest energy phase is orthorhombic, from 282K to 395K it is tetragonal and finally
above 395K the system becomes cubic. For lead titanate the lowest energy structural
phase from 0K to the Curie temperature at approximately 765K is always tetragonal.
The example for lead titanate and barium titanate as well as other unary perovskites is
unsurprising as the coefficients have been derived from experimental data and therefore
reapplying them should result in the correct transition temperatures. However for solid
solutions this technique may be a useful tool in determining the most likely structural

phase at particular temperatures and compositions.

(a)

O I ' 1 T
Tetragonal
-2 Orthorhombic ]
4 4
6L 4
-8 4

-282K
- 395K

Free energy (MJ)

Tetragonal to Cubic

Orthorhombic to Tetragonal

0 100 200 300 400 500
Temperature (K)
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Free energy (MJ)
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-100

-120 Tetragonal 4
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-140 —— Rhombohedral 4
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-160 L 1 . 1 L 1 . 1 L
0 200 400 600 800 1000

Temperature (K)

Figure 4.1: Landau-Devonshire derived free energy versus temperature for (a) BaTiO3
and (b) PbTiO3

The elastic spontaneous strain is calculated by differentiating the free energy as a
function of stress (0AG/0X,):
Cubic - 1= =x3=x4 =25 =26 =0
Tetragonal - T =To = Q12P32; T3 = Q11P32; zy=x5=x5=0

Orthorhombic - =z = 2@12P32; xo =23 = (Q11 + ng)Pg; Ty = Q44P32; r5 =26 =0
Rhombohedral - 27 =29 = 23 = (Q11 + 2@12)]332; T4 =5 =Tg= Q44P32

The double partial derivative of the free energy with respect to polarisation gives rise
to dielectric stiffness values (&;; = 0°AG/9P;0P;). By multiplying by the permittivity

of free space (€p) the relative dielectric stiffness can be calculated:
Cubic - §11 =62 = &3 = con (T = To); §12 = &3 = €31 =0

Tetragonal - €11 = &2 = eolan (T — Te) + a12P32 + a112P§]
&33 = €olar (T — Te) + 3a11 P? + 511 Py
§12=E83=E81=0

Orthorhombic - &1 = 60[@1 (T — Tc) + 20&12P32 + 20(11217:%1 + 04123P§1]
oo = &33 = €01 (T — Te) + 3a11 PE + a1a P + 5aq11 Py + Tanas Pyl
€12 = &1 = 0, &3 = €0[2a12P§ + 8a112P4]

Rhombohedral - &7 = €99 = £33 =
eg[a(T — Tc) + 3a11P32 + 20[12P§1 + 50(111]3:;1 + 14(2!112P§1 + algngl]
€12 = €93 = E31 = €0[2012PF + 8a112 Py + 2123 P4
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The dielectric stiffness coefficients given here for the orthorhombic and rhombohedral
phase are given as the values along the Ps axis. It is possible to convert these such that
the direction of vector is along the [011] and [111], i.e. rotating such that P3 becomes

the polar axis.
Orthorhombic - &}y = &11; &y = &33 — £23: 853 = E33 + &23:810 = &3 = &5, =0

Rhombohedral - £} = &y = {11 — &12;833 = €11 = 2612.810 = &3 = &3 = 0

The dielectric susceptibility (7;;) can be calculated using the reciprocal of the di-

electric stiffness:

Cubic - N1 = N2 = N33 = &%; M2 =1mn23 =131 =0
Tetragonal - N1 = M2 = 5%; N33 = 5:%3

Orthorhombic - 717 = f%;7}22 =133 = %;012 =mn31 =0
- ) _ 1. 1. _ _ _
M23 = (55352533)’77/11 = gaﬁéz)) = gvnb =1z =13 =0

Rhombohedral - ni1 = m22 = 33 = (£ — &)/ (&81 — 3611€3, + 283,)
M2 =31 = ne3 = (£} — &11€12) /(€3] — 3611&3, + 263,)

Determining the piezoelectric g;; coefficients (92AG/9P;0X;) for the thombohedral

and tetragonal phase gives:

Tetragonal - 933 = 2Q11P3; 931 = g32 = 2Q 123
915 = goa = QuaP3;911 = g12 = 913 = g14 = g16 = 0
921 = §22 = 23 = 925 = §26 = 934 = 935 = g36 = 0

Rhombohedral - g11 = g22 = 933 = 2Q11F3; 914 = 925 = g36 = 0
912 = g13 = g21 = §23 = 931 = g32 = 2Q 123
915 = 16 = 24 = 26 = 34 = 935 = Qua 3

The piezoelectric charge coefficient can then be calculated (d;; = gi;nik):

Tetragonal - d3z = 2€0m33Q11 P35 d31 = d32 = 2€9m33Q12P3
dis = dos = €0m11QuaP3;d11 = di2 = d13 = dia = d1g =0
do1 = dog = dag = do5 = dog = d34 = d35 = d3g = 0

Rhombohedral -  dy; = dag = d33 = 2e0(n11Q11 + 21m12Q12) 3
dig = dos = dzg =0
dip = di3 = da1 = da3 = d31 = d32 = 269[N11Q12 + M2(Q11 + Q12)| P3
dis = dig = day = doe = d3s4 = dzs = €o(M11 + 1M12)Q1aP3
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4.2 Landau-Devonshire Theory of Ferroelectric Solid Solu-

tions

Over the decades Landau-Devonshire theory has been applied to ferroelectric solid
solutions using different methods in an attempt to replicate the compositional de-
pendence of the system. Arguably the most comprehensive application of Landau-
Devonshire theory of a ferroelectric solid solution is for the phenomenological description
of the commercially dominant Pb(Zr, Ti)O3 by Haun et al. [159-163] and of Generation
I and II single crystal materials by Heitmann and Rossetti [164]. In the former the
authors use high temperature X-ray diffraction data on sol-gel derived PZT at multi-
ple compositions in order to determine the spontaneous strains, 3 and z; as both a
function of temperature and composition and combined with previously published elec-
trostriction coefficients allowed for the construction of polarisation values as a function
of temperature and composition. Combining this data with low temperature dielectric
data on poled and unpoled polycrystalline ceramics and using the Bruggeman relation to
evaluate the effective single domain dielectric values the Curie-Weiss constants could be
calculated. Combining the two experimental data values to determine the compositional
dependence of the Landau coefficients allowed for a fully comprehensive thermodynamic
description of PZT in which the free energy, phase diagram, spontaneous polarisation,
spontaneous octahedral tilt angle, dielectric and piezoelectric properties were calculated
for single domain PZT over all temperatures and compositions. Other similar exam-
ples of using the heavy dependence on experimental data include a phenomenological
description of solid solutions between Ba(Zr, Ti)O3 [165] and (Ba, Ca)TiO3 [166].

Although the previous work on PZT is arguably the most comprehensive analysis of
a ferroelectric solid solution, alternative methodologies have been employed. Heitmann
and Rossetti used a linear coefficient relation in which the Curie-Weiss constant, Curie
temperature and fourth order power terms were linearly related between each end mem-
ber. This novel method was applied to binary solid solutions such as PZT and PMN-PT
as well as the ternary solid solution PIN-PMN-PT, again constructing phase diagrams
that are concordant with experimental observations and allowing for a comprehensive

description of the dielectric and piezoelectric properties [164].
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4.3 Application of the Linear Coefficient Method

Landau coefficients listed in Table have been taken from [112] and [167,/168].
Whilst the coefficients for PbTiO3 are an established set, the coefficients of BiFeO3 are
relatively new and to the author’s knowledge at the time of writing have not been used

in any other studies since publication.

Table 4.2: Landau coefficients used for PbTiO3 and BiFeO3

Coefficient PbTiO3 BiFeO3
Tc (°C) 492.2 827
Cew (10° °C71) 1.50 2.04*
a1 (10'm5/[C2.F))  -7.252 22.9
a1z (108m5/[C2.F)) 7.5 3.06
a1 (103m?/[C*.F])  2.606 0.599
a112 (103m?/[CL.F)) 6.1 -0.000334
o123 (109m9/[CYLF])  -3.66 -0.178
Q11 (1072m*/C?) 0.089 0.032
Q12 (1072m*/C?) -0.026 -0.016
Qua (1072m*/C?) 0.0675 0.02
Ref. [112]  [167], * [168]

In order to assign a value of ag, the Curie-Weiss constant was extrapolated using
Ref. [168] where a linear relationship has been established between the Curie temper-
ature of materials and their corresponding Curie-Weiss constant (Figure [£.2)). Using
the accepted Curie temperature of BiFeO3 of 827°C |167] a Curie-Weiss constant of
2.04x105 °C~! was adopted. The established value of the Curie-Weiss constant for lead
titanate 1.50x10% °C~! was used [112]. All other Landau coefficients and electrostriction

coefficients were given a linear correlation to represent the variation in composition as

shown in Equation [4.10]
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Figure 4.2: Curie-Weiss constant versus Curie temperature for a range of unary and
binary perovskites. Adapted from [168|

TET = (1= 2)TET + () 18"
Con'™" = (1= 2)Ceiy + ()CEy
ofi 7T = (1= 2)aff" + (z)af)”
ory 71 = (1 - 2)afy + (x)afy”
oriy T = (1 - 2)aifh + (x)afl]
oty = (1= w)arg; + (w)ary
o' = (1= )arg + (x)ords
o =12 + (@)er”
QY =(1-2)Q + (@)Qfy

W= (1= 2)Qi + ()L (4.10)

The free energy for a tetragonal, orthorhombic and rhombohedral system was simul-
taneously calculated to determine the most likely structural phase over all temperatures

at selected compositions. Figure 4.3 shows that at no point is the most likely structure

99



Chapter |Z|: |Phenomenological Theory of the BiFeO3—-PbTiO3 Solid Solutionl

orthorhombic for (x)BiFeO3—(1-x)PbTiO3 where x=0.60, 0.65, 0.675, 0.70, 0.75 and
0.80. For compositions where x=0.60, 0.65 and 0.675 the most stable structural phase
is always tetragonal with no intermediate ferroelectric-ferroelectric phase transitions
occurring between 0°C and T¢. For x=0.7 a rhombohedral-tetragonal phase transition
occurs at approximately 50°C and remains tetragonal until To. At compositions x=0.75
and x=0.80, this transition occurs at higher temperatures which suggests a composition-
ally dependent morphotropic phase boundary. It is worth noting that the monoclinic
phase has not been considered in this study due to limitations in the available Landau
coefficients. In order to consider the monoclinic phase Landau coefficients up to P®
must be provided. As this is not the case for the coefficients of each end member the

monoclinic phase cannot be assessed.
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Figure 4.3: Landau-Devonshire derived free energy versus temperature for the
(x)BiFeO3-(1-x)PbTiOg3 solid solution at x= (a) 0.60, (b) 0.65, (c¢) 0.675, (d) 0.70,
(e) 0.75, and (f) 0.80

The preliminary results shown in Figure [.3] show that the only structural phases
to be considered are rhombohedral and tetragonal. By comparing the magnitude of
the free energies of the tetragonal and rhombohedral phase at each composition and
temperature a phase diagram can be constructed. As the composition moves towards
BiFeOg3 the difference in free energy will decrease until there is a degeneracy in energy
levels in which case the two structural phases are equal and represents the tetragonal-
rhombohedral transition giving rise to a morphotropic phase boundary when AG=0.

The total free energy decreases below zero as the magnitude of G,pom becomes greater
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than Gtet-

A(;totcv,l = |Gtet|_|Grhom| (411)

Temperature (°C)

0.0 0.2 0.4 0.6 0.8 1.0
(x)BiFeO,;-(1-x)PbTiO,

Figure 4.4: Landau-Devonshire derived structural phase diagram for the (x)BiFeOgs-(1-
x)PbTiO3 solid solution using a linear coefficient relation. The original phase diagram
constructed by Fedulov et al. has been superimposed for comparison, with the
shaded region representing the area of tetragonal-rhombohedral coexistence

As mentioned previously, a large mixed phase region can be observed in BFPT
polycrystalline ceramics and for a while it was suggested that whilst many tetragonal
materials form 90° ferroelectric domains in order to relieve the internal stress associ-
ated with elongation along an axis, the tetragonality and internal stress is so large in
BFPT that it is more energetically favourable to create a significant volume fraction
of rhombohedral phase . Kothai et al. found however that the coexistence of
structural phases was a phenomenon related to the grain size, with samples possessing
grains ~1lum showing P4mm+ R3c coexistence whereas samples with grains of ~10ums
showed pure P4mm phase. It is postulated that when small grains are present a self-

generated compressive stress created through the capillary action of the surface energy
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results in the presence of a rhombohedral phase. As the grain size increases the com-
pressive stress is reduced and therefore discourages the formation of a rhombohedral
phase. Therefore although many reported polycrystalline samples possess a coexistence
of phases, single crystal samples will be most likely single P4mm or R3c phase depend-
ing on the composition as shown mathematically in Figure [£.4)and experimentally both
for tetragonal BFPT crystals [147] and rhombohedral crystals [170].

As mentioned in Section [2.3.3] since the development of BEPT in the 1960s, the
exact location of the MPB in (x)BiFeO3—(1-x)PbTiO3 has been ambiguous, with values
between 0.60<x<0.80 being reported [47-50]. Bell et al. [145] suggest that this is due
to the large stresses at the surface of the sample that can heavily influence diffraction
patterns, the degree of which is sensitive to processing conditions [171]. Grain size
effects, crushing, annealing, grinding regimes and sample form all have an influence on
the degree of the surface stresses and therefore distort the location of the MPB. The
findings in Figure .4 provide a thermodynamically derived location of x=0.696 for the
MPB at 25°C to be considered along with the catalogue of experimental findings.

As Landau coefficients are often extrapolated from a single experimental set of data
they can be limited for general use. For example coefficients that are interpolated from
experimental data obtained from a BiFeO3 thin film may be suitable for the individual
experiment and potentially to other BiFeO3 thin films. However they may not be
suitable for describing other systems such as polycrystalline and single crystal systems.
The agreement between experimental and theoretical BiFeO3-PbTiO3 phase diagram
highlights the validity of the BiFeO3 coefficients derived from experimental work on
mesocrystals and the Curie-Weiss constant obtained from [168| and [167], respectively.

Figure shows the spontaneous strain as a function of composition at 25°C, cal-

culated by differentiating the free energy as a function of stress (0AG/0X;):
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Figure 4.5: Spontaneous strain for the (x)BiFeO3-(1-x)PbTiO3 solid solution. The
solid lines represent the calculated strain values from Landau-Devonshire theory and
the dashed lines represent experimental measurements from |172]

The calculated spontaneous strain in Figure is common in many ferroelectric
solid solutions which reduces with decreasing PbTiO3 content until the MPB at which
point the lattice parameters ‘collapse’ and become equal as the system becomes pure
R3c phase. However as mentioned previously the solid solution between BiFeO3 and
PbTiOg3 exhibits almost exclusive spontaneous strain behaviour which increases with
decreasing lead titanate content. To the author’s knowledge the only other binary
solid solution in which this phenomenon occurs is Bi(Zn, Ti)O3-PbTiO3. However
in this system both end members are tetragonal with pure Bi(Zn, Ti)O3 possessing a
tetragonality of 22% [83]. The dashed line in Figure is experimental data for the
spontaneous strain calculated on bulk polycrystalline samples from [172]. Although
the calculated phase diagram in Figure may be useful consideration when arguing
the ‘true” MPB location at x=0.696 BiFeO3, this discrepancy between theoretical and
experimental data for the spontaneous strain highlights the limitation of the linear co-
efficient method for describing this solid solution and limits the validity of any resultant
dielectric and piezoelectric properties calculated. Essentially, if a method cannot tell us
what we already know about a material, how valid will it be for telling us what we do

not?
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4.4 The External Tensile Stress Model

To overcome the issue of incorrectly describing the spontaneous strain behaviour as a
function of composition, the system has been treated as an external tensile stress within
the tetragonal region. This tensile stress acts to ‘pull’ the unit cell along the [001] such
that the spontaneous strain along the c-axis is increased from ~4% at pure lead titanate
to ~12% at the MPB within the tetragonal region. Similar methodology is adapted in
density functional theory of tetragonal materials such as BaTiO3 and PbTiO3 where
the c lattice parameter is fixed to match experimental observed values using a positive
pressure within the unit cell. The a and b lattice parameters are then allowed to relax
and find a minimum free energy position [173]. Within the rhombohedral phase the
stress is a shear stress that is acting to reduce the angle between the polarisation along
the [111] and Ps along the [001] when approaching the MPB.

Whilst the linear coefficient method models the compositional change of the solid
solution through variation of the Landau coefficients, the external tensile stress method
fixes the Landau coefficients for lead titanate and bismuth ferrite in the tetragonal and
rhombohedral regions respectively, and the compositional dependence is modelled as
the change in tensile or shear stresses.

To calculate the tensile stress required to result in the subsequent spontaneous
strain shown in Figure the experimental data was fitted empirically to construct a
relationship between strain and composition. A polynomial fit was adopted to describe
this relationship within the tetragonal region and a tangential relation was employed to
replicate the rotation of the polarisation away from the [111] towards the [001] within
the rhombohedral region. The empirical equations used are shown in Equation and
13t

straing: = 0.07892z% 4+ 0.05842z + 0.04029 (4.12)

straingpom = tan(90 — (—0.51x + 89.956)) (4.13)

Where z is the BiFeOg content.

A temperature dependence was constructed by using the normalised strain against
normalised temperature for each end member. By normalising both variables it is
possible to create a general relation that can be applied to a range of compositions

where the strain and Curie temperature vary.
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Figure 4.6: Normalised strain vs normalised temperature (7'/T¢) for (a) PbTiO3 and
(b) BiFeO3

Combining the normalised trends in Figure [£.6] the linear relationship between the
Curie temperature of each end member and the expression describing the relationship
between strain and composition shown in Equations and gives the spontaneous

strain across all compositions and temperatures within the tetragonal and rhombohedral

region given by Equation and [4.15] respectively.

66



Chapter |Z|: |Phenomenological Theory of the BiFeO3—-PbTiO3 Solid Solutionl

straing; = (0.07892x% + 0.05842x + 0.04029)

Y 0.40701 (4.14)
x (1.01019 x —1.03723
( (’492[1 — x| + 827[z] | ) )
. Y
t = tan(90 — (—0.51 89.956)) x (1 — 4.15
Straitienom = tan(90 — ( T )< ( ‘492[1 — z] + 827[x] D (415)
Where zx is BiFeOgs content and y is temperature in degrees Celsius.
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Figure 4.7: Empirically derived spontaneous strain along the [001] calculated for the
(x)BiFeOs3-(1-x)PbTiO3 solid solution across all compositions and temperatures using

Equation @ and @

It can be seen from Figure [1.7] that an immediate limitation to this method is the

lack of reproducibility describing the temperature dependence of the morphotropic phase
boundary. The phase diagram constructed using the linear coefficient model showed a
natural temperature dependence where at 25°C the MPB is located at x=0.7 but at
400°C is located at x=0.8 whereas in Figure [£.5]the MPB remains at x=0.7 throughout.
This is due to the tensile stress method extending the compositional dependence of

spontaneous strain measured at room temperature across all temperatures. This may
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be overcome by considering the temperature dependence of the lattice parameters across
a range of compositions similar to work carried out by Haun et al. for PZT [160].
Using values for spontaneous strain calculated using Equation [£.14] and [.17] the

polarisation can be calculated using the electrostriction relation as shown in Equation

and and is shown in Figure [£.§]

rai

Pyt = % (4.16)
trai

Prhom = i Taéj;homﬁ (417)
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Figure 4.8: Empirically derived spontaneous polarisation along the [001] for the
(x)BiFeOs3-(1-x)PbTiO3 solid solution across all compositions and temperatures using

Equation @ and @

It is worth noting the nature of the phase transitions of this material. Within the
tetragonal region, a first-order phase transition occurs. This is characterised by the
discontinuity in the polarisation at the Curie temperature and within the rhombohe-
dral phase a second order transition occurs characterised by the lack of discontinuity.
This phenomenon occurs due to the initial nature of the Landau coefficient «;; which
describes a first order transition if <0 and describes a second order transition if >0.

By applying the same structural phase conditions for the values of P;, P, and Ps
and introducing phase dependent values for external stress, the total Gibbs free energy

becomes:
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Cubic P1:P2:P3:0 X1:X2:X3:X4:X5:X6:0
Tetragonal P1 :P2 :O;Pg #O X1 :XQ :X4 :X5 :X6 :O;Xg 750
Rhombohedral P1 = P2 = P3 7§ 0 X1 :XQ :X3 = 0;X4 :X5 :X6 7& 0

AGC’ubiC = 0

AGrepre = 1P} + o011 Py + a1 P§ — 1s0 X3 — Quu X3Py

AGRhom = 3&1P32 + 30&11135l + 30&12135l + 304111P§s + 6CM112P§3 + Cklggpg
— 350 Xu56PF — 3QuaXu56PF

Minimising the free energy (0AG/JPs) gives the following:

Tetragonal : aq + 2a11P32 + 3()¢111P§1 —Q1X3=0 (4.18)

Rhombohedral : o + 20&11P32 + 20&12P32 + 30&111P§1 + 60&112P§L + Oqggpgl - Q44X4,576 =0
(4.19)
Using values for the polarisation obtained by Equation and the external
tensile stress was calculated as follows:
(5] + 2&11P32 + 30(111.P§L

X3 = oL (4.20)

a1 + 20411P32 + 20412P32 + 30[111P§1 + 604112]:’-3l + 04123]:’:;l
Qua

The partial derivative of the free energy with respect to stress gives rise to dielectric

stiffness values (§; = 0AG/0X;). By multiplying by the permittivity of free space (€p)

the relative dielectric stiffness can be calculated:
Cubic - i =8n==E&s=¢ca1(T—Tc); {12 =83 =2E31 =0

Tetragonal - &1 = &2 = eo[ar (T — Te) + a12P + a112Ps — 2Q12X3)]
€33 = eo[on (T — Te) + 3a11 P2 + 5ag11 Py — 2Q11 X3]
§12=E83=E81=0

Rhombohedral - &1 = €99 = £33 =

eg[a(T — Tc) + 3a11P32 + 20[12P§1 + 50[1111:)5L + 14&112P§1 + algng]
12 = €93 = €31 = €0[2012 P + 8a112Ps + 20123 P — Qa4 X

The equations given for the dielectric susceptibility, piezoelectric voltage coefficient

and piezoelectric charge coefficient are consistent with those mentioned previously.
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4.4.1 Dielectric Properties

Figure (a) shows the dielectric susceptibility versus temperature for various com-
positions within the tetragonal region (0<x<0.7), and Figure 4.9/ (b) show the dielectric
relative permittivity versus temperature for compositions within the rhombohedral re-
gion (0.7<x<1). In both cases the typical dielectric behaviour is observed as a function
of temperature. In the absence of any intermediate ferroelectric-ferroelectric phase tran-
sitions the dielectric permittivity is observed to show an accelerated increase until the
Curie temperature, in which a proper ferroelectric begins to follow the Curie-Weiss law.
This increase with temperature is due to the increased mobility of ions that comes with
the associated thermal energy. In Slater’s rattling ion model the polarisability of the
B-site ion will increase rapidly with increasing temperature and hence increasing both
the piezoelectric and dielectric properties. The most significant finding is the decrease
of the relative permittivity as a function of lead titanate content within the tetragonal
region. It is shown in Figure that when approaching the MPB the value for the
permittivity decreases. This is contrary to most ferroelectric solid solution possessing
an MPB in which the dielectric and piezoelectric properties are enhanced around the
MPB due to the increased number of possible polarisation directions |28]. This unusual
behaviour may be attributed to the increased spontaneous strain and covalence within
the unit cell. As the spontaneous strain increases so too does the covalence between
the Fe and Ti atoms and the axial oxygen ions. The increased B-O covalence leads
to reduced mobility, polarisability and therefore permittivity. Within the rhombohe-
dral region, the opposite and more traditional trend is observed where the permittivity

increases from pure BiFeO3 towards to the MPB.
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Figure 4.9: Relative permittivity versus temperature for (x)BiFeO3 — (1-x)PbTiO3 solid
solution within (a) the tetragonal region and (b) the rhombohedral region
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Figure 4.10: Relative permittivity versus composition for (x)BiFeO3 - (1-x)PbTiO3 at
25°C for the 11 (W) and 33 (e) modes
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4.4.2 Piezoelectric Properties

Figures - show the piezoelectric charge coefficients in 33, 31 and 15 mode
and the hydrostatic coefficient as a function of temperature. Figure shows all the
coefficients as a function of composition at 25°C. The piezoelectric properties are analo-
gous to the dielectric properties and similar explanations can be made for the observed
behaviour. All modes of the piezoelectric coefficient are seen to decrease when approach-
ing the MPB within the tetragonal region with ds3 decreasing from 135.2pC/N at pure
lead titanate to 16.2pC/N at 0.70 BiFeO3. Once again this could be attributed to
the increasing B-O covalence within the unit cell. As the intrinsic strain and covalence
increase, the mobility of the B-site ion is reduced and therefore reducing the polarisabil-
ity and consequently its piezoelectric activity. Furthermore the piezoelectric coefficients
show typical temperature dependent behaviour by increasing when approaching the
Curie temperature, at which point the d;; becomes zero and the sample depoles as
the system converts from a non-centrosymmetric system to a centro-symmetric system.
Again this can be explained through the increasing mobility of ions within the unit cell
at elevated temperatures.

Stevenson et al. [46] showed that high field dss values of polycrystalline BiFeOgs-
PbTiO3 follows a more traditional ferroelectric solid solution behaviour and increases
towards the MPB. Although this behaviour goes against the behaviour predicted in
this study by Landau Devonshire theory, the discrepancy could be due to the enhanced
significance of extrinsic effects or the presence of an P4mm-+ R3¢ coexistence both of
which contribute to larger piezoelectric charge response. As this work treats the system
as a single-crystal, single-domain, extrinsic contributions are not considered and also
due to the fact that Landau-Devonshire theory only sheds light on the single most

energetically favourable structural phase, it does not consider a coexistence of phases.
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Figure 4.11: Piezoelectric dss coefficient versus temperature for (x)BiFeO3 —
(1-x)PbTiO3 solid solution within (a) the tetragonal region and (b) the rhombohedral
region
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Figure 4.12: Piezoelectric -d3; coefficient versus temperature for (x)BiFeO3 —
(1-x)PbTiO3 solid solution within (a) the tetragonal region and (b) the rhombohedral
region
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Figure 4.13: Piezoelectric dj5 coefficient versus temperature for (x)BiFeO3 -
(1-x)PbTiO3 solid solution within (a) the tetragonal region and (b) the rhombohedral
region
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Figure 4.14: Hydrostatic piezoelectric dj, coefficient versus temperature for (x)BiFeO3 —
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Figures to show values for the piezoelectric voltage coefficient along the
33, 31 and 15 mode as well as values for the hydrostatic coefficient as a function of tem-
perature and Figure [4.20| shows all piezoelectric voltage coefficient modes as a function
of composition at 25°C. Unsurprisingly the trend is similar to the polarisation which for
tetragonal compositions is highest at low temperatures and decreases gradually until
Tc at which point a discontinuous first order transition results in a sudden drop and
the sample depoles and no piezoelectric activity is observed. For rhombohedral com-
positions the largest g;; is similarly found at low temperature. However a second order
transition is observed in this case and a continuous decrease in the g coefficients occurs

until To.
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Figure 4.16: Piezoelectric g33 coeflicient versus temperature for (x)BiFeO3 -

(1-x)PbTiO3 solid solution within (a) the tetragonal region and (b) the rhombohedral
region
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Figure 4.17: Piezoelectric -g3; coefficient versus temperature for (x)BiFeO3 —
(1-x)PbTiO3 solid solution within (a) the tetragonal region and (b) the rhombohedral
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(1-x)PbTiO3 solid solution within (a) the tetragonal region and (b) the rhombohedral
region

81



Chapter |Z|: |Phenomenological Theory of the BiFeO3—-PbTiO3 Solid Solutionl

100 - T - T - , , ,

x=0.0
x=0.1
x=0.2
x=0.3
x=0.4
i x=0.5
x=0.6
x=0.7

g, (107 Vm/N)

Increasing BiFeO,

O " 1 " 1 " 1 " 1 "
0 200 400 600 800 1000
Temperature (°C)
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It is clear from Figure that BiFeO3—-PbTiO3 single domains possess excep-

tionally large g;; coefficients when compared to previously reported materials both ex-
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perimentally and theoretically and current military grade devices listed in Table
Although both the piezoelectric charge coefficients and relative permittivity decrease
with tetragonality as shown in Table and are lower than other materials listed in
Table [.3] the faster rate of decay in the relative permittivity compared to the charge
coefficient results in an enhancement of the g;; coefficient. Although both are heav-
ily dependent on the change in polarisation with electric field, which decreases with
tetragonality due to increasing degree of electrical clamping, the d;; coefficient is also
dependent on the absolute value of polarisation (d33=2@Q11Pes3) which increases with
tetragonality and therefore slows the rate of decay. This results in the enhancement of
the g;; coefficient with tetragonality.

Similar dielectric and piezoelectric trends were observed by Rossetti et al. [174] when
studying the effect of stresses on lead titanate single crystals. Compressive stresses
were seen to result in increased dielectric susceptibility for both 33 and 11 modes and
the piezoelectric charge properties also increased with compressive stress. The rate of
increase of susceptibility exceeds the charge coefficient and therefore all piezovoltage
coefficients decrease with compressive stress. For tensile stresses the opposite was ob-
served with both susceptibility and charge coefficients decreasing and the piezovoltage
coefficients increasing similar to observations in this study. It is important to note that
the work by Rossetti et al. treats the application of stresses as hydrostatic stress, whilst
in this work the tensile stress is applied uniaxially and therefore values differ.

All dielectric and piezoelectric properties at 25°C as a function of composition are

listed in Table {41
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Table 4.3: Dielectric and piezoelectric properties of high g;; piezoceramics from through-
out literature compared with Landau-Devonshire derived properties calculated for

0.70 BiFeO3 — 0.30 PbTiO3 in this work

Material Egg /€0 dss ds1 dy, g33 g31 gn Ref.
(pC/N) (pC/N) (pC/N) mVm/N mVm/N mVm/N

Tetragonal BiScO3 - PbTiO3 820 440 -162 116 60.6 -22.3 16.0 [143]
0.34 BiScO3-0.66 PbTiO3 300 200 -44 112 75.3 -16.6 42.2 |142]
PbTiO3 Single Crystal (I) 80 83.7 27.5 28.7 118.2 -38.8 40.5 [TT1
PbTiO3 Single Crystal (II) 170 51.0 -4.4 42.2 33.9 -2.9 36.4 |111]
PbTiO3 Single Crystal (I1I) 126 117 -25.0 67.0 104.9 -22.4 60.1 |111]
Tetragonal 0.14BZT-0.86PT 120 138 129.9 |144]
Tetragonal 0.38BZN-0.62PT 250 157 71.0 |144]
Textured PbTiO3 82% 146 95 -8.6 77.8 74.0 -6.7 60.6 [141]
Textured PbTiO3 95% 124 127 -26.8 73.4 115.0 -24.4 66.2 |141]
PZT Navy Type 1 3195 315 -132 51 25.5 -10.7 4.1 1175]
PZT Navy Type 11 1800 409 -176 57 25.7 -11.0 3.7 |176]
PZT Navy Type I1I 1105 260 -93 74 28.8 -9.5 9.8 1175]
Generation I Crystals 8200 2800 38.5 |77]
Generation II Crystals 4000 1510 42.7 77|
Generation III Crystals 3700 1120 34.2 177
0.70 BiFeO3 - 0.30 PbTiO3 7.8 16.2 -4.7 6.7 207.9 -60.7 86.5 This work

Figure 4.22 shows the ds3, 653 /eo and gss in spherical coordinates as a function of

angle away from the polar axis for 0.7 BiFeO3-0.3 PbTiO3 single domain. Although

the general trend is similar to tetragonal PZT and PbTiOg3 shown in Figure 3.4, subtle

differences can be observed. The orientational dependence of the d33 of materials in

Figure 3.4 shows elongated spheres along the [001], whilst for BEFPT70 the orientational

dependence is less elliptical and more spherical. This is most likely due to the change

in ds3/di5 ratio with increasing BiFeO3 content as the ds3/ds; ratio is constant for

all compositions within the tetragonal region. Furthermore the smaller e33/€11 ratio of

BFPT70 compared to previous materials results in a more exaggerated ‘donut’ shape

in which the impression along the [001] is far more defined. A combination of these two

factors results in a more elongated trend for the gs3 coefficient along the [001] and as

mentioned previously results in giant piezovoltage response.
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Figure 4.21: (a) Spherical and (b) cross-sectional polar coordinates of dss. (c) Spherical
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polar coordinates of gs3. All coefficients are as function of angle away from the polar

axis for 0.7 BiFeO3-0.3 PbTiO3 at 25°C
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Figure shows the receiving voltage sensitivity (RVS) calculated using Equa-
tion for materials listed in Table [d.4] with the addition of current military grade
modified PbTiO3 polycrystalline ceramics taken from . For all modes 0.70BiFeO3-
0.30PbTiO3 is found to exhibit the highest sensitivity (lowest magnitude) and highlights
the potential for this material in underwater passive sonar transducer applications.

It is worth noting that Landau-Devonshire theory treats the system as ideal and non-
lossy, therefore tand values which dictate the level of signal-to-noise in the hydrophone

cannot be calculated.
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Figure 4.22: Receiving voltage sensitivity (RVS) values calculated using Equation m
using the (a) 33 mode, (b) 31/32 mode, and (c) hydrostatic mode for materials listed in
Table with the addition of current military grade modified PbTiO3 polycrystalline
ceramics. SC = single crystal, poly.=polycrystalline ceramic. Sample thicknesses have
been fixed to lmm for the sake of Equation 2.3]]
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Chapter 5

Characterisation of Heavily
Nb-Doped BiFeO3-PbTi10;3

Ceramics

As mentioned in the previous chapter and Section[2.3.3] the solid solution of rhombo-
hedral bismuth ferrite and tetragonal lead titanate is of great scientific and technological
interest. However this solid solution is plagued by enormous spontaneous strain when
cooling through the Curie temperature making fabrication difficult, high conductivity
facilitated by Fe?t/Fe3* hopping and oxygen vacancies, and substantial ferroelectric
hardness making functionality difficult.

In this chapter 0.65Bil_%Fel,waxO;),—O.%PbTiOg (x=0.00, 0.01, 0.02, 0.05, 0.10,
0.20, 0.30) polycrystalline ceramics have been fabricated to overcome the issue of con-
ductivity and improve the functionality of this solid solution. Initially Nb-doping ap-
pears to ferroelectrically harden the material reducing the dss at doping levels x<0.20
at which point some piezoelectric activity is restored. However upon annealing the dss
is observed to drastically improve.

X-ray diffraction and scanning electron microscopy has been carried out to under-
stand the structural and microstructural properties, Berlincourt measurements and per-
mittivity vs temperature have been used to observe the effect of annealing on electrical
properties. Impedance spectroscopy, X-ray photoelectron spectroscopy and polarisa-
tion/strain v electric field loops have been used in order to gain a deeper understanding

of the defect chemistry dynamics.
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5.1 Characterisation Techniques

5.1.1 X-Ray Diffraction

X-ray diffraction (XRD) is a powerful and commonly used tool in the structural
characterisation of materials. The significance of using X-rays rather than other forms
of electromagnetic radiation is the similarity between the X-ray wavelength and the

interatomic distances within the crystal lattice.

d*sinf . .
o O O

Figure 5.1: Schematic of X-ray diffraction and derivation of Bragg’s law. Adapted
from [177]

4.
o e
@0

In 1919 William Henry Bragg and William Lawrence Bragg received a Nobel prize
for “their services in the analysis of crystal structure by means of X-rays” and the
conditions required for the diffraction of X-rays were determined. As shown in Figure
when incident X-rays are targeted at planes of atoms, one beam will diffract from
the top plane of atoms whereas the second beam will continue to travel through the
material to the plane of atoms below which is separated by an interatomic distance,
d. Constructive interference will occur when the two X-rays that leave the crystal are
in phase and therefore the additional distance of the second beam must be an integer
number of wavelengths, n\. Using trigonometry it is clear that the second beam must

travel 2dsin© distance further as shown in Equation [177].

nA = 2dsin© (5.1)
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Figure 5.2: Characteristic spectrum of molybdenum target at varying accelerating volt-
ages. Taken from [177]

The production of X-rays is often carried out using X-ray tubes in which there is a
source of electrons, an accelerating voltage and metal target. Electrons are generated
through thermionic emission and accelerated using high voltages in the order of 30-
60kV towards a metal target of high purity. X-rays are produced when the high energy
electrons hit the metal target and the energy associated with the sudden deceleration
of the electrons results in the conversion to radiation consisting of a mixture of X-ray
wavelengths in all directions. When direct detection of X-rays from the metal target are
analysed (Figure a wide range of wavelengths can be observed with the intensity
also related to the accelerating voltage. The wide range of X-ray wavelengths originates
since all electrons will not decelerate in the same way. Electrons which hit the target
and are stopped in one impact will give up their energy in one go and give rise to
photons with maximum energy, whereas some electrons may gradually lose their energy
as they collide with multiple atoms within the metal target. These scans are referred
to as bremsstrahlung derived from the German for “braking radiation” [177].

Figure [5.2] also shows that above a certain accelerating voltage, sharp peaks are
formed at particular wavelengths. These peaks are characteristic of the target metal

and are consequently named characteristic lines, with the whole combination of peaks
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known as the characteristic spectrum. The characteristic lines are categorised into sets
labelled K, L and M in order of increasing wavelength. In the case of molybdenum,
the K-lines are located around 0.7A, L-lines at around 5A and M-lines at much higher
wavelengths. Within the characteristic line sets multiple K-lines are present, however
only some of these peaks can be detected. These are known as Koy, Kas and KBy with
each having a characteristic wavelength. The Ka; and Kas peaks may sometimes be
indistinguishable due to the small difference in wavelengths and therefore only appear

as one larger peak simply known as the Ka peak [177].

/;ivergenc e

Slit

Detector

Slits \

Figure 5.3: Illustration of a Bragg-Brentano set-up during X-ray diffraction data col-
lection. Adapted from [177]

In this study a Bragg-Brentano goniometer set-up was used throughout and is shown
in Figure[5.3] In this setup the X-ray source and detector rotate around a focusing circle
allowing for constant distance from the sample throughout. Furthermore the Bragg-
Brentano set-up also means that the diffraction vector is always perpendicular to the

surface of the sample.

5.1.1.1 Peak Broadening

Figure [5.4] shows an X-ray diffraction pattern for an ideal crystal and for a material
exhibiting peak broadening effects. An X-ray diffraction pattern from a perfect ar-

rangement of unit cells within a lattice will produce vertical lines representing the exact
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d-spacings. Particle size, defects which can disrupt the continuity of atomic planes and
strain can all give rise to peak broadening in which the d-spacing is given over a range

of values.

d+d

Intensity

d d+d

Figure 5.4: A demonstration of how imperfections in a crystal lattice can result in peak
broadening. Adapted from [178§]

5.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) has become an extremely useful imaging tech-
nique for the analysis of particles, surface topography and microstructures. SEM is
similar to conventional light microscopy however it can achieve much higher resolution
due to the much shorter wavelength compared to optical light. The Rayleigh criterion
describes the limit of resolution between two points and the wavelength. For optical
microscopy, the resolution limit is approximately 0.4 microns for blue light and ap-
proximately 0.2 microns for UV light. For electron microscopy, the wavelength of the
incident electrons can be calculated using the De Broglie wavelength and ignoring rela-
tivistic effects results in a theoretical resolution limit of 0.2nm. In reality the resolution
limit is dictated by other factors such as the accelerating voltage, working distance and
stigmation, as well as sample quality and preparation [179].

Figure[5.5|shows a schematic of an SEM and illustrates the main components. Firstly
an electron gun usually consisting of a tungsten filament is used to generate electrons
which are then accelerated using voltages between 1kV-30kV. The chamber is evacuated

to avoid interactions between the electrons and air. Using a series of condenser lenses,
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objective lenses and apertures, the electron beam can be focussed and spot size modified.
The focussed beam is then scanned across the sample surface in a two-dimensional raster
and an appropriate detector is used to monitor electrons as they are emitted from the
surface. The two main detectors and therefore two main imaging techniques that are
used in SEM are secondary electron imaging and backscattered electron imaging. In
secondary electron imaging an Everhart-Thornley detector is positioned to the side of
the sample stage which by using a small positive bias can attract low energy electrons
towards it. Backscattered electron imaging uses much higher energy electrons compared
to secondary electron imaging. These detectors are placed above the sample and only
measure electrons that are travelling in line-of-sight of the detector without any positive
bias being used hence a low yield, and therefore this results in darker images compared

to images obtained using secondary electrons [180].

Electron
Gun
Condenser
Lens
Vacuum
Pumps
Objective
Lens
B & | Scan Coils
Aperture
BSE Detector
’EE D— SE Detector
Q Sample

Figure 5.5: Schematic of a scanning electron microscope. SE=secondary electron,
BSE=backscattered electron. Adapted from [180]
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5.1.3 Permittivity vs Temperature

The plotting of relative permittivity vs temperature is a fundamental technique
used to analyse the general dielectric properties and to determine the Curie point of a
material. Usually this setup mimics a parallel plate capacitor using a high-conducting
wire such as silver or platinum. The sample is placed within these wires and an inductor-
capacitor-resistor (LCR) meter is used to determine the capacitance which if the sample
dimensions are known can be used to calculate the relative permittivity. The dissipation
factor (tand) can also be determined by comparing the phase difference between the

input and output signal which can again be mapped as a function of temperature.

5.1.4 Berlincourt Measurements

The Berlincourt method is arguably the most straight forward method of measur-
ing the dss of a piezoelectric material. Unlike resonance methods in which the sample
geometries must be modified in order to isolate the desired resonance mode, the Berlin-
court method provides a much easier route.

The simplest definition of the piezoelectric dg3 coefficient can be shown in Equation
and represents the change in electric displacement along the 3-direaction (§D3) with
the change in applied stress also in the 3-direction (6X3) whilst maintaining constant

field [181].

0Ds3
dan = | —2 2
5 [5)(3] . (5:2)
This equation can be re-written as:
_9A _ 4
d33_F/A_F (5.3)

Where ¢ is the developed charge, A is the area that the force, F, is applied over
and the area of charge accumulation on the electrode. A Berlincourt meter consists of
a force head and the control electronics. A force head schematic is shown in Figure
The sample is placed in between two contact probes which can be modified to
accommodate different sized samples. The top probe is often controlled by a thread
and is lowered onto the top electrode of the sample and applies a constant static force.
The lower probe provides an oscillating force at a frequency defined by the user which
in turn is connected to a reference sample such as PZT which measures the applied

force. The charge is then measured, and a readout is given [181].
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Figure 5.6: Schematic of Berlincourt piezoelectric meter set-up. Adapted from [181]

5.1.5 Polarisation vs Electric Field

The measurement of polarisation against electric field is fundamental in the char-
acterisation of ferroelectric materials. It involves the switching of the two metastable
states of the sample by the application of an electric field. The technique is based on

the modified Sawyer-Tower circuit shown in Figure [5.7]

Vreset o
I+
n&r °
Vin Cin o
o) | L
v - Vout

! +
Figure 5.7: Circuit diagram of a Sawyer-Tower circuit used to calculate P-E loops.
Taken from [182]

With known sample dimensions, the polarisation (P) and electric field (E) are cal-

culated using Equations [5.4] and respectively.

p=YIN (5.4)
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g CrVour
P=-=—" .
I 1 (5.5)

Where P is the polarisation, ¢ is the charge, A is the electrode area of the sample,

CR is the capacitance of a reference, and Voyr is the voltage across the capacitor.

5.1.6 Strain vs Electric Field

A typical strain-field measurement set-up can be shown in Figure [5.8] The sample
is placed in between two copper contacts which in turn is submerged in oil as to avoid
arcing and a fibre optic probe consisting of a light transmitting filament and light
receiving filament is placed above the upper contact. A high voltage signal of frequency
between 0.1-100Hz is applied to the sample resulting in deformation of the sample and
displacement of the upper copper contact. This displacement is related to the intensity

of the reflected light and therefore can be accurately determined when calibrated.

Light Transmitting

Light Receiving
Fibre Optic Filament

Fibre Optic Filament

Probe to target
displacement

E-field

Ceramic

Figure 5.8: Typical strain-field measurement set-up. Taken from [183]

5.1.7 Impedance Spectroscopy (IS)

The most fundamental description for impedance is that it is a measure of an elec-
trical circuit’s ability to resist the flow of current. Whilst this is analogous to resistance,

the main difference is that resistance is independent of frequency whereas impedance is

frequency dependent [184].
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Phase shift

v

v

Figure 5.9: AC voltage and current as a function of time and demonstration of phase
shift between the them.

Impedance is measured by applying an AC signal of known voltage to a sample and
measuring the current response. The known signal can be expressed as a function of

time as shown in Equation and graphically in Figure[5.9

Vi = Vosin(wt) (5.6)

Where V4 is the voltage at time t, Vj is the voltage amplitude, and w is the angular
frequency of the signal. The sample will then cause a shift in the response signal and a

drop in the amplitude which can be expressed as:

Iy = Iysin(wt + @) (5.7)

Where I; is the current at time t, Iy is the amplitude of the current, w is the angular
frequency and ¢ is shift in the response signal.

The impedance, Z, is then calculated by dividing to input signal by the response
signal similar to Ohm’s law:
Vi Vogsin(wt) sin(wt)

= 7,2 (5.8)

It =—=—"""—
T Ipsin(wt + ¢) 0 sin(wt + ¢)

An alternative method of mathematically describing the impedance is as a com-
plex value using the Euler’s relationship in Equation and expressing the input and

response signal as follow:

exp(jo) = cosp + jsing (5.9)
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Vi = Voexp(jwt) (5.10)

I = Iyexp(jwt — ¢) (5.11)

Where j = v/—1. The alternative expression for the constructed impedance can

then be expressed using similar treatment as before.

Vi Voexp(jwt)

2= 1= Toeap(iut — 9)

= Zpexp(jp) = Zo(cosp + jsing) = Z' + j 7" (5.12)

The ability to analyse the impedance of a sample as a function of frequency allows
for much more information to be collected compared to DC analysis particularly in
the characterisation of ferroelectrics. As discussed in Chapter 2, the polarisation of a
material can be broken down into different contributions which “freeze out” at different
frequencies. This description of mechanism relaxations is highly simplified as many
more relaxations can take place within these frequency ranges. These originate from
separate conduction mechanisms from either A-site vacancies, oxygen vacancies, B-site
vacancies or free charge carriers. Furthermore these relaxations can also take place
within different regions of the ceramic such as within the grain, at grain boundaries, or
at the ceramic-electrode interface. The power of impedance spectroscopy comes with the
ability to deconvolute these different contributions to the overall impedance as shown

in Equation and allows the user to probe different areas within the ceramic [185].

Ztotal = ZgTain + Zgrainboundary + Zelectrode (513)

Although this characterisation technique is named dielectric impedance spectroscopy,
there are other important electrical quantities that must be considered to gain a fuller
understanding of the test sample. The first is admittance (Y*) which in complex form

relates to the complex impedance (Z*) as shown in Equation [5.14]

1

)
Z*

(5.14)

And the second is electric modulus (M*) which can be expressed in complex form

according to Equation [5.15]
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M* = jwCZ* (5.15)

Where j = /—1, w is the angular frequency, and C is capacitance.

It is important to analyse these other quantities, particularly the electric modulus
function as it allows for the observation of responses that may not be obvious when
considering only impedance measurements as shown in Figure This is due to the
different weightings of the data. For example, in an average ferroelectric material the
impedance is dominated by the grain boundary contribution and thus will dominate
the impedance spectrum and may hide any contributions from the bulk. Whereas the
electric modulus will highlight the smallest capacitance since the M” maximum will be
=¢0/2C which will usually come from the bulk response |186].

The two most common plots in impedance spectroscopy are Bode plots (Figure,
in which the imaginary parts of the quantities are plotted as a function of frequency
and provide a general overview of the material’s response to the stimulus giving an
indication as to the number of relaxation mechanisms. The second plot is a complex
plot shown in Figure in which the real and imaginary part of a quantity are plotted
against each other. By constructing an equivalent circuit which can accurately model

the raw data, values for the resistance and capacitance can be extracted.

Al (Q)
M"

log(Frequency) (Hz)

Figure 5.10: Imaginary impedance Z” and imaginary modulus M” versus frequency
for barium titanate polycrystalline ceramics as an example of a Bode impedance plot.

Taken from [187]
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Figure 5.11: Z"” v 7' for barium titanate polycrystalline ceramic as an example of a
complex impedance plot. Taken from [187|

5.1.7.1 The Constant Phase Element

A material that exhibits ideal capacitive behaviour will have one relaxation time
and can be demonstrated in the Bode plots as a single vertical line and in a complex
plot as a perfect semicircle. In reality a material will not act as an ideal capacitor and
a distribution of relaxation times occurs which can be shown in the Bode plot through
broadening of the relaxation peak and in the complex plot as a rotated semicircle where
the centre lies below the x-axis. In order to model this non-ideal behaviour, a constant
phase element (CPE) is often included in the equivalent circuit along with a resistor and
capacitor [186]. The impedance of the CPE (Z}pp) is defined as shown in Equation
516

Z&py = [B(jw)™ ™ (5.16)

Where B = v/cos(mm/2), v is a constant, j = y/—1 and m is a constant between
0 and 1. At m—1, the CPE acts as an ideal capacitor and at m—0 acts as an ideal

resistor.

5.1.8 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a chemical analysis surface technique which was first developed by Kai Sieg-
bahn and the research group at the University of Uppsala, Sweden, in the 1960’s. A
spectrometer is used to measure the kinetic energy of electrons that have been emitted

from the surface of a material through excitation of an incident photon [188|. Usually
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the graph of choice to present this data is counts or intensity vs the binding energy

which is calculated using Equation [5.17]

Ebinding = hf — Ekinetic — K (517)

Where hf is the known energy of the incident photon, FEiinetic is the measured
kinetic energy and & is the spectrometer work function. Although the experimental
dependent variable is the kinetic energy, the binding energy signifies the more intrinsic
nature of the samples and is therefore preferred during analysing and plotting.

XPS is based on the photoelectric effect which is shown in Figure [5.12] An incident
photon excites an electron in the core levels which in turn is emitted and contributes to
the photoelectron spectrum. As the energy of the incident photon is changed, so does
the measured kinetic energy of the emitted electrons. The obtained spectrum accurately

replicates the electronic structure of the atom as shown in Figure [5.13]

Ejected electron

L, . . Incident X-ray

K . N\

Figure 5.12: Schematic showing the process of the photoelectric effect. Adapted from
[188]
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Af

Kinetic
Energy

Figure 5.13: Tllustration demonstrating a typical XPS spectrum (red) and how the
peak locations and background are related to the fundamental electronic structure of
the atom (blue). Taken from [189]

When electrons of a core level are emitted without loss of energy, characteristic lines
in the spectra are generated whereas electrons that undergo inelastic scattering form the
background of the spectrum. An atom that has emitted a core electron can relax in two
ways, through the emission of an X-ray or the emission of a secondary electron (more
commonly known as an Auger electron). When a vacancy is formed after the emission
of an electron through the photoelectric effect, an electron from a higher energy level
will drop to fill the vacancy. The energy from this relaxation of a higher energy electron
leads to the emission of this second electron from the atom [188|.

Due to the difference in fundamental chemical environment of each atom such as
number of protons and electrons and the differences in electronegative and electropos-
itive nature, each element has a unique binding energy. For materials with multiple
elements, the characteristic spectra overlap each other. Software can then be used to
identify these elements by using a database containing these ‘fingerprint’ binding energy
values. Furthermore the binding energies deviate slightly and arise from the differences
in chemical environments, e.g. a carbon bonded with an oxygen atom will have a dif-
ferent binding energy to that of a carbon bonded to a hydrogen atom. This chemical
shift is a useful tool in analysing chemical information such as the oxidation state of an

element. XPS is a purely surface sensitive technique and arises from the short distances
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that electrons can travel before losing their characteristic energy through inelastic col-

lisions. Therefore, the technique is limited to approximately 1-10nm in depth [189)].
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5.2 Experimental Procedure

5.2.1 Synthesis of Powder

Commercially available reagent powders of BiaOs (99.9%), PbO (99.9%), FesO3
(>99%), TiO2 (99.9%) and Nb2Os (99.99%) (Sigma Aldrich) were dried overnight at
120°C in order to dehydrate the powder and allow for more accurate chemical weights.
Non-stoichiometric mixtures were weighed to form 0.65Bil_%Fel_mszOP,—O.%PbTiOg
(x=0.00, 0.01, 0.02, 0.05, 0.10, 0.20, 0.30). The choice of 0.65:0.35 (BiFeO3:PbTiO3)
ratio was to be close enough to the morphotropic phase boundary (MPB) as to exhibit
large spontaneous strain but far enough away from the MPB such that a P4mm phase
is retained on the introduction of dopants. Bell et al. [55] found that the introduction
of even small quantities of Mn** (x=0.0025) resulted in a significant shift in the MPB
such that a pure R3c phase was observed. Furthermore, the choice of Nb®T as a dopant
is explained in Section [2.3.3] The reason for the non-stoichiometric calculation of Bi
is as follows. Counsidering only the Nb-doping of BiFeQOs, there are four potential com-
pensation mechanisms for donor doping: I - electron compensation, II - oxygen vacancy

annihilation, III - A-site vacancies, and IV - B-site vacancies as shown in Equations

B.ISH5.2TE

I NbyOs <5 2Nbj, + 305 + Oy 1 +4¢ (5.18)
11 NbyOs + 2V, <+ 2Nby, 4+ 505 (5.19)
111 3NbyOs5 ¢+ 6Nbj, + 4V, + 1508 (5.20)
IV 3NbyOs5 < 6Nbj, + AVp, + 1503 (5.21)

Mechanisms I and III are expected to dominate under heat treatment in air, mecha-
nism IT may dominate in oxidising conditions, and mechanism IV may occur, although it
may be unlikely, resulting in the precipitation of FesO3 although it is unlikely. To avoid
the deleterious effects of mechanism I and IV, and in order to avoid the experimental
complexities of sintering or annealing in pure or high pressure oxygen, mechanism 11T is
chosen as the means of electrical neutrality. Equation shows that for every quantity
x of Nb, 22/3 amount of Bi must be removed in order to acheive electrical neutrality.

Reagents were ball milled in iso-2-propanol with yttria-stabilised zirconia (YSZ)

beads (Tosoh, Japan) for 24 hours allowing for the thorough mixing and breaking down
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of powders. Dried and sieved powders were then placed inside an alumina crucible
with an alumina tile lid and calcined at 800°C for 4 hours in air using a heating and
cooling rate of 200°C/hour. Once calcined, powders were sieved again to break up
large agglomerates and ball milled for another 24 hours in deionised water and 2wt%
Optapix ceramic binder (Ceramco, Italy). The resultant slurry was dried initially using
a Kenwood kitchen chef induction heated mixing bowl and placed into an oven at

>120°C overnight. Powders were then sieved for a final time.

5.2.2 Synthesis of Pellets

Powders were uniaxially pressed at 125MPa into 10mm diameter pellets and buried
in a powder bed of identical composition within an alumina crucible set-up. An initial
binder burnout stage involved gradual heating up to 600°C at 60°C/hour and dwelling
for 1 hour, followed by heating to 1000°C (x=0.00, 0.01, 0.02 & 0.05) or 1050°C (x=0.10,
0.20 & 0.30) at 300°C/hour for 0.5 hours. Pellets were then cooled at 20°C/hour down
to room temperature. The slow cooling is imperative to the survival of the samples
when cooling through the cubic-tetragonal phase transition and the formation of dense,
uncracked samples. The choice of sintering temperature was determined through op-
timisation, in which samples were sintered from 900°C-1100°C at 50°C intervals and
the geometric and archimedes density were measured to find the sintering temperature
which resulted in the highest values of absolute and relative density. All other parame-
ters such as binder burnout stage, heating and cooling rates, and dwell times were taken
from Ref. [190].

In an ideal experiment in which only the effect of Nb-doping on BiFeO3—-PbTiO3
was being studied, a coherent maximum sintering temperature would have been used.
However it was decided that optimising the density would help eliminate the significant
distraction of the effect of porosity and therefore it was preferential to characterise the
electrical properties of dense ceramics rather than porous ceramics, hence x=0.10, 0.20
and 0.30 samples were sintered 50°C higher. Final samples possessed relative densities
between 95.8%-96.8% for low Nb-contents (x<0.05) and 95.7% to 92.2% for highly doped
Nb-samples.

This set-up and sintering regime resulted in material losses of <1wt%. Samples
initially showed a dull grey consistency due to the loss of volatiles from the surface. The
depleted layer was removed using silicon carbide paper before any density measurements

resulting in samples appearing more shiny and metallic-like as shown in Figure [5.14]
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Figure 5.14: BiFeO3-PbTiO3 polycrystalline pellets in (a) green form (b) sintered form
and (c) polished form.

For electrical analysis, samples were ground to lmm in thickness using a Beuhler
Metaserv Motopol 12 (Beuhler, USA). The samples were then electroded using fire-on
silver paste (Gwent group, UK) on opposing faces carefully so as to not create a short
circuit around the edge of the sample and fired at 550°C for 15 minutes.

For the annealing study samples were placed in an alumina crucible and covered
with an alumina tile to reduce the loss of volatiles. Samples were then annealed at
750°C for 0.5 hours with a heating and cooling rate of 200°C/hour and 50°C/hour,
respectively.

All characterisation and results in this thesis were carried out using the same batch
of powder. A second collection of samples were fabricated to test repeatability showing
concordancy in crystallography, and general agreement in the dielectric and piezoelectric
measurements. Slight variation in the dielectric and piezoelectric properties from batch-
to-batch were due to the nature of ceramic processing however identical trends were
observed. For the case of x=0.01 and 0.02, a third set was fabricated and tested in

order to confirm the anomolous behaviour of x=0.01 samples.

5.2.3 X-Ray Diffraction

X-ray diffraction was carried out on a PANalytical X'Pert Diffractometer (Phillips,
The Netherlands) using a Cu target and a Bragg-Brentano set-up. The voltage and
current used to generate the X-rays were 40kV and 40mA throughout. A standard step
size of 0.033° was used from 15°-60° 20 and a scan time of 30 minutes was employed.
All characterisation was carried out on pellets that had been crushed using a pestle and

mortar and annealed.
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5.2.3.1 Refinement

Rietveld refinement is a highly established method for detailed structural character-
isation of ferroelectric materials. It involves the creation of a model structural system
which is then compared to raw data by adjusting parameters such as unit cell dimen-
sions, atomic positions and scale factors. Typically a weighted R-profile (R,,,) value is
used to quantify the degree of coherence between the two by analysing the difference in
height, width and peak position between the model and the data. Another value that
is often quoted to quantify goodness of fit is chi? which mathematically is represented
as Ryp/Rexp Where Reyy, is the expected R factor and considers the quality of the raw
data and represents the best possible value of R,, that can be achieved. When chi?
approaches 1, the goodness of fit increases [191]. Once the user has reached a point
either where no more justifiable refinements can be made and/or further parameter re-
finement results in the decrease in goodness of fit values, then detailed crystallographic
data can be extracted such as unit cell parameters, atomic positions and occupancies,
and structural phase percentage weights in ferroelectric solid solutions.

Rietveld refinement is an important part of crystallographic analysis of materials
and is therefore important to have a basic understanding of how it works. It is also
important to understand its limitations, one of which is the inability to analyse mate-
rials with significant peak broadening and anisotropy. Although peak broadening and
anisotropic effects have refineable parameters within Rietveld analysis, this phenomenon
is too large to be accountable in BiFeO3-PbTiO3. As shown in Figure when the
peak broadening and anisotropy are refined in order to match the pattern of the tetrag-
onal (001) peak, a large discrepancy between the model and experimental data of the
tetragonal (100) becomes obvious and vice versa. This issue is repeated across multiple
tetragonal peaks and therefore the best weighted R-profile that could be achieved in this
study was ~25. The inability to sufficiently fit the Rietveld model has been observed
previously [178,190] and leads to the inability to accurately refine the bismuth ferrite —
lead titanate solid solution and similar anisotropic materials using standard laboratory

X-ray diffraction facilities and therefore the validity of the refined parameters obtained.
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Figure 5.15: Rietveld refinement fitting results for x=0.01 Nb:BFPT65 demonstrating
severe anisotropic effects of the tetragonal {001} peaks

For this study, a HighScore Plus (Malvern Panalytical, UK) least-square fitting
method was used and data was compared to the International Centre of Diffraction
Data (ICDD) database in order to determine the structural phases present. Once the
appropriate ICDD files were chosen, and combining the goodness of fit to experimental
data, relative peak intensities and scale factors, HighScore Plus is able to provide a

semi-quantitative value for the percentage weights of each component.

5.2.4 Scanning Electron Microscopy

In order for detailed analysis of the microstructure of samples, a high level of pol-
ishing was carried out. Whilst the pellets for previous studies had been mechanically
ground so as to remove material and reduce the thickness of the sample, here the process
involves using far less aggressive abrasives in order to remove scratches and create a flat
surface.

Samples were fixed to the bottom of a grinding plate with laboratory grade bees
wax. Once mounted the samples would be initially ground with 800 grade SiC abrasive
paper, and then polished using a series of diamond suspension sprays gradually reducing
in particle size. A regular top-up of diamond suspension spray was applied during each
polishing step in order to maintain a sufficient level of lubrication and avoid smearing
across the sample surface. Between each route, the samples were cleaned using distilled

water and detergent. Table gives details on the polishing route used in this study.
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Samples were then chemical etched using a solution of 50mL water, 3mL HCI and
3 drops of HF. This solution was initially formulated by Professor Bell and has since
been used by previous students at the University of Leeds [178}]192] for BiFeO3-PbTiO3
or similar materials. The samples were submerged in etchant for 10 seconds, bathed in
water for 10 minutes and thoroughly washed with detergent and methanol. The samples
were then placed in an oven >100°C for 5 minutes to thoroughly dry the sample and
remove any moisture that may have become trapped in pores.

An etched sample was then stuck onto a carbon adhesive pad which in turn was
stuck onto a stainless steel SEM stub. Carbon paint was spread around the edges of the
sample in order to create a sufficient conductive path for electrons and prevent charge
build-up on the surface of the sample which can severely distort the SEM image. A
5nm layer of carbon was sputtered onto the sample to increase the conductivity across
the sample surface.

SEM was carried out using a Hitachi SU8230. The electron beam settings were kept
at bkV accelerating voltage and 22.3uA current throughout all samples.

Grain size analysis was carried out using ImageJ software (National Institutes of
Health, USA) using the grain boundary intercept method. In this method a line of
known length is drawn across the SEM image and the number of grain boundary in-
terceptions is counted carefully by eye. The average grain size is taken as the length
of the known line divided by the number of boundary interceptions. This number is
further multiplied by a correction factor of 1.56 which takes into account the overlap-
ping of grains which can make grains seem smaller than they are and also overcomes
the issue of uncertainty which can arise when measuring possibly anisotropic individual
grains [193]. For each sample 10 lines were drawn and the intercepts counted for each
and averaged, the error was calculated using the standard deviation between average

grain sizes across each line.

5.2.5 Permittivity vs Temperature

The capacitance and tand were measured on unpoled samples using an Agilent 4284 A
LCR meter (Agilent, USA) connected using a GPIB interface (IEEE) which, using the
sample dimensions measured using a micrometer and inputted into the software by
the user, were automatically converted to relative permittivity. Samples were placed in
between two silver wires and placed inside a tube furnace. A heating and cooling rate of

3°C/min and a maximum temperature of 750°C was employed. A K-type thermocouple
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was located within the vicinity of the sample and recorded using a USB-TCO01 device
(National Instruments, UK).

5.2.6 Poling & Berlincourt Measurements

A short poling study was carried out in order to determine the optimum poling
conditions. This step involved poling samples over a range of temperatures and fields
and the ideal poling parameters were taken as the conditions that resulted in the largest
dsz. Table shows that the point at which the highest ds3 was achieved is at 75°C
with a poling field of 8kV/mm. A poling time of 5 minutes was implemented for all
samples. Although this poling regime was determined using undoped BFPT samples,

it was used across all Nb content samples for consistency.

Table 5.2: ds3 values for undoped 0.65 BiFeO3—0.35 PbTiO3 for a range of temperatures
and DC electric fields, poled for 5 minutes. (BD=breakdown)

5kV/mm  6kV/mm  7kV/mm  8kV/mm  9kV/mm
50°C | 15.8pC/N 17.8pC/N 26.9pC/N  37.6pC/N BD
75°C | 18.0pC/N 32.1pC/N 38.1pC/N 49.2pC/N BD
100°C BD BD BD BD BD
125°C BD BD BD BD BD

After poling, samples were allowed to rest for 24 hours and then ds3, capacitance and
tand measurements were tested using a Piezotest PM300 Berlincourt meter (Piezotest,
Singapore) with a dynamic force 0.25N at 110Hz.

For d3; measurements, samples were cut using a diamond saw into Smm x 3mm
x 1mm cuboids, electroded across the 5mm x 3mm large faces, poled, and left for 24
hours before measurement. Figure [.16] shows the schematic of the d3; measurement
set-up. The d3; was measured by placing the rectangle in between the Berlincourt meter
probes along the long axis such that the electrode face was perpendicular to the probes.
Alumina tiles were placed in between the probe and sample so that the equipment did
not short circuit along the electrode and wires were used to connect the probes to each
face of the sample. The reading from the Berlincourt meter was then recorded and

divided by the aspect ratio of the rectangle to give the ds;.
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Figure 5.16: Photograph of the appropriate ds; setup using a dss meter

Using the dss, d31, capacitance and dimensions of the samples, the hydrostatic

piezoelectric charge coefficient dj, and piezoelectric voltage coeflicients were calculated

using Equations [5-22]- (-25]

dp = d33 + 2d3 (5.22)
d
g3z = —0 (5.23)
60.633
d
g3 = —2 (5.24)
€0.€33
d
gh = —" (5.25)
60.633

The error bars in all piezoelectric properties were calculated through the standard
deviation of 5 samples from the same batch. Occurances where no error bars can be
observed are due to the error being hidden by the datapoint and therefore show little

deviation.
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5.2.7 Polarisation vs Electric Field Loops

P-E loops were carried out on a Precision LC Analyser (Radiant, USA) connected
to a Trek 5/80 high voltage amplifier (Trek, USA). Samples were ground down to
<500um in order to maximise the amount of available electric field whilst still retaining
structural integrity, electroded as before, and placed between two contacts within a
PTFE chamber. The samples were submerged in silicone oil in order to increase the
dielectric breakdown voltage and prevent arcing around the edges of the pellet. All
measurements were carried out at room temperature.

A high voltage AC signal of 1Hz was cycled 3 times and averaged for each sample
with a pre-loop delay of 1s.

5.2.8 Strain vs Electric Field Loops

x-E loops were carried out using a high precision MTI-2100 fotonic sensor placed
above the top contact within the PTFE chamber. Calibration of the fibre optic sensor
was carried out before each sample was tested. As the equipment is all interconnected
with the P-E loop apparatus, the x-F loops were carried out using the same electric

field stimulus and data recording parameters mentioned in Section

5.2.9 Dielectric Impedance Spectroscopy

Impedance spectroscopy was done using a Modulab XM MTS (Solartron Analytical,
UK). Sample and thermocouple setup within the tube furnace was identical to that
mentioned in Section[5.2.5] A heating rate and cooling rate was set to 2°C/min between
250°C-650°C. This heating regime was cycled twice such that the first cycle would
characterise the unannealed samples and second cycle the annealed samples. A 1V
sweeping AC signal from 1Hz — 1MHz was used resulting in each measurement taking
approximately 20 seconds. Rapid measurements were needed in order to avoid warping
of the impedance spectra from rapid changes in temperature during the measurement.
20 second measurements combined with a 2°C/min heating and cooling rate resulted in
approximately 0.67°C variation between the start and end of measurement. Equivalent

circuit fitting was done using ZView (Scribner Associates, USA).

5.2.10 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy was carried out using a SPECS UHV system with
high performance XR50M dual Al/Al X-ray anodes and a PHOIBOS 150 analyser
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(Specs, Germany). Sample surface preparation was similar to that for scanning electron
microscopy outlined in Table The anode parameters were set to 400W power and
accelerating voltage of 15kV. The iris diameter was set to 60mm. Samples were stuck to
aluminium plates and placed into an ultrahigh vacuum (7x1071°Pa) and the lateral and
height positions calibrated. An FG 500-A flood gun was used throughout with energy
of 3eV and a filament current of 0.25uA in order to replenish any generated holes in the
samples throughout data collection. Scans were taken from -5eV to 1400eV with a step
size of 0.343101eV and acquisition time of 0.1s.

Data analysis was carried out using CasaXPS (Casa Software Ltd, UK). The spec-
trum was calibrated using the carbon 1s peak (284.4eV) and a ‘Shirley’ background
setting was adopted throughout. Peak position values for valence states of each element
were compared to values stated in [194]. Due to time restraints, XPS analysis was only

carried out on unannealed samples.
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5.3 Results & Discussion

5.3.1 X-Ray Diffraction

Figure shows XRD patterns from 15°-60° 20 for all compositions. A pure
perovskite consisting of R3c and P4mm space groups can be observed for samples up
to x=0.02 Nb content showing no evidence of undesirable secondary phases. Ceramics
containing x=>0.05 Nb show the introduction of a pyrochlore phase which increases
with higher Nb content. This suggests that between x=0.02-0.05 Nb content, the solid
solution solubility limit has been reached in which the perovskite becomes unstable and

begins to adopt a more energetically favourable pyrochlore phase.

15 20 25 30 35 40 45 50 55 60
20 (degrees, CuKa)

Figure 5.17: XRD scans from 15°-60° 20 for 0.65Bi;_2.Fe;_,Nb,O3 - 0.35PbTiO3
3

(x=0.00, 0.01, 0.02, 0.05, 0.10, 0.20, 0.30) crushed and annealed polycrystalline ceram-
ics. Peak indexing has been carried out using P4mm and R3c space groups in the
pseudo-cubic context. Purple asterisks represent peaks originating from the pyrochlore
phase and red asterisks from pure FesOgs

The increasing instability of the perovskite phase with Nb content can be demon-
strated by using a modified Goldschmidt tolerance factor to describe a solid solution by
taking the average A-site and B-site radii based on stoichiometry. As shown in Figure

5.18], the tolerance factor diverges away from 1 implying that the stability of the per-
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ovskite decreases with increasing Nb content. This is most likely due to the difference
in ionic radius of the host Fe3* (0.55A [85]) ions and the foreign Nb®+ (0.64A [85]) ion.
The larger size of the Nb®" means that the ion cannot comfortably occupy the B-site,

disrupting the local chemistry and crystallography and increasing instability.
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Figure 5.18: Goldschmidt tolerance factor vs Nb content for 0.65B11_2x/3Fel,mme03—
0.35PbTi0O3 (x=0.00, 0.01, 0.02, 0.05, 0.10, 0.20, 0.30)

Another explanation for this instability is the increasing amount of bismuth vacan-
cies as a function of Nb content. Whilst the formation of undesirable pyrochlore phases
are often attributed to excessive loss of volatiles during processing [195-198], the pur-
poseful removal of bismuth ions for charge balance in this study and the subsequent
creation of A-site vacancies also disrupts the perovskite stability to a point in which a
pyrochlore phase is more favourable.

By undergoing a search and match profile, ICDD files determined that the most
appropriate match for the undesirable pyrochlore phase is Pby 7TiggNb1.20¢.3. In reality
it is more likely to consist of many different formulations with a mixture of all atomic
components with Pb and Bi occupying the A-sites and Fe, Ti and Nb occupying B-sites,
similar to the perovskite phase. Conventional wisdom suggests that Pb will dominate
the A-sites of the pyrochlore phase as at high Nb contents, a significant amount of
bismuth is stoichiometrically removed for charge compensation.

At x=0.20 and x=0.30 Nb, a small quantity of FeaO3 becomes present suggesting
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that in heavily doped samples, another solid solubility limit is reached in which reagent

segregation occurs.
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Figure 5.19: Relative phase weights as a function of Nb content calculated semi-
quantitively using HighScore Plus and ICDD files for P4mm BFPT (ICDD:01-079-
9997), R3¢ BFPT (ICDD: 01-082-9790), pyrochlore (ICDD: 00-066-0193) and pure iron
oxide (ICDD: 01-089-0596)
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Figure 5.20: Rhombohedral lattice parameters, tetragonal lattice parameters and the
tetragonality (c/a) as a function of niobium content

Figure[5.20[shows tetragonal and rhombohedral lattice parameters and tetragonality
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with Nb content. From x=0.00-0.05 the tetragonality reduces from approximately 12.5%
t0 9.9% which is predominantly dictated by the decrease in ¢cp. This is most likely due to
the introduction of the foreign Nb°T ion and the discrepancy in ionic size. It is possible
that the large Nb ion may disrupt the A-O and B-O covalence which is responsible for
the large tetragonality in undoped BFPT. At x=0.10, there is a large increase in the
tetragonality and cp-axis lattice parameter and a small decrease in the ap-axis lattice
parameter. Although more foreign Nb ions are present, this trend is more likely linked
to an increase in grain size as a result of a higher sintering temperature. As mentioned
previously, the tetragonality of BiFeO3-PbTiOgz solid solution is closely related to the
grain size with larger grains producing a more tetragonally pure material . From
x=0.10-0.30, the tetragonality continues to reduce down to 6.5%. Again this is most
likely due to the decrease in A-O covalence due to the increase in concentration of A-site
vacancies and also the B-O bonding. The lattice parameters of the rhombohedral phase

(ar) remain almost constant over all Nb contents.

5.3.2 Scanning Electron Microscopy

The microstructure of each composition was analysed using both secondary elec-
trons and backscattered electron imaging. Average grain size and perovskite-pyrochlore
ratios were determined only using backscattered images shown in Figure [5.21] as these
provided more clearly defined grain boundaries using ImageJ (National Institutes of

Health, USA).

(b) x=0.01 BSE 5kV
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2pum
(c) x=0.02 BSE 5kV (d) x=0.05 BSE 5kV

(e) x=0.10 BSE 5kV (f) x=0.20 BSE 5kV

120



Chapter H |Characterisation of Heavily Nb-Doped BiFeOs-PbTiOg3 Ceramicsl

(2) x=0.30 BSE 5kV

Figure 5.21: Backscattered electron images for x=(a) 0.00, (b) 0.01, (c¢) 0.02, (d) 0.05, (e)
0.10, (f) 0.20, and (g) 0.30 Nb:BFPT65 polycrystalline ceramics with 5kV accelerating
voltage

Figure a) — g) show the general microstructure of polished polycrystalline ce-
ramics that have been etched for 10 seconds. Initial observations of low Nb containing
samples show dense polycrystalline ceramics with minimal porosity. Despite the enor-
mous tetragonality of BiFeOs-PbTiO3, no micro or macro cracking is observed for any
samples highlighting the importance of a slow cooling program during fabrication. The
images also highlight the suitability of the polishing route with very few scratches ob-

served and even showing ferroelectric domain structures.
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Figure 5.22: Average grain size vs Nb content

Figure shows the average grain size calculated using the interception method as
a function of Nb content. Initially the average grain size is measured to be approximately
0.85um. This is larger than the grain sizes reported for undoped BFPT65 by Stevenson
[190], however the discrepancy is due to the different methods of milling. In this study,
powders were ball milled for 24 hours using lcm sized YTZ media whereas Stevenson
used attrition milling which has been shown to result in smaller grains due to the
increased agitation of the powder and milling media resulting in smaller initial powders
[190].

For x=0.01, no significant change in grain size can be observed with average grain size
decreasing only slightly to 0.83um, and at x=0.02 Nb content the grain size drops again
to 0.75um before increasing again to 0.8um at x=0.05. For samples containing x=0.10,
0.20 and 0.30 Nb, the grain size increases to 1.7um, 1.72um and 1.8um, respectively.
Similarly to the tetragonality, this dramatic increase is most likely due to the increase in
the sintering temperature used during fabrication. When the sintering temperature is
increased, it provides more thermal energy to the ions and increases mobility, material

transfer to the grain boundary is increased and therefore grain size also increases.
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Figure 5.23: 11000x magnification 5kV BSE image of x=0.10 Nb:BFPT65. Features
have been highlighted and annotated such as regions of pyrochlore phase showing no fer-
roelectric domain texturing, ferroelectric domains showing a typical herringbone struc-
ture and intragranular pores implying a core-shell structure

Figure shows a 5kV BSE image of x=0.10 Nb:BFPT65 and is annotated to
illustrate some SEM features observed in this study. One of these characteristics ob-
served with the highly doped samples is the increasing presence of non-textured areas
containing few grain boundaries between them and may represent the pyrochlore phase
due to the lack of ferroelectric domains within the regions. Furthermore XRD showed
that this pyrochlore phase becomes more prominent with increasing Nb content, a char-
acteristic that is also observed with the non-textured regions. Figure [5.19] compares the
semi-quantitative phase weight of pyrochlore phase calculated by HighScore Plus soft-
ware and the area size of the non-textured regions using ImagelJ. A clear correlation can
be observed suggesting that the non-textured regions are indeed the pyrochlore phase.
The difference in pyrochlore percentage may stem from the fact that XRD was carried
out on crushed and annealed powders and is more representative of the bulk material,
whereas the SEM analysis was carried out on a small area of the sample at the surface

and may not necessarily represent the bulk material.
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Figure 5.24: Relative presence of pyrochlore calculated from SEM using area mapping
function in ImageJ software and XRD using semi-quantitative phase weight data

An interesting observation is the presence of small pores within the grains. These
are shown in Figure p.23| and imply the presence of a core-shell structure in which
the chemistry of the centre of the grain (core) is different from the grain boundary
(shell). This phenomenon occurs due to the segregation of ions and defects such that
the concentration at the grain and grain boundary are different. The fact that pores are
present instead of the core is most likely due to the aggressiveness of the etching process
which appears to have etched away the centre material. The observation of a core-shell
structure is useful for impedance spectroscopy discussed in Section in which the

appropriate model equivalent circuit is heavily influenced by these observations.

5.3.3 Permittivity vs Temperature

Figures[5.25] (a)-(g) show the relative permittivity at 100kHz as a function of temper-
ature for all unpoled samples when both unannealed and annealed. For pure BFPT an
initial bump is observed at approximately 450°C which may be attributed to the relax-
ation of oxygen vacancies before increasing to maximum relative permittivity at 672°C.
For the annealed sample, a similar trend can be observed, however the temperature at
maximum relative permittivity is below that of the unannealed sample.

For all Nb containing samples there is no coherence between the relative permit-
tivity trend before and after annealing. Unannealed x=0.01 Nb-doped samples (Figure
5.25(b)) show that the initial bump at approximately 450°C for undoped BFPT has
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almost disappeared implying the elimination of oxygen vacancies. The relative permit-
tivity then gradually increases towards T where a maximum value of approximately
6000 is measured at approximately 650°C. Above T a small hump can be observed.
Although this feature implies that the relative permittivity does not follow Curie-Weiss
law and therefore exhibits relaxor-like behaviour, it may be more likely that the observed
trend is a result of large conductivity at high temperature which is more obvious when
looking at the tand. For annealed, x=0.01 samples another bump may be observed at
approximately 500°C, which again may be a result of defect relaxation. Similar obser-
vations can be made for x=0.02 (Figure [5.25(c)), x=0.05 (Figure 5.25(d)) and x=0.10
(Figure[5.25](e)) samples in which annealed samples show a characteristic hump between
450°C and 500°C.

For x=0.20 Nb-doped samples (Figure [5.25(f)), the opposite trend can be observed
in the unannealed state where the relative permittivity shows two distinct peaks, the
first again most likely representing a relaxation of defects and the second representing
the Curie temperature. In the annealed state a single clear, broad peak is observed.
This implies that there is a bimodal distribution of defects which when in an unannealed
state have two distinct relaxation temperatures, however once annealed are more evenly
distributed resulting in a more coherent relaxation temperature.

Finally for x=0.30 Nb-doped samples (Figure [5.25(g)), a single peak is observed in
both unannealed and annealed state although the latter shows an increase in both the

intensity and Curie temperature.
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Figure 5.25: Permittivity vs temperature at 100kHz for x=(a) 0.00, (b) 0.01, (¢) 0.02,
(d) 0.05, (e) 0.10, (f) 0.20 and (g) 0.30 unpoled Nb:BFPT65. The black line represents
scans of unannealed samples and red line represents scans of annealed samples

Figure [5.26) shows the temperature of maximum permittivity in degrees Celsius as
a function of Nb content for both annealed and unannealed samples. In both cases, the
introduction of Nb generally results in this value decreasing. Similarly to the observation

in tetragonality as a function of Nb content (Figure|5.20)), this may be due to the break in
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periodicity of the crystallographic lattice which may weaken the A-O and B-O covalence
and therefore reduce the amount of thermal energy required to transform from a non-

centrosymmetric to a centrosymmetric structure.
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Figure 5.26: Temperature at maximum permittivity vs Nb content for unannealed (H)
and annealed (o) samples

5.3.4 Berlincourt Measurements

Motivated by the observations in Section that annealing has a significant effect
on the relative permittivity v temperature scans, the piezoelectric properties of Nb-
doped BFPT65 polycrystalline samples were measured before and after annealing using

the Berlincourt method.
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Figure shows the relative permittivity as a function of Nb content before and
after annealing. The lowest relative permittivity is measured for undoped BFPT which
may be attributed to the inability to store charge due to a high concentration of free
charge carriers and vacancies. x=0.01 Nb improves the dielectric performance with the
relative permittivity increasing from 280 for undoped BFPT to 458. The permittivity
then reduces to 411 for x= 0.02 Nb-doped samples and then increases again to 477
and 535 for x=0.05 and x=0.10, respectively. Whilst the reason for the decrease in
relative permittivity at x=0.02 is unclear, the general increase from x=0.00-0.10 implies
a reduction in free carrier density and oxygen vacancy concentration both of which
would result in reduced permittivity. The significant reduction in relative permittivity
for x=0.20 and x=0.30 may be due to the presence of a pyrochlore phase and/or the high
number of A-site vacancies. Once annealed the permittivity reduces for x=0.00, 0.02,
0.05, 0.10 and 0.20, remains unchanged for x=0.01 and increases for x=0.30. Although
the values for the relative permittivity vary before and after annealing the general trend

as a function of Nb content is similar.
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Figure 5.27: Relative permittivity values as a function of Nb content for unannealed
(M) and annealed (o) samples
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Figure shows the dissipation factor (tand) as a function of Nb content before
and after annealing. The general trend shows an initial decrease in losses for x=0.01
which increases again for higher Nb containing samples. The initial drop in tané could
be attributed to the elimination of oxygen vacancies as evidenced in the permittivity
v temperature graphs. The gradual increase in tand with increasing Nb content can
either be related to the increasing number of vacancies such as bismuth and oxygen
vacancies contributing to a higher conductivity or as evidence for lossy mechanisms
such as domain wall motion increasing which implies higher piezoelectric properties.
Similarly to the relative permittivity once annealed the general trend remains, however
the tand increases for x=0.01, 0.02, 0.05, 0.10 and 0.20 after annealing again implying

an increase in domain wall motion [199].
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Figure 5.28: tand values as a function of Nb content for unannealed (M) and annealed
(o) samples
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Figure [5.29 shows the d33 as a function of Nb content for unannealed and annealed
samples. Undoped BFPT65 is observed to have a ds3 of 42.1pC/N. For unannealed sam-
ples, the ds3 significantly drops for samples containing x<0.20 Nb with values ranging
from a maximum of 17.6pC/N for x=0.02 Nb to a minimum of 2.6pC/N for x=0.10. This
is contrary to previously reported studies of niobium doping in which the dss increases
due to the reduction in the concentration of oxygen vacancies, which in turn reduces
the concentration of dipoles which can inhibit domain wall mobility and therefore the
piezoelectric activity [200-203|. For samples containing x=0.20, the ds3 increases to
approximately the same as for pure BiFeO3—-PbTiO3 and then decreases again due to
the increasing concentration of non-piezoelectric phase in the system as shown by XRD
studies in Section

Once annealed, samples exhibit greater piezoelectric activity. Excluding x=0.01
Nb, a more conventional trend for Nb-doped ferroelectrics is observed in which the
ds3 increases from 46.3pC/N for undoped BFPT to 82.0pC/N for samples containing
x=0.05 Nb. Above x=0.05 the d33 decreases in an almost linear manner. As mentioned
previously, this is most likely due to the increasing concentration of the non-piezoelectric

pyrochlore phase at high Nb contents.
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Figure 5.29: Piezoelectric dsgs values as a function of Nb content for unannealed (H)
and annealed (o) samples
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Figure [5.30] shows the —d3; values also measured by the Berlincourt method using
rectangular plates. Similarly to the dss measurements, unannealed samples show low
values for the piezoelectric coefficient which is indicative of hard acceptor-doping with
the -ds; decreasing from 9.9pC/N for undoped samples to 1.50, 3.2, 1.8 and 0.20pC/N
for x=0.01, 0.02, 0.05, and 0.10 samples, respectively. The |ds1| then increases to
7.2pC/N for x=0.20 and then reduces to 5.9pC/N at x=0.30, again due the increase in
concentration of the non-piezoelectric pyrochlore phase. After annealing the |ds;| shows
significant improvement compared to its virgin state, in particular x=0.10 samples where

the |d31| increases by more than 40 times.
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Figure 5.30: Piezoelectric —d3; values as a function of Nb content for unannealed (H)
and annealed (o) samples
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The hydrostatic piezoelectric coefficient (dp, = dss + 2ds;) is shown in Figure m
and represents the piezoelectric response of a material when in an immersed surrounding.
Unsurprisingly the results follow a similar trend to those shown in Figure [5.29] and
Figure It is interesting to note that although the dss and d3; measurements
show that the piezoelectric ds3 and |ds;| coefficients of commercially dominant PZT far
exceeds that of the materials mentioned in this study, the hydrostatic coefficients of
x=0.05 (46.7pC/N) and x=0.10 (51.2pC/N) Nb-doped BFPT65 are comparable to that
of PZT401 (51.0pC/N [175]). This is because PZT has significant coupling between the
33 mode and 31 mode, therefore the ds; approaches ds3/2 and thus dj, approaches 0. For
materials such as modified lead titanate [101] and Nb-doped BFPT65 considered here,
the ds; is significantly less than ds3/2 and therefore the dj, is comparable to material
considered to possess larger piezoelectric activity. This large difference between the

|ds1] and ds3/2 implies significant intrinsic decoupling between the 33 and 31 modes.
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Figure 5.31: Piezoelectric dj values as a function of niobium content for unannealed
(M) and annealed (o) samples
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Figure shows the piezovoltage ¢33 (=ds3/€er€p) coefficient as a function of Nb
content for annealed and unannealed samples showing almost identical trends to that
of the charge coefficients. For undoped, unannealed 0.65BiFeO3-0.35PbTiO3 a g33 of
17.0x1073Vm/N is measured which decreases to 1.8x1073Vm/N for x=0.01 Nb. The
measured g3z for unannealed x=0.02, 0.05, 0.10, 0.20 and 0.30 samples are 4.9, 2.4,
0.6, 13.0 and 10.1x1073Vm/N. respectively. Once annealed the g33 increases for all
samples excluding x=0.30 measuring 19.3, 9.4, 21.1, 21.3, 15.8, 14.4, 7.4x1073Vm/N
for x=0.00, 0.01, 0.02, 0.05, 0.10, 0.20 and 0.30, respectively. Whilst Figures [5.29] -
illustrated that undoped BFPT possessed lower values than many of the doped
and annealed samples, the gs3 of undoped BFPT is significantly larger than unannealed
doped samples and comparable to annealed x=0.02 and x=0.05 samples. This is due to
the low values for the capacitance and subsequently the relative permittivity compared

to Nb-doped samples.
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Figure 5.32: Piezoelectric gss values as a function of Nb content for unannealed (H)
and annealed (o) samples
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Figure m shows values for -g3; (=ds1/€er€p) for each Nb doping regime and for
annealed and unannealed samples and almost identical trends are observed to that of g33
(Figure . Whilst Figure showed that values for the gs3 coefficient in PZT401
(25.5x 1073 Vm/N [175]) are only slightly larger than undoped BFPT and x=0.02 and
x=0.05 doped samples, Figure shows that the |gs1| of Nb-doped BFPT65 is much
lower than that of PZT401 (10.7x 1073Vm/N [175]) even after annealing. As the main
determining factor of the value of the |gs;1| is the |ds;|, the reason for such low values
is similar to the charge coefficient in that PZT401 has high coupling between the 33
and 31 modes resulting in large |d3;| values whereas in doped and undoped BFPT, the

coupling is very low and therefore low |ds;| and |g31| values are measured.
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Figure [5.34] shows the hydrostatic gj coefficient as a function of Nb content for
annealed and unannealed samples. Unannealed samples measured gy values of 9.4, 1.1,
1.5, 1.5, 0.5, 8.8 and 6.1x 1073Vm/N for x=0.00, 0.01, 0.02, 0.05, 0.10, 0.20 and 0.30,
respectively. Similarly to gss, the g of all samples excluding x=0.30 increase once
annealed to 10.3, 5.0, 12.0, 12.2, 11.8, 9.2, 3.0x 10=3Vm/N for x=0.00, 0.01, 0.02, 0.05,
0.10, 0.20 and 0.30, respectively.
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Figure 5.34: Piezoelectric gj, values as a function of Nb content for unannealed (H) and
annealed (e) samples

A common occurrence in all piezoelectric coefficient measurements is the initial de-
crease in piezoelectric activity from undoped to x=0.01 Nb-doped samples. Whilst other
samples show enhancement of the dss after annealing resulting in piezoelectric activ-
ity exceeding that of pure BFPT, x=0.01 doped samples do not achieve values greater
than undoped samples even after annealing. Although the reason for this phenomenon
cannot be explained using Berlincourt measurements or permittivity vs. temperature
plots, Section shows that this behaviour is a result of high Ti** and oxygen va-
cancy concentration which form domain wall pinning dipoles and subsequently reduce
the piezoelectric activity.

Another occurrence in these measurements is the enhancement of piezoelectric ac-
tivity after annealing. It is interesting to note that the greatest enhancement of piezo-
electric activity is observed in the defective perovskite states. Although the undoped

BFPT samples will naturally contain A-site vacancies and oxygen vacancies due to the
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manner of high temperature fabrication, they are ideally defect-free for the sake of this
study as the stoichiometry has been calculated in order to occupy all sites. Samples
doped with x=0.20 and x=0.30 Nb could also arguably be considered defect free as
they have transformed into a different structure in order to compensate for the defects.
Alternatively the stoichiometry of x=0.01, 0.02, 0.05 and 0.10 samples have been calcu-
lated in order to force the formation of bismuth vacancies with the aim of controlling the
introduction of defects into the lattice. This significant improvement in chemically de-
fective samples and relatively unchanged performance of non-defective samples implies
that the enhancement of the piezoelectric properties could be a result of a defect related
phenomena as opposed to crystallographic or microstructural. Although aliovalent dop-
ing of ferroelectric materials has been a useful tool that has been utilised for decades in
the tuneability of electrical and mechanical properties, understanding the dynamics of
these defects through further heat treating in BiFeO3-PbTiO3 polycrystalline ceramics
in this study, may aid the improved performance of other solid solutions.

Although the main objective of this chapter is to understand the conduction mecha-
nisms in BiFeO3-PbTiO3 polycrystalline ceramics and attempt to reduce the conductiv-
ity through Nb doping, it is useful to compare the piezoelectric performance of materials
in this study to others for relevance. Table shows the piezoelectric and dielectric
properties of Nb-doped BFPT65 alongside lead zirconate titanate and modified lead
titanate. As mentioned earlier, the 33 and 31 piezoelectric coefficients and the hydro-
static charge coefficient for undoped and Nb-doped BFPT65 polycrystalline ceramics
are inferior to that of commercially available hard PZT. However the hydrostatic volt-
age coeflicient is superior with annealed x=0.05 samples exhibiting values almost three
times larger than PZT401 and almost 25% greater than PZT807. This is attributed to
the natural decoupling of these two modes due to the large tetragonality which results
in low 31 values which results in a larger gy,.

However the piezoelectric voltage coefficients gss3 and g of modified PbTiO3 are
far greater than those of the materials in this study. The main consideration is the
coexistence of the rhombohedral and tetragonal structural phases in BFPT:Nb samples
which enhances both piezoelectric and dielectric properties [28]. Although Table
confirms the enhancement of the ds3 in BFPT:Nb, it is found to also enhance the
relative permittivity to more than twice that of PbTiO3 which in turn reduces the
gs3. The coexistence of phases may also explain the relatively large values for the ds;

compared to PbTiOs which results in larger values for g3; and ultimately limits the
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gr- The natural decoupling of 33 and 31 modes combined with the existence of a single
tetragonal phase may explain the incredibly low values for the relative permittivity
and the ds3; for PbTiOg3 ceramics, resulting in larger gs3 and gp as shown in Table [5.3
Although the stoichiometry of this BiFeO3-PbTiOg3 solid solution was chosen in order to
achieve large tetragonality compared to many other ferroelectric solid solutions, it may
be useful to explore compositions containing lower concentrations of BiFeOj in order
to achieve a single tetragonal phase. A final consideration is the longevity in the use
of modified PbTiO3 polycrystalline ceramics and industrial demand driving marginal
gains in piezoelectric properties. As mentioned in Chapter 1, the popularity of modified
PbTiOs3 is mentioned as far back as the 1980s [4]. The decades of optimising chemical
modifications and processing has ultimately led to material properties mentioned in
Table By exploring chemical modifications such as different BiFeO3 to PbTiO3
stoichiometries, studying Nb levels between x=0.02 and x=0.10 and introducing further
dopants along with process optimisation such as investigating different poling conditions
and the industrialisation of material fabrication may result in piezovoltage coefficients
that are comparable or may even exceed those of traditional Ca-modified PbTiOs. This
may be possible despite the limitations that were proposed in Chapter 3 in which highly
tetragonal polycrystalline ceramics display suppressed gss values due to high coercivity

and reduced domain wall densities.
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5.3.5 Dielectric Impedance Spectroscopy

As observed in the previous section, the annealing of Nb-doped BiFeO3-PbTiOs3
results in improved piezoelectric properties. It is postulated that this may be a defect
related phenomenon due to the compositions that showed significant improvement. Per-
mittivity measurements as a function of temperature (Figure showed the origin
of a relaxation before maximum permittivity after annealing. To understand the defect
chemistry further, dielectric impedance spectroscopy has been carried out from ~300°C
to ~600°C for both unannealed samples and annealed samples to observe the differences
between them.

The step-by-step analysis of impedance spectroscopy data was carried out using the

method of Ref. [186].

5.3.5.1 Choice of Equivalent Circuit

An appropriate equivalent circuit was chosen using the following methods:

1. Using observations of the material’s physical properties and construct an equiva-

lent circuit that represents that system and resulting conduction mechanisms.

2. Analysis of fundamental spectra and observing the changes in the real and imag-

inary impedance and modulus.

3. Trial and error with multiple equivalent circuits and using a least squared fit

method to calculate the best fit.

In Section SEM observations showed that all compositions possessed a core-
shell structure in which elemental segregation results in electrochemical differences be-
tween the grain and the grain boundary. This implies that the appropriate equivalent
circuit should be made up of two sections, the first is a resistor-capacitor-constant phase
element (R-C-CPE) in parallel to represent the conduction mechanism coming from the
grain (core) and the second a resistor-capacitor (RC) in parallel but in series with the
previous R-C-CPE to represent the conduction mechanism from the grain boundary
(shell).

Bode plots of the impedance and modulus were carried out and the frequency re-
sponse of the real and imaginary parts have been observed. Figures to [5.36] show

these spectra for x=0.05 Nb however the analysis is coherent with other compositions.
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The impedance and modulus Bode plots for all other compositions can be found in
Appendix [B]

Figure a) and b) show the real and imaginary parts of the impedance as a
function of frequency over a range of temperatures for unannealed samples and Figure
c) and d) show the same for the annealed sample. The real impedance shows
typical relaxation behaviour where a maximum value is observed at lower frequencies.
However at the relaxation frequency the impedance drops to a minimum representing
the freezing-out of a polarisation mechanism. The imaginary impedance response shows
a well-defined peak representing the change from a short-range conduction mechanism
at higher frequencies to a long-range conduction mechanism as the frequency tends to-
wards a DC signal. The shift in peak relaxation frequency as a function of temperature
also shows that the material possesses a negative temperature coefficient of resistance
(NTCR) and that the relaxation process has a temperature dependence. The initial
impedance response shows only one clearly defined peak suggesting that only one con-
duction mechanism is present and therefore only the R-C-CPE is required, contrary
to what was postulated from SEM studies. However only consulting the frequency re-

sponse of the impedance may not disclose all the information as discussed in Section

B.I7
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Figure 5.35: (a) Real and (b) imaginary impedance for x=0.05 Nb:BFPT65 before
annealing, and (c) real and (d) imaginary impedance for x=0.05 Nb:BFPT65 after
annealing

Figure a) and b) show the real and imaginary modulus as a function of fre-
quency between ~310°C to ~610°C for unannealed x=0.05 and Figure c) and d)
show the same for annealed samples. The real component of the modulus initially starts
at a minimum in the low frequency region and increases at the relaxation frequency and
continues to rise to a maximum at higher frequencies. Similarly to the imaginary part
of the impedance, the imaginary modulus shows a relaxation peak representing the
conversion from a long-range to a short-range conduction mechanism. Once again, the
shifting of relaxation peak to higher frequencies with temperature indicates a tempera-
ture dependent conduction mechanism. Once annealed a clear shoulder can be observed
in the imaginary modulus representing a relaxation of a second conduction mechanism.
This implies the relevance of the second R-C contribution within the equivalent circuit.
It is unclear whether the second relaxation peak is present in the unannealed state and
simply dwarfed by the larger peak, in which case the second R-C should be present in
the analysis of both unannealed and annealed state. It was decided that for consistency,

the equivalent circuit for both the unannealed and annealed state should be fixed.
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Figure 5.36: (a) Real and (b) imaginary modulus for x=0.05 Nb:BFPT65 before anneal-
ing, and (c) real and (d) imaginary modulus for x=0.05 Nb:BFPT65 after annealing

The final consideration is the quality of fit compared to experimental data. Four
equivalent circuits were chosen and compared using the chi? values which are shown in
Table [5.5] The four equivalent circuits can be seen in Table 5.4] circuit A is a simple
R-C circuit in parallel, circuit B is similar to circuit A except it has the substitution
of the capacitor with a CPE, circuit C is the same as circuit B but with both C and
CPE in parallel, and the fourth circuit is the same as circuit C with the addition of
another R-C in series. Figures - show the equivalent circuit impedance and
modulus, Bode and complex fits for undoped BEFPT65 at 308.0° for visual observations.

chi? values of all annealed and unannealed compositions at ~ 310°C are listed in Table

9.0l
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Table 5.4: Trial equivalent circuits for best-fit analysis

Circuit A
Circuit B
CPE1
LN
i
R1
Circuit C
Circuit D
T T T T ° R Dll
aw Data 4
10° B8 *oSoouss. — Fit Result Circuit A ~/X10
S8y, — Fit Result Circuit B
Fit Result Circuit C -6x10*
Fit Result Circuit D
10*
-5x10*

3 - 4~
& 10 4x10 S
N 3x10* N

10
-2x10*
10' -1x10*
0
10° £ 1 1 1 1 1 ¥
10° 10! 10 10° 10* 10° 10
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Figure 5.37: Real and imaginary impedance as a function of frequency for undoped and
unannealed BiFeO3-PbTiO3 at 308.0°C with fitting results for equivalent circuits A,
B, C and D shown in Table
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Figure 5.38: Real and imaginary modulus as a function of frequency for undoped and
unannealed BiFeO3-PbhTiOg3 at 308.0°C with fitting results for equivalent circuits A,
B, C and D shown in Table 5.4
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Figure 5.39: Impedance Cole-Cole plot for undoped and unannealed BiFeO3-PbTiO3
at 308.0°C with fitting results for equivalent circuits A, B, C and D shown in Table
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Figure 5.40: Modulus Cole-Cole plot for undoped and unannealed BiFeO3—-PbTiOg3 at
308.0°C with fitting results for equivalent circuits A, B, C and D shown in Table

Table 5.5: Sum of the squares for circuits A-D for each composition annealed and
unannealed at ~310°C

Nb content Circuit A Circuit B Circuit C  Circuit D
x=0.00 - Not annealed 2.1431 0.20579  0.031947  0.00276
x=0.00 - Annealed 4.0965 0.35873  0.033241  0.009795
x=0.01 - Not annealed 1.8805 0.42036  0.058437 0.007019
x=0.01 - Annealed 7.2766 1.1530 0.098911  0.045495
x=—0.02 - Not annealed 1.2257 0.29651  0.040307  0.005278
x=0.02 - Annealed 5.358 0.70206  0.074904 0.032107
x=0.05 - Not annealed  0.90663 0.22669 0.03237  0.004637
x=0.05 - Annealed 5.8983 0.78026  0.093954  0.037075
x=0.10 - Not annealed  0.18323  0.060993  0.010507  0.002667
x=0.10 - Annealed 4.5216 0.92878  0.091636  0.02834
x=0.20 - Not annealed 2.0859 0.52931 0.10291  0.013127
x=0.20 - Annealed 2.9604 0.65032 0.09989  0.021559
x=0.30 - Not annealed 1.0222 0.24261  0.036953  0.004975
x=0.30 - Annealed 2.3794 0.51266  0.068211 0.011485

Using all three appropriate measures to find the appropriate equivalent circuit, it

was decided that circuit D is appropriate.

5.3.5.2 Determination of the Constant Phase Element Parameters

Like many characterisation techniques that require fitting of a model to raw data,
an appropriate set of initial starting parameters must be made. As discussed previously
in Section [5.1.7.1] the constant phase element is used to compensate for the non-ideal

Debye behaviour of materials in which there is a broad range of relaxation times.
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Initial parameters for B and m in Equation were determined by considering the
real component of the electric admittance, Y’, shown in Equation as a function of

angular frequency shown in Figure 5.41

mm

Y'=R'—(1+ B(jw)mcos(T)) (5.26)

Where R is resistance, B is a pre-exponential factor, j = v/—1, w is angular fre-

quency, and m is the exponent that describes the degree of unideal Debye relaxation.

S —_— 5 —— —
(a) Unannealed (b) Annealed
Equation y=avER n Equation y=a+bx n
Plot log(v) Plot log(Y')
t No Weighting Weight No Weighting
s omsos | M jeas S0 o002 ]
01 [ siope 0.62492 + 0.00362
el sumof Sqar i
0.9987 Pearson's r 0.99983 .
099859 ™ R-Square (COD) 0.99965 ™
Adj. R-Square 0.99962
o Van
~ 6 B 1 N~~~ 6 r .
p— p—
| | | | | |

Figure 5.41: Real admittance vs angular frequency for x=0.05 Nb:BFPT65 polycrys-
talline ceramics (a) before annealing, and (b) after annealing. Real admittance vs
angular frequency plots for all other compositions are found in Appendix

In the high frequency region an almost linear trend is observed, the gradient of which
represents the value for the exponent, m, and log[Bcos(mm/2)| represents the intercept
of log(Y'") at w=1Hz. Once the parameters had been assigned to B and m, initial
hand fitting was carried out using ZView. All parameters were then free to change
until a minimum value for chi? was achieved. When carrying out analysis for each
temperature, values for the resistances (R; and Rs), capacitances (C; and C5) and A
were free parameters, however m was fixed throughout each temperature scan. The need
to make m a fixed parameter is highlighted in Ref. |[186] in which it is observed to result
in less erratic resistance and capacitance values. Although in reality the distribution
of relaxation times may vary at each temperature, allowing all parameters to be free
parameters may result in false minima fitting results and therefore values for resistances
and capacitances become less valid.

Figure [5.42] and show the complex impedance and complex modulus plots for
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unannealed and annealed x=0.05 Nb:BFPT65. All other complex impedance and mod-
ulus plots can be found in Appendix [B]
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Figure 5.42: Complex impedance plots for (a) unannealed x=0.05 Nb:BFPT65 from
307.8°C to 606.1°C and (b) annealed x=0.05 Nb:BFPT65 from 303.1°C to 603.8°C
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Figure 5.43: Complex modulus plots for (a) unannealed x=0.05 Nb:BFPT65 from
307.8°C to 606.1°C and (b) annealed x=0.05 Nb:BFPT65 from 303.1°C to 603.8°C

All complex impedance plots were analysed using equivalent circuit D from Table
b.4] Table[5.6] and 5.7 show the fitting results for x=0.05 Nb-doped samples before and

after annealing. Fitting results for all other compositions can be found in Appendix
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Table 5.6: Impedance spectroscopy fitting results for x=0.05 Nb-doped, unannealed
BFPT65 from 307.8°C to 585.7°C

Temperature (°C) C; (nF) B m R1 (©) Ca (nF) Ra(Q)
307.8 0.458 6.40x10~Y  0.60461 409000 1.180 611000
327.2 0.479 8.15x1079  0.60461 194000 1.160 290000
346.7 0.511 1.04x1078  0.60461 90991 1.090 147000
366.3 0.548 1.31x10~8  0.60461 43603 1.030 77101
385.9 0.590 1.60x10~8  0.60461 21642 0.986 42026
405.7 0.627 1.91x1078  0.60461 11498 0.971 23180
425.4 0.681 2.26x1078  0.60461 6124 0.939 13423
445.1 0.760 2.58x1078  0.60461 3233 0.901 7999
465.0 0.861 3.02x1078  0.60461 1744 0.871 4800
485.1 1.020 3.66x107%  0.60461 899.0 0.829 2971
505.2 1.200 4.51x107%  0.60461 492.0 0.818 1833
525.2 1.430 5.39x1078  0.60461 269.4 0.819 1161
545.1 1.630 6.47x1078  0.60461 163.1 0.858 742.1
565.4 1.770 2.17x1077  0.60461 91.23 0.890 486.2
585.7 1.800 3.67x1077  0.60461 46.11 0.969 327.8

Table 5.7: Impedance spectroscopy fitting results for x=0.05 Nb-doped, annealed
BFPT65 from 303.1°C to 603.8°C

Temperature (°C) C; (nF) B m R1 (Q) Cy (nF) R2 ()
303.1 0.457 2.37x10~%  0.59163 536000 2.97 575000
322.9 0.495 3.25x1078  0.59163 232000 2.87 276000
342.5 0.544 4.44x107%  0.59163 103000 2.80 135000
362.2 0.606 5.99x107%  0.59163 46815 2.74 68528
381.9 0.686 7.90x1078  0.59163 22093 2.72 36249
401.9 0.798 1.03x1077  0.59163 10920 2.69 20502
421.6 0.975 1.35x10~7  0.59163 5382 2.53 12977
441.6 1.170 1.51x1077  0.59163 2838 2.46 7337
461.8 1.370 1.51x10~7  0.59163 1554 2.44 4099
481.9 1.510 1.53x10~7  0.59163 906.3 2.48 2305
502.0 1.670 1.39x1077  0.59163 536.2 2.50 1339
522.2 1.820 1.18x10~7  0.59163 344.9 2.59 787.9
542.2 1.980 8.03x1078  0.59163 241.8 2.75 472.5
562.8 2.160 2.08x1077  0.59163 127.3 2.26 339.1
583.2 2.460 2.68x1077  0.59163 76.41 2.14 239.3
603.8 2.610 3.82x1077  0.59163 48.13 2.15 173.4

5.3.5.3 Activation Energy and Conductivity

The activation energy of each conduction mechanism was calculated by fitting Cole-
Cole plots as in Figure and values for the resistance of the grain (R;) and grain
boundary (Ry) were obtained by extrapolation. The activation energy of a conduction
mechanism can be calculated using an Arrhenius type plot:

1 —FE4

= Aexp A
RSP LT

(5.27)

Where R; is the resistance of either the grain or grain boundary, A is a pre-
exponential factor, F4 is the activation energy, ky is the Boltzmann constant and 7T
is the temperature. Initial plots of In(1/R;) against 1/7 were generated, the gradients

were extrapolated, multiplied by the Boltzmann constant and converted from joules to

electron volts to give the activation energy.
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Figure [5.44] shows the Arrhenius plots for unannealed and annealed x=0.05 Nb-
doped BFPT65. The Arrhenius plots for unannealed and annealed x=0.00, 0.01, 0.02,
0.10, 0.20 and 0.30 can be found in Appendix [B] Although the main focus of this study
will be on the activation energies in the lower temperature region, it is worth noting that
at high temperatures, there is an increase in the gradient of In(1/R;) for compositions
x=0.01, 0.02 and 0.05, the E 4 for which increases from 1.737eV for x=0.01 Nb-doped
BFPT65 to 1.876eV for x=0.02 and then decrease again for x=0.05 to 1.693eV. The
large values of the activation energy implies that it is most likely that this conduction
mechanism is the result of A-site vacancy hopping which due to the relatively large
distance between the A-site ions requiring a large amount of energy to occur. For
undoped, x=0.10, x=0.20 & x=0.30 doped samples the high temperature high gradient
region is not present. For highly doped samples, this may be due to the presence of the
pyrochlore structure which is more rigid and therefore ions and vacancies require more

energy and higher temperatures than are measured here to displace.

(a) x=0.05 Not annealed
'2 T T T T T T T T T T T T T T T
-1
= In(R,")
4k e IR T
1.693 £0.068eV n(R,™)
6 - 4
~
c
< 8
— 1.333 £0.018eV
'
g -10r LN .
— ‘\.
1.183 £0.007¢V " g
- 1 2 B Suqol:am IR-()+(-1)) \nfR:\—?n.\i:)) D ) 7]
Weight Instrumental (=1/ei*2)
Intercept 19.0004£095052  13.57451£0.30084 1018118 +0.10478
Slope -19.65519 £ 0.78758 -15.47229 + 0.20429 -13.72917 £ 0.08543
Residual Sum of Squares 0.96614 163543 5.24041 .
- 1 4 | Pearson'sr -0.9976 -0.99922 -0.99975 \\ .
R-Square (COD) 0.99521 0.99843 0.9995
Adj. R-Square 0.99361 0.99826 0.99946
I " 1 . 1 L 1 . 1

1.1 12 13 14 15 16 1.7 1.8
1000/T (K)

152



Chapter |3|: |Characterisation of Heavily Nb-Doped BiFeO3-PbTiO3 Ceramicsl
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Figure 5.44: Arrhenius plots for x=0.05 Nb:BFPT65 polycrystalline ceramics (a) before
annealing, and (b) after annealing

Figure [5.45] shows the activation energy for the grain and grain boundary for unan-
nealed and annealed samples as a function of Nb content. The lowest activation energy
can be observed for undoped BFPT where an activation energy of 1.200eV and 1.001eV
are calculated for the grain and grain boundary energies for unannealed BFPT and
1.204eV and 1.106eV for the annealed sample. The difference between the activation
energies of the two conduction mechanisms implies a difference in concentration of oxy-

gen vacancies between the grain and grain boundary.
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Figure 5.45: Activation energy for conduction mechanisms within the grain (M) and
grain boundary (e) vs Nb content. Solid and dashed lines represent unannealed and
annealed samples, respectively

Bell et al. postulated that the two conduction mechanisms present in BiFeOs-
PbTiO3 ceramics were Fe?" /Fe3T hopping and oxygen vacancy conduction as shown in
Figure and Oxygen vacancy conductivity originates due to the high coordina-
tion number of oxygen ions and therefore the relative ease of hopping for ionic defects.
Oxygen vacancies can also act as a bridge for Fe?* /Fe3* hopping. Due to coulombic
interactions, oxygen vacancies can attract electrons from nearby Fe3t ions. However
they do not possess enough energy to trap the charge carrier which then ‘hops’ to the

adjacent B-site ion.

=

L @

Figure 5.46: Illustration of Fe?*/Fe3t in a 3-+:3+ perovskite. Although the name
suggests movement of the B-site ion, the conduction is facilitated by hopping of electrons
which oxidise and reduce neighbouring iron ions using weakly bonding oxygen vacancies
as a bridge
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)
/
)

Figure 5.47: Illustration of oxygen vacancy conduction in a 3+:3+ perovskite. Due to
the closely packed nature of the oxygen ions, oxygen vacancy hopping is relatively easily
achieved

For undoped BiFeO3-PbTiO3, oxygen vacancies can form in three ways during syn-

thesis:

e Volatility of A-site oxides:
BisO3 — B’lgog T +2Vg,~ + 3VO

)

PbO — PbO® 1+ +Vp, + Vg

e Independent oxygen loss:

08 = 1021 +V +2¢

e Oxide impurities:

0.65[Bi%,; + (1 — z)Fep, + (z)Felp, + (3 — 5)Vy] + 0.35[Pb3s, + Tiny,; + 303]

The addition of Nb aims to replenish oxygen vacancies by providing an excess of
oxygen ions to the lattice. Not only will the replenishment of oxygen vacancies reduce
oxygen vacancy concentration but may also bridge the gap which facilitates Fe?T /Fe3*
hopping. Furthermore Nb has the ability to reduce the free charge carrier concentration

generated through Equation [5.28 as shown in Equation [5.29

4Fep, — AFey, +4h (5.28)

NbyOs + 4h' — 2Nb}, + 305 + Oy (5.29)

The addition of Nb increases the activation energy for both grain and grain boundary
mechanisms for both unannealed and annealed samples implying the reduction in oxygen
vacancy concentration. Figure [5.48 and [5.49|show the low signal AC conductivity, o ac,
calculated using Equation [5.30] and low signal DC conductivity, op¢, calculated using

the extrapolated resistance values through Cole-Cole plot fitting.
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oAC = weregtand (5.30)

Where w is angular frequency, €, is the relative permittivity, €y is the permittivity
of free space, and tand is the dissipation factor.

Both the low signal AC and DC measurements show a decrease in the conductivity
with the introduction of Nb except at x=0.20 where a small increase is observed. This is
further evidence that the substitution of Nb into the lattice reduces the oxygen vacancy

concentration and therefore the conductivity.
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Figure 5.48: Low signal (1V) AC conductivity vs Nb content. Solid and dashed lines
represent conductivity of unannealed and annealed samples, respectively
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Figure 5.49: Low signal (1V) DC conductivity vs Nb content. Solid and dashed lines
represent conductivity of unannealed and annealed samples, respectively

5.3.5.4 Comparison to Piezoelectric and Ferroelectric Properties

It is postulated that the difference in the activation energies from the grain and grain
boundary conduction mechanisms (AFE 4) shown in Equation may be an indicator

of electrochemical heterogeneity.

AE, = EY - EY (5.31)

Where E;'Zf and EY are the activation energies of the grain boundary and grain
conduction mechanisms, repsectively.

As shown in Figure[5.50]if the difference between the two is large it implies that there
is a larger ionic or valence concentration within that region that contributes to different
conduction mechanisms. When the difference between the two activation energy tends

to zero, a more electrochemical homogeneous structure may result.

Figure 5.50: Schematic demonstrating the activation energy of conduction mechanisms
within the grain and grain boundary and its relation to electrochemical heterogeneity
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The values for AF 4 for the unannealed and annealed samples have been compared
to the piezoelectric dss coefficient of the unannealed and annealed samples in Figure
b.51] For unannealed samples it is difficult to see a trend between the two. Arguably
the trend between x=0.01, 0.02, and 0.05 Nb doped samples are similar to that of the
AFE 4. However AFE4 is in very good agreement with the piezoelectric dss coefficient for
the annealed samples suggesting that the improved piezoelectric properties are due to

the increasing homogeneity within the ceramic after annealing.
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Figure 5.51: The difference in conduction mechanism activation energy AFE 4 described
in Equation [5.31], against d33 for (a) unannealed and (b) annealed samples
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The most likely explanation for this is the difference in cooling rate between the
sintering regime and the annealing regime which are 20°C /hour and 50°C /hour, respec-
tively. It has been shown by DFT calculations that defects will arrange themselves in
clusters or planes if given enough time to do so [204]. A cooling rate of 20°C/hour during
sintering provides an abundance of time for defects to arrange themselves in this way.
These defect regions clamp domain walls, reducing their mobility and ultimately the
piezoelectric performance. When a sample is annealed, the defects will redistribute due
to the large amount of thermal energy above Tx. However a cooling rate of 50°C /hour
provides insufficient time for defects to arrange themselves as before. Therefore when
these samples are poled, domain wall clamping decreases and therefore domain wall
mobility and piezoelectric activity increases.

Figure [5.52 show strain and polarisation vs electric field for all compositions before
and after annealing. For highly defective perovskite samples (x=0.01, 0.02, 0.05 &
0.10) there is a significant difference between the annealed and non-annealed P/x v E
loops. Non-annealed samples show significant pinching in the polarisation v electric
field loops suppressing the remanent polarisation. Strain field loops also show low
response to external field with x=0.01, 0.02, 0.05 and 0.10 samples showing the least
response. Annealed samples show wider polarisation loops with reduced pinching effects
and enhanced maximum polarisation and remanent polarisation. This widening of the
PE loops is indicative of increasing domain wall mobility. Strain-field loops also show
enhancement in comparison to non-annealed samples also evidencing a reduction in
domain wall clamping.

Pure 0.65BiFe03-0.35PbTiO3 samples and highly doped BFPT65 samples (x=0.20
and x=0.30) show a decrease in the maximum polarisation. However the strain-field
measurements remain relatively similar in comparison to compositions mentioned ear-
lier. The ferroelectric properties between the annealed and unannealed samples mimic
those of the piezoelectric properties in which samples containing x=0.01, 0.02, 0.05 and
0.10 show the most significant improvement after annealing whereas x—=0.00, 0.20 and
0.30 samples show behaviour that is almost independent of annealing.

For all compositions, noisy strain-electric field loops were acquired even after aver-
aging multiple loops. The significantly large noise coupled with the low values for the
strain response highlight the extreme ferroelectric hardness of this solid solution.

An interesting feature of the strain-electric field loops for x=0.01, 0.02, 0.05 and 0.10
samples is the anisotropic nature. Using x=0.01 for example (Figure (b)), when
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the electric field is positive a maximum strain of approximately 0.025% is measured
however when the electric field is reversed a maximum strain of approximately 0.045%

is measured. There is also remanent strain observed through off-centre strain from the

origin.
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Figure 5.52: Polarisation and strain vs electric field loops for x= (a) 0.00, (b) 0.01,
(c) 0.02, (d) 0.05, (e) 0.10, (f) 0.20, and (g) 0.30 Nb:BFPT65. Black lines represent
P-E and x-E loops before annealing and red lines represent P-E and x-E loops after
annealing

It is thought that the maximum polarisation and remanent polarisation for x=0.01
would mimic the piezoelectric behaviour by showing little response to the external field
however the opposite is observed. An explanation for this could be the influence of
temperature of the samples when undergoing high voltage testing or poling. All P-E
and butterfly loops were carried out at room temperature whereas poling was carried
out at 75°C. The shape and size of x=0.01 Nb-doped P-E loops suggests that although
the sample is not fully saturated, it is close to reaching it and therefore the remanent
polarisation and maximum polarisation at 75° may show little difference to that shown
in Figure (b). However for x=0.02, 0.05 and 0.10 samples, pinching is still observed
even after annealing. The increase in temperature may result in significant swelling of
the PE loop to a point where the remanent polarisation and maximum polarisation far
exceed values for x=0.01 Nb-doped samples and therefore are able to exhibit greater
piezoelectric activity. Polarisation vs electric field loops and butterfly loops as a function
of temperature may confirm this.

An interesting observation is the asymmetry of butterfly loops for x=0.01, 0.02,
0.05 and 0.10 Nb samples. This phenomenon is a result of the migration of mobile
defects under electrical loading which generates an internal bias field resulting in strain
hysteresis asymmetry [205,206] and has been observed in other bismuth-based materials

[207.208].
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5.3.6 Effect of Annealing Cooling Rate on Piezoelectric and Ferro-

electric Properties

In the previous section, it is hypothesised that the difference in the cooling rate
between sintering and annealing results in the enhancement of piezoelectric activity in
x=0.01, 0.02, 0.05 and 0.10 Nb:BFPT65 polycrystalline ceramics. In order to test this
hypothesis, x=0.02 Nb:BFPT65 polycrystalline ceramics were annealed with different
programmed cooling rates to observe whether a greater cooling rate would result in
improved piezoelectric properties. Samples were fabricated and annealed using an iden-
tical heating rate, maximum temperature and dwell time to those mentioned in Section
Programmed cooling rates of 10°C/hour, 20°C/hour, 100°C/hour were used as
well as air quenched and water quenched samples and compared to results obtained in
this study for samples with an annealing cooling rate of 50°C /hour.

Figure [5.53| and show the piezoelectric charge coefficients vs cooling rate and
the piezoelectric voltage coefficients vs cooling rate for x=0.02 Nb-doped samples, re-
spectively. Samples cooled at 10°C /hour and 20°C/hour show largely suppressed piezo-
electric coefficients with values of 4.4pC/N and 5.1pC/N, respectively. When a greater
cooling rate is used, the ds3 increases to 71.5pC/N for 50°C/hour cooling and 94.2pC/N
for 100°C/hour. As postulated in the previous section this increase in piezoelectric ac-
tivity with increase in cooling rate is evidence for the limiting of defect cluster and
defect plane formations which clamp domain walls and reduce the piezoelectric proper-
ties, and therefore samples with a more dispersed defect distribution have an increased
extrinsic contribution to the piezoelectric effect.

For quenched samples the piezoelectric properties are reduced to 43.3 and 19.2pC/N
for air quenched and water quenched samples, respectively. It can also be observed using
Figure and Figure that the 31 and hydrostatic mode follows a similar trend
to the 33 mode where the values peak at 100°C/hour cooling rate and decrease for

quenched samples.
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Figure 5.53: Piezoelectric d;; coefficients for x=0.02 Nb-doped BFPT65 polycrystalline
ceramics as a function of the annealing cooling rate
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Figure 5.54: Piezoelectric g;; coefficients for x=0.02 Nb-doped BFPT65 polycrystalline
ceramics as a function of the annealing cooling rate

Figure [5.55] shows the polarisation vs electric field and strain vs electric field loops
for samples of different cooling rates. Similar to trends in the piezoelectric properties,
the maximum polarisation and remanent polarisation (Figure shows that the most
electrically enhanced samples occur when cooled at 100°C/hour before deteriorating for
quenched samples. Samples with slow cooling rates show pinched polarisation loops

which are indicative of domain wall clamping whereas samples cooled at 50°C/hour

163



Chapter |3|: |Characterisation of Heavily Nb-Doped BiFeO3-PbTiO3 Ceramicsl

and 100°C/hour possess more ideal and wider P-E loops due to the increased domain
wall mobility and enhancement of the extrinsic contribution to piezoelectricity. Al-
though quenched samples are found to have inferior maximum polarisation, remanent
polarisation and piezoelectric properties than samples cooled at 100°C/hour the shape
of the P-E loops do not suggest any pinching effects implying that the suppression of
the ferroelectric and piezoelectric properties may stem from other influences unrelated
to the defect chemistry.

Similar trends can be observed in the strain-field loops shown in Figure[5.57|in which
samples cooled at 10°C/hr and 20°C/hr show little response to the external electric
field. Samples cooled at 50°C/hr and 100°C/hr show the most enhanced response to

the electric field and response from quenched samples decrease again.
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Figure 5.55: Polarisation vs electric field loops for x=0.02 Nb-doped BFPT65 polycrys-
talline ceramics as a function of the annealing cooling rate
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Figure 5.57: Strain vs electric field loops for x=0.02 Nb-doped BFPT65 polycrystalline
ceramics as a function of the annealing cooling rate

Although the initial increase in piezoelectric and ferroelectric properties with anneal-
ing cooling rate has been attributed to the increase in defect distribution, the reason
for the decrease in piezoelectric and ferroelectric properties for quenched samples is

unclear. An explanation for this could be the increased amount of intergranular stress.
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When a ceramic undergoes a phase transition from cubic to tetragonal upon cooling
through T¢, individual grains will experience a volume expansion as a result. When
samples are cooled at <100°C /hour, it allows time for grains to ease into configurations
S0 as to minimise the stress between them. However when samples are quenched the
grain configuration cannot arrange themselves into comfortable positions and therefore
the intergranular stresses are significant enough to suppress contributions to the piezo-
electric effect. As discussed in Chapter 3, this may also lead to a decrease in either
domain wall density or the suppression of domain wall nucleation and hence reduce the
piezoelectric activity.

This explanation may also be used to describe the discrepancy between experimental
observations in this study for BiFeO3-PbTiO3 and experimental observations for bis-
muth ferrite - barium titanate, BiFeO3-BaTiOz (BFBT). Zheng et al. [209] have shown
that quenching BFBT improves the piezoelectric properties due to the increased distri-
bution of defects which inhibit domain wall motion similar to observations in this study
and BiFeOgs polycrystalline ceramics [210]. However BFBT is unlikely to show a sup-
pression of intrinsic contributions through intergranular stresses due to the significantly
smaller increase in volume when cooling through the Curie temperature. X-ray diffrac-
tion studies have found this solid solution to be pseudo-cubic implying little volume

expansion and therefore having no limit on the cooling rate [209).

5.3.7 X-Ray Photoelectron Spectroscopy

In order to shed light on the effect of Nb doping on conductivity, X-ray photoelectron
spectroscopy has been carried out to understand the changes in ionic valence state as
a function of Nb content and the relation to electrical properties. Attention will be
paid mostly to the oxygen and B-site ions, however XPS spectra and fits have also been
carried out for A-site ions for completeness. Details on experimental procedure can be
found in section

Figure [5.58| show the XPS spectra and fittings for Pb, Bi, O, Fe, Ti and Nb ions
for x=0.05 Nb-doped samples. The XPS spectra and fits for all other compositions can
be found in Appendix [C] The Pb4f peaks at 136.4eV and 141.3eV can be attributed
to the 4f7/; and 4f5/; orbitals for metallic Pb, whilst the peaks located at 137.9eV and
142.7eV can be attributed to the 4f7 /5 and 4f5/, orbitals for PbO ions and are found to
be in good agreement with literature [188}211],212]. The presence of elemental Pb ions

is most likely the result of Art sputter cleaning of the sample and has been observed in
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PbTiOj3 films which show splitting of both the 4f; yand 4f; ;, peak after sputtering [213].
The phenomenon of elemental formation of Pb has been studied by Wang et al. [214]
where the authors explain that as an energetic incident ion such as Ar collides with the
surface of the sample, a series of collisions occur which may disrupt the crystallography
and lead to an amorphization of the surface layer. Furthermore the incoming ion results
in a rapid heating and cooling process which in turn leads to the precipitation of Pb
which possesses the lowest melting point of the possible configurations (Pb, PbO, Ti,
TiO2, and PbTiO3).

The Bidf peaks at 157.0eV and 162.3eV can be attributed to the 4f7 /5 and 4f5/,
peaks for elemental Bi, whilst peaks at 158.6eV and 164.0eV can be attributed to the
4f7/5 and 4f5/, peaks for Bi2O3 and are again found to be in good agreement with
literature [188,1215]. The presence of metallic Bi® has also been attributed to ionic
bombardment as mentioned previously for Pb? [216,1217].

For the Ols region, a clear dominant peak which can be assigned to the in-lattice
oxygen ions is located at 529.7eV and a clear shoulder at higher binding energies can be
attributed to bonding with hydroxide groups on the surface which can also be interpo-
lated as ‘dangling bonds’ left by oxygen vacancies at 532.1eV [218]. The slight deviation
at lower binding energies between the raw data and envelope may be due to the small
presence of C-O bonding due to impurities on the sample surface.

For Fe2p ions, the peaks at 711.2eV and 709.6eV can be assigned to Fe?* and
Fe?*| respectively, and for Ti2p ions the peaks at 458.9eV and 457.8¢V are assigned
to Ti** and Ti3*, respectively. Due to insufficient signal-to-noise for the Nb3p peaks,
it is assumed that they remain 54 throughout, an assumption that is supported by

literature [219-222].
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Figure 5.58: X-ray photoelectron spectroscopy spectra and fits for (a) Pb4f, (b) Bi4d,
(c) Ols, (d) Fe2p, (e) Ti2p, and (f) Nb3p orbitals for unannealed, x=0.05 Nb:BFPT65
polycrystalline ceramics

Figure [5.59] shows the relative concentrations of ionic valence as a function of Nb
content for unannealed samples. The relationship between the presence of metallic A-
site ions with respect to oxidised A-site ions and loss of volatiles through processing is
unclear. However it may be deduced that for Pb4f orbitals the concentration of Pb*
is dominant with little (<5%) presence of Pb? for x=0.02, 0.10, 0.20 and 0.30 doped
samples. For x=0.05 there is a significant increase in the presence of Pb0 (27.5%). A
similar trend can be observed for the bismuth 4f orbitals with the highest presence of

Bi3* observed in x=0.02, 0.10, 0.20 and 0.30 with a significant increase in the metallic
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species for x=0.05.

For the Ols peaks, undoped samples start with a defect concentration of approxi-
mately 36.9% which may contribute to the high conductivity. Despite Figure and
showing a reduction in conductivity with x=0.01 Nb, which is evidence for a re-
duction in oxygen vacancy concentration, it is found to be unchanged for x=0.01 doped
samples. The concentration of oxygen lattice ions increases to 82.7% and 90.6% for
x=0.02 and x=0.05 Nb-doped samples, respectively. The lattice oxygen concentration
then decreases to 66.3% for x=0.10 and 51.1% for x=0.20 and finally increasing again
to 86.4% for x=0.30.

For the Fe2p region, undoped BFPT65 samples are found to possess approximately
50/50 ratio between Fe3t /Fe?t ions. The Fe3 concentration increases to 71.5% for
x=0.01 and 78.6% for x=0.02. The Fe?* decreases significantly to 55.6% for x=0.05.
Although it is mentioned previously that the relationship between A-site metal ion
presence and loss of volatiles through processing is unclear, the similar trend between
A-site metal ion presence and Fe? concentration for x=0.05 may provide a relation.
When lead loss and bismuth loss occurs, it can be electrochemically neutralised through

the formation of oxygen vacancies using Equations and

PbOs — PbOy + +Vi, + V5, (5.32)
BigOgs — BigOgV T +2V1/3/£ + SVO (533)

In the case of x=0.05 Nb-doped samples, the formation of oxygen vacancies is sup-
pressed through the introduction of Nb and therefore the electrochemical neutrality is

maintained through the reduction of Fe3* and generation of free charge carriers.

308 +3V5+(2—22)Fex + () NbyO5 — (5.34)
(2 — 4z)FeX, + (22)Felp, + (22)Nbj, + 6035 + Oy 1 4(6 — 22)h

The commitment to consistent processing throughout this study means the reason
for the exaggerated loss of volatiles for this composition is unclear. Fe3T concentration
increases again for x=0.10 Nb samples to 79.3% and decreases again to 57.8% and
48.3% for x=0.20 and x—=0.30 Nb-doped samples, respectively. The decrease in Fe?+
concentration may be due to over-doping which may contribute to an increase in free

charge carriers above a certain threshold or the reduction in Fe3+.
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For Ti ions, there is a significant proportion of Ti3* ions for undoped BFPT which,
similar to the reduction of Fe ions, can contribute to the free charge carrier concentration

which results in significant conductivity.

Tt — T3t + 't (5.35)

For x=0.01 Nb, the concentration of Ti3t increases to 50.2%. Up until this point
the decrease in the piezoelectric activity with the introduction of x=0.01 Nb is unclear,
however XPS analysis may provide an answer. As shown in Figure there is a
significant concentration of Ti** most likely due to the loss of volatiles and a significant
number of oxygen vacancies due to insufficient Nb. The significant number of these
defects will likely result in the increase in T 13+—V6 bonding which forms a local field
pinning domain walls. This increase in domain wall pinning results in a ferroelectrically
harder material and is the reason for the initial decrease in the d33 with x=0.01 Nb even
after annealing. At higher Nb contents the concentration of oxygen vacancies decreases
and therefore reduces the T 13+—VO' concentration and subsequent domain wall pinning.
For x=0.02 samples, the concentration of Ti3* decreases to 14.3% and then increases to
23.1% for x=0.05 Nb-doped samples. The reason for the increase in Ti3T concentration
may be due to the loss of volatiles during fabrication, similar to what is observed for
Fe?* ions. The concentration of Ti3t ions decreases again for highly Nb-doped samples

and remains approximately 3.0%.
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Figure 5.59: Relative concentration of (a) Pb?T and metallic PbY ions, (b) Bi** and
metallic Bi® ions, (c¢) Lattice O and defect V; ions, (d) Fe?* and Fe* ions, and (e)
Ti3*+ and Ti** ions as a function of Nb content for unannealed BFPT65 samples

When comparing the chemical and electrical properties, three key observations can
be made. Firstly there is a clear correlation between the concentration of oxygen ions
within the lattice in Figure[5.59] (c) and the piezoelectric dss for annealed samples shown
in Figure Although there is a discrepancy between the two trends at x=0.30 Nb-
doped samples, this is because XPS analysis shows the concentration of valence states
within both the piezoelectric perovskite region and the non-piezoelectric pyrochlore

phase whereas the contribution to the dss response is purely from the perovskite phase.
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The second key observation is the relationship between the high signal leakage cur-
rent which reflects the conductivity of a sample and the concentration of Fe?*t ions
shown in Figure This indicates that although the oxygen vacancy concentration
will still be an important influence in the assisting of Fe3* /Fe?T hopping, the main
contribution to the bulk conductivity is the concentration of Fe?t ions which is an

indication of free charge carrier concentration.

55 T T T T T T T T T T T T T 1000
]

sof :
;\; i —~
S45 g
E . {100 2
Rl : :
335} 5
g &
O30t J10 2
% 3
B~ 25}

8kV/mm @ 75°C

3%}
S
T

0.00 005 0.10 0.15 020 025 0.30

Nb content (x)

Figure 5.60: Fe?* concentration and leakage current measured during poling at 8kV/mm
at 75°C as a function of Nb content

The final observation is the coherence between the chemical properties of unannealed
samples and the electrical analysis of annealed samples. This is of significance as it is
evidence that the improvement of the piezoelectric properties is due to the redistribution
of defects rather than replenishment. Conventional wisdom suggests that this should
be the case as the annealing is not carried out in an Oy atmosphere nor in the presence
of additional Bi or Pb powder. However this assumption is useful to observe rather
than speculate. Due to time restraints, XPS analysis was carried out only for unan-
nealed samples and for a complete study XPS should also be carried out on annealed
samples. If the above hypothesis is correct and the improvement in piezoelectric perfor-
mance is primarily down to defect distribution, then the concentration of valence states

particularly of oxygen ions should remain the same as those for unannealed samples.
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5.4 Summary

The characterisation of 0.65Bi(;_g;/3)Fe(1_2)Nb;03-0.35PbTiO3 (x=0.00, 0.01, 0.02,
0.05, 0.10, 0.20, 0.30) polycrystalline ceramics has been carried in this chapter. Struc-
tural characterisation using X-ray diffraction (Section showed a mixed phase
P4dmm-+ R3c pervoskite structure for all samples. Samples with Nb content x=0.05
give rise to a pyrochlore phase which becomes more prominent with increaseing Nb con-
tent. This phenomenon is also observed in scanning electron micrscopy studies shown
in Section with the increasing presence of non-textured areas which lack domain
structure with Nb content. Permittivity vs temperature (Section and impedance
spectroscopy (Section show the emergence of a significant conduction relaxation
mechanism after annealing, and a significant increase in piezoelectric properties (Sec-
tion is also observed after annealing. It is thought that the discrepancy in cooling
rate between sintering and annealing results in a higher and lower order of defect clus-
tering which clamp domain walls, similar to what is observed in other BiFeOs-based
ferroelectrics. A short anneal cooling rate study (Section showed that a faster
cooling rate resulted in larger piezoelectric properties up to 100°C/hr, with air and
water quenching samples showing smaller piezoelectric d;; and g;; coefficients due to
an increased degree of intergranular stress. X-ray photoelectron spectroscopy (Section
showed a correlation between the concentration of oxygen ions before anneal-
ing and the piezoelectric properties after annealing, implying that the improvement of
piezoelectric properties is a defect redistribution effect rather than a result of vacancy
replenishment. With regards to conductivity, the substitution of Fe?* for Nb>* im-
proves the insulative properties evidenced by a reduction in low signal (1V) AC and DC
conductivity (Figure & for all doped samples compared to undoped BFPT.
High signal (8kV/mm) leakage current at 75°C also decreases for Nb content x=0.01,
0.02, 0.05 and 0.10 compared to undoped material. Further work to this project is
highlighted in Section
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Chapter 6

Conclusions

As stated in Chapter 1, the aims and objectives of this project were:

e To understand the mechanisms from a fundamental materials science perspective
that drive a high piezoelectric voltage coefficient and study the scientific and

practical limitations

e Use this knowledge to propose other materials that may outperform current mil-

itary grade devices

This work has led to three main outcomes: the identification of the mechanism
and the scientific and practical limitations of high g;; piezoelectric materials, provided
evidence for the solid solution between BiFeOsz and PbTiOg3 possessing improved g;;
coefficients compared to current military grade devices and previously reported work,
and highlight the viability of Nb-doping in combatting the conductivity and improving
functionality of BiFeOs-PbTiOs3.

Chapter 3 showed from a materials science perspective that tetragonality is the main
mechanism behind the g;; coefficient for single crystals and textured ceramics. For
polycrystalline ceramics, the introduction of significant microstructural effects such as
intergranular stresses and pinning of domain walls at grain boundaries suppress the g;;
coefficients above 2-3% tetragonality. Despite previous reports claiming a relationship
between electronegativity and gss coefficient, no such relationship was observed when
considering a wider range of materials. This work also highlighted the exhaustion of
possible material candidates in polycrystalline form for achieving larger g;;. The main
conclusion to this work shows that a significant increase in g;; will most likely be found
in BiFeO3-PbTiO3 and Bi(Zn,Ti)O3-PbTiOj3 in single crystal or textured ceramic form.

Ultimately it is up to industry’s agenda, budget and consumer demand which dictates
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whether these piezoelectrics will take single crystal or textured form. However the
scalability of large single crystal fabrication for highly tetragonal materials remains
questionable, and a more suitable approach may be the use of textured ceramics in the
future.

In order to provide supportive evidence for the enhanced g;; coefficient in BiFeO3-
PbTiOs, Landau-Devonshire theory was used in Chapter 4 to calculate the dielectric
and piezoelectric properties. A coherence between theoretical and experimentally de-
rived phase diagrams was observed when the compositional dependence is modelled as
a linear relationship between the Landau coefficients of each end member. Most sig-
nificantly, it provided a theoretical location of the morphotropic phase boundary being
0.696BiFe03-0.304PbTiO3 at 25°C. However this method failed to correctly describe the
spontaneous strain behaviour and therefore the dielectric and piezoelectric properties
were not considered. By treating the compositional dependence as an external tensile
stress acting to elongate the unit cell within the tetragonal region in order to mimic ex-
perimental observations, the dielectric and piezoelectric properties could be extracted.
The ¢33, g31 and g, of 0.70BiFeO3-0.30PbTiO3 were calculated to be 207.9x1073, -
60.7x1073 and 78.8x1073 Vm/N, respectively, exceeding previously reported values of
any material both experimentally and theoretically.

Although BiFeO3-PbTiO3 may possess desirable voltage coefficients, the solid so-
lution is plagued with ferroelectric hardness and large conductivity. Chapter 5 aimed
to tackle both issues through Nb-doping of polycrystalline samples. Initially x=0.01,
0.02, 0.05, 0.10 Nb appears to suppress piezoelectric activity. However after annealing,
all d;; and g;; for these compositions improve. With regards to ferroelectric hardness
and functionality, the improvement of the ds3 from 46.3pC/N for undoped BFPT to
82.0pC/N for x=0.05 Nb-doped BFPT65 is evidence for softening. At higher Nb quan-
tities, an undesirable non-piezoelectric secondary phase becomes more prominent and
thus reduces the dss. All Nb quantities showed a reduction in low signal AC and DC
conductivity with the initial introduction of x=0.01 niobium decreasing the conductiv-
ity by an order of magnitude. For high field signal (8kV/mm), the leakage current at
75°C decreases from 102.3pA for undoped BFPT to 6.0uA, 2.7pA, 5.5uA, 3.3uA and
52.7uA for x=0.01, 0.02, 0.05, 0.10 and 0.20 Nb samples. x=0.30 samples exhibited a
leakage current of 403.0uA.

It was shown that the difference in activation energies of the grain and grain bound-

ary conduction mechanisms, which may be used as a measure of electrochemical het-
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erogeneity within the grain, can be directly compared to the piezoelectric coefficients
of annealed samples. This also implies that the improved performance of the samples
after annealing is a defect related phenomenon and it was hypothesised that the dif-
ference in cooling rate between the sintering and annealing regimes was responsible.
When samples are initially fabricated, a slow cooling rate is employed to relieve the
stresses associated with the cubic to tetragonal transition. This slow cooling rate gives
time for defects to arrange themselves in clusters and planes which inhibit domain wall
motion and reduce the extrinsic contribution to piezoelectricity. During annealing the
defects are redistributed and the faster cooling rate results in a greater defect distri-
bution which reduces domain wall clamping and therefore piezoelectric properties are
improved. An annealing cooling rate study partially confirmed this hypothesis however
showed that quenching reduces the piezoelectric activity contrary to what is observed
for BiFeOs-BaTiO3 polycrystalline ceramics. This discrepancy is due to the far greater
elastic stresses that are associated with BiFeO3-PbTiO3. Finally XPS on unannealed
samples showed a correlation between the chemical valence states of ions and defects
and the piezoelectric properties, showing further evidence for the hypothesis that de-
fect distribution and reduced domain wall clamping is the mechanism behind enhanced

piezoelectric activity.

6.1 Future Work

With regards to further understanding the science behind the voltage coefficient,
more datapoints are always useful as they may support and cement hypotheses in this
thesis. More specifically, datapoints from a wider range of materials may help shed light
on the relationship, if any, between the voltage coefficient and electronegativity.

According to Figure the limit of tetragonality in polycrystalline materials lies at
approximately 2-3% at which point intergranular stresses suppress the g;; coefficient.
In single crystals this limit is eliminated due to the lack of grain boundaries and pos-
session of long-range translational symmetry. It would be interesting to investigate
whether the microstructural effects that are observed in polycrystalline samples and ul-
timately limit the gs3 at high tetragonalities are also present in textured ceramic form.
As of yet there are not enough datapoints to investigate this, however evidence suggests
that if a tetragonality limit exists, that it is above the 2-3% observed in polycrystalline
samples. As mentioned in Section work on textured modified lead titanate ceram-

ics achieved a g33 of 115x1073Vm /N suggesting that textured ceramics follow a trend
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more familiar with single crystals. Although the tetragonality is not quoted in this
work, the tetragonality is estimated to be between 4-5% based on other work of similar
composition.

With regards to future work associated with the Landau-Devonshire description of
BiFeO3-PbTiO3 two key points of interest arises. Firstly, it will be useful to experi-
mentally determine the compositional dependence between the Landau coefficients of
each end member. Although this ideally should be done by measuring the properties
of single crystals, this problem may be bypassed by using polycrystalline samples and
similar mathematical methodology to that of Ref. [161]. Secondly is the exploration of
modelling the unusual spontaneous strain by other means. One potential alternative
could be by modelling the elongation of the unit cell as a result of a bias field as op-
posed to an external tensile stress. This will be interesting as the additional free energy
term due to the electric field incorporates the polarisation as P! which differs from the
tensile stress model which incorporates the polarisation as P2. Therefore, the electric
field term will drop out of calculations one step earlier than the tensile stress term when
differentiating the free energy twice in order to calculate material properties.

With regards to future work associated with Nb-doped BFPT65, there are two
branches of future work; material performance and further study of defect chemistry.
The piezoelectric performance of Nb-doped BEFPT65 may be improved by the following

ways:

e Optimisation of poling conditions — the poling regime for this study (8kV /mm,
75°C, 5 minutes) was determined through optimisation of pure BFPT65 sam-
ples, conditions which were ultimately limited by the significant conductivity and
breakdown of samples. The reduction in conductivity with Nb substitution sug-
gests that poling at higher fields, higher temperatures and for longer times may

be achievable which in turn may improve piezoelectric performance.

e Niobium content optimisation — For many of the piezoelectric properties (dss,
ds1, g33, and gp,), x=0.05 Nb possessed the highest values. Fabricating and test-
ing a range of Nb contents between x=0.02-0.10 will indicate more precisely the

highest piezoelectric performance x=0.02-0.10.

e Annealing cooling rate study — As shown in Section [5.3.6] the cooling rate
of the annealing regime has a significant influence on the piezoelectric activity.

An optimisation study will find the point at which the suppression of piezoelec-
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tric activity from intergranular stresses due to high cooling rates outweighs the

piezoelectric enhancement contribution from reduced domain wall pinning.

¢ (x)BiFeO;3-(1-x)PbTiO3; composition — in this study a base stoichiometry of
0.65BiFe03-0.35PbTi0O3 was chosen (a) to be close enough to the MPB in an
attempt to exploit the large spontaneous strain, and (b) to be far enough away
from the MPB so that the introduction of dopants would not result in samples
becoming purely rhombohedral. Although large tetragonalities were achieved, the
coexistence of P4mm and R3c phases results in the improvement of the dielectric
properties which limits the g;; coefficients. Therefore, it may be of value to in-
vestigate the solid solution of (x)BiFeOs-(1-x)PbTiO3 at BiFeO3 content x<0.40
where the spontaneous strain is still larger than lead titanate but possesses a pure

P4mm phase.

With regards to further understanding the science behind the defect chemistry in Nb-
doped BFPT systems, two main investigations would be useful. First is the carrying out
of X-ray photoelectron spectroscopy on annealed samples and comparing the chemical
properties with those shown in Section [5.3.7 The second would be a more thorough
elemental imaging and mapping through energy dispersive X-ray (EDX). In this work
the aggressive chemical etching resulted in intragranular pores making EDX chemical
analysis of the core-shell structure difficult. By optimising time of submergence in
etchant and/or investigating less aggressive etchants, it may be possible to preserve the
sample throughout the grain which would allow for thorough EDX analysis. Elemental
mapping before and after annealing would shed light on which elements and defects are
present within the grain and grain boundaries and the degree of defect distribution at

different annealing cooling rates.
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B.1 Bode Impedance Plots

(a) Not annealed
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Frequency (Hz) Frequency (Hz)

Figure B.1: (a) Real and (b) imaginary impedance for undoped BFPT65 before anneal-
ing, and (c) real and (d) imaginary impedance for undoped BFPT65 after annealing

(a) Not annealed (b) Not annealed

100C

«3100°C
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Normalised 2"

Normalised Z'
°
o

0.0

Normalised Z'
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Frequency (Hz) Frequency (Hz)

Figure B.2: (a) Real and (b) imaginary impedance for x—0.01 Nb:BFPT65 before an-

nealing, and (c) real and (d) imaginary impedance for x=0.01 Nb:BFPT65 after an-
nealing
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(a) Not annealed (b) Not annealed
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Figure B.3: (a) Real and (b) imaginary impedance for x=0.02 Nb:BFPT65 before an-

nealing, and (c) real and (d) imaginary impedance for x=0.02 Nb:BFPT65 after an-
nealing

(a) Not annealed (b) Not annealed
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Figure B.4: (a) Real and (b) imaginary impedance for x=0.10 Nb:BFPT65 before an-

nealing, and (c) real and (d) imaginary impedance for x=0.10 Nb:BFPT65 after an-
nealing
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(a) Not annealed
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(c) Annealed
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Figure B.5: (a) Real and (b) imaginary impedance for x=0.20 Nb:BFPT65 before

(b) Not annealed
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an-

nealing, and (c) real and (d) imaginary impedance for x=0.20 Nb:BFPT65 after an-

nealing
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Figure B.6: (a) Real and (b) imaginary impedance for x=0.30 Nb:BFPT65 before

(b) Not annealed
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an-

nealing, and (c) real and (d) imaginary impedance for x=0.30 Nb:BFPT65 after an-

nealing
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B.2 Bode Modulus Plots
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Figure B.7: (a) Real and (b) imaginary modulus for undoped BFPT65 before annealing,
and (c) real and (d) imaginary modulus for undoped BFPT65 after annealing
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Figure B.8: (a) Real and (b) imaginary modulus for x=0.01 Nb:BFPT65 before anneal-
ing, and (c) real and (d) imaginary modulus for x=0.01 Nb:BFPT65 after annealing
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(a) Not annealed
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(b) Not annealed
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Figure B.9: (a) Real and (b) imaginary modulus for x=0.02 Nb:BFPT65 before anneal-

ing, and (c) real and (d) imaginary modulu
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Figure B.10: (a) Real and (b) imaginary modulus for x—0.10 Nb:BFPT65 before an-
nealing, and (c) real and (d) imaginary modulus for x=0.10 Nb:BFPT65 after annealing
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Figure B.11: (a) Real and (b) imaginary modulus for x=0.20 Nb:BFPT65 before an-
nealing, and (c) real and (d) imaginary modulus for x=0.20 Nb:BFPT65 after annealing
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Figure B.12: (a) Real and (b) imaginary modulus for x=0.30 Nb:BFPT65 before an-
nealing, and (c) real and (d) imaginary modulus for x=0.30 Nb:BFPT65 after annealing
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B.3 Real Admittance v Angular Frequency
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Figure B.13: Real admittance vs angular frequency for undoped BFPT65 polycrystalline
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Figure B.14: Real admittance vs angular frequency for x=0.01 Nb:BFPT65 polycrys-
talline ceramics (a) before annealing, and (b) after annealing
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T T T T T T T
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Figure B.15: Real admittance vs angular frequency for x=0.02 Nb:BFPT65 polycrys-
talline ceramics (a) before annealing, and (b) after annealing
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Figure B.16: Real admittance vs angular frequency for x=0.10 Nb:BFPT65 polycrys-
talline ceramics (a) before annealing, and (b) after annealing
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Figure B.17: Real admittance vs angular frequency for x=0.20 Nb:BFPT65 polycrys-
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Figure B.18: Real admittance vs angular frequency for x=0.30 Nb:BFPT65 polycrys-
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B.4 Complex Impedance Plots
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Figure B.19: Complex impedance plots for (a) undoped, unannealed BFPT65 from
308.0°C to 606.6°C and (b) undoped, annealed BFPT65 from 304.3°C to 608.6°C
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(a) x=0.01 Not annealed
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Figure B.20: Complex impedance plots for (a) unannealed x=0.01 Nb:BFPT65 from
310.0°C to 608.2°C and (b) annealed x=0.01 Nb:BFPT65 from 305.2°C to 605.5°C
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Figure B.21: Complex impedance plots for (a) unannealed x=0.02 Nb:BFPT65 from
309.9°C to 607.3°C and (b) annealed x=0.02 Nb:BFPT65 from 303.9°C to 604.5°C
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Figure B.22: Complex impedance plots for (a) unannealed x=0.10 Nb:BFPT65 from
309.4°C to 607.4°C and (b) annealed x=0.10 Nb:BFPT65 from 304.6°C to 605.1°C
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Figure B.23: Complex impedance plots for (a) unannealed x=0.20 Nb:BFPT65 from
308.1°C to 609.6°C and (b) annealed x=0.20 Nb:BFPT65 from 308.1°C to 609.6°C
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(a) x=0.30 Not annealed
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Figure B.24: Complex impedance plots for (a) unannealed x=0.30 Nb:BFPT65 from
308.8°C to 606.8°C and (b) annealed x=0.30 Nb:BFPT65 from 304.7°C to 608.5°C
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B.5 Complex Modulus Plots
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Figure B.25: Complex modulus plots for (a) unannealed x=0.00 Nb:BFPT65 from
308.0°C to 606.6°C and (b) annealed x=0.00 Nb:BFPT65 from 304.3°C to 608.6°C
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(a) x=0.01 Not Annealed
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Figure B.26: Complex modulus plots for (a) unannealed x=0.01 Nb:BFPT65 from
310.0°C to 608.2°C and (b) annealed x=0.01 Nb:BFPT65 from 305.2°C to 605.5°C

225



Appendix |E|: |Supp1ementary Impedance Spectroscopy Datal

(a) x=0.02 Not Annealed

S0.0M —a—1309.9°C S0.0M ——387.9°C
: —a—329.3°C : —=—407.7°C
——348.8°C ——4273°C
_60.0M —=—368.3°C{ _ 60.0M —=—447.0°C
:
g g
= 40.0M = 40.0M
= =
20.0M 20.0M
089 s00m 1000 1s00M 2000m 00 50.0M _ 100.0M  150.0M
M' (m/F) M' (w/F)
80.0M 80.0M,
—— 466.8°C —=—5463°C
—a— 486.6°C 70.0M —a—566.7°C
60.0M —=—506.6°C 60.0M —=—586.9°C
—— 526.6°C ——607.3°C
%\ % 50.0M
E40.0Mm E40.0m
S S 30.0m y
20.0M 200mf F
t 10.0M
080 200M 80.0M 1200M 080 20.0M 40.0M 0.0M 80.0M
M' (w/F) M' (m/F)
(b) x=0.02 Annealed
40.0M
20.0M —=—303.9°C ——382.7°C
- —a—323.6°C —a—402.6°C
—=—343.3°C 30.0M —=—422.4°C
~30.0M —=—363.0°C —_ —=—442.5°C
S E
g E200Mm
= 20.0M N
S =
10.0M 10.0M
000 50.0M 100.0M 080300 Go.oM 90.0M
M' (m, M' (m/F)
40.0M 40.0M
—a—462.5°C —=—5432°C
—=—482.5°C —a—563.6°C
30.0M —=—502.8°C 30.0M| —=—584.0°C
. S SB0C | —— 604.5°C
E 20.0M E 20.0M D
£ > 13 Z N
2 \\?.\?\\ 2 7 \.\
10.0M RN 10.0M
Y
y
000 30.0M 40.0M  60.0M 080 20.0M 40.0M
M' (m/F) M' (m/F)

Figure B.27: Complex modulus plots for (a) unannealed x=0.02 Nb:BFPT65 from
309.9°C to 607.3°C and (b) annealed x=0.02 Nb:BFPT65 from 303.9°C to 604.5°C

226



Appendix |E|: |Supp1ementary Impedance Spectroscopy Datal

(a) x=0.10 Not Annealed

120.0M, 120.0M
——309.4°C —=—387.4°C
100.0M —=—328.7°C 100.0M —=—407.1°C
—a—348.1°C —=—426.7°C
. 80.0M —=—367.8°C { __ 80.0M —=—446.5°C
E E
E 60.0M E 60.0Mm
Z Joom = jom
20.0M 20.0M
0 0. i)
0 S0.0M 100.0M 130.0M 80 50.0M _ 100.0M  150.0M
M' (m/F) M’ (m/F)
—— 466.4°C —=—546.5°C
100.0M
—a— 486.4°C 80.0M —a—566.9°C
20.0M —a— 506.6°C —=—587.1°C
N ——5263°C | __ 60.0M ——607.4°C
pé 60.0M E Py
g S A00Mp 2T TN N
= 40.0M = /2NN
L, \
4 ~
20.0M 20.0M} &
080 200M S0.0M 1200M 049 400M __ 80.0M _ 120.0M
M' (w/F) M' (m/F)
(b) x=0.10 Annealed
60.0M
——304.6°C —=—383.4°C
60.0M —a—324.4°C 50.0M —=—403.2°C
—e—344.0°C ——4232°C
E —=—363.7°C . 40.0M —=—443.2°C
F 400 %
E E300m
= = 20.0m
20.0M
10.0M]
}
000 50.0M  1000M  150.0M %8
M (m/F)
60.0M 50.0M
——463.3°C ——543.6°C
50.0M —=—483.3°C —a—564.2°C
—+—503.5°C 40.0M —=—584.6°C
_40.0M ——5233°C % o —=—605.1°C
E 30.0M E =SSN
g <20.0M N
= 20.0M = 4 ™ \i\\\
W
R 10.0M W
10.0M Y i
0 i 0
00 20.0M 40.0M  60.0M 0 200M a0.0M  60.0M
M’ (m/F) " (m/F)

Figure B.28: Complex modulus plots for (a) unannealed x=0.10 Nb:BFPT65 from
309.4°C to 607.4°C and (b) annealed x=0.10 Nb:BFPT65 from 304.6°C to 605.1°C
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(a) x=0.20 Not Annealed
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Figure B.29: Complex modulus plots for (a) unannealed x=0.20 Nb:BFPT65 from
308.1°C to 609.6°C and (b) annealed x=0.20 Nb:BFPT65 from 308.1°C to 609.6°C
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(a) x=0.30 Not Annealed
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Figure B.30: Complex modulus plots for (a) unannealed x=0.30 Nb:BFPT65 from
308.8°C to 606.8°C and (b) annealed x=0.30 Nb:BFPT65 from 304.7°C to 608.5°C
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B.6 Table of Cole-Cole Fittings

Table B.1: Impedance spectroscopy fitting results for unannealed x=0.00 BFPT65:Nb
from 308.0°C to 485.4°C

Temperature (°C) C; (nF) B m R1 (©) Ca(nF) R2(Q)
308.0 0.311 1.24x1078  0.65432 73092 2.68 51097
327.6 0.342 1.68x1078  0.65432 34258 2.47 27044
347.0 0.382 2.24x1078  0.65432 16573 2.29 14980
366.6 0.435 2.96x1078  0.65432 8306 2.17 8559
386.3 0.502 3.83x107%  0.65432 4359 2.13 5025
406.1 0.585 4.97x107%  0.65432 2380 2.12 3014
425.8 0.693 6.28x1078  0.65432 1358 2.17 1849
445.6 0.803 8.72x1078  0.65432 763.9 2.15 1177
465.5 0.989 1.05x10~7  0.65432 454.0 2.28 746.1
485.4 1.170 1.59x10~7  0.65432 265.4 2.28 488.6

Table B.2: Impedance spectroscopy fitting results for annealed x=0.00 Nb:BFPT65
from 304.3°C to 567.6°C

Temperature (°C) C; (nF) B m R1 (@) Co (nF) Ro (Q)
304.3 0.219 1.65x10~8  0.63101 107000 3.14 59322
324.1 0.234 2.23x107%  0.63101 49717 2.89 31152
343.7 0.252 2.98x1078  0.63101 23624 2.72 16506
363.3 0.275 3.91x107%  0.63101 11623 2.63 8885
383.0 0.305 5.02x107%  0.63101 5938 2.61 4901
402.9 0.343 6.32x107%  0.63101 3166 2.63 2774
422.7 0.393 7.82x1078  0.63101 1736 2.69 1619
442.7 0.450 9.71x10~8  0.63101 976.4 2.73 979.1
462.7 0.537 1.14x10~7  0.63101 561.7 2.83 606.3
486.8 0.637 1.34x10~7  0.63101 302.9 3.02 346.1
507.0 0.776 1.49%x10~7  0.63101 189.4 3.29 218.3
526.8 0.994 1.54x10~7  0.63101 124.5 3.77 138.8
547.2 1.010 1.62x10~7  0.63101 84.11 4.26 92.96
567.6 1.210 1.91x10~7  0.63101 56.14 4.65 66.98
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Table B.3: Impedance spectroscopy fitting results for unannealed x=0.01 Nb:BFPT65
from 310.0°C to 608.2°C

Temperature (°C) C; (nF) B m R1 (©) Ca (nF) Ra(Q)
310.0 0.389 5.50x10~Y  0.64628 317000 1.80 412000
329.5 0.408 6.81x1079  0.64628 153000 1.78 191000
349.0 0.431 8.37x1079  0.64628 74884 1.71 94144
368.6 0.457 1.02x1078  0.64628 37450 1.62 48495
388.3 0.483 1.23x1078  0.64628 19642 1.56 25791
407.9 0.522 1.41x1078  0.64628 10254 1.47 14575
427.7 0.565 1.64x1078  0.64628 5567 1.39 8448
447.5 0.620 1.92x1078  0.64628 3047 1.31 5003
467.4 0.699 2.33x1078  0.64628 1648 1.22 3063
487.2 0.798 2.87x107%  0.64628 907 1.15 1917
507.2 0.930 3.29x1078  0.64628 517.7 1.12 1203
527.4 1.150 4.53x107%  0.64628 250.1 1.02 820.5
547.1 1.310 6.09x1078  0.64628 144.4 1.03 540.2
567.5 1.460 9.50x1078  0.64628 81.4 1.06 359.3
587.8 1.450 1.42x1077  0.64628 48.74 1.16 242.1
608.2 0.909 2.08x1077  0.64628 24.83 1.29 169.1

Table B.4: Impedance spectroscopy fitting results for annealed x=0.01 Nb:BFPT65
from 305.2°C to 605.5°C

Temperature (°C) C; (nF) B m R1 () Ca (nF) Ra2(Q)
305.2 0.344 2.79x10~%  0.57405 349000 4.49 251000
324.9 0.371 3.83x1078  0.57405 157000 4.24 122000
344.6 0.405 5.25x1078  0.57405 71533 4.01 60718
364.4 0.448 7.04x1078  0.57405 33749 3.82 31737
384.0 0.502 9.25x1078  0.57405 16554 3.74 16981
403.9 0.570 1.19x10~7  0.57405 8488 3.70 9475
423.8 0.657 1.50x10~7  0.57405 4484 3.73 5411
443.8 0.756 1.93x10~7  0.57405 2501 3.74 3242
463.8 0.924 2.42x1077  0.57405 1343 3.42 2174
483.8 1.160 2.41x1077  0.57405 732.6 3.18 1363
504.1 1.360 2.28x1077  0.57405 433.0 3.11 820.5
524.1 1.510 2.29x1077  0.57405 256.8 2.97 512.7
544.2 1.670 2.38x1077  0.57405 161.4 2.85 331.2
564.7 1.820 2.48x1077  0.57405 100.3 2.69 226.6
585.0 1.990 2.49x1077  0.57405 65.6 2.63 158.4
605.5 1.940 2.57x1077  0.57405 43.4 2.61 115.9
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Table B.5: Impedance spectroscopy fitting results for unannealed x=0.02 Nb:BFPT65
from 309.9°C to 607.3°C

Temperature (°C) C; (nF) B m R1 (©) Ca (nF) Ra(Q)
309.9 0.418 6.68x10~Y  0.60776 333000 1.48 420000
329.3 0.436 8.67x1079  0.60776 161000 1.47 198000
348.8 0.462 1.09x10~8  0.60776 77833 1.42 99198
368.3 0.489 1.34x10~8  0.60776 38966 1.38 51675
387.9 0.515 1.62x10~8  0.60776 20682 1.37 27698
407.7 0.542 1.92x1078  0.60776 11362 1.38 15124
427.3 0.576 2.24x1078  0.60776 6372 1.37 8581
447.0 0.619 2.57x1078  0.60776 3638 1.36 5002
466.8 0.678 3.06x1078  0.60776 2083 1.31 2996
486.8 0.747 3.69x1078  0.60776 1221 1.28 1824
506.6 0.848 4.60x10~%  0.60776 700.0 1.23 1150
526.6 1.000 5.87x1078  0.60776 377.8 1.15 766.2
546.3 1.170 6.58x107%  0.60776 216.8 1.15 509.7
566.7 1.380 1.12x10~7  0.60776 119.0 1.15 344.9
586.9 1.590 1.79x10~7  0.60776 62.22 1.20 241.0
607.3 1.180 4.46x10~7  0.60776 26.27 1.29 173.7

Table B.6: Impedance spectroscopy fitting results for annealed x=0.02 Nb:BFPT65
from 303.9°C to 604.5°C

Temperature (°C) C; (nF) B m R1 () Ca (nF) Ra2(Q)
303.9 0.483 2.18x10~%  0.60416 487000 3.20 490000
323.6 0.521 2.97x1078  0.60416 211000 3.11 234000
343.3 0.568 4.02x107%  0.60416 93338 3.02 114000
363.0 0.627 5.36x107%  0.60416 42561 2.95 57516
382.7 0.701 6.98x1078  0.60416 20118 2.90 30180
402.6 0.799 8.80x107%  0.60416 9990 2.86 16566
422.4 0.934 1.10x10~7  0.60416 5089 2.71 9790
442.5 1.080 1.20x10~7  0.60416 2737 2.68 5524
462.5 1.220 1.26x10~7  0.60416 1521 2.67 3117
482.5 1.340 1.30x1077  0.60416 888.5 2.70 1774
502.8 1.440 1.38x10~7  0.60416 533.5 2.71 1039
523.0 1.600 1.19x10~7  0.60416 346.2 2.84 610.2
543.2 1.720 1.52x1077  0.60416 208.7 2.62 398.4
563.6 1.980 1.78x10~7  0.60416 121.1 2.39 276.1
584.0 2.140 2.23x1077  0.60416 71.39 2.24 197.7
604.5 2.390 2.42x1077  0.60416 44.63 2.27 143.5
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Table B.7: Impedance spectroscopy fitting results for unannealed x=0.10 Nb:BFPT65
from 309.4°C to 607.4°C

Temperature (°C) C; (nF) B m R1 (©) Ca (nF) Ra(Q)
309.4 0.652 9.21x10~Y  0.53563 400000 0.627 993000
328.7 0.724 1.31x1078  0.53563 180000 0.591 506000
348.1 0.743 1.58x1078  0.53563 94809 0.599 254000
367.8 0.766 1.84x1078  0.53563 49729 0.607 133000
387.4 0.743 1.83x1078  0.53563 29112 0.652 68962
407.1 0.682 1.67x1078  0.53563 18986 0.748 34823
426.7 0.654 1.54x1078  0.53563 11812 0.843 18385
446.5 0.661 1.53x1078  0.53563 7028 0.907 10116
466.4 0.675 1.63x1078  0.53563 4276 0.972 5608
486.4 0.856 2.01x107%  0.53563 1940 0.838 3788
506.6 0.952 4.05x107%  0.53563 1127 0.843 2259
526.3 1.150 3.88x107%  0.53563 615.8 0.818 1428
546.5 1.440 3.67x1078  0.53563 330.2 0.812 937.9
566.9 1.580 7.97x1079  0.53563 215.5 0.829 576.4
587.1 3.350 7.84x107%  0.53563 54.17 0.847 451.7
607.4 3.350 1.79x1079  0.53563 31.38 1.12 294.9

Table B.8: Impedance spectroscopy fitting results for annealed x=0.10 Nb:BFPT65
from 304.6°C to 605.1°C

Temperature (°C) C; (nF) B m R1 () Ca (nF) Ra2(Q)
304.6 0.457 2.69x10~%  0.53032 557000 3.00 453000
324.4 0.495 3.24x1078  0.53032 289000 2.77 253000
344.0 0.544 4.09x107%  0.53032 144000 2.60 137000
363.7 0.606 5.26x107%  0.53032 71854 2.49 74946
383.4 0.686 6.71x107%  0.53032 37234 2.40 43534
403.2 0.798 9.57x107%  0.53032 19886 2.09 36262
423.2 0.975 1.10x10~7  0.53032 10952 1.91 24496
443.2 1.170 9.75x107%  0.53032 5606 1.87 13660
463.3 1.370 9.48x107%  0.53032 2856 1.82 7670
483.3 1.510 9.15x107%  0.53032 1581 1.80 4373
503.5 1.670 1.19x10~7  0.53032 1015 1.85 2484
523.3 1.820 5.95x1078  0.53032 578.3 1.81 1525
543.6 1.980 4.17x107%  0.53032 411.9 1.91 908.7
564.2 2.160 2.23x107%  0.53032 315.4 2.16 552.8
584.6 2.460 3.99x1077  0.53032 106.9 1.53 437.3
605.1 2.610 1.28x107%  0.53032 46.95 1.49 320.3
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Table B.9: Impedance spectroscopy fitting results for unannealed x=0.20 Nb:BFPT65
from 308.1°C to 589.0°C

Temperature (°C) C; (nF) B m R1 (©) Ca (nF) Ra(Q)
308.1 0.521 2.53x10~%  0.51625 232000 1.58 432000
327.6 0.614 3.45x1078  0.51625 117000 1.60 211000
347.3 0.802 5.10x107%  0.51625 58874 1.60 111000
367.3 1.840 1.73x1077  0.51625 27864 1.30 110000
387.2 3.180 4.48x10~7  0.51625 8696 1.18 77930
407.4 3.640 5.43x1077  0.51625 4068 1.16 42107
427.4 4.000 5.88x1077  0.51625 2116 1.15 23151
447.4 4.290 6.04x1077  0.51625 1171 1.14 13080
467.5 4.470 5.75x1077  0.51625 697.8 1.15 7498
487.7 4.540 6.42x1077  0.51625 442.3 1.15 4428
507.9 4.390 5.18x1077  0.51625 307.1 1.19 2657
527.7 4.530 6.59x1077  0.51625 189.2 1.20 1663
548.1 4.480 5.33x1077  0.51625 126.1 1.24 1064
568.6 3.930 3.65x1077  0.51625 110.1 1.35 663.4
589.0 4.730 3.26x1076  0.51625 46.09 1.29 468.1

Table B.10: Impedance spectroscopy fitting results for annealed x=0.20 Nb:BFPT65
from 307.7°C to 611.9°C

Temperature (°C) C; (nF) B m Ri () Ca (nF) Rao ()
307.7 0.411 2.30x10~%  0.52083 492000 1.58 728000
327.5 0.464 3.13x1078  0.52083 234000 1.50 370000
351.0 0.547 4.63x107%  0.52083 96153 1.46 167000
370.7 0.643 6.43x1078  0.52083 46273 1.44 88926
390.5 0.769 8.88x1078  0.52083 22978 1.47 48444
410.6 0.936 1.23x10~7  0.52083 12038 1.56 26938
430.5 1.210 1.65x10~7  0.52083 6250 1.72 15453
450.2 1.600 2.45%1077  0.52083 3682 2.18 8816
470.3 2.040 2.82x1077  0.52083 2904 4.37 5072
490.4 2.710 4.12x10~7  0.52083 1516 4.82 3368
510.5 3.190 5.17x1077  0.52083 824.9 4.43 2115
530.3 3.570 5.37x1077  0.52083 494.6 3.99 1346
550.6 3.840 4.65x10~7  0.52083 316.3 3.61 878.6
571.0 4.350 9.46x10~7  0.52083 145.8 2.74 646.2
591.4 4.250 2.51x1076  0.52083 76.11 2.23 464.9
611.9 4.000 3.95%1076  0.52083 47.20 1.99 334.1
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Table B.11: Impedance spectroscopy fitting results for unannealed x=0.30 Nb:BFPT65
from 308.8°C to 606.8°C

Temperature (°C) C; (nF) B m Ri1 () Co(nF) Ro(Q)
308.8 0.481 5.16x10~Y  0.62706 631000 0.947 1410000
328.3 0.540 6.85x1079  0.62706 327000 0.989 673000
347.7 0.627 9.64x1079  0.62706 168000 1.040 334000
367.3 0.831 1.67x1078  0.62706 79951 1.060 179000
386.9 1.470 4.41x10~%  0.62706 43894 1.420 116000
406.6 2.020 6.49x1078  0.62706 23868 1.910 78182
426.3 2.200 8.23x1078  0.62706 11679 1.940 44615
446.1 2.450 9.39x10~%  0.62706 5157 1.790 26192
466.0 2.530 1.03x10~7  0.62706 2677 1.640 15221
485.9 2.460 1.15x10~7  0.62706 1577 1.520 8938
506.0 2.250 1.46x10~7  0.62706 1022 1.410 5295
526.1 2.240 1.58x10~7  0.62706 598.4 1.280 3297
546.0 2.310 1.34x10~7  0.62706 373.9 1.180 2105
566.4 2.230 2.13x10~7  0.62706 198.2 1.030 1395
586.5 2.180 1.21x10~7  0.62706 164.3 1.000 890.5
606.8 2.070 1.78x10~7  0.62706 115.1 0.911 598.7

Table B.12: Impedance spectroscopy fitting results for annealed x=0.30 Nb:BFPT65
from 304.7°C to 608.5°C

Temperature (°C) C; (nF) B m R1 () Ca (nF) Ro(Q)
304.7 0.386 1.29x10~8  0.52766 3160000 0.996 176000
324.5 0.430 4.10x10~°  0.52766 2310000 1.120 54344
344.2 0.465 4.98x107°2  0.52766 1070000 1.200 30345
363.9 0.511 6.03x1079  0.52766 506000 1.310 17181
383.6 0.574 7.20x107%  0.52766 246000 1.430 10169
403.6 0.662 8.60x107°  0.52766 123000 1.600 6241
423.4 0.810 1.11x1078  0.52766 62684 1.930 3800
443.2 1.340 3.46x107%  0.52766 33035 2.520 2918
463.2 2.230 6.58x1078  0.52766 18456 2.920 1896
483.3 2.270 7.34x1078  0.52766 10592 3.280 932.6
503.4 2.130 6.70x1078  0.52766 6249 3.350 586.2
523.5 1.860 5.87x1078  0.52766 3874 3.450 361.7
547.5 1.640 4.30x10~%  0.52766 2267 3.320 252.2
567.8 1.450 3.77x1078  0.52766 1480 3.240 188.1
588.1 1.210 3.07x10™8  0.52766 1024 3.010 109.3
608.5 1.010 3.90x10~%  0.52766 731.9 3.570 63.72
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B.7 Arrhenius Plots
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Figure B.31: Arrhenius plots for x=0.00 Nb:BFPT65 polycrystalline ceramics (a) before
annealing, and (b) after annealing
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Figure B.32: Arrhenius plots for x=0.01 Nb:BFPT65 polycrystalline ceramics (a) before
annealing, and (b) after annealing
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Figure B.33: Arrhenius plots for x=0.02 Nb:BFPT65 polycrystalline ceramics (a) before
annealing, and (b) after annealing
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Figure B.34: Arrhenius plots for x=0.10 Nb:BFPT65 polycrystalline ceramics (a) before
annealing, and (b) after annealing
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Figure B.35: Arrhenius plots for x=0.20 Nb:BFPT65 polycrystalline ceramics (a) before
annealing, and (b) after annealing
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Figure B.36: Arrhenius plots for x=0.30 Nb:BFPT65 polycrystalline ceramics (a) before
annealing, and (b) after annealing
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Figure C.1: X-ray photoelectron spectroscopy spectra and fits for (a) Pb4f, (b) Bi4d,
(c) Ols, (d) Fe2p, (e) Ti2p, and (f) Nb3p orbitals for unannealed, undoped BFPT65
polycrystalline ceramics
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Figure C.2: X-ray photoelectron spectroscopy spectra and fits for (a) Pb4f, (b) Bi4d,
(c) Ols, (d) Fe2p, (e) Ti2p, and (f) Nb3p orbitals for unannealed, x=0.01 Nb:BFPT65
polycrystalline ceramics
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Figure C.3: X-ray photoelectron spectroscopy spectra and fits for (a) Pbdf, (b) Bidd,
(c) Ols, (d) Fe2p, (e) Ti2p, and (f) Nb3p orbitals for unannealed, x=0.02 Nb:BFPT65
polycrystalline ceramics
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Figure C.4: X-ray photoelectron spectroscopy spectra and fits for (a) Pb4f, (b) Bi4d,
(c) Ols, (d) Fe2p, (e) Ti2p, and (f) Nb3p orbitals for unannealed, x=0.10 Nb:BFPT65
polycrystalline ceramics
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Figure C.5: X-ray photoelectron spectroscopy spectra and fits for (a) Pbdf, (b) Bidd,
(c) Ols, (d) Fe2p, (e) Ti2p, and (f) Nb3p orbitals for unannealed, x=0.20 Nb:BFPT65

polycrystalline ceramics
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Figure C.6: X-ray photoelectron spectroscopy spectra and fits for (a) Pb4f, (b) Bidd,
(c) Ols, (d) Fe2p, (e) Ti2p, and (f) Nb3p orbitals for unannealed, x=0.30 Nb:BFPT65

polycrystalline ceramics
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April 2016 Sustainable functional materials Scarborough, UK
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August 2016 International Symposium on Applications of Ferroelectrics  Darmstadt, DEU Poster
October 2016 Thales UK Ltd Conference Templecombe, UK Talk
February 2017 Thales UK Ltd Conference Sparkford, UK Talk
May 2017 International Symposium on Applications of Ferroelectrics  Atlanta, USA Poster
November 2017 Thales UK Ltd Conference Leeds, UK Talk
May 2018 International Symposium on Applications of Ferroelectrics  Hiroshima, JPN Talk
November 2018  Thales UK Ltd Conference Reading, UK Talk
May 2019 International Symposium on Applications of Ferroelectrics Lausanne, CHE Poster
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